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Forest Management and the Water  
Cycle – Introduction to the Challenge

Michael Bredemeier 

How and how much can forest management contribute to optimize the water cycle 
with respect to resource provision on the one hand, and mitigation of water related 
hazards on the other? This question is the golden thread along which the contribu-
tions in this volume are strung. The book synthesizes research on the interactions 
of forest management and the water regime of forests in Europe and beyond, cover-
ing geographic and climatic gradients from Iceland to Israel and from southern 
Spain to Estonia and Finland. The collection of people and their ideas on this topic 
was made possible through the COST Action “Forest Management and the Water 
Cycle (FORMAN)”, which was launched in 2007 and will run until 2011. The 
acronym COST stands for “cooperation in the field of scientific and technological 
research”. It is the longest established funding scheme of the EU for scientific 
cooperation and exchange in Europe and beyond, and has run for more than 
35 years (http://www.cost.esf.org/).

The scientific consortium of FORMAN aims at the enhancement of knowledge 
on forest–water interactions in Europe, and the elaboration of science-based guide-
lines for the improvement of the management of forests in their delivery of the 
ecosystem service “purification and storage of water”.

Water is unquestionably a key resource for all life on earth, probably the most 
important one besides of solar radiation. These two together basically constitute 
climate at any given place on earth, which in turn determines natural potential pro-
ductivity of ecosystems.

However, besides the resource aspect, a potential hazard to the human popula-
tion is also related to water. Along river systems and in their larger floodplains, 
peak flow rates can entail devastating floods. It is speculated that the frequency and 
intensity of such floods are currently increasing because of global climatic change 
and a concomitant amplification of extreme weather situations (IPCC 2007).

Forests are an essential element of the European cultural landscapes. They cover 
about a third of Europe’s land area (27% in central, 32% in southern and 50% in 

M. Bredemeier 
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northern Europe according to the UN Food and Agricultural Office’s 2000 Forest 
Resources Assessment Report). With respect to the water resource, the importance 
of forests has to be weighted even higher than their proportion of total area, since 
forested landscapes are the preferred sources for generation, storage and export of 
drinking water to supply the human population.

Almost all forest land in Europe is more or less intensively managed, “natural 
forest” in a strict sense can hardly be found, a fact which is not well known to the 
general public. Nevertheless, forests are highly valued for their relative closeness to 
natural ecosystems, and for the various services that they provide. Among those 
services, water regulation and supply from forest soils and aquifers is one of the 
most prominent. Forest ecosystems supply the high quality drinking- and process-
water resource for the human population and also safeguard against both flooding 
and erosion by retaining water and thus delaying and mitigating peak flows.

The protective function of forests with respect to water quality and water-related 
hazards is potentially at risk under a changing climate and changing land-management 
practices. The water budgets of forest ecosystems are heavily dependent on climate 
and forest structure. The latter is determined by the management measures applied 
in the forestry sector, such as tree species selection, stand structure and density 
management, harvesting methods, etc. In the next decades, both climate and forest-
management practices are expected to change. The intention in many European 
countries will be to establish forest stands that are closer to the potential natural 
forest vegetation. This means a general trend of increasing the area of broad-
leaved and mixed stands while reducing the area of mono-specific conifer plantations 
that had been favoured in many European countries in the past. In other European 
countries, however, there are large campaigns for (re)afforestation, which partly 
comprise monocultures. All these different trends have to be considered when 
assessing the overall forest–water interaction in Europe. The chapters in this volume 
highlight them, both in the form of thematic reviews and of selected regional 
case studies.

Climatic change as the major driver will most probably result in a stronger pre-
cipitation gradient from (north)western to (south)eastern Europe – corresponding to 
the amplification of an already given gradient (Fig. 1).

The combination of changing forest-management practices with a changing 
physical and chemical climate is forming an unprecedented collection of manage-
ment constraints for European forests. The contributions in this book cover envi-
ronmental gradients from the humid Atlantic to the dry continental and Mediterranean 
climates and from lowlands to high mountains. Forest–water relations over these 
climatic gradients, scenarios of climatic changes, and the influence of forest- 
management options are evaluated, with scales of study ranging from local  intensive 
plot measurements to regional and continental (European) integration.

The book is divided into three sections, reflecting three levels of forest and 
water interactions. The first section deals with the basic physical, chemical and 
biological processes. The topics cover the soil/water-biota-atmosphere continuum 
in the forest. The second section deals with individuals and communities, and with 
management practices that are usually applied at this scale. Thus, this section 
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describes the species composition of the various plant communities and afforesta-
tion campaigns, management of these communities and soil management. It is the 
section closest to the application of scientific expertise in practical forest manage-
ment. The third section targets the large scale view of forests, e.g. river sized 
watersheds. First, the different approaches for applying small scale understanding 
of the systems to larger scale problems are addressed. Then, topics like the hydro-
logical consequences of forestry practices are considered.

The first section of this book comprises a systematic review of the affected 
processes in different ecosystem compartments, from the physiologically active 
interfaces below- and aboveground, to the forest catchment scale, and further to 
freshwater chemistry and biology in forest areas, which are likely to be affected by 
climatic- and system changes.

The second part of the section turns to case studies in this context, resulting from 
original research contributed by members of the COST consortium.

Rewald et al. put a focus on “Hydrological Effects on Below Ground Processes 
in Temperate and Mediterranean Forests”. The belowground part of a forest ecosys-
tem is intrinsically difficult to study but more and more good methods have become 
available in addition to longer established parameters. A challenge is to quantify the 
variability of physiological and anatomical root traits in heterogeneous soil envi-
ronments as well as interactions with mycorrhizas.

Fig. 1 Simplified general scenario of amplification of a climatic gradient across Europe; coun-
tries in red are COST Action “Forman” members, Israel is a member out of the map range
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Centritto et al. turn to the complementary part, “Above Ground Processes – 
Anticipating Climate Change Influences”. They look in detail at leaf to tree level 
processes and the effects that rising temperature, drought and extreme weather 
events exert upon them, but also widen the focus to address species differences in 
water relations and canopy structure across Europe.

Jan Čermák and Nadezhda Nadezhdina present a strong methodological scope 
in their chapter “Field Studies of Whole-Tree Leaf and Root Distribution”, starting 
from individual organs (roots or branches) but finally covering whole tree and stand 
level measurements up to the landscape scale.

Schleppi et al. in their contribution “forested water catchments” bring in the 
whole-catchment scale and demonstrate the usefulness of experiments at that level, 
as catchments are usually “integrators” of different ecological and biogeochemical 
effects in producing their runoff.

Christine Alewell and Peter Bebi write on “Forest Development in the European 
Alps and Potential Consequences on Hydrological Regime”. They cite the fine meta-
phor of mountains as our “water towers” and investigate how forest regrowth, often 
occurring after pasture land abandonment in the Alps will affect their function.

Ernst Leitgeb and Karl Gartner take us back down from the mountains, turning to 
“vulnerability of Norway spruce in Austria’s lowlands”. The extremely warm sum-
mer of 2003 highlighted the reduced vitality of Norway spruce in the lower parts of 
Austria during hot and dry years. It is very important to find alternative silvicultural 
options to Norway spruce stands in this and many other European regions.

Boris Vrbek and Ivan Pilaš work on water table management in lowland forests 
of south-eastern Europe. They show how indices for recognition of the onset of 
drought should be developed and implemented, and advocate conservation of water 
surplus from the winter season further into the growing season when unfavourable 
conditions of water scarcity occur.

Gabriel Schiller turns our attention to the dry environments in his chapter “The Case 
of Yatir Forest”. This case study is located in Israel and consists of Pinus halepensis 
(Mill.) forest, where he measured water use employing the heat pulse method.

Finally in the first section, Moreno et al. show us “How Mediterranean 
Deciduous Trees Cope with Long Summer Drought: the Case of Quercus pyrenaica 
Forests in Western Spain”. This species seems well adapted to surviving summer 
drought while maintaining photosynthetic activity and apparently having a non-
conservative water consumption. The authors explain the strategy and mechanism 
of survival of those forests.

The second section examines more closely the forest management side of the 
overall issue with due consideration of its potentials as well as its limitations. As 
water availability might change dramatically in Europe and adjacent regions, it will 
affect existing tree species and their ability to cope with a lack or excess of water, 
soil salinity and fire frequency and intensity. Tree species and provenances which 
are the most suitable to deal with water stress (both under excess and scarcity) are 
identified and options for their future management are evaluated.

Considerable changes in European forests’ tree species composition and struc-
tures will be driven by silvicultural adaptation strategies to climatic change over the 
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next decades. Also optimisation of afforestation and reforestation with respect to 
forest–water interactions is comprised, as well as mitigation of detrimental conse-
quences for surface- and groundwater quality, water yield, groundwater recharge, 
runoff and erosion control in forested landscapes.

Pichler et al. start with an overview of “Changes in Forest Cover and its 
Diversity”. This chapter provides an outline of the natural forest cover dynamics in 
Europe, as well as of its past, current and projected changes, which are driven by 
the two main factors climatic change and land use change.

Raftoyannis et al. contribute a chapter on “Afforestation Strategies with Respect 
to Forest–Water Interactions”. Afforestation may offer attractive ecological per-
spectives, such as better peak flow control combined with biodiversity support, 
along with attractive economic returns, for instance from energy wood grown in 
short rotations. This is particularly the case in the moister environments of Europe 
with ample precipitation supply. However, where water supply gets more limited, a 
situation of distinct trade-off may emerge very quickly.

Lukac et al. give information on “Tree Species’ Tolerance to Water Stress, Salinity 
and Fire”. They describe tree species and provenances used in European forestry 
practice which are the most suitable to deal with those stressors and constraints.

Ben-Hur et al. write on “Overland Flow, Soil Erosion and Stream Water Quality 
in Forest Under Different Perturbations and Climate Conditions”. They delineate 
the relationships between forest and climate conditions, and their effects on runoff, 
soil erosion and stream water quality, when subjected to various perturbations. The 
discussion addresses water-driven soil erosion.

Novák et al. make a contribution on the “Forest Management Effects on Below-
Ground Hydrological Processes”. They point out the value of comparative studies 
in managed forests and forests following natural dynamics. Important factors 
related to the forests’ management are identified and their influence described both 
qualitatively and quantitatively.

Concluding the second section, Planinšek et al. expand on “Adjustment of Forest 
Management Strategies to Changing Climate”. They put a focal point on the 
impacts of forest management and climate change on the interaction of forests and 
surface and ground water in boreal, temperate and Mediterranean regions of Europe 
and discuss measures to mitigate negative impacts. Approaches can be quite differ-
ent as the forest management goals and strategies differ between regions.

The third section has questions of scaling at its core, starting with the important 
task of up-scaling from small resolution process information and ending at large 
spatial scale assessments. Scaling is an important tool for integration of research 
results with management options and society needs. The different scales from small 
headwater catchment to major river basin are all relevant in the assessment of for-
est–water interactions. The authors demonstrate that scales can serve as a structur-
ing principle, both in the data-gathering process and in evaluation and assessment 
exercises. For smaller catchments and at plot-scale, there are frequently hydrologi-
cal case studies available, whereas on the larger scale, remote sensing techniques 
and blending of available information layers from maps and GIS are often 
applied.
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Starting from the fundamentals of scaling, authors in Section III review up-
scaling approaches for the water fluxes in forests, and in particular small scale and 
large scale approaches to forest and water interactions. General papers are followed 
by case studies related to scaling applications.

The section starts with an introductory overview on fundamental concepts and 
techniques of scaling including application of GIS in forest ecosystems and wet-
lands given by Elve Lode, Matthias Langensiepen, Jüri Roosaare, Gebhard Schueler 
and Harri Koivusalo.

Ivan Pilaš et al. refer to the EU Floods Directive in their chapter 
“Multidimensionality of Scales and Approaches for Forest–Water Interactions”. 
The Directive (EC 2007) emphasises better utilization of forest hydrological func-
tions. The mitigation potential of forests should be developed and be aimed at 
reducing runoff formation or mitigating adverse impacts of running waters. To 
alleviate the effect of drought in the future, forest management has to evaluate vari-
ous adaptive strategies for drought impact management.

Matthias Langensiepen expands on the “Fundamentals of Model Scaling in 
Forest Ecology”. He summarizes statistical techniques for scale identification and 
presents the establishment of scaling laws from a mathematical point of view. 
Structure and function are stressed as important concepts for understanding tree 
responses to changing environments. Methods of translating models across spatial 
scales are categorized in the final part of this chapter.

Chris Eastaugh et al. put the focus on “Up- and Downscaling Model Approaches”. 
This is indeed a very central and crucial scale range as management measures are 
usually applied at the plot scale and ecological (as well as aesthetical) effects of 
forest management are prominently recognized at the landscape level. The authors 
put a special focus on how water-related processes can be integrated so that point 
or plot information may be generalised to larger scale applications.

Harri Koivusalo et al. write on “A Small Catchment Scale Approach … in 
Boreal Landscape”. This chapter demonstrates how a forest growing on peatland or 
mineral soil in the boreal region can be parameterised as a hydrological response 
unit (HRU), and how environmental effects and effects of forestry on the water 
cycle can be discerned and described.

Gebhard Schüler et al. contribute a “Large Scale Approach to Forest and Water 
Interactions”. Integrated land and water management at larger scale needs to find a 
way of combining technical (engineering) watershed management and a scientific 
based precautionary land-use management. A large scale European approach across 
political borders was laid down by the European Water Framework and Floods 
Directives.

Andreas Wahren et al. write on “Model-Based Assessment of Forest Land 
Management on Water Dynamics at Various Hydrological Scales – A Case Study”. 
They point out that emphasis should be put on the detection of synergy effects 
between a good ecological status of the water bodies and flood protection. This 
approach combines socio-economic methods with state-of-the-art hydrological 
modelling and the available information about climatic change.
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Elve Lode et al. contribute information on “Typological Up-Scaling of Wooded 
Peatlands”. This chapter introduces GIS based case study results of the small 
wooded Estonian Selisoo mire, located in the eastern part of Estonia and belonging 
to the Ramsar sites’ Muraka mire complex.

In the final chapter of Section III, Sultan Bekiroglu and Ömer Eker go deepest 
into the societal context with their contribution “Difficulties of Scaling in Forest 
and Water Management in Urban Areas: Social and Institutional Dimension”. In 
this study, interactive connections between water and forest management on the one 
hand and the complexities among socio-economic-environmental and institutional 
systems on the other are highlighted with some examples from European urban 
environments.

Acknowledgement All authors who have contributed to this volume greatly and 
gratefully acknowledge the support through COST Action FP 0601 “Forest 
Management and the Water Cycle (FORMAN)”, and through the numerous 
national and international funding programs and institutions by which their work 
was supported.
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Environmental changes induced by mankind are numerous in nature and in effects. 
Changes affecting the hydrosphere and the atmosphere are spread geographically 
by water and air circulation, with the potential of creating not only local but also 
regional and global problems. Ecosystems far from pollution sources are thus also 
affected, which is the case of many forests. The biggest concern at the beginning of 
this twenty-first century is certainly the global climatic change driven by human 
activities. This change includes not only physical components like temperature and 
precipitation, but also chemical components like air quality and deposition of 
pollutants.

Among terrestrial ecosystems, forests may be particularly affected by physical 
and chemical climate changes because of two essential characteristics of trees: their 
size and their longevity. The size of trees creates a bigger, more complex interface 
between the soil and the air, with larger microclimatic gradients between both. The 
resulting aerodynamic roughness enhances the capture of pollutants and thus their 
deposition into the ecosystem. The long generation time of trees, on the other hand, 
makes them slow to adapt to changes in a decadal time scale.

How forests will be affected by climate change is largely unknown (Bonan 
2008). There are several reasons for this deficit. Firstly, the general magnitude as 
well as the time and space variability of the changes can be predicted only with a 
broad margin of error. Secondly, many mechanisms are known how physical and 
chemical environmental factors affect trees in the short-term, but their interactions 
in the long-term are difficult or impossible to test experimentally. In the present 
book section, we intend to review which processes are the most likely to be affected. 
We examine first below-ground, above-ground and whole-tree processes, then we 
look at the hydrologic scale of elementary forested catchments. After the four 
review chapters, we present several case-studies which enlighten some problems 
encountered in specific geographical regions within Europe, ranging from Alpine 
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Chapter 1
Introduction

Patrick Schleppi 
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4 P. Schleppi

to arid Mediterranean climates. Looking more closely at some sensitive systems 
is important because of the lessons that can be learnt from them and which may be 
important elsewhere in the future.

Given the complexity of the problems addressed, this first book section can 
certainly not achieve a complete coverage, and give all the recommendations that 
could be wished. Our goal is to give the reader the most important tools to understand 
present challenges and to anticipate, as well as possible, future changes likely to 
affect the water relations of forests. How we can adapt to theses changes will then 
be the topic of the next book section, where sylvicultural measures will be discussed. 
The scope of the present section is also limited in scale, leaving larger water catch-
ments in complex landscapes to be treated by the third section of this book.
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Introduction

Water is a critical factor limiting forest growth, either by absence (Stephenson 
1990; Pigott and Pigott 1993) or excess (Kreuzwieser et al. 2004). In most parts of 
Central Europe, moderate water stress is typically to be expected during short rain-
less periods that occur at irregular intervals in most summers (Backes and Leuschner 
2000; Czajkowski et al. 2005) while severe droughts are episodic events (Lloyd-
Hughes and Saunders 2002). In the Mediterranean Basin water strongly limits plant 
growth and survival (Lloret et al. 2004). This is especially true for some 
Mediterranean tree genera, which are thought to have evolved before the onset of 
the present summer-dry climate (Petit et al. 2005). Floods, temporary cover of land 
by water, occur in most parts of Europe on a regular basis and originate among 
other things from rivers, mountain torrents and Mediterranean ephemeral water 
courses (EXCIMAP 2007).
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There is now convincing evidence that the global climate is changing at an 
unprecedented rate, putting forest health in jeopardy (Chapter 3, this volume). 
While total annual precipitation is predicted to be stable in most Northern and 
Central European regions, model calculations of the future climate predict an 
increasing frequency and severity of exceptional summer droughts and heatwaves, 
and floods during winter and spring, thus increasing the risks of both water-logging 
(Bárdossy and Caspary 1990; Nisbet 2002; Hundecha and Bárdossy 2005) and 
drought (Hulme et al. 2002; Kunstmann et al. 2004; Rowell 2005; Frei et al. 2006). 
In the Mediterranean Basin, a disproportionately strong increase of summer tem-
perature and aridity is predicted under future climates (Iglesias et al. 2000; IPCC 
2007). While existing meteorological models still embody considerable uncertainty 
in predicting future precipitation pattern in detail, especially for mountain regions, 
changes in the seasonal pattern of precipitation, severer summer droughts and winter 
flooding will lead to changes in a range of below ground processes. These changes 
include effects on gas exchange, nutrient mineralization, interactions between trees 
and mycorrhizal fungi, as well as effects on root growth and physiology . Such 
changes may potentially alter the distribution and composition of European forest 
by affecting the water- and nutrient-uptake directly, and indirectly by changing the 
competitive abilities of tree species to obtain these resources (Kozlowski 1997; 
Geßler et al. 2007; Rewald and Leuschner 2009b).

In this chapter we discuss the effects of soil water on below ground processes, 
first briefly describing the spatial heterogeneity of tree roots and soil water, and 
then discuss the effects of soil water deficit and soil water excess.

Biogenic Causes of Soil Moisture Heterogeneity

In predictions of the effects of changing water availability on below ground 
 processes, soil water availability within a stand is often assumed to be relatively 
homogeneous. However, it has become increasingly apparent that soil moisture var-
ies greatly within a stand (Göttlein and Manderscheid 1998). These authors could 
show that variability in the hydraulic properties of soil and tree root distribution 
causes substantial heterogeneity of soil water tension. Furthermore, the degree of 
heterogeneity increased at high water tension compared to low water tension. Much 
of the heterogeneity was due to preferential water flow. Preferential water flow has 
been shown to be due to factors such as macropore flow (Beven and Germann 1982), 
fingering (Hillel and Baker 1988) and funnelled flow (Kung 1990). In addition stand 
structural factors such as tree rooting density (Pärtel and Helm 2007; Lange et al. 
2009) and tree canopy effects on throughfall and stemflow will influence the spatial 
and temporal variability of soil moisture (Staelens et al. 2006; Dalsgaard 2007). This 
may be due to individual crown interception efficiency in relation to crown structure 
(Staelens et al. 2006) and to the formation of canopy gaps (Dalsgaard 2007). An 
example of the influence of canopy gaps on soil moisture is shown in Fig. 2.1. While 
soil water content was relatively homogenous in January to April, it decreased 
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steadily during spring and summer in two growing seasons to 64% and 68% of field 
capacity in the closed forest (June–September; n = 10, 0–0.9 m depth) but remained 
high, 90% and 93% of field capacity in gap positions (n = 10). Differences were 
significant (Tukey–Kramer adjusted t-test; P < 0.05; Dalsgaard 2007). Throughfall 
was significantly higher in gaps than in closed forest positions in spring (20%, 
April–May), summer (30%, June–September) and annually (17%).

Root architecture of structural roots and distribution of fine roots in the soil are 
of great importance as they determine plant access to water. Fine root density 
 generally shows an exponential decrease with soil depth (Gale and Grigal 1987; 
Leuschner et al. 2004b), however many species of trees have a structural coarse root 
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Fig. 2.1 Smoothed values of volumetric soil water content (Q) at 0–0.5 m depth in and around a 
canopy gap during the summer of 2000 in a Fagus sylvatica forest at Suserup Skov, Denmark. The 
maps show values for July (a), August (b) and September (c). The Q values are placed at the 
boundaries between the different zones of Q (see Dalsgaard 2007 for details). Field capacity (FC) 
varied across positions, but there was no significant difference in FC between zones. Panel (d) 
shows the location of trees in and around the gap (gray circles). The size of the circles is scaled 
from tree diameter. The gap centre is at (0.0) m, a black line indicates the edge of the gap
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system which penetrates into deeper soil layers, thus enabling access to subsoil 
resources of water (Köstler et al. 1968; Kozlowski et al. 1991; Jackson et al. 1999; 
Chapters 7 and 10, this volume). For example, Quercus spp. have been found to 
 successfully reduce water stress by deep rooting (Čermák et al. 1980; Badot et al. 
1994; Bréda et al. 1995), whereas Fagus sylvatica roots are less frequent in greater 
depths (Leuschner et al. 2001) and Fagus might thus be more susceptible to 
drought.

The capability of root systems to explore the soil for heterogeneously distributed 
moisture is crucial for successful water uptake (Cole and Mahall 2006). Although 
it is known that water uptake of individual roots can differ within soil horizons 
(Coners and Leuschner 2005), possibly resulting from moisture differences, studies 
about species-specific differences in the detection of water, e.g. via hydrotropism, 
are lacking. Such foraging traits might be very important in densely rooted mixed 
forests (Rewald and Leuschner 2009a), where competitors could potentially pre-
empt moist soil patches. In Loblolly pine (Pinus taeda), Parker and Van Lear 
(1996) investigated the effect of soil moisture and heterogeneity on root distribu-
tion. Fine root density was higher on xeric and sub-xeric soils than soil with inter-
mediate water contents. However, on all soil types fine root density was ca. 17 
times higher in old root channels and ca. four times higher on rock surfaces 
 compared to the bulk soil matrix. Root channels provide not only easier root pen-
etration paths through the soil but were also preferential flow paths for water, as 
were rock surfaces. Rooting in soil patches with different moisture contents as 
shown in a study by Parker and Van Lear (1996), can allow a transfer of water from 
wet soil to dry soil via ‘hydraulic lift’ (Caldwell et al. 1998) or ‘hydraulic redistri-
bution’ (Burgess et al. 1998; Schulze et al. 1998). Hydraulic redistribution can 
 re-wet dry topsoil layers, possibly facilitate nutrient uptake and buffer plants 
against water deficits (Richards and Caldwell 1987; Ryel 2004; Pereira et al. 2006; 
Chapter 4, this volume).

Effects of Soil Water Deficit

Soil

Water deficit causes major changes in the biological, chemical and physical nature 
of the soil. For example, extreme drought conditions typically induce a dramatic 
reduction in the amount, structure and activity of the soil microbial community. In 
general, however, soil microorganisms can survive and persist at much lower soil 
water potentials than plant roots, particularly as they have the ability to enter a 
dormant state and survive in very thin water films. Unlike roots, the soil microbial 
community can also rapidly recover from this inactive state within minutes of 
rewetting (Jones and Murphy 2007). The impact of drought on soil processes and 
ecosystem functioning and resilience remains somewhat controversial (Borken and 
Matzner 2009). Drought tends to reduce mineralization of soil organic matter while 
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subsequent rewetting can significantly enhance the turnover of carbon (C) and 
nitrogen (N) in soils (Sardans et al. 2008; Chapter 3, this volume). However, the net 
balance of greenhouse gas exchange remains unclear as it depends greatly on forest 
type, soil type and the duration and severity of the drought (Almagro et al. 2009). 
It is well documented that drought induces lysis of root and microbial cells and that 
rewetting-induces a flush of nutrients and a stimulation of soil respiration (Inglima 
et al. 2009). Originally, it was thought that this enhanced CO

2
 evolution and associ-

ated loss of soil organic matter would cause a decline in soil quality. Recent 
 evidence, however, suggests that the loss of CO

2
 from soil is much less than if the 

soil had been maintained at an optimal water content for microbial activity (i.e. 
−0.05 to −0.5 MPa; Borken et al. 2006). The benefit of drought in reducing green-
house gas emissions has also been seen for N

2
O where water deficit turned a 

Norway spruce forest from a N
2
O source to a sink (Goldberg and Gebauer 2009). 

A similar response has also been observed for CH
4
 (Muhr et al. 2008). In a com-

prehensive review, Borken and Matzner (2009) concluded that organic matter 
stocks are progressively preserved with increasing duration and intensity of drought 
periods; however, increased fire risk may ultimately enhance the risk of organic 
matter losses under dry conditions. Another major issue associated with drought 
periods is that water deficit induces organic surfaces in soil to become hydrophobic 
and water repellent (Cerdà et al. 1998). Consequently, upon rewetting, water tends 
to travel down macropores resulting in hydrological bypass of the soil’s upper hori-
zons, resulting e.g., in losses of nitrate contained in rain and snow-melt water 
(Schleppi et al. 2004). Alternatively, the hydrophobic organic horizons can prevent 
infiltration inducing surface runoff and erosion (Doerr et al. 2009). This hydropho-
bicity also tends to reduce soil organic matter cycling and can reduce potential 
leaching losses due to bypass flow (Hentschel et al. 2007).

Mycorrhizal Fungi

Mycorrhizas are among the most widespread associations between microorganisms 
and higher plants, and provide a range of benefits to forest trees of which the best 
demonstrated is an increased nutrient acquisition, but they also may be beneficial for 
water uptake and protection against pathogens. The extensive extramatrical or extra-
radical mycelium formed by ectomycorrhiza and arbuscular mycorrhiza, respec-
tively, is thought to play a primary role in promoting nutrient acquisition (especially 
P; Smith and Read 2008). Both arbuscular- and ectomycorrhizas form associations 
with forest tree species, and both are more pronounced in infertile soils. 
Ectomycorrhizas are more common on moist soils with a high organic matter con-
tent, whereas trees infected with arbuscular mycorrhizas tend to be growing on more 
mineral soils (Smith and Read 2008). The degree of colonisation by mycorrhizas is 
often influenced by the availability of N and P in the soil. Paul and Clark (1996) 
argue that the total nutrient pool in soils is of no importance and it is the low con-
centration of a nutrient such as P in the aqueous phase that promotes the infection.
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Mycorrhizas have the potential to affect tree water relations both through direct 
uptake of water and via nutritional factors. Considerable uncertainty exists about 
the influence of mycorrhizas on host hydraulics and water uptake (Hampp and 
Schaeffer 1999; Nardini et al. 2000), but also on the response of the fungal com-
munity to drought (Shi et al. 2002). Due to the large contact area between hyphae 
and soil particles, mycorrhiza formation has been suggested to improve water avail-
ability to the host plants (Duddridge et al. 1980; MacFall et al. 1991; Augé 2001), 
and to support acclimation to drought stress (Davies et al. 1996; George and 
Marschner 1996). However the benefits to the host tree may be species-specific. 
Steudle and Heydt (1997) found only a marginal influence of mycorrhization on 
water uptake of Fagus sylvatica saplings, however Quercus spp. showed a strong 
decline in transpired water after the extramatrical hyphae net of the mycorrhiza had 
been severed (Egerton-Warburton et al. 2003). Furthermore, the extramatrical 
hyphae were found to transfer water between roots of ‘donor’ Quercus individuals, 
performing hydraulic lift, and ‘receiver’ plants, possibly resulting in multiple ben-
efits during drought. These benefits could include enhanced water and nutrient 
uptake and/or redistribution (Leake et al. 2004), a rapid recovery from desiccation, 
or refilling of embolized vessels. However, it remains an open question if similar 
mechanisms exist in other tree species, and if the quantities of redistributed water 
account for significant reduction of water stress.

Drought reduces both nutrient uptake by roots and transport from the roots to 
shoots, due to decreased transpiration rates and impaired active transport and mem-
brane permeability (Alam 1999). The decline in soil moisture also results in a 
decrease in the diffusion rate of nutrients in the soil to the absorbing root surface 
(Raynaud and Leadley 2004). P is a nutrient the uptake of which is mostly affected 
by low soil moisture (Marschner 1997). Under conditions of reduced P mobility, 
the extensive hyphal network and increased P mobilisation through exudates from 
the hyphae and plant roots help to maintain P acquisition (Liebersbach et al. 2004). 
Another beneficial effect of the mycorrhizal association in dry conditions is the 
increased uptake of potassium (K) by trees especially in the seedling stage. 
K increases the drought resistance of plants through its function in stomatal regulation 
and osmoregulation (Marschner 1997). Maintenance of water balance at low soil 
water potentials is critical for maintenance of a positive carbon balance. In 
Mediterranean countries, where summers are dry, mycorrhizas help seedling sur-
vival among plants considered resistant to drought. Domínguez Núñez et al. (2006) 
used seedlings of Quercus ilex and Quercus faginea inoculated with the mycor-
rhizal fungus Tuber melanosporum to establish a stand in south-eastern Spain. 
These authors could show that mycorrhizal inoculation improved seedling growth 
and increased water and P uptake during summer drought.

Despite the beneficial effect of the mycorrhizal association on forest plants 
 during drought periods, the development of the mycorrhizal association is affected 
by low soil moisture content. Valdéz et al. (2006) observed that drought years 
reduced biomass of both fine and ectomycorrhizal roots of Pinus oaxacana by 
almost 60%. In the field, Bell and Adams (2004) found that the number of root tips 
of Pinus pinaster and Pinus radiata associated with the fungus Rhizopogon was 
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reduced in areas of low rainfall amounts (<380 mm). It seems that extreme moisture 
deficit affects mycorrhizas to such extent that below a certain moisture percentage 
 mycorrhizal plants are equally affected as nonmycorrhizal ones. Similarly, in Pinus 
pinaster, Bakker et al. (2006) demonstrated an increase in long-distance explora-
tion types of ectomycorrhizas (Rhizopogon and Scleroderma spp.) on drier sites and 
an increase in contact exploration types on wetter sites. In both the work of Bell and 
Adams (2004), and Bakker et al. (2006) soil organic matter was a co-variant, with 
the wetter sites having higher organic matter contents. In a growth chamber experi-
ment, Kennedy and Peay (2007) found that Pinus muricata plants infected by the 
ectomycorrhizal fungus Rhizopogon had similar biomass, photosynthesis, conduc-
tance and total leaf biomass as non-mycorrhizal plants. However, all these para-
meters increased significantly in the mycorrhizal plants when soil moisture 
increased and reached a percentage of 13. This work emphasises that mycorrhizas 
may not be beneficial to plants at very low soil water contents.

Although mechanisms of improved drought tolerance by mycorrhization have 
been postulated, the effect of water stress on mycorrhizal community diversity is 
only poorly understood. Kernaghan (2005) reviewed the environmental factors 
influencing the mycorrhizal fungal communities. He argued that the most important 
factor is the structure of the associated plant communities through the variety of 
root exudates. It is probable that drought indirectly affects mycorrhizal diversity by 
selection of the most drought resistant plants.

Fine Roots

The root:shoot ratio is an important means of adjustment to altered soil moisture 
levels (Osunubi and Davies 1981; Chapter 4, this volume). Alteration of this ratio 
can be achieved by long term developmental changes in allocation, or through 
short term responses to changes in a specific environmental variable. It has been 
well documented that tree species adapted to more xeric conditions have higher 
root:shoot ratios (Joslin et al. 2000), thus increasing the ratio between water 
absorbing and transpiring surface. However, results for both seedlings and mature 
trees grown under different soil moisture regimes are contradictory (e.g. Thomas 
2000; Pronk et al. 2002; Meier and Leuschner 2008a, b). Changes in root:shoot 
ratio are often achieved by alteration of fine root biomass. The direction of 
change, i.e. increase or decrease, and magnitude of root biomass response to 
drought largely depends on tree species or variety, but also on study duration and/
or study design (e.g., light regime; Climent et al. 2006; Manes et al. 2006). 
However, two general trends can be noticed: (i) an increase of root biomass in 
response to drought have mostly been found in conifer species (e.g., Gower et al. 
1992; Parker and Van Lear 1996), which are known to differ in their root growth 
strategies from deciduous broad-leaved trees (Bauhus and Messier 1999), and (ii) 
a decrease of root biomass in European deciduous tree species (e.g., Fort et al. 
1998; Chiatante et al. 2006).
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Change in root biomass is highly species-specific and connected to altered root 
turnover rates. Although data on changes in root turnover rates under soil drought 
are scarce, both unaltered (Joslin et al. 2000) and increased (Pietikäinen et al. 1999; 
Chiatante et al. 2006) turnover rates have been found in Mediterranean and  temperate 
forests. For example, the fine root biomass in the organic layer (0.5–6 cm thick) of 
an unmanaged mature Quercus petraea stand (Unterlüß, Lower Saxony, Germany; 
52°83¢N, 10°26¢E; stem density: 44 ha−1, tree height: 28 m, stem basal area: 12.3 m2 
ha−1) was significantly reduced after three months of experimentally-induced sum-
mer drought (Table 2.1). In contrast, more drought sensitive tree  species like Fagus 
sylvatica and Quercus robur were found to retain their root  biomass in the upper soil 
horizons even under severe drought, resulting in high turnover rates (Konôpka et al. 
2005; Mainiero and Kazda 2006). It is possible that a less flexible carbon-investment 
strategy during drought and the subsequently increased fine root turnover are partly 
involved in a higher drought sensitivity of tree species.

Change in fine root morphology is another potential adaptation to altered soil 
moisture. However, the detection of adaptation mechanisms is hampered by the large 
variation of root morphology and architecture within species or individuals, possibly 
caused by soil heterogeneity (Fitter 1994; Meier and Leuschner 2008a). The finest 
(first order) roots are most important parts of the root system for water uptake 
(Rieger and Litvin 1999; Lindenmair et al. 2004; Rewald et al. 2010). Thus, specific 
root area (SRA) and length (SRL) could be expected to increase during drought. In 
contrast to this assumption, both the SRA and the SRL of Betula pendula, Fagus 
sylvatica and other tree species decreased under reduced water availability 
(Aspelmeier and Leuschner 2006; Ostonen et al. 2007; Meier and Leuschner 2008b). 

Table 2.1 Case study within two unmanaged forest patches stocked with 200 years-old Quercus 
petraea trees (see Rewald 2008 for details). Root density (RD

org.
) and proline concentration of fine 

roots in the organic layer after 3-month (June–August 2004) of two different soil moisture treat-
ments (Control and Reduced soil moisture). Specific conductivity (k

s
) and degree of embolism of 

fine roots (diameter d = 0.7–2 mm) and coarse roots (d = 2–6 mm) after three subsequent summers 
differing in water availability (June–August, 2004–2006). Significant differences are indicated by 
different letters (RD

org.
 and proline: Scheffé test, P < 0.05; k

s
 and embolism: Kruskal–Wallis H test, 

P < 0.05; mean ± SE; n = sample size; n.d. = no data)

n
RD

org.
  

[g d.wt l−1] n
Proline [mmol 
g d.wt−1] n

k
s
 [10−3 m2 

MPa−1 s−1]

Degree of 
embolism 
[%]

Control
Fine roots 20 6.5 ± 0.1 a 10 10.4 ± 3.3 a 9 1.2 ± 0.3 a 20.8 ± 6.7 ab
Coarse roots – n.d. – n.d. 15 3.0 ± 1.7 ac 10.5 ± 5.3 b

Reduced soil moisture a

Fine roots 20 2.3 ± 0.1 b 10 93.0 ± 29.4 b 11 2.5 ± 0.8 b 36.7 ± 9.3 ac
Coarse roots – n.d. – n.d. 10 10.0 ± 3.1 c 46.3 ± 10.9 c
a A sub-canopy roof (11 m × 11 m × 2 m) was used to reduce soil moisture during summer months 
(June–August), resulting in a soil moisture reduction of 5–15 vol% compared to ambient-watered 
control.
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The underlying mechanisms must remain speculative, but may include increased 
mortality/shedding of root tips and finest roots, stimulated ethylene production 
resulting in larger root diameter, (re-) growth of less ramified roots by increased 
turnover rates and higher soil mechanical impedance, and increased root tissue den-
sities (Clark et al. 2003; Manes et al. 2006; Trubat et al. 2006).

Root elongation rate, which is positively correlated with root diameter, could be 
a more important attribute for maximizing uptake rates of low-diffusive nutrients 
such as P than root surface area (Silberbush and Barber 1983; Raven and Edwards 
2001). In order to exploit more soil regions with plant-available water, higher elon-
gation rates are suggested to be most favourable in soil with a heterogeneous dis-
tribution of moisture or in the case of inter-specific competition for water. 
Furthermore, roots of larger diameter, and consequently a lower SRA:SRL ratio 
have lower construction and maintenance costs per unit biomass than thinner roots 
(Eissenstat and Yanai 1997). Most likely, there must be a trade-off between the 
benefits of a large absorbing surface area per unit biomass and an increased contact 
with the soil, and the benefits of increased ‘long-distance’ foraging and reduced 
maintenance costs under water shortage. However, rates of water uptake per root 
surface area have been found to vary significantly between individual root branches 
and species (Korn 2004; Burk 2006). For example, Fagus sylvatica has been found 
to possess higher root-surface-area related sap-flow rates than Quercus petraea 
(Coners and Leuschner 2002). Furthermore, even under well-watered conditions, 
Fagus sylvatica roots showed higher root surface-specific flows on a site with a 
more continental climate than on a more oceanic site (Burk 2006), indicating a yet 
unknown, but highly plastic uptake pattern on drier sites. Unfortunately, no infor-
mation is available about such plasticity in uptake kinetics for other tree species.

Physiological Adaptation of Roots

The capacity of roots for water uptake is determined not only by root surface area and 
foraging, but by the resistance of tissues to water transport as well. Drought is known 
to induce short- and long-term alterations of the radial pathway, usually resulting 
in an increase of radial resistance (Huang and Nobel 1993; Steudle 2000). Water 
channel  proteins in the cell membranes (aquaporins) mediate the short-term adjust-
ment of the symplastic pathway to drought stress (Yamada et al. 1997). Although data 
for woody plants is scarce, studies on herbaceous plants suggest that aquaporins are 
present  in virtually all root types (Kirch et al. 2000; Kaldenhoff and Fischer 2006), 
and especially in cells that control water uptake and radial water flow (Schäffner 
1998). The regulation of root aquaporins enables a very tight coupling between root 
water uptake and whole plant physiology, e.g. by facilitating water flow under moist 
conditions, or reducing water loss to the soil via unintended hydraulic redistribution 
by ‘more tight’ membranes. A higher expression of aquaporins, and, thus, higher root 
surface area-specific conductance, is suggested to compensate for a reduced root 
system size in water-stressed olive trees, explaining in part the above-average 
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drought-tolerance of this species (Lovisolo et al. 2007; Secchi et al. 2007). However, 
knowledge of drought-induced adaptations in root physiology, resulting in altered 
water uptake rates, is still rare for most European tree species.

Osmotic adjustment is another mechanism, allowing plants to tolerate periods of 
drought (Chaves et al. 2003; Aranda et al. 2004; Chapter 3, this volume). Osmotic 
adjustment enables sustained root growth under moderate levels of drought stress 
by partial turgor recovery and maintenance of the ability to loosen cell walls (Hsiao 
and Xu 2000). Proline is an important component of this osmoregulation; its con-
centrations have been found to increase strongly in response to drought stress in 
roots of mature Fagus sylvatica and Quercus petraea trees (Table 2.1; Rewald 
2008) and has been suggested to explain differences in drought-tolerance (Hare 
et al. 1998; Ennajeh et al. 2006; Garcia-Sánchez et al. 2007). Drought is thought to 
facilitate suberization of the root rhizodermis, subsequently limiting the apoplastic 
by-pass and reducing the radial conductivity of roots (Zimmermann and Steudle 
1998). However, previous studies provide convincing evidence of water uptake 
even by strongly suberized regions of woody roots (Chung and Kramer 1975; 
MacFall et al. 1990, 1991). Increased root suberization under drought stress might 
therefore correlate better with general stress-tolerance (Schreiber et al. 2005), 
instead of explaining different water uptake rates (Leuschner et al. 2003).

Changes in Root Axial Conductivity and Hydraulic Safety 
Under Drought

Different species or even genotypes of woody plants may differ substantially with 
respect to root axial conductivity (e.g., Huber 1956; Larcher 2001). A majority of 
previous studies has reported reduced root conductivities in response to stress (e.g., 
Machado and Tyree 1994; Nardini and Pitt 1999; Trubat et al. 2006), thereby 
improving plant water status by reducing water loss to the atmosphere and the soil 
(Meinzer et al. 1996; Trillo and Fernández 2005). In contrast, the rarely observed 
increase of root axial conductivity (Table 2.1) is suggested to facilitate water uptake 
by reducing the flow resistance (Nardini and Pitt 1999). Although axial conductivity 
has previously been considered a minor limiting factor of whole-root conductivity as 
compared to radial conductivity (e.g., Steudle 1994), Hacke et al. (2000) demon-
strated that whole-plant water use and axial conductivity of woody plants during 
water stress were in accordance. Especially the large root systems of mature trees 
with greater path lengths (West et al. 1999; Addington et al. 2006) and reduced 
potential gradients due to large root:leaf area ratios (Grier et al. 1981; Vanninen et al. 
1996) illustrate the importance of sufficient root axial conductivities. Increased root 
conductivities could be a particularly effective adaptation in plants that respond to 
drought with a reduction of fine root biomass.

Another plastic adaptation of the tree root hydraulic system to soil water 
shortage  might be the development of root branches with diverging hydraulic prop-
erties, thereby exploring the spatial heterogeneity of water reserves, as is typical for 
temporally drought-exposed soils (Göttlein and Manderscheid 1998). Several 
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previous studies have documented that root axial conductivity and water uptake rate 
can differ  substantially within root systems, e.g. between deep and shallow roots 
(Pate et al. 1995; Korn 2004; Leuschner et al. 2004a; Chapter 4, this volume). Since 
individual roots or root branches are thought to act as ‘physiologically autonomous 
units’ (Shani et al. 1993), the differentiation of the root population into high- 
conductivity and low-conductivity roots has been postulated as a favourable adaptation 
to heterogeneous environments.

While some embolism may occur even in roots of well-watered plants (Alder 
et al. 1996; Domec et al. 2004; Table 2.1), fine roots have been suggested to be 
weak, replaceable segments of the soil-plant-atmosphere continuum (SPAC; Sperry 
and Saliendra 1994; Domec et al. 2004; Chapter 3, this volume), expedient to 
uncouple parts of the SPAC in response to more severe water shortage. Acting as 
‘hydraulic fuses’ (Zimmermann 1983), they are thought to prevent plant-wide cavi-
tation and water loss to the soil, as resulting from unintended hydraulic redistribu-
tion (Sperry and Ikeda 1997; Hacke et al. 2000). ‘Hydraulic fuse’-mechanisms that 
are assumed to prevent or reduce such leakage are: (i) shedding of fine root 
branches (Head 1973; Pereira et al. 2004), (ii) suberization of the rhizodermis and/
or aquaporin regulation (Vera-Estrella et al. 2004; Schreiber et al. 2005). Because 
there is now convincing evidence that embolism is reversible in many cases 
(Pickard 1989; Zwieniecki and Holbrook 1998; Lovisolo and Schubert 2006), cavi-
tation is suggested to be another, possibly reversible, ‘hydraulic fuse’ mechanism 
in roots (Rewald 2008). Thus, the recently found increased vulnerability to cavita-
tion in drought-stressed Quercus petraea roots (Rewald 2008) seems to be a 
straightforward adaption to drought rather than impairment by drought.

Effects of Excess Soil Water

Soil

In comparison to water deficit, the effects of excess soil water on below ground soil 
processes are relatively well understood (Richardson and Vepraskas 2000). Briefly, 
saturation of soil with water (waterlogging) for prolonged periods of time generates 
a negative impact on nearly all forests that are not adapted to hydromorphic or ripar-
ian soil conditions (White 2007). The incidence of periodic waterlogging is pre-
dicted to increase in European forests due to increases in the frequency and intensity 
of winter rainfall events (Fuhrer et al. 2006). The resultant changes in nutrient 
cycling induced by waterlogging may have profound consequences on forest develop-
ment with some species more resilient to flooding (e.g., oak) than others (e.g., beech; 
Geßler et al. 2007). In Mediterranean woodlands, precipitation can be very abundant 
during the wet season, inducing temporary waterlogging. When the soil becomes 
saturated the rate of O

2
 diffusion into the soil is greatly reduced leading  to rapid 

depletion of soil O
2
 and an inducement of hypoxic and anoxic conditions. These 

conditions reduce seed germination, root growth, soil microbial activity and may 
promote the attack of trees by pathogenic soil organisms (Burgess et al. 1999; 
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Gómez-Aparicio et al. 2008; Pérez-Ramos and Marañón 2009). Prolonged waterlog-
ging tends to lead to a reduction in microbial activity, an increase in soil organic 
matter and greater emissions of N

2
O and CH

4
 (Pinay et al. 2000; Eglin et al. 2008). 

Flooding may also stimulate the input and redistribution of soil particles which can 
strongly influence C storage and greenhouse gas emissions (Pinay et al. 2000). To 
some extent this is driven by a reduced microbial biomass and changes in its com-
munity structure (i.e. reduction of aerobic bacteria, Gram-negative and Gram-
positive bacteria, mycorrhizal fungi and mesofauna) and an inhibition of O

2
-requiring 

enzymes which are central to the breakdown of forest litter (e.g., phenol oxidase; 
Langer and Rinklebe 2009; Unger et al. 2009). One study indicates that while CO

2
 

emissions from soil decline in flooded conditions, this is more than offset by the 
concomitant increase in N

2
O and CH

4
 making some wetland forests greater net emitters 

of greenhouse gases (GHG) than non-flooded ones (Yu et al. 2008). However, the 
overall response of soil flooding on GHG emission is likely to be highly dependent 
on a range of factors (e.g., geographical location, topography, climatic regime, 
catchment size, land use and management) making generalisations across land-
scapes difficult. In some regions of Europe deliberate flooding of organic soils is 
now occurring in an attempt to try and preserve soil organic matter stocks whose loss 
has been stimulated by historical drainage and oxygenation. Whilst this management 
approach appears to reduce CO

2
 emissions and losses of dissolved organic carbon, 

it may stimulate emissions of N
2
O and CH

4
 and may reduce forest growth and there-

fore above and below ground C storage (Silvan et al. 2002).

Mycorrhizal Fungi

In Pterocarpus officinalis, Fougnies et al. (2007) found that arbuscular mycorrhizas 
contributed to flood tolerance and P acquisition. In contrast, Ray and Inouye (2006) 
found that the development of arbuscular fungus associated with Typha latifolia 
was adversely affected by flooding. Stenström (1991) could show that species of 
ectomycorrhizas vary greatly in tolerance to waterlogging. Based on the formation 
of ectomycorrhizas with Pinus sylvestris, the fungi Thelephora terrestris, Laccaria 
laccata, and Hebeloma crustuliniforme were not sensitive to flooding, whereas 
Suillus flavidus and S. bovinus were highly sensitive. It is highly probable that 
fungal species and periodicity of flooding play a crucial role in the final mycor-
rhizal distribution in forest soils.

Fine Roots

In soils with permanent or seasonal waterlogging, hypoxic conditions prevent deep 
rooting (Glenz et al. 2006) by inhibiting root exploration of those soils layers 
(Chapter 4, this volume). This may be due to both physical factors such as water 
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preventing gas diffusion in soil pores and chemical factors such as high levels of 
reduced iron. In Picea sitchensis, the thickness of the root plate was lower in stago-
orthic gleys than humic stagno-orthic gleys (Ray and Nicoll 1998), and decreased 
individual tree stability. Bakker et al. (2006) showed that in Pinus pinaster growing 
on a humid and dry site, root distribution was significantly shallower and root 
diameter increased more with depth at the humid site. This was suggested to be due 
to more adverse soil conditions such as the presence of a hardpan, higher amounts 
of aluminium oxides and/or anoxia at depth. Similarly, Xu et al. (1997) showed that 
seasonal waterlogging of subsoils restricted the growth of fine roots of Picea abies 
and Abies grandis, but this influence was greater in Picea abies than Abies grandis. 
During the water logging period, in Abies grandis, the dead fine root biomass was 
greater than the live fine root biomass, but the fine root biomass increased by 50% 
during the non-waterlogged period. Figure 2.2 shows the effect of a high soil water 
table on the fine root distribution of Picea abies growing at three sites in the 
Krkonoše mountains, Czech Republic. At the mesic Modrý Důl and Alžbétinka 
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Fig. 2.2 Vertical distribution of fine roots of Picea abies at three sites with a different degree of 
forest decline in the Krkonoše mountains, Czech Republic. The damage to the forest cover in 
Modrý Důl, Alžbétinka and Mumlávska Hora were classified according to the Czech Forest 
Authority as second, third and fourth degree respectively. The three sites are relatively homoge-
neous in soil parent material (granite and gneiss), elevation (1,190–1,220 m a.s.l.), average annual 
precipitation (1,390–1,500 mm year−1) and temperature (2.5–3.8°C). The original forest cover 
consist of plantations of Norway spruce approximately 130 years old in Modrý Důl, older (210 
and 190 years) in Alžbétinka and Mumlávska Hora. The sites differ in the geomorphic position, 
Modrý Důl and Alžbétinka are located at mid slope, while Mumlávska Hora is on a summit. 
Within a site, bars not followed by the same indices (a, b) vary significantly between soil depths. 
Within a soil depth, bars not followed by the same indices (x, z) vary significantly between sites 
(Two-way ANOVA on log transformed data, Holms-Sidik corrected, P < 0.05; mean + SE)
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sites fine roots are found to a depth of 20 cm. In contrast at the Mumlávska Hora 
site which is subject to regular waterlogging, the fine roots are restricted mostly to 
the upper 5 cm of soil.

In sensitive tree species (e.g., Picea sitchensis), waterlogging results in death 
and dieback of fine root tips (Nicoll and Coutts 1998). However, the timing of fine 
root growth and dormancy influences the degree to which the roots are affected. 
Provenances of Picea sitchensis with earlier root dormancy were less sensitive to 
autumn waterlogging than late-dormant provenances. This has also been shown in 
floodplain tree species where root growth of Quercus pagodaeifolia, which has 
early season root growth, was more sensitive to spring floods than Quercus lyrata 
which had delayed root growth (Burke and Chambers 2003).

On soils with a permanently high water table even deep rooting species develop 
shallower rooting systems (Burke and Chambers 2003). The effect on rooting varies 
between species depending upon tolerance to water-logging (Kozlowski 1984), but 
even tolerant trees tend to have shallower root systems (Lehnardt and Brechtel 
1980) in permanently wet soils. In heterogeneously waterlogged soils, root biomass 
of more flooding tolerant species (e.g., Fraxinus pennsylvanica) decreased, but 
biomass of the less tolerant Liquidambar styraciflua was not affected. These spe-
cies-specific differences illustrate that a response of root biomass is related to a 
complex interplay of root proliferation, altered uptake kinetic, and nutrient diffu-
sion rate (Neatrour et al. 2007).

However, the rooting pattern can change rapidly due to death of roots after pro-
longed inundation (Polomski and Kuhn 1998). Further, these authors have sug-
gested in Salix spp., Populus canadensis and Alnus glutinosa that the dieback of the 
root system due to flooding led to promotion of renewal of the fine root system. 
However, under non-waterlogged conditions these tree species also tend to have 
high rates of root turnover (Lukac et al. 2003; Ostonen 2003), which may be a 
reflection of high plasticity of the fine root system to deal with large fluctuations in 
environmental conditions. Again similar relationships have been shown in flood-
plain forests. Burke and Chambers (2003) could show that in Quercus laurifolia 
habitat with a shallow root zone and episodes of flooding and drought greater 
changes in root structure and physiology occurred than in Nyssa sylvatica habitat 
that had a deeper rooting zone and a more consistently moist to flooded 
hydroperiod.

The most frequently reported reactions of tree root systems to waterlogging, 
and hence hypoxia, are increased formation of lenticels (Coutts 1982; Angeles 
et al. 1986), followed by the differentiation of adventitious and flood-adapted 
roots (Topa and McLeod 1986; Colin-Belgrand et al. 1991). These adaptations 
have been described for a broad range of temperate tree species (compare 
Kozlowski 1997). Adventitious roots are produced on the original root system 
and on the submerged portions of stems and have been found to have larger SRA 
and more intercellular space (aerenchyma) than roots growing in well-aerated 
soils (Nyssa sylvatica var. biflora; Hook et al. 1971). They are thought to 
increasing water absorption (Hook and Scholtens 1978; Tsukahara and Kozlowski 
1985; Herrera et al. 2008), oxidizing the rhizosphere and venting soil-bound 
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ethylene and CO
2
 (Hook and Brown 1973; Drew 1997; Colmer 2003). Under 

waterlogged conditions, Havens (1997) found a 30% higher soil redox-potential 
within the rhizosphere of Fraxinus pennsylvanica seedlings than in non-rhizosphere 
soil areas.

Physiological Adaptation of Roots

As stated above, drought is thought to facilitate suberization of the root rhizoder-
mis. Under waterlogging, an increased suberization of the rhizodermis is thought to 
reduce the radial loss of oxygen in herbaceous species (Enstone et al. 2003). 
Unfortunately, no studies on suberization of the roots of European tree species 
under waterlogging are known to these authors. However, it was shown that water 
logging results in an increased osmotic permeability and a decreased solute reflec-
tion coefficient of Larix laricina and Picea glauca (Reece and Riha 1991).  
A decrease of membrane permeability and subsequently a decrease of root conduc-
tivity (i.e. sum of radial and axial hydraulic conductivity) was measured on water-
logged Fagus sylvatica and Quercus spp. seedlings (Schmull and Thomas 2000). 
Decreases in the hydraulic conductance of the root system due to hypoxic condi-
tions, as one would expect to find during flooding, have previously been measured 
in different Populus species (Harrington 1987; Smit and Stachowiak 1988).

In Fagus sylvatica and Quercus petraea seedlings, nitrate reductase activity of 
the roots was found to be increased under hypoxic conditions (Schmull and 
Thomas 2000). Nitrate reduction can act as a sink for protons, thus helping to 
avoid damaging cytoplasmic acidosis (Fan et al. 1997). Armstrong et al. (1994) 
summarized that survival of flooding by woody plants depends on more than one 
of the following metabolic adaptations: (1) control of energy metabolism, (2) 
availability of energy resources, (3) provision of essential gene products and syn-
thesis of macromolecules, and (4) protection against post-hypoxic injury. See 
Drew (1997) and Kreuzwieser et al. (2002, 2004) for extensive reviews about 
metabolic adaptations of roots and whole trees to flooding. Decreased xylem sap 
osmotic potentials due to waterlogging (e.g., in Quercus petraea seedlings, Folzer 
et al. 2006) are not considered to be adaptive mechanisms but have been attributed 
to enriched solutes provided by degenerating roots, a reduction in root water 
absorption (Jackson et al. 1996) or decreased membrane selectivity (Barrett-
Lennard 2003; Kolb et al. 2004).

Studies about the influence of flooding on root hydraulics properties of 
European tree species are virtually lacking. However, in a study on Picea sitchensis 
and Pinus contorta seedlings, xylem growth in woody roots was found to be 
ceased in the centre of the water-logged area and highly reduced in non-flooded 
parts of root system (Coutts 1982). Thus, when the flood water drains away, the 
previously flooded plants may be more drought-sensitive as their smaller and less 
conductive root systems cannot adequately replenish transpirational losses 
(Kozlowski 1997; Chapter 8, this volume).
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Conclusion and Outlook

The climate is changing, which may affect forest health and composition by 
increasing flood and drought events. Although, below ground traits are likely to 
play significant roles as adaptation mechanisms of current European forest com-
munities, the current state of knowledge of the reaction of soils, tree roots and their 
symbiotic fungi to changing soil water status is poor. Where controlled drainage 
and flooding are undertaken there is also an urgent need to translate research 
findings  into policy and practice to prevent negative impacts of forest management 
(see Part II). In addition to the traditional research on root biomass and root:shoot 
ratio, the variability and plasticity of physiological and anatomical root traits in 
heterogeneous soil environments as well as interactions with mycorrhizas should be 
considered in future studies. Furthermore, to predict the development of European 
forest under a future warmer climate there is an urgent need to evaluate the outcome 
of below and above ground competition and subsequently seedling establishment in 
forest communities under changed environmental conditions. Under increasing 
drought conditions heterogeneity of soil moisture is likely to increase, but will be 
strongly linked to changes in canopy structure (Chapter 3, this volume) and the 
wetting characteristics of the forest floor, thus introducing both positive and nega-
tive ecological feed-back mechanisms. In addition, increased spatial heterogeneity 
may change the outcome of competition between tree species, benefiting tree spe-
cies with a greater plasticity and precision of root development rather than physi-
ological adaptation per se. Much of the current knowledge is derived from single 
species growing in homogeneous environments. This knowledge base is insuffi-
cient to make meaningful predictions of the effects of changes of soil water status 
on forests and forest processes.
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Introduction

Over the past 250 years since the beginning of the industrial revolution the amount 
of CO

2
 in the atmosphere has been gradually increasing from ca. 275 to 390 ppm, 

largely as a result of land-use change and anthropogenic emissions from the burning 
of fossil fuels. The atmospheric CO

2
 concentration ([CO

2
]), which is now higher 

than it was at any time in the past 20–25 million years (Pearson and Palmer, 2000), 
rose at the rate of 1.9 ppm year−1 for the 1995–2005 decade (i.e. the largest average 
increase observed for any decade in at least the last 200 years) (IPCC 2007) and is 
expected to double during this century. The most important consequence of this rise 
in [CO

2
] is a change in the long wave radiation balance and warming of the surface 

temperature of the Earth. The total temperature increase over the past 150 years was 
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0.76°C. Moreover, the steady increase in the concentration of tropospheric O
3
 and 

other air pollutants, including various kinds of aerosols have caused other climate 
changes. The IPCC Fourth Assessment Report (IPCC 2007) suggests that changes 
in atmospheric constituents and in radiative forcing of the climate system are likely 
to continue. The global average surface warming following a doubling of carbon 
dioxide concentrations is likely to be in the range of 2–4.5°C by the end of the 
century. Increasing temperature and atmospheric [CO

2
] along with associated 

changes in the hydrological cycle will most likely alter the structure and function 
of forest ecosystems.

The three most important climate features that influence forests are precipitation, 
atmospheric and soil dryness, and temperature. Climate classifications are usually 
based on these three features, and especially the ratio of precipitation to atmospheric 
dryness. Thus, decreases in precipitation and/or increased atmospheric dryness 
(which can also result from increased temperatures unaccompanied by increases in 
absolute humidity) can change climate from mesic to semi-arid or arid. Climate 
change is expected to exacerbate and reiterate regional drought events, especially 
mid-latitude aridity (Jentsch et al. 2007). Dieback of forest trees in response to 
extreme climate events can have long-term impacts on community dynamics and 
species interactions (Condit et al. 1995; Breshears et al. 2005; Gitlin et al. 2006; 
Allen and Breshears 2007), and may feed back upon atmospheric CO

2
 and climate.

There are several lines of evidence that temperate and boreal forests influence 
the physical and chemical properties of the atmosphere through evapotranspiration, 
albedo and carbon exchange, which may have positive and negative forcings on 
regional and continental climate (Bonan 2008; Rotenberg and Yakir 2010). 
The carbon cycle is the most important of the biogeochemical cycles implicated in 
the greenhouse effect, accounting for more than 63% of greenhouse forcing (IPCC 
2007). The natural biogeochemical movement of carbon to and from the terrestrial 
vegetation is larger than that from anthropogenic activities (fossil-fuel use and 
deforestation). Of the 762 Pg of carbon in the atmosphere, about 122 Pg C are 
annually exchanged between the atmosphere and terrestrial vegetation, i.e. removed 
from the atmosphere through photosynthesis, and returned to the atmosphere by 
plant respiration and organic mass decomposition (Denman et al. 2007). More than 
16% of the atmospheric CO

2
 each year reacts with Rubisco (ribulose bisphosphate 

carboxylase-oxygenase, the primary photosynthetic enzyme which converts inor-
ganic carbon, as CO

2
, into organic compounds in terrestrial plants with the C3 

photosynthetic pathway) in more than 95% of earth’s plant species, including all tem-
perate and boreal tree species.

Worldwide, forests play an important role in the global carbon cycle (Fig. 3.1) 
because they cover about 30% of the Earth’s land surface (Bonan 2008). Forests are 
estimated to comprise about 95% of all aboveground and 40% of belowground ter-
restrial pools of organic carbon. They therefore contribute significantly to the terres-
trial carbon sink (Körner 2006; Denman et al. 2007). Forests also play a major role 
in regulating the global hydrologic cycle (Fig. 3.2). Together with carbon sequestration, 
evapotranspiration, through feedbacks with clouds and precipitation, exerts a negative 
“physiological” forcing on regional and continental climate (Bonan 2008; Rotenberg 
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Fig. 3.1 Main components of the forest carbon cycle. The forest is a major factor in global carbon 
sequestration and represents a large standing pool of carbon. Changes in climate can lead to far reaching 
consequences for the forest carbon cycle and global CO

2
 levels. Although carbon sequestration is a 

negative radiative forcing (blue), forest emission of isoprenoids and other greenhouse trace gases, and 
precipitation of aerosols in forest are positive forcings (red). Carbon leaves the forest in forest 
 products or as dissolved organic carbon (DOC). Net photosynthetic uptake is described in the text

Fig. 3.2 Main components of the forest hydrological cycle. Small changes in any of the compo-
nents of the forest hydrological cycle can have large influences outside the forest, e.g. changing 
flooding and water outflow, or groundwater and aquifer recharge. Quantifying these components 
is a major challenge
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and Yakir 2010). Climate change may critically alter the biogeophysical and biogeo-
chemical functioning of forests. Our current ability to predict when regional-scale 
plant stress will exceed a threshold that results in rapid and large-scale shifts in eco-
system structure and function is lacking. However, it is fundamentally needed to 
assess potential climate-change impacts (McDowell et al. 2008), including changes 
in vegetation and associated ecosystems and their  feedbacks to the climate system 
(Keane et al. 2001; Scholze et al. 2006). Thus, understanding the effects of climate 
change on carbon assimilation and transpiration is critical to predict the future physi-
ological feedbacks of forests on both the biosphere-atmosphere interactions (Bonan 
2008; Rotenberg and Yakir 2010) and continental runoff (Betts et al. 2007).

This chapter discusses the interactive influences of climate change on forest 
processes at leaf (i.e. primary physiological and secondary metabolic responses), 
whole-plant (e.g. tertiary growth responses), and ecosystem levels (e.g. influences 
of forest on climate).

Elevated [CO2] Influences on Leaf to Tree Level Processes

Along with land use transformation, changes in the chemical composition of the 
atmosphere, with increasing greenhouse gases, is the most important component of 
global change. Of the several anthropogenic greenhouse gases emitted globally, CO

2
 

is pre-eminent as an agent of potential future climate, as it accounts for about 63% of 
the gaseous radiative forcing responsible for anthropogenic climate change. Unlike 
temperature, precipitation and pollution concentrations, which have high spatial 
variations, rising [CO

2
] is globally remarkably uniform and is likely to affect forest 

growth worldwide and, consequently, their “physiological” forcings on atmospheric 
temperature and hydrologic cycles. Therefore, studies on the effects of elevated [CO

2
] 

on tree growth and resource use efficiency are crucial to understand the impact of 
rising [CO

2
] on the biogeophysical and biogeochemical functioning of forests.

In the short-term, increasing levels of [CO
2
] influence directly the physiology of 

terrestrial C3 plants via increased net photosynthesis (A) and decreased transpira-
tion (E). Stomata modulate these primary physiological processes, because they act 
as control valves in the pathways of gaseous diffusion for the incoming CO

2
 and the 

outgoing transpirational water vapour, enabling optimisation of CO
2
 uptake per 

water loss. Notwithstanding this, A and E can themselves affect stomatal conductance 
(g

s
) through several feedback loops (Wong et al. 1979). The implication of the 

complex direct or indirect feedback effects on g
s
 is that there are significant uncer-

tainties about the physiological controls of stomatal behavior and it is not always 
apparent whether g

s
 controls gas exchange or vice versa. The first part of this section 

addresses the direct influence of rising [CO
2
] on leaf gas exchange, by analysing 

the quantitative links between leaf biochemistry and gas exchange kinetics; the 
second part then reviews the main responses of forest trees to elevated [CO

2
].

In C
3
 species, short-term response of A to changes in intercellular CO

2
 concen-

trations (C
i
) are well known. In the model of Farquhar et al. (1980), A is given as:
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 c o d c i d0.5 (1 * / )A v v R v C R= − − = − −G  (3.1)

where v
c
 and v

o
 are the carboxylation rate and the oxygenation rate of Rubisco, 

respectively, 0.5 is the stoichiometry between O
2
 uptake by RubP (ribulose bispho-

sphate) oxygenase and photorespiratory efflux of CO
2
 (Jordan and Ogren 1984), 

and G* is the photosynthetic compensation point, i.e. the [CO
2
] at which the photo-

respiratory CO
2
 evolution equals the rate of photosynthetic CO

2
 uptake. Using Fick’s 

first law of diffusion, it is possible to measure E as:

 tw i a( )= χ − χE g  (3.2)

where c
i
 and c

a
 are the water vapor concentrations inside the leaf and in the ambient air, 

respectively, and g
tw

 is the total leaf conductance to water vapour, which is given by:

 ( )tw s bl s bl· /= +g g g g g  (3.3)

where g
bl
 is the boundary layer conductance to water vapour. Stomatal conductance 

to water vapour can then be obtained from g
tw

 by removing the g
bl
 contribution:

 ( )s tw bl1 / 1 / 1 /= −g g g  (3.4)

Because CO
2
 diffuses along the same pathway as water, and considering that the 

ratio of the binary molecular diffusivities of CO
2
 and water vapor in air is taken as 

1.6 in the stomata and 1.37 in the boundary layer, it is possible to calculate the 
combined boundary layer-stomatal conductance to CO

2
 (g

sc
) as:

 ( )sc s bl1 / 1.6 / 1.37 /= −g g g  (3.5)

Then net steady state A can be also expressed as:

 ( ) ( ) ( )sc a i m i c t a c= − = − = −A g C C g C C g C C  (3.6)

where:

 ( )t sc m sc m· /= +g g g g g  (3.7)

g
m
 and g

t
 are the mesophyll conductance and the total conductance to CO

2
 diffusion, 

respectively, while C
c
 is [CO

2
] at the Rubisco binding sites in the chloroplast. C

c
 is 

proportional to the gradient between [CO
2
] in the air (C

a
) and in the chloroplasts. 

C
c
 is, therefore, inversely related to the total resistance to CO

2
 diffusion from air 

through leaf boundary layer and stomata into both the substomatal cavities and the 
intercellular air spaces present in the mesophyll, i.e. boundary layer-stomatal resistance 
to CO

2
 diffusion in the gas phase, and from the cell walls to the sites of carboxylation, 

i.e. mesophyll resistances to CO
2
 diffusion in the gas and liquid phase (Centritto 

et al. 2003; Niinemets et al. 2009).
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According to Eq. 3.1, A is dependent on the carboxylation-photorespiration balance 
and on respiration, and is ultimately driven by C

c
 (Eq. 3.6); whereas, assuming that the 

sub-stomatal cavity is saturated with water vapour, and that g
bl
 is not affected by growth 

in elevated [CO
2
], leaf transpiration is controlled by g

s
 at any given absolute humidity of 

the outside atmosphere (Eqs. 3.2 and 3.4). Because respiration is not inhibited by growth 
in elevated [CO

2
], contrary to what was reported in earlier studies as a result of an artefact 

of the way respiration measurements were made (Davey et al. 2004), Ainsworth and 
Rogers (2007) have recently pointed out that rising [CO

2
] affects plants and ecosystems 

via two fundamental processes: enhanced A and reduced g
s
. Because the kinetics sensitivity 

of these two physiological processes to climate change factors affects both the carbon 
and the hydrological cycles, they are becoming embedded in models of the biogeochemical 
and of land surface feedbacks on climate (Bonan 2008).

CO
2
 may be directly sensed by the surface of the guard cells in response to varia-

tions in C
i
. Mott (1988) showed that stomatal aperture responds to C

i
, such that the 

C
i
/C

a
 ratio remains approximately constant. This conservative ratio indicates that 

changes in C
a
, by causing proportional changes in C

i
, make responses to C

i
 effective 

sensors of changes of C
a
 (Mott 1988). However, conservative C

i
/C

a
 ratios imply that 

stomatal conductance (Eq. 3.6) and, in turn, leaf-level transpiration (Eq. 3.2), 
decrease as [CO

2
] increases.

At ambient [CO
2
], the operating C

c
 is generally at the transition between the 

limitations to photosynthesis caused by Rubisco activity and RubP regeneration 
capacity (Farquhar et al. 1980). However, because g

t
 is usually lower in forest trees 

than in herbaceous and shrub species (Niinemets et al. 2009), C
c
 of non-stressed 

trees is well below the transition from Rubisco carboxylation-limitation to RuBP-
regeneration limitation (Fig. 3.3). This implies that Rubisco is not CO

2
-saturated at 

current atmospheric [CO
2
] and, consequently, A is limited by substrate supply. 

Moreover, CO
2
 is in competition with O

2
 for the active sites of Rubisco, which 

consequently can react with either CO
2
 or oxygen, the latter leading to photorespi-

ration, which generally accounts for about 30% of carbon loss in C3 leaves at 25°C 
(von Caemmerer and Quick 2000). Despite the decline in stomatal conductance 
and, consequently, in total diffusional limitations to photosynthesis (Eq. 3.6), 
increases in [CO

2
] will result in higher C

c
 which will not only reduce photorespiratory 

loss by decreasing the oxygenation rate of Rubisco (Stitt and Krapp 1999), but will 
also concomitantly increase its carboxylation reaction rate. Thus, C3 photosynthesis 
is stimulated in elevated [CO

2
], although its marginal increment declines as [CO

2
] 

increases (Fig. 3.3) (Körner 2006; Loreto and Centritto 2008). Decreased g
s
 associ-

ated with high C
i
 is an adaptive response to C

a
, by which diffusional limitations to 

A are adjusted in response to changes in mesophyll demand for CO
2
 (i.e. the bio-

chemical limitations to A) resulting in an increase in instantaneous transpiration 
efficiency (ITE) (Centritto et al. 2002; Wullschleger et al. 2002; Hu et al. 2010).

The effects of growth in elevated [CO
2
] on g

m
 have surprisingly received little 

attention, and the few published studies have reported either unaffected g
m
, in Betula 

pendula (Eichelmann et al. 2004), in shade leaves of Liquidambar styraciflua and  
in Populus tremuloides (Singsaas et al. 2003), or increased g

m
, in sun leaves of 

Liquidambar styraciflua (Singsaas et al. 2003), in response to elevated [CO
2
]. On the 
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contrary, the effects of elevated [CO
2
] on A, g

s
 and ITE of forest species have been 

investigated in many studies (see for reviews: Curtis and Wang 1998; Ainsworth 
and Long 2005; Körner 2006). A meta-analysis of many FACE (Free Air Carbon 
dioxide Enrichment) experiments on forest trees (Ainsworth and Long 2005) 
showed that elevated [CO

2
] resulted in a 47.4% increase in PPFD-saturated A, a 

28.6% increase in the diurnal photosynthetic carbon assimilation, a 73.7% increase 
in ITE, and a 15.9% decrease in g

s
 (Fig. 3.4). It has been frequently reported that 

long-term growth in elevated [CO
2
] may induce loss of photosynthetic capacity in 

C
3
 species (Stitt and Krapp 1999). Downward acclimation of photosynthetic capac-

ity may represent an optimisation of the distribution of the resources within the 
chloroplast to avoid the situation where either Rubisco or the apparatus for the 
regeneration of RuBP are in excess. Although some acclimation of photosynthesis 
capacity has been demonstrated in studies of trees grown in open-air field condi-
tions, e.g. in fast growing poplar clones (Bernacchi et al. 2003) and in 1-year-old 
pine foliage (Crous et al. 2008), it is noteworthy that virtually no significant down-
ward acclimation of photosynthesis of tree species, as expressed by maximum 
Rubisco carboxylation rate (V), maximum rate of electron transport (J) and V/J 
ratio (Fig. 3.4), was found by Ainsworth and Long (2005) in their literature review 
of FACE experiments. This is further evidence that when plants growing in elevated 
[CO

2
] are rooted in the ground and adequate sinks are available so that N uptake 

keeps pace with carbon uptake and the source-sink functional balance is not altered, 
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downward acclimation of photosynthetic capacity does not occur (Centritto et al. 
2004; Springer et al. 2005).

The main tree responses to elevated [CO
2
] are summarized in Fig. 3.4. In general, 

trees are more responsive to growth in elevated [CO
2
] than plants belonging to other 

functional groups (Ainsworth and Long 2005; Körner 2006). In fact, despite the 
fact that height increased by only 6%, trees showed the largest response in terms of 
LAI (+21.1%) and aboveground dry mass (+28%) in response to growth under 
FACE (Fig. 3.4). Furthermore, Norby et al. (2005) found that the stimulation of 
forest net primary productivity in response to elevated [CO

2
] is highly conserved 

across a broad range of productivity. The largest response of trees to elevated [CO
2
] 

has been ascribed to a number of concomitant factors. First of all, g
sc
 and g

m
 are 

generally lower in forest trees than in other plants (Niinemets et al. 2009), resulting 
in lower g

t
 and, consequently, in lower C

c
 (Fig. 3.3). Because at current atmospheric 

[CO
2
] the operating C

c
 of C3 plants lies in the curvilinear region of the photosyn-

thetic-C
c
 response curve, the lower C

c
 of forest trees implies that as C

a
 increases the 

stimulation in A is higher than the increase for other functional groups (Fig. 3.3). 
In addition, for the most part, trees grown under FACE conditions were not only 
young and fast-growing, but were grown in either decoupled (in terms of nutrient 
supply, i.e. plants non depending on a natural nutrient cycle) or expanding (plants 
given ample space and time to access the available resources per unit land area) 
systems (see Körner 2006, for a thorough review). These trees could then accumu-
late “signals” (Körner 2006) propagating their effect over growing seasons 
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specific leaf area (S
L
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(Blackman 1919; Centritto et al. 1999b), resulting finally in their being more 
responsive to elevated [CO

2
] than crops and grassland (Ainsworth and Long 2005). 

It is noteworthy that no lasting growth stimulation by CO
2
 enrichment was found in 

32-to 35-m-tall, mature trees in a near-natural deciduous forest (i.e. in a coupled 
systems’: steady-state nutrient cycle and full canopy development - Körner 2006) 
in Switzerland after 4 years (Körner et al. 2005).

Drought, Rising Temperature, and Extreme Events Influences 
on Leaf to Tree Level Processes

Recent drought events, which are part of a widespread pattern of drying throughout 
the Northern Hemisphere, and which appear to be the worst since at least the middle 
of the fifteenth century, have the potential to become more frequent and exert an 
impact on larger mid-latitude areas, as projected by general circulation models. 
Warmer air temperature will exacerbate the impact of drought on plant water loss by 
elevating the vapour pressure deficit (VPD) in the atmosphere, thereby increasing 
the potential transpiration (see review by Mc Dowell et al. 2008). Mc Dowell et al. 
(2008) pointed out that elevated temperature may increase hydraulic failure and 
carbon starvation, and that changes in demographics of mortality agents (Thomas 
et al. 2002), such as insects and pathogens, may amplify carbon starvation, the main 
mechanism for drought driven mortality, when a species and site specific critical 
threshold of evapotranspiration is surpassed. The progressive massive dieback of 
woody plants, primarily Norway spruce (Picea abies L.) in the central Europe 
regions has recently become a well-known reality (Střelcová et al. 2009). Similar 
damaged stands are in boundary regions of Poland, in the Czech Republic, Germany 
and Italy. Furthermore warming is predicted to cause earlier snow melt and this 
is likely to increase the length and severity of summer droughts.

Drought influences plant growth in a number of different ways, i.e. through a 
decrease in the water potential of cambial cells, resulting in subsequent inhibition 
of cell growth, reduction of metabolic activity, inhibition of stomatal conductance 
and consequently of photosynthesis. Physiological processes are sensitive indicators 
of stress in plants, especially in extreme environmental conditions. However, it is 
difficult to identify all of the relevant factors influencing the water regime of forest 
stands, although Schwalm et al. (2010) have recently shown that assimilation is 
more sensitive to drought than respiration at the ecosystem level. To describe the 
water demands of tree species precisely it is important to know their response to 
various water stress levels and to characterise symptoms and consequences of the 
drought effect on forest trees and stands. At the tree level, sap flow measurements 
provide accurate estimates of the tree water supply and sap flow is also a good 
indicator for tree water stress (Nadezhdina 1999). Transpiration and consequently 
sap flow is controlled by atmospheric demand and soil water content. Air tempera-
ture, radiation, wind speed and air humidity are the main driving forces of the 
atmospheric demand, which is characterized by the potential evapotranspiration 
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(PET). PET can be calculated by using the FAO Penman-Monteith equation (Allen 
et al. 1998). A threshold for soil water deficit can be derived by using the definition 
of “relative extractable soil water” (R

ew
) of Bréda et al. (1995):

 ( )ew act min ext/= −R S S W  (3.8)

where S
act

 is the actual soil water content; S
min

 is the minimum observed soil water 
content and W

ext
 is the maximum observed extractable water. A R

ew
 threshold 

between “control by demand” and “control by offer”of 0.4 indicates soil water deficit. 
Transpiration, photosynthesis and respiration are sharply decreased when the R

ew
 

drops below this threshold (Granier et al. 2007). If sufficient soil water is available 
for the trees, transpiration is dominated by PET and the correlation between PET 
and sap flow is strong. As soil water reserves shrink due to drought, available soil 
water decreases and the correlation between PET and the transpiration weakens. 
Consequently, soil water content is the major determinant of transpiration. After 
soil water reserves are recharged the atmospheric demand returns to playing a 
major role in transpiration (Leitgeb et al. 2002).

Plant responses to [CO
2
] can be either amplified or reduced by water and nutrient 

limitations (McCarthy et al. 2010) and by rising temperature, which is already 
increasing growing season length over Europe (Menzel and Fabian 1999). Curtis and 
Wang (1998) showed that growth of woody plants in elevated [CO

2
] was halved under 

nutrient limitations. Ainsworth and Long’s synthesis (2005) of the results from FACE 
experiments supports these conclusions. Similarly, McCarthy et al. (2010) found that 
the absolute enhancements of net primary productivity of trees growing in elevated 
[CO

2
] became progressively smaller as nitrogen availability decreased and were not 

observable when nitrogen availability was very low. In contrast, low water availability is 
often shown to amplify tree growth responses to elevated [CO

2
] (Wullschleger et al. 

2002; Seiler et al. 2009). Amplifications of CO
2
 responses in water stressed condi-

tions is caused by reduced g
s
 and, in turn, by decreased leaf level transpiration under 

elevated [CO
2
], which may lead to an increase in plant water potential and water use 

efficiency (Centritto et al. 2002), a delay in the onset of drought (Centritto et al. 
1999c), and a conservation of soil water (Wullschleger et al. 2002).

Many studies have addressed the interactions that arise between elevated [CO
2
] 

and drought, and most have focused on one or more components of plant water rela-
tions (Tschaplinski et al. 1993; Tognetti et al. 1998, 2000b; Centritto et al. 1999c; 
Ellsworth 1999), addressing the potential interaction between elevated [CO

2
] and 

drought by direct multifactor manipulations (Johnsen 1993; Centritto et al. 1999a), 
comparing drought-induced changes in plant water relations at natural CO

2
 springs 

(Tognetti et al. 1999, 2000a) or inferring CO
2
-drought interactions by observing 

seasonal patterns of response (Ellsworth 1999; Tognetti et al. 2000b; Domec et al. 
2009; McCarthy et al. 2010). These studies attempted to interpret results in the con-
text of the potential ameliorating effects that elevated [CO

2
] may have on the 

drought response of trees. The most direct impact is the reduction in transpiration 
caused by lower stomatal conductance commonly found under elevated [CO

2
], 

which may ameliorate drought tolerance by increasing leaf or whole-plant water-use 
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efficiency, thus enabling plants to better exploit water-limited environments. 
Increased allocation of carbon to root growth and osmotic adjustment in plants 
exposed to elevated [CO

2
] may, for example, alleviate the negative impacts of water 

stress by improving the capacity to extract soil water. Elevated [CO
2
] may also influ-

ence water relations and plant responses to drought by altering developmental pro-
cesses, including root and shoot architecture (Miao et al. 1992) and leaf morphology 
(Thomas and Harvey 1983). However, because elevated [CO

2
] often increases leaf 

area index and its negative effect on g
s
 tend to be reduced under water stress 

(Centritto et al. 1999c; Tognetti et al. 1999; Centritto et al. 2002; Gunderson et al. 
2002; Domec et al. 2009), the benefits of CO

2
-improved conservation of soil water 

in terms of maintaining growth or carbon gain during drought appear relatively 
minor (Wullschleger et al. 2002). McCarthy et al. (2010), by re-assessing 10 years 
of data from the Duke FACE experiments, found that the amelioration of drought 
effects by increased [CO

2
] was observed only in the presence of very high nitrogen 

availability.
Rising temperature will have contrasting influences on A and g

s
 with respect 

to elevated [CO
2
], and may also affect respiration. Rising temperature will 

increase the solubility of O
2
 and especially the specificity of Rubisco for O

2
, 

relative to CO
2
, and this will decrease the RuBP-saturated and the RuBP-limited 

rates of carboxylation, favouring oxygenation and thus increasing the ratio of 
photorespiration to A (Jordan and Ogren 1984). However, because carboxyla-
tion by Rubisco will be favoured in elevated [CO

2
], the depression of the rate of 

oxygenation relative to carboxylation by elevated [CO
2
] will produce an upward 

shift in the temperature optimum of A (Long and Drake 1992). Moreover, 
Ehleringer and Björkman (1977) have shown that the maximum quantum yield 
(j) of C

3
 species decreases with increase in temperature, since increasing amounts 

of the NADPH and ATP produced by electron transport are diverted into photo-
respiration. By decreasing photorespiration elevated [CO

2
] will reduce the 

decline in j at all temperatures (Ehleringer and Björkman 1977). Consequently, 
the compensation photon flux density of A is also depressed at all temperatures 
by elevated [CO

2
], and, as for A and j, the effect will be largest at higher tem-

peratures (Long and Drake 1992). Eventually, the impact of elevated tempera-
ture on A is dependent on whether temperature will increase beyond the thermal 
optimum of photosynthesis (Long and Drake 1992). Respiration, like photosyn-
thesis, follows a general temperature-response curve: increases exponentially 
with temperature in its low range, reaches a maximum at an optimal tempera-
ture, and then declines. In short-term studies, respiration is usually stimulated by 
rising temperature. However, long-term studies show that respiration acclimates 
to growth temperature (Atkin et al. 2005), resulting generally in a respiration to 
photosynthesis ratio remarkably insensitive to rising temperature (Gifford 1995; 
Arnone and Körner 1997).

The effect of lower g
s
 on transpiration under elevated [CO

2
] may be partially 

offset by a rise in canopy temperature, actual transpiration and hence canopy 
vapour pressure. This effect may be offset by an increase in leaf area and hence 
absorption of radiation. Another direct impact of climate change on water use is the 
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increase in transpiration caused by larger canopy–atmosphere vapour pressure gra-
dients that develop under rising air temperatures. The increase in these gradients is 
believed to be only partially offset by rising atmospheric humidity caused by more 
rapid evapotranspiration. Thus, regional soil drying is a projected consequence of 
some climate change scenarios unless accompanied by substantial increases in 
precipitation. There is much uncertainty about the net effects of elevated [CO

2
] and 

temperature on stand water requirements. During the day the plant is under a heavy 
energy load consisting mainly of the incident solar radiation and ambient air tem-
perature. While some of this energy is important for photosynthesis, most of it is 
not utilized and must be dissipated. It is partly dissipated by thermal radiation emis-
sion and sensible heat transfer to the air, but most of it is dissipated by transpiration 
(‘latent heat’). Transpiration causes leaves to cool relative to ambient temperature 
when the environmental energy load on the plant is high. The rate of transpiration 
is also directly related to the air VPD (which is negatively related to relative humidity) 
and wind speed.

Experimental evidence shows contrasting results with respect to tree responses 
to combined increases in [CO

2
] and temperature. Norby et al. (1995) found that 

above-ground biomass of sugar maples was decreased in response to warming, 
whereas Teskey (1997) and Wang et al. (2003) found inconsistent responses in 
enhancement of photosynthesis to elevated CO

2
 and temperature in pine trees. 

Thus, our recognition of the myriad of interactions between plant and environment, 
with various feedbacks, indicates that only with advanced modelling of tree pro-
cesses will we be able to fully assess the influences of climate change scenarios.

Extreme events, which are likely to increase in frequency and magnitude, are 
predicted to have a significant impact on forests. High temperatures usually occurring 
in concert with drought can cause large-scale declines in productivity. In the tem-
perate zone of Europe, the 2003 summer heat wave, with its exceptionally hot and 
dry spell, caused a 195 g C m−2 year−1 decline in ecosystem photosynthesis and a 
reduction in ecosystem respiration of 77 g C m−2 year−1, resulting in a net annual 
loss of 0.5 Pg of carbon across the continent (Ciais et al. 2005; Bréda et al. 2006), 
roughly corresponding to 4 years of net ecosystem carbon storage, and increased 
forest mortality (Bigler et al. 2006). It has been suggested that such a crash of about 
30% in gross primary productivity over Europe was unprecedented during the last 
century. Battisti and Naylor (2009) recently pointed out that in temperate regions 
extreme seasonal heat, such as that during the 2003 heat wave in central Europe, 
could become the median seasonal temperature in many locations by the end of the 
twenty-first century. Thus, climate-change driven frequency of droughts, or climatic 
variability (IPCC 2007), can lead to vegetation failure (Swetnam and Betancourt 
1998; Martínez-Vilalta et al. 2002). Warmer air temperature will exacerbate the 
impact of drought on plant water loss by elevating the VPD of the atmosphere, 
thereby increasing the atmospheric demand for transpiration. Altered net radiation 
associated with climate change could also increase transpiration (see discussion 
below). Given the potential risks of climate-induced forest dieback, increased man-
agement attention to adaptation options for enhancing forest resistance and resil-
ience to projected climate stress can be expected (Allen et al. 2010).
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Influences on Hydraulic Structure of Trees

Three main components affect the forest water system: stock, flow, and service. 
Each of these is influenced by the intensity and duration of water stress. The water-
availability (stock) mechanism indicates that drought drives changes in the amount 
of water held in the soil. This flow of water (and nutrients) is processed through the 
root system to become the flow of transpired water. Trees function within a physical 
system consisting of the soil-plant-atmosphere continuum. Tree water deficit develops 
as the demand exceeds the amount of water available in the soil to the depth of the 
root system. The demand for water is set by potential evapotranspiration, which 
influences both plant transpiration and soil evaporation. The energy for transpira-
tion is provided mainly by solar radiation. Adjustments in water supply and demand 
are influenced over decades in response to climate, plant size, edaphic properties 
such as soil texture and depth, and stand density (Mencuccini 2003; McDowell 
et al. 2006). Transpiration from canopy surfaces, as the cohesion-tension theory 
states (Dixon and Joly 1894), pulls water from soil to leaves, and causes a variable 
gradient of water potential (Y) within the plant. Thus, according to the Fick’s first 
law of diffusion, water movement is a passive process occurring along a complex 
network of fine capillaries (vessels and tracheids), forming the xylem conducting 
system. Water flow through stems specifically conforms to Darcy’s law, where 
volume flow rate (Q) is a function of the hydraulic conductance (k) and the pressure 
difference between the ends of the flow path (DY):

 ·= ∆ΨQ k  (3.9)

In analysing the components of the soil-leaf continuum conductance may be distin-
guished from conductivity (K); k can be measured directly, or derived from the 
integration of K with respect to the distance (x) along the flow path. The k is thus a 
function of flow path length, whereas K is independent of length:

 / (d / d )= − ΨK Q x  (3.10)

Although osmotic forces contribute to water flow into the root xylem (Passioura 
1988) and may influence water flow from leaf xylem to mesophyll cells (Canny 
1993), longitudinal transport in mature stem xylem introduces symplastic barriers 
and osmotic potential does not participate in driving flow (Pickard 1981). As water 
transpires from the leaf, leaf Y is reduced. If water is available in the soil (high Y ), 
water will flow into the leaf to replenish the evaporative loss with a small reduction 
in leaf Y. As soil Y declines, leaf Y must decrease further in order to create the 
necessary gradient differential to drive the water up from the drying soil to the 
transpiring leaf (Fig. 3.5a). The negative pressures (tension) that continuous columns 
of water through the xylem can withstand before breaking (cavitation) is critical to 
the ability of a plant to tolerate dry periods (Tyree and Sperry 1989).

The hydraulic-failure (flow) mechanism predicts that reduced soil water supply 
coupled with critically high evaporative demand causes xylem conduits and the 
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rhizosphere to cavitate (become air-filled), stopping the flow of water and desiccating 
plant tissues. The hydraulic-failure mechanism is based on the tenet that complete 
desiccation leads to cellular death. Hydraulic failure may be particularly likely if 
drought is sufficiently intense that plants run out of water before they run out of 
carbon. There is a complex relationship between stem-specific hydraulic conductivity 
and climate, related to life history (Maherali et al. 2004), which may bring to a 
virtual stasis in stem-specific hydraulic conductivity across sites with contrasting 
seasonality of rainfall. Bhaskar et al.’s (2007) global meta-analysis revealed that in 
deciduous angiosperms, evolution of increasing stem-specific hydraulic conductivity 
was correlated with decreasing precipitation, but water availability did not explain 
variation in stem-specific hydraulic conductivity in evergreen angiosperms or 
conifers. The evolution of stem-specific hydraulic conductivity within the ever-
green angiosperms emerges as unrelated with climate parameters, including atmo-
spheric demand and temperature. Under contrasting humidity conditions, 
intraspecific comparisons have found higher leaf-specific hydraulic conductivity in 
tree populations experiencing higher VPD (Maherali and De Lucia 2001). Higher 
leaf-specific hydraulic conductivity may be part of a hydraulic strategy to balance 
leaf water supply with the high evaporative demand during the dry season, when 
predawn Y is particularly negative (Fig. 3.5b). A highly conductive soil-leaf transport 
pathway can prevent excessive drops in late season leaf Y and allow continued 
carbon gain under high VPD (Addington et al. 2006). Leaf-specific hydraulic 
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Fig. 3.5 (a) Draft of transpiration per unit leaf area as a function of leaf water potential (Y) for 
a plant with relatively abundant soil moisture (solid line) and the same plant with reduced soil 
moisture availability (dashed line). Evapotranspiration (E) exceeding critical rates (E

crit
, maximum 

transpiration beyond which hydraulic failure occurs and soil-to-leaf hydraulic conductance falls to 
zero) results in xylem water potentials associated with hydraulic and symplastic failure (Y

crit
). As bulk 

soil Y declines (drought), the relationship E/Y flattens and hydraulic limits become more severe. 
(b) Draft of transpiration per unit leaf area as a function of soil water potential. The solid line 
represents the transpiration threshold beyond which hydraulic failure occurs, and the dashed line 
represents realized transpiration, with the difference between the two lines representative of a 
hydraulic margin of safety. Regulation of E (E+) is necessary for the plant to stay within its 
hydraulic limits and fully exploit its potential for soil water uptake. Without regulation, (E-) once 
E surpasses E

crit
 there is no further water uptake, and the ability of the plant to extract water is 

compromised (extraction, – regulation). Redrawn from Sperry et al. (2002)



453 Above Ground Processes: Anticipating Climate Change Influences

 conductivity is determined by the interaction between stem-specific hydraulic con-
ductivity and the leaf to sapwood area ratio; changes in leaf-specific hydraulic 
conductivity can be achieved through various combinations of change in the other 
two traits (Maherali and DeLucia 2000):

 s s l( / ) Y= η ∆Q k A h A  (3.11)

where k
s
 is saturated permeability of the conducting path, A

s
 is sapwood area, A

l
 is 

leaf area, h is height, h is the viscosity of water, and DY is Y
s
 − Y

l
 − hrg (soil and 

leaf water potentials, respectively, and the gravitational pull on a water column of 
height h and density r). The complicated interplay among these traits may explain 
the varying direction of correlation: in some cases higher transport efficiency (stem-
specific hydraulic conductivity) may allow maintenance of larger leaf deployment 
(higher leaf to sapwood area ratio), but the resulting leaf-specific hydraulic conduc-
tivity is dependent on their relative changes (Bhaskar et al. 2007).

The water-demand (service) mechanism predicts that stomata close to prevent 
hydraulic failure. Plants have to down-regulate their transpiration (through stomatal 
action) when soil Y decreases to stay within the hydraulic limits of the soil-to-leaf 
conducting system (Bond and Kavanagh 1999; Sperry et al. 2002; Buckley 2005), 
which decouples the canopy from the water-demanding atmosphere by increasing 
the resistance for water vapour leaving the crown (Meinzer et al. 1997):

 l s s l/Y Y− = −cDg k  (3.12)

where D is defined as the imposed water VPD at the leaf surface, c is a constant 
(cDg

s
 equals the transpiration rate), and k

l
 is the leaf-specific hydraulic conductivity.

While reducing g
s
 reduces water loss, it also reduces CO

2
 diffusion from the 

atmosphere to the site of carboxylation, thereby constraining photosynthetic CO
2
 

uptake (Eq. 3.6) (Wong et al. 1979). This may eventually lead to carbon starvation 
as a result of continued metabolic demand for carbohydrates. The lack of carbon 
may be particularly detrimental if drought is not intense enough to cause hydraulic 
failure, but lasts longer than the amount of time that the plant can survive with its 
existing carbon reserves. Down regulation of transpiration due to hydraulic con-
straints leads to ‘isohydric’ behaviour, i.e. regulation of transpiration in order to 
prevent leaf Y from decreasing to levels that endanger the integrity of the hydraulic 
system. This type of behaviour has been shown to result in a direct relationship 
between canopy resistance to water vapour and VPD (e.g. Bond and Kavanagh 
1999; Sperry 2000; Cohen and Naor 2002). Since branches fix and store carbon, an 
established branch could be autonomous (i.e., not dependent on the tree) with 
respect to carbohydrates.

Branches usually cannot be autonomous with respect to water because water 
flows from the roots via the stem and is not recycled, unless branches are insulated 
from factors affecting other branches or if branches are insulated from each other 
(Sprugel et al. 1991). Schenk et al. (2008) showed that in contrast to shrubs in humid 
environments which tend to be hydraulically integrated, shrubs adapted to dry 
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 environments have modular hydraulic systems, achieved anatomically at the vessel-
network scale or developmentally at the whole-plant scale. Hydraulic isolation of 
conduits allows independent stomatal regulation and, consequently, reduces the 
spread of runaway embolisms by allowing embolism repair while other parts of the 
xylem are under tension. Thus, branch autonomy with respect to water could benefit 
trees. Some isolation of individual branches might prevent a localized stress from 
decreasing plant Y as a whole (or decreasing it to some critical level), so that sto-
mata of the affected branch would close while the rest of the tree would remain 
functional. In extreme cases, e.g. desert plants, branch dieback is a common behav-
iour for plant survival because the modular hydraulic systems allow isolated plant 
modules to be able to survive if these have access to small pockets of water in het-
erogeneous soil (Schenk et al. 2008). Thus, branch autonomy is a way to deal with 
the danger of runaway cavitation.

Influences on Tree Growth and Water Use Efficiency

There is evidence for a strong dependence of growth on ongoing tree water relations. 
In contrast to dry periods, wet periods may promote susceptibility to future drought 
via increased growth of leaf area and reduced growth of roots and sapwood, resulting 
in trees that have high ratios of hydraulic demand (leaf area) to supply (root area) 
(McDowell et al. 2006) (Fig. 3.6a). Stem tissues (bark, phloem, xylem) serve as a 
water reservoir for transpiration, and short-time oscillations in the stem dimensions 
reflect the water status of these tissues (Zweifel et al. 2000; Deslauriers et al. 2003), 
although Gall et al. (2002) found that in Norway spruce reversible variations of 
stem diameters did not reflect changes in internal water relations. Adaptations to 
water stress occur at several different temporal scales. In the short-term, water loss 
and leaf water status is controlled by g

s
, keeping Y within the hydraulic limits nec-

essary to maintain water transport through xylem (Tyree and Ewers 1991). 
Medium-term responses to water supply include osmotic adjustment to maintain 
gradients for water movement from the soil to leaves and changes to elasticity of 
leaf tissue to maintain turgor at low leaf water content (White 2000). Over longer 
time frames, plants may change growth rates in response to water supply, or there 
may be preferential allocation to roots so that capacity for water transport is main-
tained (Whitehead et al. 1984).

Diameter growth of woody species records plant-environment interactions 
throughout life span. Inter- and intra-annual variability of the diameter of tree trunks 
may be conveniently used to detect the seasonal growth patterns of trees as a result 
of changing environmental conditions, especially climate variation (Tatarinov and 
Cermák 1999; Deslauriers et al. 2003; Zweifel et al. 2006). At high elevation and 
latitude, the main factor controlling the seasonal pattern of diameter growth is tem-
perature, although during dry years growth is limited even though high summer 
temperatures favour high growth potential. Strongly reduced radial growth during 
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the extraordinary drought in 2003, in Europe, was registered in beech (Löw et al. 
2006; Werf et al. 2007) and in oak, pine and spruce (Zweifel et al. 2006).

The hydraulic architecture of a tree shows three general qualitative proper-
ties: integration, compartmentalization and redundancy. The conducting system 
is built from a large number of integrated elements, tracheids and vessels, each 
being a unit of conduction, in communication with other elements by pits, which 
play a major role in protecting the conducting system from entrance of air. In all 
axes (trunk, branch, twig, petiole), at any given level, several xylem elements are 
present, like pipes in parallel, and a track of conducting elements is in close 
lateral contact with other tracks of vessels or tracheids. A correlation between 
wood density and  cavitation resistance (Hacke et al. 2000) could mean that wood 
density is not only related to mechanical support requirements of the plant, but 

Fig. 3.6 (a) Theoretical relationship based on the hydraulic framework, between stress duration, 
drought intensity, forest productivity and tree mortality. Carbon starvation is hypothesized to 
occur when drought duration is long enough to curtail photosynthesis longer than the equivalent 
storage of carbon reserves for maintenance of metabolism. Hydraulic failure is hypothesized to 
occur if drought intensity is sufficient to push a plant past its threshold for irreversible desiccation 
before carbon starvation occurs. Inspired by McDowell et al. (2008). (b) Forest structure, water 
supply and water requirement network under varying climate change scenario
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also to protecting the xylem pipeline from collapsing under large negative 
 pressure. In a climate change scenario, the more drought-tolerant the plant, the 
more negative the xylem pressure can become without cavitation and the higher 
the wood density (Fig. 3.6b). Denser and stronger wood is necessary to balance 
the higher negative pressure within the xylem conduits (Hacke et al. 2001). 
Thus, although cavitation resistance is not always associated with reduced satu-
rated xylem conductivity (Tyree et al. 1994), it would demand a price by reduc-
ing growth rate through higher xylem density (Enquist et al. 1999). The 
long-term structural adjustments that maintain homeostasis between water sup-
ply, water demand, and plant metabolism (Whitehead and Jarvis 1981; Katul 
et al. 2003; Bréda et al. 2006) may play a role in the survival or mortality of plants 
during drought.

Trees undergo seasonal and diurnal fluctuations in water content, as water goes 
into and out of storage. Water-storage capacity (or hydraulic capacitance of a plant 
tissue, C) is the mass of water that can be extracted, without irreversible wilting, 
per unit change in Y of the tissue:

 wc / Y= ∆ ∆C R  (3.13)

where R
wc

 is the relative water content of wood (stem, branches, etc.), calculated as 
(W

f
 − W

d
)/(W

s
 − W

d
); W

s
 is the saturated weight determined after overnight hydra-

tion and blotting of excess water, W
f
 is the fresh weight, and W

d
 is the dry weight 

determined after oven-drying to constant weight.
The hydraulic conductance of a stem depends on stem length, transverse area 

of xylem, number and size distribution of xylem conduits, and extent of cavita-
tion. In transpiring woody plants, most of the pressure drop in shoots occurs in 
the minor branches because leaf-specific conductance decreases as branch diam-
eter decreases (Zimmermann 1978). When soil moisture declines, unrestrained 
and elevated midday transpiration rapidly leads to an exceedingly negative xylem 
Y inducing catastrophic embolism (Tyree and Sperry 1989) and reducing leaf-
specific hydraulic conductivity to zero. The critical Y value causing full cavitation 
varies widely among species (Pockman et al. 1995; Pockman and Sperry 2000; 
Maherali et al. 2004) and is thought to be a function of interconduit pit structure 
(Pittermann et al. 2005), stems being more energetically costly and less vulner-
able to cavitation than roots (Sperry et al. 2002). Hydraulic failure also occurs 
within soils and is functionally similar to xylem cavitation (McDowell et al. 2008). 
The hydraulic conductance of soils is a function of texture and structure, water 
content, hydraulic conductivity, and water table depth. Higher tension is required to 
pull water through fine-textured soils because of their small pore sizes, and thus 
fine-textured soils have lower conductance than sandy soils when water is abun-
dant. However, fine-textured soils retain hydraulic conductance longer and at more 
negative Y than coarse-textured soils because the low conductance of fine soils 
results in slower water loss to transpiration and drainage (Sperry et al. 1998); 
besides, in coarse-textured soils hydraulic conductivity drops when water films 
become discontinuous (something like “soil embolism”).
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Species Differences in Water Relations and Canopy Structure 
Across Europe

Transpiration equals approximately half of the total annual precipitation under 
temperate conditions in Europe (Denmead and Shaw 1962). The energetic equiva-
lent of this amount of transpired water represents an important contribution to the 
energy balance of the Earth’s surface. Soil drought may be a factor significantly 
affecting the transpiration rate via stomata and consequently the partitioning of 
energy in the energy budget of evaporating surfaces and, in turn, the energy 
exchange between vegetation and the atmosphere. Since this partitioning of energy 
determines the properties of the planetary boundary layer (Wilson and Baldocchi 
2000), transpiration, reduced by water stress may have a significant influence on 
the climate (Shukla and Mintz 1982). For these reasons, research on transpiration 
has become important for understanding climate and climate change, especially in 
recent decades when the frequency of extreme weather phenomena has risen (Karl et al. 
1995). VPD is an important environmental factor, which, together with low soil 
moisture, affects the gas exchange between vegetation and the atmosphere. A close 
statistical relationship exists between evaporative demand and canopy resistance 
for water vapour transfer to the atmosphere (Granier et al. 2000), which is related 
to the ‘isohydric’ behaviour discussed below. Consequently, evapotranspiration is 
not proportional to VPD (Bunce 1996).

Plants fall into two categories across the continuum of stomatal regulation of 
water status (Tardieu and Simonneau 1998). Isohydric plants reduce g

s
 as soil Y 

decreases and atmospheric conditions dry, maintaining relatively constant midday 
leaf Y regardless of drought conditions (Fig. 3.7). Isohydric behaviour has been 
observed in temperate hardwoods, Australasian and neotropical trees, and other 
species of gymnosperms (Loewenstein and Pallardy 1998a, b; Bonal and Guehl 
2001; Fisher et al. 2006). Anisohydric species, by contrast, allow midday leaf Y to 
decline as soil Y declines with drought. Anisohydric species tend to occupy more 
drought-prone habitats compared with isohydric species and have xylem that is 
more resistant to negative Y (Franks et al. 2007).

Relating the hydraulic structure to the plant death is based on the premise that 
whole-plant hydraulic failure will be lethal. This premise may be false in cases of 
resprouting or xylem refilling. Resprouting has been observed following cavitation-
induced shoot dieback in shrubs (Davis et al. 2002), mesic hardwoods (Tyree et al. 
1993), and riparian trees (Horton et al. 2001). A benefit of reducing leaf area via 
shoot dieback is the resulting improvement in water status of the remaining foliage 
and subsequent survival of the individual (Tyree and Sperry 1989; Bréda et al. 
2006). Refilling of cavitated elements may occur in some species when drought is 
relieved by precipitation, although the mechanisms and frequency of refilling 
remain a debated issue (e.g. Borghetti et al. 1991). Genetic differences could poten-
tially play an important role in these mechanisms. The species-specific difference 
in regulation of the hydraulic safety margins occurs in part via differential relation-
ships between leaf Y and g

s
. Although isohydric species appear more vulnerable to 
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embolism, they should actually be less likely to experience hydraulic failure 
because they close their stomata rather than risk cavitation. Anisohydric trees, 
instead, have higher rates of gas exchange during drought, but run a higher risk of 
cavitation as a consequence.

Leaf water availability limits plant productivity, and influences the adaptation 
of plants to environmental conditions. For a given size, angiosperms transport 
considerably larger quantities of water than conifers (Meinzer et al. 2005). The reduc-
tion in leaf-specific hydraulic conductance has been indicated amongst the mecha-
nisms responsible for reduced growth in trees as they age and increase in height 
(Yoder et al. 1994), through reductions in g

s
 and therefore photosynthesis (Ryan 

and Yoder 1997). Hence, the ability to move water to the site of evaporation with 
a minimum investment is a major factor driving the architecture and physiology of 
trees, including the function of stomatal regulation. Stomatal regulation is a com-
plex process as it depends on how microclimate, C

i
, plant hormones, leaf Y and 

soil Y (Whitehead 1998) induce a variety of physiological responses that may 
regulate g

s
 (Dodd 2003). Besides other factors, leaf Y has been recognized as playing 

a key role in stomatal regulation (Bond and Kavanagh 1999). Studies of possible 
trade-offs between hydraulic conductivity and mechanical strength of wood (sec-
ondary xylem) indicate that as individual vessel water conduction is increased via 
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Fig. 3.7 Approximation of the two classical forms of water status control in vascular plants (iso-
hydric and anisohydric). Midday leaf water potential (Y

leaf
, solid line) relates to the same predawn 

water potential (dashed line). The vertical positioning of the midday water potential lines relative 
to each other is arbitrary. In isohydric plants, the midday Y

leaf
 is maintained relatively constant 

despite fluctuations in predawn leaf (and therefore soil) water potential. In anisohydric plants, the 
difference between predawn and midday Y

leaf
 is usually larger in drier periods because of a com-

bination of moderate stomatal regulation of transpiration rate and the usually higher transpiration 
demand in drier periods. Redrawn from Franks et al. (2007)
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larger vessel lumen area, mechanical strength of the wood may be reduced due to 
the reduced cross-sectional area of fibers (Wagner et al. 1998). However, other 
anatomical variables may confound the influence of the number and diameter of 
conduits. These variables include pith diameter, ray width, and fiber cell wall 
thickness.

The total volume (V, m3) of a stem results from those of gaseous (V
g
), liquid (V

l
) 

and solid (V
s
) spaces within the stem; V

g
 + V

l
 represent the maximum available space 

for hydraulic networking (see Roderick and Berry 2001). The volumetric fraction of 
a stem, potentially available for the hydraulic network, can be derived from:

 ( ) [ ] [ ]g l / 1 0.97 ~ 1+ = − −V V V D D  (3.14)

where [D, g m−3] is the basic density of woody stems, defined as the ratio of dry 
mass to fresh volume.

Species differences in patterns of water use and response to soil water stress are 
two areas of uncertainty in determining tree transpiration (Pataki and Oren 2003), 
because of the spatial variability in species composition. This fact complicates scaling 
water use in mixed stands from tree to stand level. Tree specific transpiration under 
water stress is strongly influenced by root formation and stomatal closure, whereas 
tree specific root penetration depends on soil properties (review by Rewald et al., 
Chapter 2, this volume). In a limited rooting zone, decreasing soil water reduces sap 
flow significantly, including its response to VPD. Therefore shallow rooted tree 
species may show large reductions of sap flow in response to VPD, while deeply 
rooted species show only gradual reductions in transpirations as the soil dries (Oren 
and Pataki 2001). In addition, topography can play a major role in drought driven 
mortality (Guarin and Taylor 2005).

Much literature deals with the effect of water stress on tree transpiration, but the 
number of studies on species differences is still too limited to draw general conclu-
sions for relating water use to tree species attributes (Hölscher et al. 2005). Gartner 
et al. (2009) compared the hydrological regime of Norway spruce and birch growing 
on heavy soils during a pronounced drought stress period. In spite of having signifi-
cantly higher transpiration rates, birch trees could more easily adapt their transpira-
tion to soil water stress. An internal redistribution of sap flow in the xylem under 
drought stress may be taken as an indication of water stress (Cermák and 
Nadezdhina 1998). Gartner et al. (2009) also found evidence of such an internal 
redistribution in spruce trees under soil water stress. They conclude that the reason 
for the better performance of birch trees in drought stress periods is due to the 
exploitation of soil water reserves in deeper soil layers and in a more efficient 
adsorption of soil water. Burk (2006) found that broadleaved trees in general could 
overcome high negative water potentials much better than conifers. Coners (2001) 
observed root water potentials of only −0,6 MPa in spruce roots, but −1,8 MPa in 
beech roots and −1,2 MPa in oak roots during drought stress periods. Remarkably, 
in warm and dry regions at low elevation, where Norway spruce was artificially 
planted far beyond its natural range, the fine roots of spruce are not supported by 
mycorrhizal communities, which play an important role in water uptake.

http://Chapter 2
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Hölscher et al. (2005) studied sap flow of broad leaved tree species during a 
seasonal drought and found a reduction of average daily sap flux during a dry 
period of 44% in Tilia cordata, 39% in Fagus silvatica, 37% in Acer pseudo-
platanus, 31% in Carpinus betulus compared to the sap flow in a wet period.  
A higher influence of soil moisture in dry periods was detected for Fagus sil-
vatica than in the other species, which were more effectively controlled by the 
VPD. However, they argue that the relative reduction of the sap flux density 
does not sufficiently characterize the drought sensitivity of broad leaved trees.

For forests in Europe, Granier et al. (2007) concluded that net ecosystem 
exchange is reduced by soil water depletion, but to a lesser extent than gross eco-
system production, due to the compensatory effect of the decreased ecosystem 
respiration and the fact that coniferous species in general seem to be less affected 
than broadleaved species. Drought impacts not only the annual growth; it also 
influences the growth and vitality in the following years (Dobbertin et al. 2010). 
Van Mantgem et al. (2009) found increased mortality rates in old growth forests 
in the Western United States. They conclude that regional warming and increases 
in water deficits are likely contributors to that phenomenon.

Canopy Atmosphere Interactions: Forest Influences on Climate

Forest influences on evapotranspiration and other factors (e.g. albedo and carbon 
storage) can exacerbate or mitigate anthropogenic climate change. While tropical 
forests might have a role in mitigating global warming through evaporative cooling, 
increased atmospheric water vapour (that does not increase cloudiness) leads to a 
positive radiative forcing, thus, even for tropical forests the influence on climate is 
not straightforward. The effect of temperate forests is unclear and that of boreal 
forests would be weak (Bonan 2008). Tropical forests have lower albedo, higher net 
radiation and higher evapotranspiration, compared with pasture, producing a shal-
low boundary layer, thus sustaining forest transpiration in the dry season (Da Rocha 
et al. 2004). In boreal forests, conifers have low summer latent heat flux (evapora-
tive fraction) compared with broadleaved deciduous trees, producing large sensible 
heat fluxes and a deep boundary layer (Baldocchi et al. 2000) (Fig. 3.8). Competing 
factors from low albedo during winter and evapotranspiration during summer influ-
ence annual mean temperature, making the net climate forcing of temperate forests 
highly uncertain (Bonan 2008). However, Rotenberg and Yakir (2010) and Schiller 
(Chapter 9, this volume) have recently demonstrated that the Yatir forest, a planted 
pine forest at the dry timberline (285 mm mean precipitation) at the edge of the 
Negev desert in southern Israel, adjusted its metabolism to reduce the impact of 
severe temperature and water stress. This homeostatic-like ecosystem-level behav-
iour resulted in a high net ecosystem CO

2
 exchange to gross primary productivity 

ratio and in displacement of the timing of biological activity (i.e. peak of carbon 
uptake) to early spring, leading to net carbon uptake slightly lower than mean global 
pine forests and slightly larger than average European pine forests, i.e. 2.3, 2.5 and 
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2.0 metric tons per hectare, respectively. The substantial amount of carbon seques-
tered modified the surface energy balance: the plantation of the Yatir forest initially 
caused a regional warming because of the decreased albedo, but about 40 years after 
planting the balance between the albedo heating effect and the carbon sequestration 
driven cooling effect was reached. However, considering the positive radiative forc-
ing caused by the observed suppression in longwave radiation, the time needed to 
reach a net cooling effect would be about 80 years after planting in the worst-case 
scenario (Rotenberg and Yakir 2010). These analyses focus on the influence of this 
type of forest on the energy budget of Earth’s land surface, while it is clear that 
because of the decreased albedo this dry forest causes local warming.

The interactions between forest canopies and the atmosphere are in both direc-
tions since forests have a significant impact on the atmosphere. Recent reviews of 
forests, land use changes and climate targeted the influences on climate change 
(Betts 2007; Bonan 2008), which are important factors to consider as forest com-
position and extent change in the future. The basic interactions of forests with climate 
have been introduced into climate models (Sellers et al. 1997). Canopy atmosphere 
interactions can be viewed from several viewpoints, e.g. surface energy fluxes and 
radiative forcing (Fig. 3.9), the hydrological cycle (Fig. 3.2), and the carbon cycle 
(Fig. 3.1). Of course these are not independent of each other, but different view-
points are necessary in order to focus on the relevant issues. Here we limit the 
discussion to aspects relevant to the water cycle and the European context, which 
ranges from Boreal Scandinavian forest through mid-latitude humid temperate forests 
and to semi-arid to arid Mediterranean, and excluding tropical forest.
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Fig. 3.8 Evapotranspiration normalized by its equilibrium rate in relation to canopy resistance for 
wheat crop, temperate deciduous forest, boreal conifer forest, and Mediterranean oak woodland. 
Latent heat exchange rates are normalized by the equilibrium evaporation rate (lE/lE

eq
). Inspired 

by Bonan (2008)
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Climate always influences water issues through the hydrological cycle, i.e. pre-
cipitation patterns and evapotranspiration demand (Fig. 3.2). Soil drought accom-
panied by dry air can affect substantially the transpiration and consequently the soil 
water dynamics. High evaporative demands of the atmosphere can compensate 
partially for the reduction in transpiration rates caused by reduced soil water in the 
root zone (Střelcová et al. 2009). Large-scale impacts on the climate system include 
influences on the earth’s radiation balance through influences on albedo, aerosols 
and CO

2
 exchange, where aerosols include dust and smoke. Another impact is that 

on wind speed, which changes turbulence and momentum transport.
Solar energy drives climate processes, as well as photosynthesis, powering the 

biosphere. Net solar radiation depends on the albedo, or the ratio of reflected radia-
tion to that reaching the earth (i.e. the solar constant). Albedo depends mostly on 
cloudiness, but also on land use. Planetary albedo has been relatively constant in 
recent decades, but a change of 1% can have a large impact on climate (Raval and 
Ramanathan 1989; Wielicki et al. 2005; Ramanathan 2008). Forests in general have 
lower surface albedo, due to the dark colour of leaves and trapping of radiation in 
the canopy; the latter explaining their lower albedo even when snow covered. This 
leads to increased temperatures relative to non-forested landscape. Values of albedo 
for different forest types and other land uses are presented in Table 3.1.

Fig. 3.9 Energy exchange of forest (inspired by Bonan 2008). Solar energy is the main input to 
the forest system and the fraction reflected is the albedo. A small amount of energy is stored in 
the forest, net thermal radiation and soil heat flux are responsible for some energy loss, while most 
energy is dissipated by sensible and latent (or evaporative) heat exchange with the atmosphere. 
Heat exchanges are facilitated by momentum transport in the surface boundary layer, which 
increases with wind speed and surface roughness
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Forests are very efficient radiators of long wave radiation and their emissivity, 
0.96–0.98, is slightly higher than that of other land uses, which also improves their 
dissipation of excess absorbed energy (Jin and Liang 2006). Forests enhance turbu-
lence and reduce wind speed near the ground. This enhances the dissipation of 
energy through convection (sensible heat transfer to the atmosphere), mixing in the 
lower atmosphere, but reduces wind erosion and dust accumulation in the atmo-
sphere. In addition, dust and other aerosols are deposited in the forest, resulting in 
“cleaner” air.

Natural and anthropogenic aerosols are today recognized as playing a major role 
in radiative forcing both directly through reducing atmospheric transmissivity and 
indirectly through their role as cloud condensation nuclei (e.g. Cohen 2009). Some 
aerosols change cloud frequency and properties. The forest’s role in reducing atmo-
spheric aerosol load is therefore important. However, forest fires add large amounts 
of smoke to the atmosphere having the opposite effect. Even so, smoke has a short-
term impact on climate when compared to the long-term reductions of aerosols 
by forests.

Table 3.1 Albedo of various forests and other land use types

Land use type Albedoa

Albedo 
(Eurasia)

Albedo 
(Eurasia)

February, 
1995b

July, 1995b

Deciduous forest 0.10–0.20
Coniferous forest 0.05–0.15
Boreal forest with snow 0.12–0.30
Rain forest 0.12
Grass (July, August) 0.25
Lawns 0.18–0.23
Not cultivated fields 0.26
Fresh snow 0.80–0.90
Old snow 0.45–0.70
Free water surface and solar elevation > 45° 0.05
Wet dark soil 0.08
Dry dark soil 0.13
Dry sand 0.35
Evergreen needleleaf forest 0.30 0.14
Evergreen broadleaf forest 0.14 0.15
Deciduous needleleaf forest 0.23 0.14
Deciduous broadleaf forest 0.18 0.18
Mixed forest 0.20 0.15
Closed shrublands 0.27 0.23
Open shrublands 0.27 0.27
Woody savannas 0.20 0.17
Croplands 0.18 0.16
Urban and built-up 0.23 0.18
a Textbook values; Donatelli et al. (2005).
b AVHRR satellite measurements; from Strugnell et al. (2001).
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Two more general features of forests are their large standing carbon pool, which 
if released would significantly increase atmospheric CO

2
 concentrations, their large 

uptake of CO
2
 (equivalent to about a third of anthropogenic carbon emissions) and 

that they are relatively efficient in removing soil moisture.

Conclusions

Increasing [CO
2
] along with associated changes in temperature will most likely 

alter the structure and function of forest ecosystems and thus will affect their pro-
ductivity and their role as stable sinks to CO

2
 sequestration and as regulators of the 

global hydrologic cycle. However, models predict that Earth’s surface temperatures 
will increase along with shifts in precipitation that result in greater drought severity 
and frequency (IPCC 2007; Seager et al. 2007). As an example, maximum summer 
temperatures are likely to increase more than the average in southern and central 
Europe, whereas increasing water stress will dramatically affect mainly  south- eastern 
Europe. Thus, forest ecosystems will experience a combination of numerous envi-
ronmental stresses, which may significantly alter their physiological feedback on 
regional and continental climate. However, there is a great deal of uncertainty with 
regard to tree responses to interactive effects of global change scenarios. Models 
focusing on the interactions between climate change factors might help the scien-
tific community to fill in the gaps in knowledge of how forest trees will respond to 
interacting effects. However, model accuracy depends to a large extent on our 
understanding of forest responses to climate changes. We conclude that there is an 
urgent need for multifactor climate change experimental studies examining the 
kinetic sensitivity of photosynthesis, stomatal conductance-transpiration, and respi-
ration to the interactive effects of rising temperature, elevated [CO

2
], and environ-

mental stress, in order to improve our ability to predict the physiological forcing of 
forest ecosystems on climate change.
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The Importance of the Integrated Whole Tree Level Approach

Plants can die because of its structural or functional disbalance, even if all their 
individual organs or parts are healthy (Chapter 2 and Chapter 3, this volume). The 
whole tree approach is especially needed when working with large trees, which can be 
studied only in situ. Another reason for studying trees this way is, that  landscape-level 
information (watersheds, forest enterprises, etc.) are  frequently requested by regional 
managements, etc. It is certainly possible to measure  dispersed organs, but this usually 
takes much longer time, than if working with integrating plant parts. Far not all pro-
cesses or tree structures are measurable by the instrumental technologies at this level 
yet. Among the few exceptions are e.g.  dendrometers (recording stem diameters), sap 
flow and  electric conductivity   measurement or several other technologies based on 
 thermodynamics or  electronics, increasingly applied for tree and stand-level studies 
recently. Application of the above methods includes up-scaling  procedures e.g. for 
entire forest districts,  watersheds, etc. (Chapter 5 and Section 3, this volume).

Whole Tree and Stand Level Measurements

Everyday forestry practice can operate with only rather rough data, such as  ground-based 
forest inventory, or remote sensing. Such data are more difficult to introduce into 
functions-describing models, or semi-quantitative data such as  geobiocenosis 
characteristics and soil composition when working on a landscape level (Zlatník 
1976; Randuška et al. 1986; Waring and Running 1998; Buček and Vlčková 2009). 
There are currently several laboratories using  special particular technologies in 
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their field studies, which are applicable for research at higher  spatial scales. Mendel 
University in Brno performed such studies in over 50 species growing in over 
60 experimental sites in Europe and U.S. between 1972 and 2009. Comparable 
studies evaluating  simultaneously leaves and roots in relation to water regime at the 
whole tree level are unfortunately rare. Therefore we reviewed mostly our own 
 literature relevant on this topic here. We tried to elaborate technology focusing 
 especially on water relations, because water is the most frequent limiting factor of 
tree growth (if not   considering high mountains and boreal regions, where tempera-
ture could  prevail). Major exchanges of energy in ecosystems through water 
relations are achieved, when transpiration effectively cools plant surfaces, which will 
be otherwise overheated by solar radiation. Only easily movable  instrumentation 
not requiring any supporting constructions (such as towers or greenhouses), which 
principally can work anywhere on the whole tree and stand levels  including associ-
ated software and  interpretation technology has been applied in broad scales.

When considering tree structure, studies of leaf distribution have been still based 
on destructive measurements. Basal area, sapwood basal area or other simply 
 measurable parameters and corresponding allometric relationships have been used 
for leaf area estimates even earlier (Snell and Brown 1978; Whitehead 1978; Rogers 
and Hinckley 1979; Running 1980), remote sensing data were later applied for such 
purposes (Running et al. 1994). Sapwood area related to leaf area/stem growth rela-
tions were sometimes applied to evaluate tree vigor (Waring et al. 1980). Vertical 
and radial distribution of foliage (important for light penetration studies and evalua-
tion of remote sensing data, respectively) can be estimated using the “cloud” tech-
nology based on 3D crown mapping (e.g., Morales et al. 1996a, b, c; Cermak 1989, 
1998; Cermak et al. 1998a, 2008b; Urban et al. 2009). No suitable instrumentation 
applicable for leaf  distribution measurements in sparse as well as dense forest stands 
was  available. The “cloud” technology is based on spatial description of branch form 
included into a square network, which is then  transferred into the grid (spreadsheet). 
Coordinates represented by the height of the whorl, azimuth of branch, length and 
point of beginning the leafed part of the branch have been applied (Fig. 4.1).

Total leaf dry weight and area (using sub-samples) is estimated and its part 
 corresponding to one cell is written in the spreadsheet. Vertical and radial  profile 
is then easily calculated. Ground projected crown pattern is estimated similarly. 
Certain inaccuracies occurring at the branch level are negligible at the whole 
tree level. Effective form of tree crowns can be also estimated. This is based on 
the comparing of diurnal patterns of sap flow and solar radiation absorbed at 
 different – e.g., flat and spherical surfaces (Cermak and Kucera 1990). Recently 
a vailable modern measurements based on canopy light  transmission (LiDAR 
technology) including spatial scanning (hemispherical photography) the whole 
aboveground tree parts (Van der Zande et al. 2009) is promising and seems to 
have a good  perspective in future as soon as problems associated with denser 
stands will be solved. Instrumental measurement of roots is paradoxically more 
developed than that of leaves at present. Coarse roots have been visualized usu-
ally by excavation in the past (Jenik 1957, Vyskot 1976, Kutschera and 
Lichtenegger 2002, Tatarinov et al. 2008). Similar studies have been done nowa-
days e.g., by the ground-penetrating radar (georadar - Hruska et al. 1999, 
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Cermak et al. 2000, Stokes et al. 2002) or by the acoustic technology (Divos and 
Szalai 2003). The supersonic air-stream (the air-spade) technology was found 
suitable for almost harmless root excavation allowing also visualization of most 
fine roots under suitable soil moisture conditions (Rizzo and Gross 2000, 
Nadezhdina and Cermak, 2003; Cermak et al. 2008, Nadezhdina et al. 2008).

The modified earth impedance (MEI) technology provided information on 
 electrically conducting (ion absorbing) root surface areas (Aubrecht et al. 2006). 
This technology was first tested through allometric relations in a series of broadleaf 
and coniferous species, where consistent results were found (Cermak et al. 2006). 
The range of measured tree size (DBH), have been 5 up to over 1,000 mm (see 
details in Fig. 4.2). Results of the MEI measurements were tested on the basis of 
comparing with results obtained with the classical soil coring/root scanning and 
microscopic methods; conclusions are promising but testing still continue. Analysis 
of sap flow radial (or cross-sectional) patterns in stems provides information about 
approximate vertical and circumferential distribution of actually functioning roots, 
distinguishing superficial and sinker ones (Fig. 4.3; Nadezhdina et al. 2007a, b; 
Cermak et al. 2008b). Further methodical development is still going on.

When the physiological processes should be studied simultaneously in a large 
number of experimental sites, only automatically measuring systems not requiring 
human assistance for rather long periods of time are acceptable. Sap flow 
 technology is one of the most important between them. For sap flow based studies 

Fig. 4.1 Example of the technology applied for leaf distribution studies. Branch form represent-
ing certain volume occupied by foliage (“cloud” of foliage) is included into a square network (here 
0.2 × 0.2 m), which is then transferred into the grid (spreadsheet). Coordinates are the height of 
the whorl, azimuth of branch axis, length and point of beginning the leafed part of the branch. 
Total leaf dry weight and area (using sub-samples) of each branch are estimated and their fractions 
corresponding to one cell at the scheme (here: total/17) are written in the spreadsheet. Vertical and 
radial profile of leaf distribution is then easily calculated. Ground projected crown patterns are 
estimated similarly. Certain inaccuracies visible on the scheme occurring at the branch level are 
negligible at the whole tree level (Cermak et al. 1998)
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we preferably applied sensors installed on stems, because they reflect in an 
integrated way the behavior of huge number of individual aboveground as well as 
belowground tree organs (Cermak and Prax 2001; Nadezhdina and Cermak 2003; 
Nadezhdina et al. 2007a; Cermak et al. 2008a). However if  necessary, sensors could 
be also easily installed in individual branches or roots (Cermak et al. 1984; Lindroth 
et al. 1995; Nadezhdina et al. 2006b). Two main technologies were applied for sap 
flow measurements: e.g., trunk heat balance (THB – Cermak et al. 1973, 1982, 
2004; Kucera et al. 1977; Tatarinov et al. 2005b) and heat field deformation method 
(HFD – Nadezhdina et al. 1998, 2002, 2006a; Cermak et al. 2004). Single-point and 
multi-point HFD sensors (Cermak and Nadezhdina 1998) are suitable for short- as 
well as long-term field studies under any field conditions.

Studies of Water Storage and the Effectivity of Water 
Conducting Systems

As an example of further application of flow measurements we can take into 
account the whole tree (and stand) internal water storage, often estimated from the 
difference between diurnal courses of transpiration and sap flow (Waring and 
Running 1978; Hinckley et al. 1978; Cermak et al. 1982, 2007; Phillips et al. 2003; 
Meinzer et al. 2006). This storage represents a buffering capacity, allowing trees to 
overcome short periods of soil drought (up to several summer days with fine 
weather). Such situations are typical during certain periods without rain in summer 
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Fig. 4.2 Relationship of basal area and absorbing root surface area measured by the modified 
earth impedance method in ln-ln scale (the only one allowing to show all trees = points) in almost 
500 sample trees of 11 woody species of different age (range about 2–150 years), diameter at 
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lished earlier (Cermak et al. 2006)
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or also during sunny days in winter (when water is frozen in shallow soil layers, but 
still liquid in plant tissues).

The storage is used in a similar way also during different time of the day. Water 
is easier accessible for transpiration during morning hours from plant tissues 
 (especially sapwood), when it must not overcome the soil and root resistances 
(Chapter 2, this volume). Therefore the storage of free water in the xylem and soft 
plant tissues is partially depleted via sap flow (following the gradient of water 
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Fig. 4.3 Scheme of the measurement of sap flow density across stems using the multi-point sen-
sors based on the heat field deformation method, HFD (lower panel). Sensors consisting of the 
heater (middle needle) and series of thermocouples (two needles symmetrically up and down the 
heater and one side needle, or two such needles – see Cermak et al. 2004) are installed in 
the sapwood along stem radius from different stem sides (e.g., cardinal points, up and down the 
slope, etc.) in order to cover natural variation. Typical results characterizes slightly asymmetric 
radial pattern of flow density related to root distribution (upper panel). Earlier studies confirm, that 
the flow in different sapwood layers near the stem base corresponds to water supply from roots 
growing in different depths – superficial and sinker. (Similarly it can be estimated flow into differ-
ent crown parts, when sensors are situated at the crown base). Mathematical operations usually 
applied to separate poorly separated peaks allow separation of both fractions of flow (Nadezhdina 
et al. 2007; Cermak et al. 2008) roots are characterized according to their functions here. Superficial 
and sinker roots could have very different seasonal dynamics e.g., during drought
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potentials) and the tissues become slightly dehydrated. Transpiration demands 
 usually decrease in the afternoon, but the sap flow follows still in a rather high rate, 
refilling the partially depleted storage (Fig. 4.4). Even small storage may be crucial 
for tree survival under extreme environmental conditions.

Interesting information was also obtained during analysis of conducting  efficiency 
of stems and petioles in trees. This was based on the detail analysis of vessel  
distribution on the whole tree and stand levels and comparing  theoretical flow  
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Fig. 4.4 Diurnal courses of sap flow in small shoots (practically equal to transpiration) and at the 
stem base of a large Douglas fir tree (Pseudotsuga menziessii (Mirb.) Franco) – upper panel. 
There is a delay of sap flow at the stem base behind transpiration, because tree utilizes stored 
water for transpiration from its own tissues first and only after its partial depletion starts extracting 
water from soil. Differences between both above mentioned flows (which can be very variable, 
from minutes to hours, such as on the figure) led to depletion of water storage in morning hours 
and its refilling in afternoon hours down to next morning (lower panel)
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(calculated from the Hagen–Poiseuille equation including data from  anatomical 
studies), with that measured via sap flow in the field (Krejzar and Kravka 1998; 
Morales et al. 2002; Cermak et al. 2002). Estimates of trees and stand biometry and 
leaf distribution (Cermak 1989, 1998; Morales et al. 1996b, c) as well as mean 
crown water potential (Morales et al. 1996a) were  preconditions for such studies. 
Millions of vessels were found in stems and  billions in petioles, when up-scaled for 
the stand level. Main vessel parameters and results of calculated and measured sap 
flow indicated in two studied  contrasting species (ring-porous oak and diffuse-
porous laurel) that theoretical sap flow in stems was about 40 times larger than 
maximal measured during the growing season, but theoretical flow in petioles was 
almost equal to the  measured one at the tree and stand levels at very distant sites 
(Central Europe and Canary Islands – Table 4.1). This means, that petioles work 
almost at  maximum of their possibilities (about 95%), while only very small part of 
stems (about 2%) is sufficient to supply water for transpiration under  non-limiting 
soil water supply. However, leaves work for a short time only (growing seasons), 
while stems for years, therefore they must have conducting reserves enough to 
overcome unfavorable conditions (associated with  embolism, etc. – Chapter 3, this 
volume), when the above given data could change.

Detail Studies of Water Redistribution Within Trees

Activity of different tree parts and functional tree architecture can be easily 
studied with the same instrumentation as mentioned above also on individual roots 
or branches. Such studies are important e.g., for explanation of tree behavior after 
some mechanical damage eventually jeopardizing tree survival. Experimental 
treatment based on several approaches was applied. This includes e.g., branch or 
root severing (Rychnovska et al. 1980; Cermak et al. 1984; Nadezhdina and 
Cermak 2000a), localized watering (Matyssek et al. 1991; Cermak et al. 1993; 
Nadezhdina and Cermak 2000b, 2006b), mechanical loading (Stokes et al. 2000) 
and others.

Responses of sap flow rate to drastic experimental treatment were observed in 
the experiment, when one large superficial root growing from the east stem side of 
a lime tree (Tilia cordata L.) was severed. Sap flow abruptly decreased in this root, 
but also abruptly increased in the sinker root growing near the cut root and remains 
higher in the sinker also during the next day there (compare 18 and 20 August in 
Fig. 4.5). This experiment showed the ability of the tree to partially compensate 
losses of one of its water sources by supplying water for transpiration from another 
sources. On the other hand and in contrast, at the same time sap flow abruptly 
decreased in the southern branch at height of 24 m, which indicates interconnection 
of this branch with the cut root. No changes were recorded in the other measured 
root and branch. Influence of drought in the topsoil was drastically reflected by 
changes of sap flow rate in the shallow root, which serves as a conduit for hydraulic 
redistribution from deep wet into dry soil for the larger part of the day (Fig. 4.6).
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Fig. 4.5 Daily sap flow dynamics in two roots (superficial in shallow soil oriented to North and 
sinker coming to deep soil oriented to East) and two branches of a lime tree (Mendel University 
Forest Training Enterprise 1999) recorded with high time resolution (1 min). Three days are pre-
sented with similarly high evaporative demands. In the middle of August 19 a large superficial 
lateral root was cut from the Eastern tree side. Abbreviation E-Shallow and E-deep means East 
oriented roots of different depths. Flow in the Eastern deep root immediately increased and it was 
larger also during the next day while there were no changes in the northern root. Increase of flow 
in the nearest deep root indicates compensation mechanism on the root level. At the same time 
flow in the southern branch substantially decreased after large root severing. This indicates con-
nection of the cut root with the southern branch

50 March

S
ap

 fl
ow

 [g
 c

m
−1

 h
−1

]

30

10

0 4 8 12 16 20 0 4 8 12 16 20 0 4 8

sinker

AugustJuly September

superficial

12
Time [h]

16 20 0 4 8 12 16 20
−10

Fig. 4.6 Examples of daily sap flow dynamics in two small (3 cm in diameter) roots (superficial 
in shallow soil layers and sinker in deep soil layers) of Quercus suber tree measured by the HFD 
single-point sensors. Data are shown for typical days of the growing season 2003 with similar high 
evaporative demands, but different soil moisture: wet in March and September after rain events 
and gradually drying from June till end of August without precipitation. Sap flow in the superficial 
root drastically decreased with topsoil drying and during 2 months reverse flow was recorded in 
this root, indicating hydraulic redistribution from deep wet soil. Flow in this root increased again 
after rain when topsoil became wet
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Spatial Application: Tree to Stand Level Studies

Leaf area index (LAI) or its most efficient part, the sunlit leaf area index (SLAI) are 
usual parameters applied in stand description. The above mentioned earth  impedance 
technology allows also estimation of effectively absorbing root surface area index 
(RAI) and therefore calculation of the RAI/LAI ratio. This is an important parameter 
widely applied in studies of herbaceous species, where usually ratio of total weight 
of aboveground and belowground is applied (Hinckley et al. 1978; Pallardy and 
Kozlowski 1979). An example of this kind of stand description is demonstrated by 
Norway spruce (Picea abies (L.)Karst.) stands of different age, canopy opening and 
health state. There were rather small differences between healthy young (max  
40 years) as well as mature (over 80 years) stands (young stands tend to have slightly 
higher values of both quantities). Opening of forest stand edge by removing about 
50% of trees during thinning and or partial clear cutting lead to enhancing of root 
growth (having more space than). In contrast, mature stand with root systems (or 
better root/shoot area ratio) developed below a certain survival limit (originally 
adjusted to non-limiting soil water supply on peat, where the level of underground 
water suddenly decreased) appeared very  drought-sensitive (Fig. 4.7).
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Fig. 4.7 Leaf area index (LAI) absorbing root surface area index (RAI) and their ratio (RAI/LAI) 
in several Norway spruce stands of different age, canopy opening and health state. Leaf area was 
derived from allometric relationships; absorbing root surface was measured by the modified earth 
impedance technology. There are rather small differences between healthy young (max 40 years) 
as well as mature (over 80 years) stands (young stands tend to have slightly higher values of both 
quantities). Opening of forest stand edge by removing about 50% of trees during reforestation lead 
to enhancing of root growth. In contrast, mature stand with root systems developed below a certain 
survival limit (originally adjusted to non-limiting soil water supply on peat, where the level of 
underground water suddenly decreased) appeared very drought-sensitive
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Practical application of whole tree approach usually includes studies of tree 
functions and related structures. Differences between species and stands in canopy 
structure, root distribution, water uptake and seasonal transpiration can be  demonstrated 
in two contrasting species/sites: mature Scots pine (Pinus sylvestris L.) plantation 
growing on sandy soil (Brasschaat, Belgium – Fig. 4.8) and a mixture of species in 
the frequently flooded floodplain forest (Lednice, Moravia) growing on heavy soil, 
mostly consisting of pedunculate oak (Quercus robur L.), ash (Fraxinus excelsior L.) 
and lime (Tilia cordata L.) – (Fig. 4.9). Vertical leaf  distribution in canopy layers at 
different height above ground was estimated on the basis of destructive analysis of 
series of trees of different size and social positions, (for oak Čermák 1989, 1998, 
2008b; for pine Čermák et al. 1998a). Results calculated for individual trees were 
up-scaled for the stand level on the basis of forestry inventory data (Čermák et al. 
2004). Relative vertical distribution of absorbing roots was derived approximately 
from radial sap flow patterns in stems (flow rate in different sapwood layers – 
Nadezhdina and Čermák 2003; Čermák et al. 2008a).

We compared seasonal course of transpiration in broadleaf and coniferous trees 
estimated on the basis of long-term measurements of sap flow rate using the trunk 
heat balance (THB) method (Čermák et al. 1973, 2004; Kučera et al. 1977, 
Tatarinov et al. 2005b) or the heat field deformation (HFD) method (Nadezhdina 
et al. 1998, 2006). Series of sample trees were studied at both compared sites, using 
as much as 700 sap flow measuring points per stand. Typical years were selected 
out of 3–10 years of continual measurements there (pine: Meiresonne et al. 2003; 
Verbeeck et al. 2007; Čermák et al. 2008a; oak: Čermák et al. 1982, 1991, 2001a). 

Fig. 4.8 Experimental site of 
Scots pine forest (composed 
of Pinus sylvestris L., with 
some under-story broadleaf 
species), northern Belgium, 
Brasschaat
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Results were up-scaled using easily measurable tree and stand biometric parame-
ters, such as diameter at breast height, DBH or basal area (Čermák and Kucera 
1990; Nadezhdina et al. 2002; Čermák et al. 2004). Seasonal total of transpiration 
in Scots pine  reaching about 140 mm is relatively low, but even much lower values 
were found under extreme situations in other sites (e.g. pine stand transpired only 
50 mm  annually on very dry sand-rocks – Čermák et al. 1986). Seasonal total of 
 transpiration was more than twice as large in the floodplain forest when comparing 
to Scots pine, it was more dispersed in different tree classes, having much larger 
range there (Fig. 4.10 – lower panels).

The pine forest was rather homogenous plantation with a single narrow canopy 
layer (main part only about 5 m deep) and leaf area index (LAI) of 3.0, which is 
very low for coniferous species. In contrast, the floodplain forest represented a 
multi-layer almost naturally growing canopy (including also frequent shrubs and 
herbaceous plants), reaching from the ground to over 30 m high tree tops and rather 
high LAI = 5.0, together with shrub and herbaceous layers LAI = 7, which was 
sometimes characterized as the “European jungle”. Vertical leaf distribution (leaf 
area density) was very different when comparing both experimental sites, 
 concentrated into a shallow spatial layer in pine and dispersed over the whole 
aboveground tree part in the floodplain forest, whose LAI was almost twice as large 
as in pine (Fig. 4.10 – upper panels).

Estimated fractions of absorbing roots seems very similar in the main  contrasting 
species, pine and oak, reaching for superficial roots 82–84 % and for sinker roots 
12–16%. These sap flow based and therefore functional characteristics of root 
 systems have been supported by biometric studies in pine (fine roots: Janssens et al. 
1999; Xiao et al. 2003). Sinker roots can be active only in periods of time, when 

Fig. 4.9 Experimental site of mixed floodplain forest (composed mostly from oak Quercus robur L. 
ash Fraxinus excelsior L. and lime Tilia cordata Mill.; southern Moravia, Lednice). White belt marks 
one of the sample trees



774 Field Studies of Whole-Tree Leaf and Root Distribution and Water Relations

40

30

H
ei

gh
t [

m
]

20

10

0

0.06

0.05

0.04

0.03

0.02

0.01

0.00

40

Fraxinus

Quercus

Tilia

Fraxinus Total LAI = 5.0

0.80.60.40.20.0

Quercus robur, mean DBH=54cm, heavy soil

Floodplain forest, mostly Quercus & Fraxinus, heavy soilPinus sylvestris, Brasschaat

Root water supply by: Superficial roots 82%

Tree total (28 kg h-1)

Sinker roots 18%

0
0

1

2

3

4

0 10 20 30 40 50 60 70

Diameter at breast height [cm]
0 10 20 30 40 50 60 70

Diameter at breast height [cm]

0 0

10

20

30

20 40 60 80
Xylem radius [%]

S
ap

 fl
ow

 p
er

 1
%

 a
nn

ul
us

 [k
g 

h-
1]

S
ap

 fl
ow

 p
er

 1
%

 a
nn

ul
us

 [k
g 

h-
1]

1000 20 40 60 80
Xylem radius [%]

Sinker = 16%

Root water supply by:

Superficial = 84%

(Tree total = 2 kg h-1)

Pinus sylvestris, mean DBH=27cm, sandy soil

Leaf area density [m2 m−3] Leaf area density [m2 m−3]

Heartwood edge

100

400

300

200

C
um

ul
at

ed
 tr

an
sp

ira
tio

n 
[m

m
]

T
ra

ns
pi

ra
tio

n 
pe

r 
D

B
H

 c
la

ss
 [m

m
]

0

10

20

30

T
ra

ns
pi

ra
tio

n 
pe

r 
D

B
H

 c
la

ss
 [m

m
]

C
um

ul
at

ed
 tr

an
sp

ira
tio

n 
[m

m
]

100

0

400

300

200

100

Floodplain forest, heavy soil

30

H
ei

gh
t [

m
]

20

10

0
0.0 0.2 0.4 0.6

Total stand LAI = 3.0

Pinus sylvestris, sandy soil

0.8

Fig. 4.10 Operative biometric parameters and seasonal transpiration in two contrasting  species/
sites. Mature Scots pine (Pinus sylvestris L.) plantation growing on sandy soil (left panels) and 
a mixture of species in the floodplain forest growing on heavy soil, mostly consisting of pedun-
culate oak (Quercus robur L.), partially of ash (Fraxinus excelsior L.) and lime (Tilia cordata 
L.) (right panels) were compared. Pine forest was a rather homogenous plantation with a single 
canopy layer, while floodplain forest represented a multi-layer canopy. Upper panels charac-
terize vertical leaf distribution on the stand level (layer depths in pine 0.2 m, in oak 1.0 m). 
Medium panels show relative vertical distribution of superficial and sinker absorbing roots 
(such supplying water through specified layers of sapwood). Their y-axes are different, because 
the flow values are so contrasting, that anyone cannot be distinguishable when using a single 
scale only. Lower panels characterize transpiration of individual DBH classes over the growing 
season and their cumulated values giving stand total (Modified according to Cermak 1998, 
Cermak et al. 2001)
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they can reach increasing underground water table, i.e., usually only in spring. 
Nevertheless soil water supply can quickly decrease during even slight drought in 
sandy soil. Relative vertical root distribution, shown at the level of typical trees, 
was rather similar in the same sites; although the patterns of sap flow radial profiles 
differed substantially (Fig. 4.10 – middle panels). Biometric studies of oak coarse 
roots in floodplain forests indicated their prevailing spatial distribution in medium 
to deep soil layers and also indicated, that in general its root system is relatively 
small, adjusted to supra-optimal water supply (see Vyskot 1976; Tatarinov et al. 
2008). This size was sufficient under normal conditions of water supply, because 
roots have been mostly in permanent contact with underground water table, 
 allowing high stand transpiration this way. Presented value of transpiration 
 (measured via sap flow technology – see Čermák et al. 1982, 2001b; Čermák and 
Prax 2001) reaching 340 mm per the studied growing season is close to the average, 
but maximum values of 450 mm occurred under high evaporation demands, when 
water from underground sources represented up to 70% of the total. Sap flows 
significantly more intensively in the narrow outer sapwood than in deeper sapwood 
layers in ring-porous species. (This finding serves well to improved methodology 
of interpretation of measured data via procedures of root separation). Heavy soil in 
the floodplain holds huge amounts of water, which also represents a large water 
holding capacity. However, irrespectively of deep rooting of oak, soil properties can 
be critical for its transpiration because of small size of its root system. Such 
 situation happened in the seventies, when the water table dropped by 1–2 m to the 
sandy gravel subsoil for almost 20 years, after regional water management 
 measures. When soil water content decreased by a few percent, soil water potential 
dropped significantly more (by about 0.8 MPa), but especially soil hydraulic 
 conductivity dropped many (up to 100) times. Therefore soil water supply became 
critical particularly in small trees with the lowest root/leaf area ratio, which  suffered 
the highest mortality rate there. Some large trees with deep root system suffered too. 
Similar problems with increased mortality of trees with small root systems growing 
on heavy soils we also met in the mountain forest of beech  (Fagus sylvatica L.) in 
Switzerland (Matyssek et al. 1991; Čermák et al.1993).

Spatial Application: Landscape – Level Studies

Sap flow measurement performed at the stand level can be applied also for  landscape – 
level studies, particularly for calibration of models applied for  assessment of regional 
transpiration (Chapter 8, this volume), especially if series of experimental sites 
representing the study areas are applied. Such results can  represent rather large 
regions, hundreds or thousands of square kilometers. Representative experimental 
sites were selected on the basis of forest classification (so called forest types – e.g., 
Zlatnik 1976; Randuska et al. 1986; Waring and Running 1998) and other site char-
acteristics available for the whole study area. This can also include data obtained 
using a remote sensing approach (Spanner et al. 1990; Henderson-Sellers et al. 1996; 
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Thornton and Running 1999). This approach is illustrated on the examples of two 
contrasting regions, which we studied,  particularly two oak species in southern 
Europe (Italy – Tuscany: Čermák et al. 1998b; Chiesi et al. 2001; Fig. 4.11) and 
northern Europe (Northern Russia – Oltchev et al. 2002) in forests composed from 
different broadleaf and conifer species (Fig. 4.12).

Fig. 4.11 Idealized positioning scheme of experimental plots of Quercus pubescens and Q.cerris 
forests near the small town of Radicondoli in Tuscany approximately drawn on an air-born image 
(orig. 1999)

Fig. 4.12 Example of the 
Upper Volga river catchment 
in the Valday Hills area 
(Volga river source) in 
Northern Russia (Geodetic 
and Cartographical Survey 
of the USSR, 1991), where 
the general hydrological 
model and local sap flow 
measurements in selected 
experimental plots were  
performed. Marked area 
(3,500 km2) (Modified 
according to Zappa et al. 2001)
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We compared transpiration (1) in southern (Mediterranean – Tuscany, central 
Italy) and (2) northern (boreal – Russia) European watersheds. (1) Mixed  spruce-aspen-birch 
forest in the Valday Hills of boreal region (composed mostly of Picea abies (L.) 
Karst., Populus tremula L. and Betula alba L.) was determined using sap flow 
 measurements and applied for comparing with two different SVAT (Soil-Vegetation-
Atmosphere-Transfer) models with pixel size of 4 ha (Oltchev et al. 2002), based on 
detail regional forest sites characteristics (Zappa et al. 2001) – (Fig. 4.13 – upper 
panel). The more sophisticated Mixed Forest multi-layer SVAT model (MF-SVAT) 
considered water uptake and transpiration of each tree species individually, and the 
simpler Multi-Layer (ML-SVAT) model described the forest stand using averaged 
effective parameters of canopy structure and tree physiology. Evapotranspiration and 
transpiration was represented in many SVAT models (e.g., Geyer and Jarvis 1991; 
Henderson-Sellers et al. 1996; Sellers et al. 1997) using both “big-leaf ” and “distrib-
uted multi-layer” approaches (Raupach and Finnigan 1986). Comparisons of modeled 
and measured transpiration rates under sufficient soil moisture conditions did not 
show any significant differences between both models (Fig. 4.13 – middle and lower 
panels). However under limited soil moisture conditions the model MF-SVAT 
described forest transpiration still realistically, whereas ML-SVAT overestimated it 
by up to 50%. Drought in the upper soil layers reduced transpiration of spruce more 
than of deciduous tree species due to  differences in their physiological properties 
and vertical root distribution. Individual transpiration control in different tree species 
is typical for mixed forests and cannot be accurately described with averaged param-
eterization as used in simple Multi-Layer model.

(2) The simulation model of forest ecosystem processes applied by Chiesi et al. 
(2001) in a Mediterranean environment at two distant deciduous forest stands. It was 
originally created for temperate areas (called FOREST-BCG, Running and Coughlan 
1988) and was calibrated to local conditions. The experimental stands were composed 
of dominating oak species (Quercus pubescens Willd. and Q.cerris L.) with little 
admixture of other woody species. Conventional data including sap flow (Čermák 
et al. 1998b, 2001a – see Fig. 4.13 – upper panels) and remote sensing data were used 
as inputs. The model was modified using the “maximum canopy average leaf con-
ductance”, which is in strict connection with transpiration and therefore can control 
their xeric nature. First, information on the two stands needed to initialize the model 
was derived from different sources (such as Forest Management Plan – DREAM 1994, 
and ecophysiological species parameters derived from existing literature, e.g. Running 
and Coughlan 1988 and others), while meteorological data were extrapolated from a 
nearby station (Larderello, Italian National Hydrological Institute) by an existing 
procedure (MT-Clim). Temporal profiles of leaf area index (LAI, measured by the 
LAI-2000 plant canopy analyzer Li-Cor, NE, USA, corrected on the basis of individual 
leaf area measurements: correcting factor of 1.25) were than derived both from direct 
ground measurements and from processing of satellite NOAA images.

Seasonal maxims of LAI in both oak species estimated this way approached 
values obtained by the detail ground-based measurements (see Cermak et al. 
2008b). Remote sensing images were transformed to the more suitable form (pixel 
size was 0.01°) by a multi-step procedure. The model was calibrated using stand 
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transpiration values obtained for 1997 by a sap flow method (using both trunk heat 
balance and heat field deformation technology as mentioned above). Next, the 
model performances were tested against the same transpiration values measured in 
1998 (see Fig. 4.13 – middle and lower panels). Nevertheless, combination of 
landscape-level modeling and local sap flow measurements was found very useful 
in both above-mentioned cases.

Fig. 4.13 Sap flow measurements as applied for checking different models applied in land-
scape –level studies for assessment of regional transpiration: Italy – Tuscany 1998 (left) and 
Northern Russia 1999 (right). Upper panels: seasonal courses of transpiration in Tuscany 
(where the calibrated model FOREST-BCG was applied) and in Northern Russia (models 
MF-SVAT and ML-SVAT). Medium and lower panels: relationship of data measured in different 
species (x) and data derived from different models (y). (Data from ends of growing seasons 
shown in brackets were not included in calculations of regressions) (Modified according to 
Cermak et al. 1998a, 2001; Chiesi et al. 2001; Oltchev et al. 2002)
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Temporal Application: Combining Present Data with History

Sessile and pedunculate oak (Quercus petraea Liebl. and Q. robur L.) trees 
 represent about 25% of the forested area between Vienna, Bratislava and Brno 
(Schume 1993). Many of these stands are located along the floodplains of 
 lowland rivers, usually well supplied by water. Changes in soil hydrology can 
be  investigated with theoretical models, integrating the aboveground and 
belowground tree  structure and main soil hydrological processes combined 
with mechanistic  description of water flows in the system (Mualem 1986). 
Alternatively,  biogeochemical ecosystem (BGC) models may be used. Such 
model (BIOME-BCG, Thornton 1998) is also based on long-term (within almost 
30 years) records of sap flow rate (Cermak et al. 1982, 1991, 2001b). Long-term 
studies of stem growth were also found important for evaluating stand behavior 
(Tatarinov and Čermák 1999; Tatarinov et al. 2005a). Also indirect historical 
records were applied in the study of floodplain forest in the above-mentioned 
region (Pietsch et al. 2003): after the  natural virgin phase of forest development 
the coppice management  system with a 20-year rotation period was applied 
from the fourteenth century, when volume growth decreased by more tan 40%, 
whereas soil and litter carbon together with nitrogen fell by 50% during the 
following 500 years. Fortunately the historical records indicated, that forest 
management changed to high forest in 1880, which led to significant 
 improvement of stand growth, when LAI increased from about 4.5 to 6.

However this positive trend as mentioned above was jeopardized by cessation 
of floods (usually occurring 4 up to 11 times annually) after 1972 for next almost  
20 years due to water management measures in the region associated with 
canalisation of rivers (Schume 1992; Cermak and Prax 2001; Fig. 4.14). Stand 
water  consumption, which was based up to 70% on underground water under normal 
conditions decreased by about 50%, trees with unfavourable root / shoot ratio 
(enveloping root area/sunlit leaf area) started to decline. Artificial watering after 
1992 improved partially the situation, but hypoxia problems occurred in stands with 
permanently increased water table (Cermak and Prax 2001; Cermak et al. 2001b). 
Modelling over the long-term periods shows that proper management of balanced 
soil water and air supply keeping high, as much as possible close to natural forests 
seems the only way to assure well-being of these forests in the future.

Conclusions

Whole tree water relations and structure remain important topic for forest stand as 
well as landscape level studies. Several instrumental technologies for leaf and root 
distribution measurement are disposal at present, which allow their implementation 
in a much easier way for more complex field studies. This considers stand water 
consumption, water storage, response of sap flow to external disturbances and 
drought as well as topics related to functional tree architecture, water redistribution 
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in trees and also studies including the macro- and micro-levels. Water relations and 
corresponding structures, starting from individual organs (roots or branches), 
through whole trees and stands and when using appropriate models up to  landscapes 
are described. Measurements of leaf and root area distributions help to evaluate other 
eco-physiological processes and also to up scale the data (e.g., allowing connections 
with remote sensing, serve for calibration etc.). Sap flow measurement provides a 
tool suitable for short- as well as long-term studies. Whole tree water storage helps 
trees to overcome critical periods of time in summer and specify periods when 
 actually trees grow. Combination of anatomical analysis with sap flow  measurement 
serves for evaluation of the efficiency of the water conducting system. Analysis of 
hydraulic tree architecture including water redistribution can explain tree survival 
under drought. Application of biometric parameters helps to up-scale the sap flow 
data from trees to entire stands. Combination of maps and remote sensing data 
enable to work up to the landscape level. The applied technology naturally does not 
allow solve all problems occurring in the field, but the presented results illustrate that 
the complex approach provides much better background for deeper analysis of studied 
forest stands, easier modeling and therefore their better understanding and eventual 
reasonable local modifications of forest management measures.
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Fig. 4.14 Long-term course (10 years of measurements within the period of almost 30 years) of 
seasonal totals of transpiration (expressed in relative values to potential evapotranspiration – left 
scale) in floodplain forests in southern Moravia compared to rainfall deficit (precipitation minus 
potential evapotranspiration – right scale). Dramatic soil water changes caused by hydrological 
measures occurred in the region. Years with sufficient water supply during regular flooding (1972) 
and after renewed artificial watering (1992–1999) contrasted to the years with substantially 
decreased underground water table (by 1–2 m between 1973 and 1991). Therefore impact of rela-
tive drought on decreasing transpiration is clearly visible. Wet years with higher number of rainy 
days and foggy weather (1974) differed from dry years (1982 and 1988) (Modified from Cermak 
et al. 2001)
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Introduction: Catchments as Integrators

Headwater catchments are interesting research objects not only as they provide 
essential measurements about the water cycle, but also because they integrate infor-
mation on biogeochemical processes over a land area and bring it to a single point, 
the water outlet. This feature allows monitoring of short- and long-term ecological 
and geochemical changes in whole ecosystems (Moldan and Černý 1994; Jenkins 
et al. 1994; Likens and Bormann 1995; Church 1997). One of the main applications 
of studies on headwater catchments has ever been to elucidate the hydrological role 
of forests.

Small or very small catchments of less than 1 km2 or even less than 1 ha are 
especially adapted to experimental research because their size allows for manipula-
tions and comparisons. Homogeneity of soil and vegetation, along with the possibility 
of experimental replications, are further potential advantages. In large catchments, 
variations in discharge and water quality are smoothed and appear mainly as season-
ality (e.g. Davis 1986). In small catchments, however, water discharge and water 
quality fluctuate more (Schleppi et al. 2006a). Short-term variations are not smoothed 
because of the short residence times and because of limited effects of pooling 
between subcatchments. The effect of an experimental treatment may thus be 
measurable in a small, but not in a larger catchment (Burch et al. 1996; Mundy et al. 
2001). In the present chapter, we essentially limit our considerations to the scale of 
elementary catchments. Larger stream and river systems in composite landscapes 
will be treated in the third part of this book (Chapter 18, this volume).

A prerequisite of catchment studies is that they are well delimited and do not lose 
water by deep infiltration or gain water from outside by upwelling. This is, however, 
not always the case. From a statistical comparison between US  experimental catch-
ments, Verry (2003) concluded that more than one third of them was leaking  significant 
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amounts of water by deep seepage. Keller (1985) reported of a  paired-catchment study 
in Switzerland which failed because water was leaking from one of the catchments  
upstream of the weir. Also in Switzerland, the weir on the river Alp had to be rebuilt 
downstream because, at its first location, it was over a groundwater body with 
significant flow. Since unsuccessful experiments are seldom published, there are 
probably more unreported examples of this kind. Some problems certainly also 
remained unnoticed and caution is needed when interpreting single studies.

An Historical Controversy

In his review, Andréassian (2004) found records about the hydrological roles of 
forests back to the Antiquity, as Pliny the Elder wrote:

It frequently happens that in spots where forests have been felled, springs of water make 
their appearance, the supply of which was previously expended in the nutrition of the trees. (…) 
Very often too, after removing the wood which has covered an elevated spot and so served 
to attract and consume the rains, devastating torrents are formed by the concentration of the 
waters. (Plinus Secundus, first century ad)

In France, an administrative link between water and forest (“Eaux et Forêts”) 
was established during the Middle Age and maintained until recently. This allowed 
also a coordinated regulation of hunting and fisheries. However, the water cycle 
itself was not really understood until the late seventeenth century, as the importance 
of evaporation and infiltration were finally recognised (Mariotté 1674, cited by 
Verry 2003).

The hydrological effects of forests received much attention in Europe during the 
nineteenth century, as deforestation increased to meet the demand of a growing 
population and developing industries. Rougier de la Bergerie (1800, cited by 
Andréassian 2004) presented an opposite view compared to Pliny the Ancient: he 
associated droughts and drying out of springs with forest clear-cuttings taking place 
after the French revolution. Rauch (1821) defended the same opinion and believed 
that forests were attracting clouds, thus increasing precipitation, but had no effect 
on the amount of water “pulled by the sun” i.e., in modern terms, on evapotranspi-
ration. Boussingault (1837) also attributed an important role to the forest, stating 
that it “regulates” water flow. This view became dominant during the nineteenth 
century and emerged as the “forest hydrological hypothesis” or “sponge theory”, 
according to which forest soils can store much water during rain events and release 
it slowly during dry periods. This theory seemed to be confirmed by devastating 
floods in many deforested regions of Europe during the 1830s and 1860s. The view 
of forests acting both against drought and floods was so appealing to foresters that 
it found its way into many national forest policies, being for example at the very 
basis of the Swiss forest law. See also Section 2 of this book for a discussion of this 
in relation with forest management practices.

The regulating effect of forests, however, was always again questioned (German 
1994). In France, it was described as a debate between “foresters” and “engineers” 
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(Andréassian 2004). The earliest systematic measurements trying to resolve the 
debate were done by Belgrand (1853) in Burgundy, France. He compared three 
 rivers draining catchments with different forest coverage and found that their water 
stages reacted similarly to rainfall events. Jeandel et al. (1862) found contrasting 
results in Vosges valleys, France, showing moderating effects of the forest cover 
on discharge peaks (compared to other land-uses). At the beginning of the twentieth 
century, runoff measurements started from two streams in Emmental, Switzerland 
(Engler 1919; Burger 1943, 1954). Comparing the almost entirely forested Sperbelgraben 
with the Rappengraben forested to only 35%, these authors have found a strong 
reduction of peak discharges during short but intensive rain events (thunderstorms), 
but not during long-lasting rain events.

After a period of dry weather, for example, alpine pastures produced surface runoff imme-
diately after the rain began, while infiltration was first the dominating process in forests. 
Only after seven days did the runoff from forests exceed that from pastures. (Burger 
1943)

As recognised by these authors themselves, the main drawback of their investiga-
tions was to compare catchments that did not differ only in their forest cover. Even 
by choosing them as similar as possible, it is never possible to avoid small differ-
ences in size, morphology, exposition, soil or geology. This limitation can be 
largely overcome if numerous different catchments are compared. An example is a 
study by Molchanov (1963), who compared more than 100 streams and rivers in 
former USSR and found that a forest cover around 50% was optimum to mitigate 
peak discharges. The challenge of such studies is to ensure that the examined factor 
(here the proportion of forest cover) is not confounded with any other factor like 
topography, soil or vegetation type. For example, forests are more frequently in 
mountainous areas and on slopes than agricultural land. Between forest types, the 
same applies when comparing conifers to broadleaves. There is thus a risk to 
ascribe to the vegetation a role actually played by the topography, or arising as 
interaction only when both factors are combined.

Paired-Catchment Approach

The interpretation of differences between catchments is much easier if a compari-
son is available both before and after an experimental intervention. This approach 
was first used at Wagon Wheel Gap, Colorado Mountains, USA (Bates and Henry 
1928). In this kind of experiment, catchments are first selected to be as similar to 
each other as possible and measured in parallel for at least 1 year (to cover the 
seasonal variations) or for several years (to cover inter-annual variability). After 
this period of calibration, a single factor is changed experimentally in one of the 
catchments (treatment), while the other is left unchanged (control). For the Wagon 
Wheel Gap experiment, measurements were collected during 7 years before the 
aspen trees were cut in the treated catchment. After the clear-cut, both average and 
peak discharges were found to increase.
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Although Bates and Henry (1928) did not have the formal statistical tools we 
have nowadays, their design was sound. The effect of the treatment can be tested 
statistically be subjecting the generated time series to an intervention analysis. The 
principle is to look at differences between catchments over time and to see if their 
distribution changes after the treatment compared to the calibration period. This 
way, both the spatial variability between catchments and the temporal variability 
among years are taken into account. If there is an interaction between years and 
catchments, however, it will produce an error on the estimated treatment effect. See 
Beschta et al. (2000) for a more detailed discussion on the accuracy of flow mea-
surements in a paired-catchment design.

Many paired-catchment experiments were set up around the world during the 
last century. These studies were reviewed several times (Colman 1953; Hibbert 
1967; Bosch and Hewlett 1982; Keller 1988; Hornbeck et al. 1993; Whitehead 
and Robinson 1993; Cosandey 1995; Stednick 1996; Sahin and Hall 1996; 
Chang 2002; Andréassian 2004; Brown et al. 2005). The reported results are 
summarised below, and then discussed in the perspective of environmental 
changes.

Water Yield and Low Flows

Water discharges are obviously variable in time. To describe the effect of any 
factor on the discharge of a stream, a “flow-duration curve” is a simple tool 
synthesising much information. Such a curve (Fig. 5.1 as an example) shows the 
cumulated frequency distribution of the discharge, i.e. how often a certain dis-
charge is reached or exceeded. Often, however, more attention is given to the 
extremes of the statistical distribution, i.e. to floods and to low flows, of which 
severity and frequency are then interpreted. This is also the case when several 
paired-catchment experiments are compared, because flow duration curves are 
not always available, or because they do not refer to comparable periods of time 
relatively to the treatments.

As a rule, water flow increases in deforestation experiments and decreases after 
reforestation (Hibbert 1967). The size of this effect depends on the following 
parameters.

The Affected Area and the Intensity of the Treatment

The larger the area affected by tree felling or by replanting, the higher the effect 
on the annual water flow. Up to 700 mm differences in water yield were mea-
sured after a clearcut or after replanting an entire catchment (Bosch and Hewlett 
1982; Andréassian 2004). Similarly, the intensity of the cutting is also  important, 
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clearcutting of a whole catchment increasing the water flow more than a partial 
harvest or a thinning (Chang 2002).

The Vegetation Type

Deciduous forests generally yield more water than evergreen forests because 
they transpire only during the growing season. During the dormant season, there 
is also less interception loss. A difference in albedo often adds to this effect, 
evergreens tending to have darker foliage, thus more energy available to evapo-
rate water. The maximum stomatal conductance is generally lower for evergreen 
conifers compared to deciduous broadleaves (Bond et al. 2007), but the actual 
transpiration depends on stomatal closure and on the leaf area index (Chapter 3, 
this volume). Douglass and Swank (1974) found a 200-mm or 20% reduction of 
streamflow after replacing a mature hardwood forest by pines at Coweeta 
(Appalachians, USA). The evapotranspiration of grasslands is lower compared 
to forests, while shrubs take an intermediate position (Chang 2002), along with 
eucalypt forests (Sahin and Hall 1996) or open forests. Accordingly, the amount 
of water gained by removing the vegetation depends on how much its evapo-
transpiration was. Plantation density and thinning are thus considered very impor-
tant means to control the water budget of managed forests (Chapters 7–9, 22,  
this volume).
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Fig. 5.1 Flow-duration curves of three small experimental catchments (~1,500 m2) and of the 
surrounding Erlenbach catchment (70 ha) at Alptal, Switzerland. Averages of 6 years (1995–2000). 
Note that, in a logarithmic scale, the catchment size as well as the vegetation type affect the 
frequency of low flows more than that of peak flows. See Schleppi et al. (1998) for details about 
the experiment
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The Soil and the Rooting Depth

Based on US deforestation experiments, Chang (2002) noted that the soil must have 
a depth of a least 1 m to see an effect on the annual water flow. In central 
Switzerland, comparing the discharges of catchments differing in their proportions 
of forest cover (Schleppi et al. 2003), we have found very few differences over the 
year, except during snowmelt (see below). This has been ascribed to the shallow 
gleyic soils of the catchments, where trees cannot develop deep roots and thus can-
not access deeper water reserves than an herbaceous vegetation does. Cosandey 
(1995) also recalled the importance of the rooting depth as affecting the water cycle 
of forests compared to other types of vegetation. Lange et al. (2009) have demon-
strated that tree roots are important for preferential flow paths and thus for water 
infiltration into stagnic soils. See Rewald et al. (Chapter 2, this volume) for further 
discussion on tree root morphology and physiology.

The Amount of Precipitation

In dry regions (Arizona, USA), Hibbert (1971) found that the absolute effect of 
removing deep-rooted shrubs depended on the annual precipitation, the relative 
change being approximately constant. Sahin and Hall (1996) as well as Brown et al. 
(2005) found increased gains with increasing precipitation also after felling euca-
lyptus forests. Like for the effect of the vegetation type, the potential for water 
saving appears to depend on the amount of water used before the vegetation change. 
According to Chang (2002), there is no measurable effect below 400 mm annual 
precipitation. In wetter climates, when the demand of the vegetation is met over the 
year, its water use will not change significantly with precipitation. The effects of 
precipitation and of a change in vegetation on the discharge can in this case be 
expected to be simply additive. The frequency of precipitations events obviously 
also plays a role because it affects the interception loss.

Snow and Other Seasonal Effects

Understanding and quantifying the interception of precipitation is generally a 
“ difficult problem” (Cosandey 1995), but in the case of snow our knowledge is even 
scarcer. Modelling of snow water equivalent is generally more difficult in forests 
than in open sites (Rutter et al. 2009). On paired plots in Utah, USA, LaMalfa and 
Ryle (2008) observed that more snow accumulates on meadows than in coniferous 
forests, with deciduous forests taking an intermediate position. The total discharge 
during snowmelt was affected accordingly. We have found similar results when 
comparing the discharge from experimental catchments covered either by grassland 
or by conifers (Schleppi et al. 2003), but the duration rather than the intensity of 



955 Forested Water Catchments in a Changing Environment

snowmelt was reduced in the forest (Fig. 5.2). Snow measurements over 20 years 
in this area (López-Moreno and Stähli 2008) as well as aerial photographs from the 
area taken during snowmelt confirmed that forests are earlier free of snow than 
meadows and that the difference increases up to an altitude close to the timberline. 
In the deforested catchments of Wagon Wheel Gap (Bates and Henry 1928) and 
Fool Creek (Troendle and King 1985), both in Colorado, USA, the snowmelt period 
started earlier and was thus also longer. LaMalfa and Ryle (2008) have found no 
significant differences in sublimation rates from the snow pack. However, we can 
explain the reduced snow accumulation in the forest only by a combination of 
interception and sublimation from the tree crowns over the winter. These processes 
interact with the radiation regime within the forest (Musselman et al. 2008; López-
Moreno and Stähli 2008; Stähli et al. 2009). They are thus different at high latitudes 
compared to high altitudes closer to the equator, especially for the relative impor-
tance of radiation versus convection energy fluxes. It can thus been found that 
forests become snow free earlier or later than adjacent open fields depending on the 
location (Rutter et al. 2009; see also Chapter 6, this volume, for further discussion 
on the role of mountain forests in relation to snow cover).

Differences between seasons are not only related to snow and to the weather 
itself but also to the seasonality of foliage (deciduous species). Flow-duration 
curves have been calculated on a seasonal basis by Hornbeck et al. (1997) at 
Hubbard Brook (New Hampshire, USA). There, the impact of deforestation was 
much less pronounced during the dormant season than during the vegetation period. 
At Coweeta (Appalachians, USA), the increased water consumption of pines 
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catchments (~1,500 m2) at Alptal, Switzerland. Averages of 6 years (1995–2000). Note the larger 
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 compared to hardwoods was especially marked during the dormant season and at 
the beginning of the growing season (Douglass and Swank 1974).

The Time Factor

In the paired-catchment approach, an experimental treatment is done at a certain 
point in time or for a certain duration. Depending on the type and duration of the 
treatment, the effect on the water cycle may last for a few or for many years. 
In forest cutting experiments, this duration depends on the speed at which the new 
vegetation is growing. It takes typically around 10–15 years to reach again a water 
discharge close to the forested control (Hornbeck et al. 1993). Extreme values have 
been reported as short as 4 years (in Pennsylvania, USA; Lynch and Corbett 1990) 
or as long as 80 years (Colorado, USA; Troendle and King 1985). Compared to 
deforestation experiments, reports on afforestation experiments are very few. This 
may be because their effect on the water cycle is not immediate but develops over 
time, while scientists are nowadays often under pressure to get fast results. Over 
longer periods of time, it is necessary to take possible changes in the control catch-
ment into account, especially those due to tree aging. An effect of age was for 
example reported by Hudson et al. (1997) for spruce trees in the Severn catchment 
(Wales, UK) and by Andréassian et al. (2003) for the maquis of the Valescure 
 catchment (South France). In a long-term study in Australia, Langford (1976) noted 
a lower water yield in a young eucalypt forest growing after a fire compared to the 
old-growth forest. A reduction of the stand transpiration with tree age was also 
found in Douglas fir in northwest USA (Yoder et al. 1994). The leaf area index of 
aging forests often tends to slightly decrease after having reached a maximum 
(Ryan et al. 1997) and the hydraulic conductance of old trees is lower (review by 
Bond et al. 2007). These factors probably explain increased water yield in aging 
forests.

Hibbert (1967) concluded his review of paired-catchment experiments with 
three statements: (1) that deforestation increases water yield, (2) that afforestation 
decreases it, but (3) that the response is variable and largely unpredictable. The first 
and second conclusions are still generally accepted by most scientists. As shown 
above, several important factors could meanwhile be identified and more or less 
quantified, thus reducing the unpredictability deplored by Hibbert in his third 
statement.

When considering specifically the low flows, they appear to react in the same 
direction then annual flows but in a relatively more pronounced manner. This was 
for example reported from flow-duration curves of several paired-catchment exper-
iments in Australia and New Zealand (Brown et al. 2005). Johnson (1998) also 
indicates that low flows are reduced as trees grow and increased if they are felled. 
In Russia, Finland and Great Britain, however, low flows were shown to increase for 
several years after afforestation if this was done by draining peatlands or by ploughing 
the soil (review by Johnson 1998). Altogether, however, the “sponge theory” 
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appears to be falsified in most cases and forests generally deliver less water than 
other types of vegetation during periods of low flow.

Floods

Like other catastrophic events, floods attract strong public attention. Much has been 
published about floods, and the occurrence of floods is often related to the degrada-
tion of forests within river basins, in line with the “sponge theory” described above. 
In the past as well as recently, this theory was often questioned, sometimes even 
referred as a myth (Hamilton 1985). If forests can reduce average or low-water 
flows, can they also reduce floods?

To understand floods, the question of the spatial scale always has to be consid-
ered (e.g. FAO 2005; Sanford et al. 2007). Scale effects are the topic of Section 3 
of this book, thus we will examine here only what happens in elementary catch-
ments. We have to keep in mind, however, that knowledge from small catchments 
does not directly translate itself into larger, composite basins. Floods in large basins 
are indeed linked to large-scale, long-lasting precipitation events, while floods from 
small catchments are often due to local thunderstorms.

A clear increase in peak discharges and flood volumes was found in several 
experimentally deforested catchments like Wagon Wheel Gap, (Colorado, USA; 
Bates and Henry 1928), Fool Creek (Colorado, USA; Troendle and King 1985), 
Coweeta (North Carolina, USA; Swank et al. 1988) or Chiemseemoor (South 
Germany; Robinson et al. 1991). Increased peak discharges have also been reported 
after forest fires at Réal Collobrier (South France; Lavabre et al. 1993) or insect 
outbreaks (Schwarze and Beudert 2009). In the last case, the authors found an 
increased contribution of fast flow components of the discharge, especially when 
decaying roots left opened drainage channels in the soil.

Several other studies, however, have shown only small or no measurable effects 
of removing the trees, especially when focusing on the extreme precipitation 
events. This was for example the case at Coshocton (Ohio, USA; McGuinness and 
Harrold 1971) or at the H.J. Andrews Forest (Cascades, Oregon, USA; Beschta 
et al. 2000). Beside the Swiss studies mentioned above (Engler 1919; Burger 1943, 
1954), several authors noted that the reduction of peak flows is proportionally less 
than for lower flows (e.g. Robinson et al. 1991; Beschta et al. 2000), which points 
to a saturation of the protective effect ascribed to forests. A similar conclusion has 
been drawn from a harvesting experiment in the Balsjö catchment (Sweden) 
(Sørensen et al. 2009). The main mechanism whereby forests can reduce floods is 
increasing the volume of empty soil pores, by enhancing either the evapotranspira-
tion, the porosity of the soil or the rooting depth (or a combination of them). 
Calculations by Hegg (2006) have shown that the water retention capacity of a for-
est soil is rapidly filled up during an extreme event, especially if pre-event humidity 
was already high. The “sponge effect” is simply, physically limited. Simulations 
carried out by Leuppi and Forster (1990) have shown that pre-event soil moisture 
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was more important than the vegetation type (forest or meadow) in an alpine 
 catchment. This has been further demonstrated by the fact that the runoff coeffi-
cients of rainstorms increase with the pre-event groundwater levels (Burch et al. 
1996).

Even if they are often considered in terms of a “forest effect”, tree-cutting 
experiments have a clear limitation: they do not compare forestry with other land 
uses, at least not as long as the new ecosystem (replacing the forest) had time to 
equilibrate its own function. The same applies for natural or experimental distur-
bances, which should always be considered as such and not as comparisons “forest 
versus non-forest”. Afforestation experiments allow for a more unbiased interpreta-
tion because they produce less short-term effects. Due to the slowness of pedogenic 
processes, however, landuse-change experiments can barely be considered as fin-
ished within a human lifetime. As for the low flows, if afforestation is accompanied 
by draining or ploughing, this can notably modify the effect on peak flows. In a 
comparison between three small catchments in central Switzerland, Burch et al. 
(1996) have found no direct relation between the proportion of forest cover on one 
hand and either peak flows or runoff coefficients during storms on the other hand. 
In this case, the catchment with the intermediate forest cover had the highest runoff 
peaks. In this catchment, drainage trenches had been dug with the purpose of 
enhancing forest development into the wet meadows. Even if there is no direct 
experimental evidence for this effect, it appears that this way of afforestation is 
actually increasing flood risks.

On the other hand, forests are less prone to erosion than most other forms of land 
use, and this may help to reduce floods (Piégay et al. 2004). Studies by Alewell and 
Bebi (Chapter 6, this volume) are good examples. Here again, one should not draw 
conclusions about “forest versus non-forest” by actually comparing “forest versus 
clearcut”. Grassland, for example, has also a permanent soil cover and its soil protec-
tion effect is closer to that of a forest than of a tilled agricultural field. As for the 
water yield, a land-use change can have transient effects that differ from the longer-
term, steady-state effects. At Sleepers River (Vermont, USA), for example, McBride 
et al. (2008) have observed a deepening and broadening of stream channels along 
which spontaneous reforestation had occurred. In a paired-catchment study in 
Missouri (USA), Udawatta et al. (2002) found increased erosion under agroforestry 
compared to a crop rotation. Disastrous soil erosion is often observed in the tropics 
following deforestation, but removing the trees is only part of the problem, the new 
land use practices being decisive in terms of erosion (FAO 2005).

Water Quality

Older studies on small catchments did not include measurements of water quality. 
The clear-cutting experiments at Hubbard Brook (New Hampshire, USA) then 
showed clearly that a paired catchment design is also appropriate to study effects on 
water quality (Likens et al. 1970). This insight promoted experiments in  headwater 
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catchments especially when questions about acid deposition arose, later about 
 eutrophication with nitrogen (van Breemen and Wright 2004). A good example was 
given by Neal (1997) as he reviewed all publications from research on the Plynlimon 
catchments (Wales): while quantitative hydrological studies dominated in the 1970, 
the focus shifted towards more qualitative studies in the 1980.

Water quality is described through physical, chemical and biological aspects. 
Among the physical parameters, the concentration of particles and the turbidity are 
the most important. They are mainly related to erosion and thus to floods (see 
above). Eroded soil material is often rich in nutrients and losses through erosion can 
be substantial or even dramatic. Biological aspects are mostly described in terms of 
biodiversity and integrity of food chains. Physical and biological components will 
not be discussed in detail, the focus being here on the chemical parameters of water 
quality.

Substances dissolved in water can be classified according to their chemistry into 
organic or inorganic compounds. Specific classes of pollutants can also be recogn-
ised, for example pesticides, hormone-like substances, mercury, radionuclides etc. 
They can also be classified according to their input/output ratio in the ecosystems, 
input being mainly deposition (wet and dry) and output being leaching from the soil 
(Likens and Bormann 1995). Elements enriched in the water leaving the ecosystem 
are typically calcium, magnesium and aluminium, originating from soil weathering 
(geogenic elements, input/output ratio below 1). Their concentrations are mainly 
determined by the content in the soil and by acidifying agents, from soil processes 
or from atmospheric deposition. In well-buffered catchments, these elements are 
typically less concentrated when the water discharge is high, due to a simple dilu-
tion effect. This was for example shown at Pluhuv Bor (Czech Republic) and 
Sleepers River (Vermont, USA) (Shanley et al. 2004) and at Alptal (Switzerland) 
(Schleppi et al. 2006b). Over more acidic parent material, biological cycling 
becomes relatively more important beside weathering, and the output patterns are 
more complex, as for example at Hubbard Brook (New Hampshire, USA) (Thorne 
et al. 1988). In contrast, ammonium is present in higher concentrations in precipita-
tion than in drainage water or runoff because it is effectively retained in the soil and 
used by biota. Other elements have an input/output ratio sometimes above, some-
times below 1, depending on time and location (crossover patterns according to 
Likens and Bormann 1995). Nitrate, sulphate and potassium are examples. 
As nutrients, they can be taken up by plants and typically show a clear seasonality 
(see also Neal et al. 1997). Their concentrations generally have also a negative cor-
relation with the water discharge, but not as closely as for geogenic elements 
(Schleppi et al. 2006b). Sulphate and especially chloride and sodium are present in 
sea spray and their fluxes can thus be highly affected by deposition of sea salt, even 
hundreds of kilometres downwind from the sea. The pH of stream water is obvi-
ously linked to the pH of the soil, which is mostly acidic in boreal forest and in 
temperate coniferous forests. For example, in a spruce afforestation at Mont Lozère 
(France) an increase in the loss of base cations was observed as compared to a 
beech forest (Lelong et al. 1990). However, van Breemen et al. (1984) were able to 
show that the observed acidification of soils and streams in Europe was dominated 
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by acid deposition rather than by acids produced during litter decomposition. 
At Birkenes (southern Norway), Christophersen et al. (1990) observed decreasing 
concentrations of base cations over a 25-year period; they attributed this trend to a 
continuing soil acidification in the catchment in spite of reduced sulphate deposi-
tion. Improvements of stream water quality were obtained in Black Forest catch-
ments (Germany) by liming forests growing on soils with a weak buffering capacity 
(Sucker et al. 2009). Stream acidification may be delayed compared to soil 
 acidification if neutralisation occurs in the sub-soil, as observed in a catchment with 
spruce decline in Alsace (France) (Probst et al. 1990), but generally surface waters 
are a more sensitive indicator of acidification processes than soils. Starting in the 
1980s, a roof experiment was set up at Risdalsheia (Norway), where a small catch-
ment was protected from acid deposition (Wright et al. 1993). The resulting 
improvements in water quality played a major role in pollution control policies, 
especially within the Convention on Long-range Transboundary Air Pollution 
(CLRTAP) of the United Nations Economic Commission for Europe (UNECE) or 
in amendments of the Clean Air Act in the USA.

As a result of abatement policies in Europe and North America, emissions of 
sulphur were strongly reduced and those of reactive nitrogen also slightly. The 
reduced deposition have been shown to reduce the sulphate concentrations in 
streams on both continents (Stoddard et al. 1999; Prechtel et al. 2001), while the 
effect on nitrate, if any, was weak. In Scandinavia (Folster et al. 2003), Scotland 
(Soulsby et al. 1997), England (Tipping et al. 2000) and in the Czech Republic and 
Slovakia (Veselý et al. 2002), this led to a reversal of acidification, but in Germany 
the process was delayed by sulphur accumulated in the soil (Alewell et al. 2001). 
A decade later, however, the analysis of numerous German catchments showed a 
reversal of acidification in most of them, resulting also in less leaching of the 
weathering products calcium, magnesium, aluminium and manganese (Sucker et al. 
2010).

In a study of stream water quality across the USA, Omernik (1977) found lowest 
concentrations of nitrate and phosphate in catchments with more than three quarters 
of forests. The effect of forests on water quality is often seen as consisting of a 
passive and an active component (Wenger 2002). The passive effect corresponds to 
the exclusion of practices that could impair water quality. This may be due to prac-
tical reasons (for example because the forest is in a remote area, difficult to access, 
or otherwise unsuitable for other landuse forms) or because of legal restrictions 
(for example on the use of fertilisers and pesticides in forests of many regions or 
countries). This passive effect is generally recognised as very important (Küchli 
and Meylan 2002; Chang 2002).

A passive effect was also deduced from our nitrate analyses in streams from 
three small catchments at Alptal (Switzerland), each with a different land cover 
(Fig. 5.3; Schleppi et al. 2003). Low nitrate concentrations were measured in catch-
ments dominated either by spruce forests or by pastures, and even lower concentra-
tions in the catchment dominated by wet grasslands (formerly used as extensive 
meadows and then abandoned). These positive results were interpreted as arising 
from a combination of (1) the perennial vegetation, (2) no use of commercial 
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 fertilisers, (3) high precipitation amounts (dilution effect) and (4) wet soil favouring 
nitrate losses via denitrification.

Active effects are defined as arising directly or indirectly from the presence of 
trees. Because of the size and aerodynamic roughness of forest canopies, they retain 
more atmospheric pollutants, which corresponds to an increased dry deposition that 
can be washed from the foliage as throughfall (Lovett and Reiners 1986; Draaijers 
et al. 1992). The evaporation of water intercepted by the canopy also causes an 
increase in the concentration of solutes (Swanson et al. 2000). These effects are 
generally more pronounced with evergreen than with deciduous species (e.g. Rothe 
et al. 2002). In areas with high deposition rates, it may happen that a forest clearcut 
improves the water quality by reducing pollutant concentrations in the water reach-
ing the soil (Frijns and Tietema 2002). Below ground, trees differ mainly from 
other plants by their ability to develop deeper roots and by their more frequent 
association with mycorrhizae, which enables them to better access water and nutri-
ents from a larger soil volume. The high transpiration and lower water yield 
(see above) of forests are potentially negative for water quality by concentrating the 
solutes. Deep roots, however, (re)capture nutrients and especially base cations from 
deeper soil layers (Jobbágy and Jackson 2004). This can facilitate the closure of the 
element cycles and thus slow down soil acidification and improve water quality. 
These direct effects of trees on water quality were mainly studied at the plot level 
with soil solution sampled with lysimeters or suction cups. Results from studies on 
tree roots, mycorrhizae and their water relations are summarized by Rewald et al. 
(Chapter 2, this volume).

At Hubbard Brook (New Hampshire, USA), all major ions except sulphate, 
carbonate and ammonium showed increased concentrations in the stream after 
clearcutting headwater catchments. This was especially the case for the major plant 
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nutrients nitrate and potassium (Likens et al. 1970). In the Plynlimon catchments 
(Wales), deforestation was shown to increase nutrient losses to the stream for  
5 years, which was due to both a reduced plant uptake and a faster decomposition 
(Neal et al. 1992). At Coweeta (North Carolina, USA), element losses after a 
clearcut were limited by fast-growing early-succession species (Boring et al. 1981), 
but defoliation by insects increased nitrate losses (Swank et al. 1981). However, the 
effect of such disturbances was also limited in time, while long-term increases in 
nitrate leaching were attributed to N saturation from atmospheric N deposition 
(Swank and Vose 1997). Even a moderate forest thinning can lead to noticeably 
increased fluxes of sediments, base cations and chloride, as shown in paired catch-
ments near Istanbul (Turkey) (Serengil et al. 2007). In small catchments in Québec 
(Canada), forest harvest and forest fires were shown to increase N, P and K nutrient 
exports (Lamontagne et al. 2000). For N and P, this was relevant for water quality, 
for K it was important for the nutrition of the forest ecosystem itself. More gener-
ally, increased nutrient concentrations in streams are observed after fire (reviews by 
Landsberg and Tiedemann 2000; Ice et al. 2004) as well as after forest cutting 
and harvesting. Dissolved P exports to streams are not much affected by forest 
 management, but P is present in suspended matter and exports are thus increased 
when erosion occur (Stednick 2000).

Apart from fertilisation, the amount of nitrate lost after forest harvest has been 
related to N deposition and N saturation (Swank and Johnson 1994; Fenn et al. 
1998). From a study of water bodies in the USA, Stoddard (1994) distinguished 
between different stages of N saturation, according to the seasonality of nitrate 
leaching, with advanced N saturation being characterised by high nitrate losses 
throughout the year. Nitrate leaching, however, cannot be predicted from N deposi-
tion only. Among forest sites across Europe, Dise and Wright (1995) distinguished 
between three levels of N deposition. At low rates (<10 kg ha−1 a−1), there is practi-
cally no nitrate leaching and at high rates (>25 kg ha−1 a−1) significant leaching is 
generalised. At medium rates, some forests lose nitrate but others do not. Their 
behaviour is then related to their internal N status, mainly to their soil C/N ratio, as 
shown by coniferous forests belonging to the European NITREX project (Gundersen 
et al. 1998). On three of these sites, experimentally increased N deposition was 
tested in small catchments. At Sogndal (Norway), the catchment treated for 9 years 
with nitric acid (7 kg ha−1 a−1 N) lost 10% of the added N as nitrate. This proportion 
was similar as in the control catchment and did not show increases with time, which 
was a sign that this shrub ecosystem did not reach N saturation (Wright and 
Tietema 1995). At Gårdsjön (Sweden), under Norway spruce, episodic nitrate 
leaching initially occurred mainly during the dormant season. It increased with time 
in the NH

4
NO

3
-treated catchment (40 kg ha−1 a−1 N), affecting also the growing 

season and reaching 10% of the added N after 13 years (Moldan et al. 2006). The 
authors considered an accumulation of ammonium as responsible for the incomplete 
retention of N on their site. At the Alptal (Switzerland), also a Norway spruce 
forest, a similar treatment (25 kg ha−1 a−1 N) resulted in higher loss rates, increasing 
from 10% to 30% of the added amounts within 7 years (Schleppi et al. 2004). 
The original rate has been explained by a direct loss of precipitation nitrate due to 
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fast preferential flow through the soil, while the increase with time was accompanied 
by a decreasing C/N ratio. This was interpreted as a causal relationship, the lower 
C/N ratio hampering the immobilisation of further N deposition. At Bear Brook 
(Maine, USA), a site with mixed hard- and softwood forests, N was added at the 
same rate (25 kg ha−1 a−1 N) for 12 years, to but as (NH

4
)

2
SO

4
. A strong increase in 

nitrate losses was also the consequence, in this case accompanied by clear signs of 
acidification in the short term (Norton et al. 2004) but without further deterioration 
in the longer term (Laudon and Norton 2010). At Fernow (West Virginia, USA), 
acidification has also been shown in the stream draining the treated hardwood forest 
receiving additional (NH

4
)

2
SO

4
 (25 kg ha−1 a−1 N). Nitrate-N leaching was in the 

same proportion as at Alptal, initially 10% of the addition, later increasing to 
around 30% (Adams et al. 2007). Considering together these paired-catchment stud-
ies, it appears that, regardless of its chemical form, a long-term addition of N to 
forests leads to an accumulation of N in the soil and to a progressive increase in 
nitrate leaching. This general pattern can be described as N saturation, but the 
involved mechanisms are diverse across sites (with or without acidification, with or 
without decreasing C/N, with an initial retention rate higher or lower than the con-
trol). The mechanisms of N retention are also changing over time (Morier et al. 
2010) and do not necessarily fit to the classical models of N saturation by Aber 
et al. (1989) or by Stoddard (1994).

The Importance of Long-Term Catchment Studies  
in a Changing World

Experiments dealing with climate changes are obviously difficult to conduct at the 
scale of headwater catchments. At Risdalsheia (Norway), the roof first used to 
exclude acid rain (see above) was converted to a greenhouse making it possible to 
study effects of an increased temperature and CO

2
 concentration (van Breemen 

et al. 1998). In the treated small catchments, N mineralization increased and mark-
edly more nitrate was lost to stream water, in spite of faster tree growth.  
At Storgama (also in Norway), Stuanes et al. (2008) conducted different manipula-
tions on very small catchments, including removing snow or, on the contrary, artifi-
cially insulating the soil during winter. Water quality (especially nitrate concentration) 
was shown to change both with soil temperature and atmospheric deposition. In a 
warmer climate, soil temperatures may either increase or decrease during winter 
depending on snowfall and snow interception by trees (Stadler et al. 1996). As a 
consequence of such non-linear effects, trends in water quality may change locally 
as average temperature increases.

Whole-catchment experiments were very useful for the study of water and bio-
geochemical cycles. Compared to laboratory experiments and plot studies, they 
have the incomparable advantage to encompass a wider range of natural variability, 
and more interactions and feedbacks between components of the ecosystems. 
Avoiding many artifacts of smaller-scale experiments, they deliver results which 
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can more easily be extrapolated to the real world. Plot studies within catchments, 
with the possibility to compare different scales can often combine this advantage 
with more insights into the underlying processes (e.g. Hagedorn et al. 2001; 
Knoepp et al. 2008). Depending on the factors studied, however, catchment research 
can be very expensive. This was already the case for the land-use and deposition 
experiments described above, but even more if realistic climate-change scenarios 
are to be simulated. The only perfectly realistic climate-change experiment is prob-
ably the one currently conducted by mankind on the whole planet Earth. An experi-
ment without a control, however.

Due to the difficulties in establishing realistic climate-change experiments, some 
gap remains between small-scale experiments and long-term monitoring, the latter 
being often difficult to interpret because several factors change in parallel, con-
founding between causes underlying the observations. We can trust that scientists 
will always again find new approaches to tackle new questions and hypotheses. 
There were many successful studies in the past which actually based on unwanted 
disturbances like fire, insect outbreaks (see above) or climatic events like frost (e.g. 
Mitchell et al 1996) or windstorm (e.g. Badoux et al. 2006). Already shortly after 
the question of global warming arose, Driscoll et al. (1989) interpreted trends 
observed after 25 years of research at Hubbard Brook as a possible effect of 
climatic changes. For long-term studies, however, decisions about methods are 
actually partly taken before new questions arise. A great attention must thus be paid 
to the quality control of field measurements, sampling and laboratory analyses. 
In their classical work, Likens and Bormann (1995) note that a sampling strategy 
based on fixed times is sufficient, at least for their catchments where discharge and 
concentrations do not vary much over time. Hornung et al. (1990) also recom-
mended taking weekly water samples, along with some storm sampling. Many 
other catchment studies followed or still follow such sampling schemes. Introducing 
flow-proportional sampling schemes, however, was shown to reduce both system-
atic and residual errors in flux calculations (Schleppi et al. 2006b). Here, we see a 
simple but real potential to improve the statistical power of the monitoring, one of 
the three key issues recently pointed out for the success of long-term monitoring 
(Lindenmayer and Likens 2009).

Several networks of catchment studies are active in different regions of the world 
or globally, for example the International Hydrological Programme (IHP, UNESCO), 
the Hydrology and Water Resources Programme (HWRP, WMO), the Global 
Terrestrial Network - Hydrology (GTN-H) or the Global Runoff Data Centre 
(GRDC). For the long term, catchments studies will probably need to be even better 
integrated in large network to be able to resolve at least the main interactions exist-
ing between temperature, precipitation, land-use, pollution etc. Because of the 
duration of forest life cycles and forest dynamics, and because progressive effects 
of environmental changes can take long to evolve, long data records are important 
to yield statistically significant trends. There is always a risk that this kind of 
research loses novelty and attractiveness with time, which does obviously not make 
it easier to finance. Forest research institutes outside the university structure are 
often the only ones to ensure the necessary longevity of research projects. Within 
the concept of adaptive monitoring by Lindenmayer and Likens (2009), however, 
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scientists should be able to establish a productive cycle of new questions, adapted 
methods and new answers. Maintaining, improving and integrating high-quality 
networks thus remains of prime importance. Significant advances in our ability to 
understand and forecast the effects of environmental changes on forests and their 
water cycle will always require the combination of experiments and long-term 
monitoring at the catchment scale.
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Introduction

Mountains cover roughly one quarter of the planet’s surface and are known as the 
Earth’s water towers (Weingartner et al. 2003). They do not only produce a surplus 
of water that is transported to neighboring lowlands, bringing vital benefit for life, 
but also hold dangers as a destructive element in the form of floods (Weingartner 
et al. 2003). In view of their hydrological significance, mountain regions present a 
paradox: although they provide the bulk of the world’s water resources, knowledge 
of these resources is generally much less extensive, reliable and precise than for 
other physiographic regions (Rodda 1994). Hydrological processes in mountains 
are strongly influenced by snow and snow melting processes, relatively frequent 
precipitation events with greater total volume compared to lowlands, decreasing 
soil depth with increasing altitude resulting in quick hydrological responses, rela-
tively short vegetation growth with comparably low evapotranspiration rates, and 
steep slopes. All of the latter favor the susceptibility for floods and peak runoff 
events. At mid-latitudes, the elevational zone between 1,000 and 2,000 m a.s.l. has 
been identified as being particularly sensitive because effective snow storage 
reduces the flood hazard at altitudes above 2,000 m (Weingartner et al. 2003). For 
Alpine countries flood protection and water management play a key role in the 
overall hazard management and risk prevention.

Changes in vegetation and land use management may drastically affect stability of 
mountain ecosystems and their hydrology. On a global scale, changes in total forest 
cover have resulted in a net forest loss of 7.3 million hectares per year between 1990 
and 2005 (FAO 2007). While deforestation (please see Box 6.1. for terminology) has 
occurred mainly in the tropics and outside of mountain ranges, a significant forest 
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expansion has been observed during the twentieth century in several mountain ranges 
of developed countries including the Alps (Gellrich et al. 2007; Tasser et al. 2007), 
the Pyrenees (Vicente-Serrano et al. 2004), the Appennines (Piégay et al. 2004), the 
Carpathians (Kozak 2003), the British Uplands (Bunce 1991), and the Appalachian 
Highlands (Wear and Bolstad 1998). Responsible for the forest cover increases is 
mainly the marginalisation of agricultural areas (Baldock et al. 1996). The natural 
regrowth of forests in industrialized countries during the last decades is the expres-
sion of a profound economic and social change where resource scarcities (food, soil, 
labour, energy) have fundamentally changed. The return of forests accompanies the 
decrease of poverty and the respective growth of welfare (Baur et al. 2006).

Forest cover changes have drastic effects on a large number of ecosystem goods 
and services in the Alps (Schröter et al. 2005). Beside changes in their role as habi-
tats for various plant and animal species, for wood production and recreation, forest 
development in mountainous ecosystems is also expected to influence hydrological 
processes, soil erosion and the occurrence of natural hazards such as rockfall, snow 
avalanches and shallow landslides (García-Ruiza et al. 1995; McDonald et al. 2000; 
Bebi et al. 2009).

There is overall agreement that climate as well as land use change in the Alps will 
be rapid and strong compared to other European regions, and that mountain areas 
will be the most vulnerable regions of Europe (Begert et al. 2005; Schröter et al. 
2005). However, there is considerable uncertainty about the effect of these changes 
on alpine vegetation cover and especially on forest development, shrub encroachment, 
stability of soils and slopes and the concomitant effects on hydrological regime. 
From an ecological point of view, land-use abandonment and subsequent forest 
regrowth have a lot of positive impacts such as lowered inputs of pesticides and 
fertilizers, provision of clean water and an increase in soil stability. Other effects, like 
the loss of biodiversity, loss of cultural heritage elements and the change in landscape 
aesthetics have been controversially discussed (McDonald et al. 2000; Conti and 
Fagarazzi 2005). An important, but yet not well investigated or discussed change 

Box 6.1 Terminology

Forest growth: forest (or shrub) growth without intervention by humans in 
areas where naturally no trees were growing (it might or might not be due to 
climate change)
Forest regrowth: forest (or shrub) regrowth without intervention by humans in 
areas where trees have already been growing in former times (it might or 
might not be due to climate change)
Afforestation: planting of trees by humans in areas where naturally no trees 
were growing
Reforestation: planting of trees by humans in areas where trees have already 
been growing in former times
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will be the change in hydrological regime and dynamics. In this contribution, we 
review the forest development in the European Alps with special emphasis on the 
potential consequences for the hydrological regime of alpine catchments.

Development of Forested Areas and Shrub Encroachment  
in the Alps

Naturally Alpine treelines seem to have been relatively stable throughout the 
Holocene with not more than ±100 m fluctuations (Heiri et al. 2006). Nevertheless, 
human land use already influenced the tree line and forested areas in the Alps since 
the early Holocene and lowered the treeline considerably since 4500 bp (Veit 
2002; Heiri et al. 2006). Forested areas decreased in many alpine countries dra-
matically between the tenth and nineteenth centuries for firewood collection, 
construction, industrial needs and agricultural use and has led to severe soil erosion 
(Bundesamt für Statistik 2001; Descroix and Gautier 2002; Liébault et al. 2005; 
Fritsche et al. 2006). A representative land cover analysis of the Eastern Alps for the 
late 1970s yielded in a total of 26% area transformed from forested areas into anthro-
pogenic grasslands (Körner 1989). Since the late nineteenth century the forested area 
is increasing again because reforestation was promoted for flood protection and 
 erosion control or due to land abandonment. In the European Alps, 40% of all farm 
holdings were abandoned within 20 years (1980–2000). In addition, almost 70% of the 
farms that are still in operation today are run only as a secondary source of income 
(Tappeiner et al. 2003). In terms of land use, this means that an average of 20%, in 
some areas even as much as 70% of the agricultural land of the Alps has been aban-
doned (Tappeiner et al. 2003). The areas which have been abandoned were mostly 
former traditional land use types such as larch meadows, less intensively used 
meadows of the subalpine and alpine belt as well as the inaccessible and steep areas 
(Bundesamt für Statistik 2001; Tasser and Tappeiner 2002; Verbunt et al. 2005). 
After abandonment, vegetation succession occurs at varying rates that are dependent 
on site conditions (climatic factors, topography, soil degradational status, increasing 
with increasing soil depth), tree species, proximity of mature seeding trees, pressure 
by snow gliding and avalanches (Tasser et al. 2003). In Switzerland, forested area 
increased from 18% to 31% between 1855 and 1997 (Ritzmann-Blickenstorfer 
1996; Bundesamt für Statistik 2001; Descroix and Gautier 2002; Piégay et al. 2004) 
with most of this change occurring in the Alps, and with a high regional heterogene-
ity in forest expansion within the Alps (Fig. 6.1). Even though changes in tree line 
dynamics in the Alps are a result of both, land-use and climate change, there is 
overall agreement that the abandonment of alpine meadows is the main driving fac-
tor for the increase in wooded area (Tasser and Tappeiner 2002; Krausmann et al. 
2003; Heiri et al. 2006; Bigler et al. 2006; Bolli et al. 2007;  Gehrig-Fasel et al. 2007; 
Tenhunen et al. 2009). However, when discussing the  relative importance of climate 
versus land use change in affecting vegetation cover and forest regrowth, not only the 
expected upward shift of treeline with increase in temperature has to be considered. 
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Any change in snow dynamics (amount, duration and timing of the snow-pack) can 
have long lasting environmental and economic consequences (Beniston et al. 2003). 
Especially changes in the length of the snow season can have a strong impact on 
growth and survival rates of numerous plant species and are thus likely to be one of 
the most significant factors for alpine vegetation (Jones et al. 2001; Körner 2005; 
Cannone et al. 2007).

A quantitative analysis of forest expansion in the Swiss Alps based on inventory 
data has confirmed that natural regrowth of forests occurred mainly where the costs 
of cultivation might not be covered by yields. Natural regrowth occurred thus 
mainly in high elevated, steep, poorly accessible sites. This is consistent with the 
observation that about two thirds of the abandoned areas were alpine pastures, 
where only 4% of direct agricultural subsidies are invested (Baur et al. 2006).

The speed of forest succession may vary considerably according to regional 
climate, former land-use and different autogenic or allogenic factors. Long-term 
average return interval between successful tree establishment in the European Alps 
after land abandonment ranges from 15 to 100 years (Bugmann 2001; Bolli et al. 
2007). Rapid succession processes after land abandonment are mainly an effect of 
favorable climatic conditions and are for example observed in the southern 
(insubric ) valleys of the Swiss Alps (Walther and Julen 1986). Slow pathways are 
most often observed where exposure to grazing or to climatic factors are extreme 
(Schütz et al 2000) or where formation of dwarf shrubs build relatively stabile 
 successional stages (Zoller et al 1984).

The future regrowth of forested areas might in some areas be impeded by the 
combined effects of increased insect disturbance and increased risk of droughts 
and wildfires under future climate change (Alewell and Bredemeier 2006;  
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Fig. 6.1 Spatial distribution of forest expansion in the Swiss Alps between 1985 and 1997. 
Calculations are based on 1-ha raster inventory data of the Swiss Areal Statistics



1156 Forest Development in the European Alps and Potential Consequences

Bigler et al. 2006; Schumacher and Bugmann 2006). In contrast, shrub encroach-
ment may increase more rapidly as has been shown for the case study in the Urseren 
valley (30% increase of area covered by Alnus viridis between 1959 and 2004; 
Meusburger and Alewell 2008, 2009). Furthermore, spatially variable socio-eco-
nomic and natural factors of forest development add to a pattern of forest expansion 
and forest development, which may considerably vary for different regions of the 
Alps (Gellrich et al. 2007).

Forests and forest regrowth have strong local and regional effects on climate 
(discussion see below). Vice versa, climate change affects forests and forest 
regrowth. Globally, forests are under tremendous pressure from global change 
(Bonan 2008), but mountain forests might be the winner of the combined effects of land 
use change (discussion see above) and climate change. Climate change is  discussed 
to cause an upwards shift in alpine treelines. However, the observed treeline dynamics 
in the Alps are the results of both, land use and climate change with land use change 
having most likely the greater effect: Tree establishment is triggered by the abandon-
ment of the agricultural use of the meadow, but then strongly favored by particular 
good growing seasons under warm conditions (Bolli et al. 2007).

Development of Soil Stability in Alpine Regions

Predicted and observed climate and land use change can be expected to have 
 significant detrimental effect on soil stability in alpine environments. Soil stability 
and forest expansion are closely linked since soil degradation may hamper forest 
expansion but vice versa forest expansion might increase soil stability. Deforestation 
generally leads to a dramatic increase in natural rates of erosion and sediment 
 production (Liébault et al. 2005). Furthermore, soil stability is related to hydrological 
regime, since degraded soils have increased runoff and lower evapotranspiration.

Rising air temperature, and especially the increasing number of days with air 
temperatures above zero, influence the occurrence of snowfall and time of snow-
melt (Birsan et al. 2005), resulting in a rising snow line. At the same time snow 
melting is reported to occur earlier in spring due to rising temperatures but with 
no obvious shift in autumn (Laternser and Schneebeli 2003; Jasper et al. 2004; 
Beniston 2006; Horton et al. 2006). This indicates a higher amount of precipita-
tion in the form of rainfall and runoff in winter and spring with potentially increas-
ing soil erosion during times of sparse or no vegetation cover (Fuhrer et al. 2006). 
A  permanent snow cover in winter protects the soil from freezing which is impor-
tant for snowmelt infiltration and runoff, respectively (Stähli et al. 2001; Bayard 
et al. 2005). Thus, with early snow melt, changes in freezing/thawing cycles can 
be expected to increase soil erosion and mass movement because of low vegetation 
cover in early spring, but also due to changes in permafrost occurrence. Changes 
in snowmelt are considered to be mainly critical for altitudes between 500–800 
(in winter) and 1,000–1,500 m a.s.l. (in spring) (Wielke et al. 2004). These have 
also been shown to be the most critical areas for increase in erosion damage due 
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to land use intensification of lower, more accessible slopes (see below, Alewell 
et al. 2008; Meusburger and Alewell 2008, 2009).

Droughts are expected to be more frequent under future climate change (Brunetti 
et al. 2006; Fuhrer et al. 2006). Droughts are not only affecting vegetation stability but 
can furthermore cause the soil surfaces to become hydrophobic. Thus, the infiltration 
rates decrease and surface runoff increases. In combination with increased heavy rain 
events following such droughts, this might cause increases in soil  erosion rates. 
Precipitation changes in winter are predominantly due to an increase in number, 
frequency and extension of heavy precipitation events (Schmidli and Frei 2005; Fuhrer 
et al. 2006). Torrential rain is widely recognized as considerably contributing to ero-
sion (Summer 1989; Acornley and Sear 1999; Fraser et al. 1999; Descroix and Gautier 
2002) especially in winter or spring when soils have low or no vegetation cover.

Even though there is no doubt that climate change, and especially the change in 
snow dynamics and the increase in intensity and duration of torrential rain events 
contributes to soil degradation, land use intensification and change in management 
practice of the lower, more easily accessible slopes was found to be the main driving  
force of increase in soil erosion (Alewell et al. 2008; Meusburger and Alewell 2008, 
2009). A case study in the Urseren Valley (Canton Uri, Switzerland) with an analysis 
of aerial photographs between 1959 and 2004 has revealed a 92% increase of the 
area affected by landslides (Fig. 6.2; Meusburger and Alewell 2008, 2009).

Fig. 6.2 Increase in land slide affected area in the Urseren Valley, Kanton Uri, Switzerland (Data 
from Meusburger and Alewell 2008)
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With respect to land use change, the erosion risk in lowlands and in pre-alpine areas 
is assumed to have mainly increased during the last century (Scheurer et al. 2009).  
In alpine areas, it is not yet clear whether we can expect a reduced erosion risk due to 
reforestation or if the abandonment of sites will result in destabilization and an increased 
erosion risk (Tasser et al. 2003; Scheurer et al. 2009). While Tasser et al. (2003) found 
an increase in landslide susceptibility in abandoned areas which are invaded by shrubs 
or bushes (Alnetum viridis, Calluna vulgaris, Junipero-Arctostaphyletum), Meusburger 
and Alewell (2008) found lower landslide densities in areas invaded by Alnus virids in 
the past 45 years. It is likely that some alpine grasslands show a destabilized phase 
 during the succession from grassland soils to scrub or forest.

There is no doubt that stable vegetation cover is one of the best protection 
 measures to shield soils and slopes from degradation through erosion (e.g, Isselin-
Nondedeu and Bédécarrats 2007). Thus, the development of vegetation and espe-
cially the development of forested areas are a crucial parameter when predicting  
soil erosion and slope instability.

Effects of Change in Forested Area on Hydrology

When discussing effects of forest area on hydrological regime, the effect of forests 
on climate in general is important. The worlds’ forests influence climate warming 
 positively through decreased albedo (= increased solar heating of land compared to 
crop, grassland, bare soil and snow) and negatively through carbon sequestration 
and evaporative cooling including feedbacks such as increased cloud formation 
(Bonan 2008). The net effect of forests on climate is unclear and will differ 
between climate zones. Boreal forests are considered a warming of climate mainly 
due to low surface albedo during the snow season, which offsets the negative cli-
mate forcing due to carbon sequestration (Bonan 2008). The latter might be 
extrapolated to winter time conditions of alpine forests even though scientific evi-
dence is missing so far. Temperate forests have been shown to have lower surface 
radiative temperature due to greater aerodynamic conductance and evaporative 
cooling compared to grasslands (Bonan 2008). We suggest that the latter might also 
apply for summer time alpine conditions. The recent discussion about a regrowth 
of forests has often focused on a mere consideration of carbon sequestration and 
an assumed climate benefit. However, the neglect of other crucial impacts such us 
alteration of hydrological dynamic and changes in albedo might miss important 
environmental consequences.

While there is general agreement that forests reduce flood flow, the discussion is 
controversial about the effect of forests on overall runoff amount and base flow 
conditions (Chapter 5, this volume). The “forest hydrological hypothesis” states that 
forests increase base flow (German 1994; Weingartner et al. 2003). However, two 
studies in Alpine catchments concluded that surface runoff can be considered to be 
generally lower in forests due to high infiltration rates of humus layers and higher 
tree evapotranspiration compared to grasslands (Ammer et al. 1995; Leuppi and 
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Forster 1990; Leuppi et al. 1990). Tasser et al. (2005) concludes that a reforestation 
of formerly cultivated areas would result in an increase in evapotranspiration and a 
reduction of runoff by 7–52%. A comparison of alpine grasslands with alpine 
spruce forest in the Urseren Valley (Canton Uri, Switzerland) resulted in signifi-
cantly higher simulated evapotranspiration for the forest (34% or 538 mm com-
pared to 18% or 310 mm for forests and grasslands, respectively, Leuppi et al. 
1990) and concomitant differences in runoff regime. Furthermore, simulated 
monthly runoff was not only generally lower throughout most of the year but maxi-
mum runoff rates due to snow melt are later in the year (June compared to early 
May) because snow melt is generally delayed and dampened by higher shielding of 
radiation in the  forests. Thus, forests provide protection against peak runoff events 
especially during the critical time period of snow melt. Greatest relative differences 
between evapotranspiration rates of mountain forests in the Alps and grasslands 
were simulated in early spring when spruce forests are already transpiring while 
grasslands are still under closed snow cover and in winter when precipitation inter-
ception is effective in forests and/or forests are transpiring during warmer winter 
days while for the grassland only evaporation of the snow layer is active (Leuppi 
et al. 1990).

The highest probability for floods in the Swiss Alps is in late summer/ early 
fall (August–September; Weingartner et al. 2003). A runoff simulation of the 
detrimental  rain storm event of August 1987 resulted in 22% decrease in runoff 
(104 mm  compared to 134 mm) with a simulated reforested south slope of the 
Urseren Valley (Leuppi et al. 1990). However, Leuppi et al. (1990) pointed out 
that the net effect of a simulated reforestation for the whole catchment at three 
investigated alpine sites on the reduction of peak runoff was relatively small 
because only 15–20% of the catchments could be reforested under today’s cli-
matic conditions. No clear  correlation between percentage of forest cover 
and  specific mean annual flood  discharge was found for mesoscale catchments 
(10–500 km2, n = 37; Aschwanden and Spreafico 1995) because other factors like 
slope, soil characteristics, altitude, precipitation and snow dynamics play into 
this relationship. Nevertheless, the above discussion implies that a significant 
influence can be expected within a given catchment once percent of forest cover 
changes. At catchments above the tree line, up to 90% of the precipitation leaves 
the ecosystem by runoff (Schädler and Weingartner 2002). With increasing areas 
of forest, a decrease in erosion and sediment production was reported in different 
catchments in the Southern French Alps (Piégay et al. 2004; Liébault et al. 2005). 
Erosion rates in undisturbed forests are generally low as soil is stabilized by roots 
and protected against raindrops by leaves and humus layer (Wischmeier and 
Smith 1978; Bundesamt für Statistik 2001). In contrast, deforested areas yield 
higher runoff, and instable soils with low or non vegetation cover will increase 
percent runoff on total water balance. From forest clear cutting, planned hill 
slope afforestation as well as hydrological modeling  studies it became obvious 
that the change in vegetation cover may have a tremendous effect on hydrological 
processes (water balance, floods), sediment production and mudflows (WSL 
2005; Piégay et al. 2004).
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In the eleventh century almost all forests in the Urseren Valley (Canton Uri, 
Switzerland) had already been converted into grasslands. The subsequent, detrimen-
tal consequences have been increases in avalanches, floods and severe landslides and 
led to the first written directive across the Alps, the so-called Waldbannbrief of 1397. 
The letter aimed at preserving and protecting the remaining forest islands in the 
Urseren Valley. Modeling of re-afforestation scenarios in the Urseren Valley indi-
cated a 10% decrease in runoff for a water saturated soil situation and a 57% 
decrease for a dry soil situation (Leuppi and Forster 1990). Leuppi and Forster 
(1990) conclude that a complete regrowth of forests in the Urseren Valley within 
forests climatic boundaries would only insignificantly influence hydrograph dynam-
ics because of the relatively small area of regrowth compared to forest free area 
above the tree line. Long term measurements of the Reuss catchment in the Urseren 
Valley (runoff data since 1904) indicate a reduction by about 30% during the last  
10 years, particularly during the summer months, compared with long term means 
over the last 60 years (BAFU 2007). However, it is unclear to what extend these 
runoff changes are caused by shrub encroachment (30% increase of shrub area 
between1959 and 2004), soil degradation (Meusburger and Alewell 2008), by 
climate change or by changes in the water ways and management.

Afforestation in the southern French Alps induced a decrease in hydrograph peak 
events and duration increases during the twentieth century because of increase in 
water retention capacity of forested areas (Piégay et al. 2004). Even though the 
 beneficial effects of reforestation or afforestation on decreased sediment production, 
land slide and flood risk has been shown in a variety of studies (for overview see 
Piégay et al. 2004 and Liébault et al. 2005), lower runoff coefficients and  sediment 
supply comes along with negative side effects like channel narrowing and deepening 
and shortened period of soil moisture surplus (Pearce et al. 1987). The latter might 
cause water supply deficiencies in times of increased drought stress under future 
climate change. Large-scale reforestation often induces a proportionally greater 
decline in sediment supply than in runoff (Liébault et al. 2005). The reduction in 
sediment supply hampers replenishment of gravel bars and induces formation of 
forested terraces along gravel-bed rivers narrowing channel beds which may lead to 
further incision (Liébault et al. 2005). Channel narrowing and deepening has been 
observed as a typical morphology of reforested headwater catchments (Liébault 
et al. 2005; Piégay et al. 2004). Even though channel narrowing  and incision might 
generally be connected to increased flood risk, this might not be true for headwater 
catchments at least not to a dramatic extent. However, if this phenomenon extends 
to rural and urban areas it might result in undercutting and destabilizing of dikes 
causing increased flood risks (Landon et al. 1995, 1998 quoted from Piégay et al. 
2004). Headwater channel incision might also temporarily increase the supply of 
sediment to main rivers, thereby delaying the impact of reforestation on the fluvial 
system further down stream (Liébault et al. 2005). Apart from hydrological  concerns, 
the disappearance of the braided pattern of headwater streams, which is predicted to 
be followed with the same trend by the main rivers in the coming decades, might 
raise concerns about biodiversity and nature conservation. However, the latter issues 
are beyond the scope of this paper.
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Inf luences of Different Site Conditions and Forest Types

It is useful for further discussion and management options to delineate simple, 
straight forward cause–effect relationships between forest dynamics and hydro-
logical  regimes (Fig. 6.3). However, we have to keep in mind that the influence of 
forest cover on runoff is highly variable according to site conditions and forest type. 
Bosch and Hewlett (1982), who reviewed 94 catchment studies from different loca-
tions worldwide (but with a focus on catchments in the USA), found a large vari-
ability in the effect of the forest on runoff. With one exception, an increase in forest 
cover had a decreasing influence and a decrease in forest cover had an increasing 
influence on annual runoff. However, this influence was higher for coniferous 
 forests (on average 40 mm change in water yield per 10% change in forest cover) 
compared with deciduous hardwoods (ca. 25 mm) and shrubs (ca. 10 mm).
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Various authors associate the influence of forests on the hydrological regime and 
on flood hazard with soil properties (Chang 2003; Weinmeister 2003; Badoux et al. 
2006). Forest soils have generally a larger water storage capacity than agricultural 
land due to a higher content of organic material, less compaction and usually more 
porous soil structure up to larger rooted depths (Badoux et al. 2006). However, 
these differences may be negligible under certain soil conditions, such as shallow 
and wet soils lying on impermeable bedrock (Burch et al. 1996). Accordingly, the 
influence of different forest types and tree species and thus the influence of forest 
management on hydrological regimes is also highly dependent on soil type and soil 
permeability (Frehner et al. 2005).

Duration and depth of snowpack are influenced by both, climatic changes and 
changes in forest cover. Expansion of forest cover and forest cover density have 
generally an increasing effect on snow cover duration in cold areas, where the forest 
canopy acts as a filter to incoming shortwave radiation (Hardy et al. 1997; Link and 
Marks 1999). However, under warmer conditions, lower altitudes and with a high 
exposure to radiation, the heat storage of the canopy is increased, which enhances 
the release of longwave radiation and subsequently accelerates the melting process 
below forest canopies (Davis et al. 1997; Lopez-Moreno and Latron 2008). For 
topographically complex mountain ranges with large elevation gradients like the 
Alps, this means that the combined effect of climate warming and forest cover 
expansion will reduce snow cover accumulation and duration in some lower areas 
and increase it in other areas at higher altitudes. Thus, the occurrence of areas with 
deeper snowpack during warmer conditions may increase the occurrence of 
damaging  floods during intensive melting events, while a reduction in the snowpack 
across other areas is likely to impact upon the availability of water resources (Lopez-
Moreno and Stähli 2008). A similar effect of a different distribution of future snow-
pack in combination with forest cover change is expected for the occurrence of snow 
avalanches and forest-avalanche interactions. It is probable that  climatic changes in 
some mountain ranges may increase the ratio of wet snow  avalanches in forested 
areas, while snow avalanches may become less frequent in some lower-elevation 
forests, where temperature increases will be combined with a decrease of heavy 
snowfall events and/or with an increase of forest cover and forest cover density (Bebi 
et al. 2009). Changes of snow cover as a consequence and in combination with 
changes in forest cover are thus likely to lead to spatial shifts of areas prone to 
 different natural hazards and other consequences for the hydrological regime.

General Conclusions and Management Implications  
for the Alps

As discussed above, natural forest growth and forest regrowth in the Alps is highly 
heterogeneous on different spatial scales and is likely to continue in the future with 
areas tending towards almost complete forest regrowth and with other areas where 
forest expansion is limited due to natural and socio-economic causes. It is important 
to note that forest dynamics and forest regrowth patterns are regionally very diverse. 
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While in some mountain regions mainly low and medium slopes were and will be 
reclaimed by forests (e.g. the Pyrenees, Lasanta et al. 2006), the typical pattern for 
the Swiss Alps is abandonment and forest regrowth in remote areas (Baur et al. 2006). 
In many European mountain ecosystems completely new ecosystem dynamics will 
form and rural landscapes will be lost (Höchtl et al. 2005). The human assessment of 
this development is divided, with visitors/tourists judging mostly positive and inhabit-
ants/farmers of Alpine valleys being critical to negative (Höchtl et al. 2005). The 
effects of forest regrowth on the provision of different ecosystem goods and services 
are even more variable, as they depend on a variety of additional socio-economic and 
biophysical factors. This is particularly true for hydrological effects, in a complex 
mountainous environment. However, we believe it valid to state, that forest regrowth 
will reduce runoff, magnitude of hydrological peak events, sediment production and 
land slide risk. As such, areas at risk of one of these hazards might consider promot-
ing forest regrowth (Fig. 6.3). However, forest management and landscape planning 
should respect as much as possible the high spatial and temporal variability of forest 
cover changes and subsequent effects on hydrological regime. While site factors and 
soil properties relevant for hydrological processes in forests are increasingly respected 
in the management of existing protection forests (Frehner et al. 2005; Gauquelin and 
Courbaud 2006), land use planning and policy measures on the interface between 
agriculture land and forests are hardly adapted to these spatial variations. For exam-
ple, in Switzerland centrally planned policy measures generally aim at avoiding land 
abandonment and forest/shrub regrowth, independent on the regional and local effects 
on hydrological regimes and on the provision of other ecosystem services. The large 
variability of these effects would suggest a change in the governance of forest- and 
scrub regrowth, towards more target orientation in terms of the effects on soil erosion 
and hydrology and a shift of competence from the federal level to a regional or even 
local level. The need to differentiate situations at a low geographical scale and with 
respect to potential local and regional amenities and the need for local and regional 
adaptation of measures to manage abandoned land has also been identified for other 
Alpine countries (McDonald et al. 2000; Dax 2001).

Regionally adapted measures to avoid land abandonment or to manage aban-
doned land would be in line with major features of contemporary forest governance 
world-wide, which heads towards decentralization of forest management to meet 
the growing demands on forest ecosystems services like food, biofuel, and timber 
production in addition to the above discussed environmental services (Agrawal 
et al. 2008). To ensure a healthy balance between provision of environmental ser-
vices and production, and to guaranty effective protection, forest governance 
should, however, not be decentralized into private ownership.
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Introduction

In the last century the global air temperature increased by 0.74°C (IPCC 2007). In 
Austria an increase of 1.8°C was observed in this period (Auer et al. 2001).  
A climate change scenario used for Austria (ECHAM4/OPYC3) indicates an 
increase of the air temperature from 1.1 to 2.9°C for the next 55 years, compared 
to the 1961–1995 climatology (Matulla et al. 2002). Due to the country specific 
relief characteristics of Austria the precipitation scenarios contain much more 
uncertainty and the regionalized precipitation changes are ranging between −29 and 
+26% (Matulla et al. 2002). Results from a recent analysis by Loibl et al. (2009) 
based on the ECHAM5 model comparing the decade 2041–2050 with the decade 
1981–1990 show an increase of 2–2.5°C with higher temperatures during the sum-
mer and autumn months. A regional differentiated increase of precipitation occurs 
during winter and spring and a decrease during summer and autumn. In mountain-
ous areas with high precipitation the effects of climate change for tree growth are 
expected to be minor. In high altitudes a high air temperature combined with an 
elevated CO

2
 level may even result in better growing conditions for the trees, as the 

growing season is extended (Menzel and Fabian 1999). A precondition for that 
enhanced growth is, however, sufficient precipitation recharging the soil water 
reserves and consequently covering the transpiration demand of the trees. Otherwise 
changes of tree species and a shift of forest communities due to altered competition 
may occur (Lexer et al. 2007, 2002). However, the adaptive capacity and regional 
vulnerability to climate change in European forests is not well understood yet 
(Lindner et al 2010).
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The impact of such changing environmental conditions on Austrian forests is 
highly dependent on site characteristics. In the warm and dry regions of east and 
south east of Austria, where lowlands and hilly landscape are dominating, the 
annual precipitation is already very low (500–800 mm). Especially in these regions 
Loibl et al. (2009) expect a severe decrease of precipitation during the growing 
season posing a serious challenge for sustainable forest management.

Distribution and Vulnerability of Norway Spruce  
(Picea abies (L.)) in Lowlands

The management of spruce forests in low elevation sites is a challenge for silvicul-
ture in Central Europe, especially under the aspect of climate change. Spiecker 
(2000) give the following reasons for the artificial, man-made expansion of Norway 
spruce:

A high value production•	
Low cost of planting, including low need for repair planting and relatively low •	
damage due to deer browsing
High level of knowledge about Norway spruce•	

In the eighteenth century plantations of Norway spruce monocultures were initi-
ated in the Czech Republic. As a consequence the composition of the tree species was 
changed fundamentally (Klimo 2007). At present, Norway spruce is the most impor-
tant tree species in the Czech Republic, accounting for 52.8% of the total cadastral 
forest area. In striking contrast the natural amount of Norway spruce is estimated to 
be only 11% (Klimo and Kulhavy 2006). Climatic scenarios up to 2050 derived from 
global circulation models predict similar trends for temperature and precipitation 
compared to Austria (Dubrovsky et al. 2005). The species composition of the Slovak 
forest differs from that of the Czech Republic. The main species is beech (31.4%) and 
not Norway spruce (25.7%). Nevertheless, only an estimated quarter of the Norway 
spruce stands are considered to be natural. Hlasny and Balaz (2008) predict a negative 
climatic water balance for 2045 in large parts of the country. Therefore it can be 
assumed that in both countries the effects of climatic change will deteriorate the 
growth conditions for Norway spruce. In Germany also, Norway spruce is heavily 
affected by climate change. In many regions of Germany, especially in southern 
Germany the growth conditions for Norway spruce are already critical. By using 
“climate envelopes”, where the temperature and precipitation regimes of the natural 
distribution areas of the particular tree species are combined (Kölling 2007; Kölling 
and Zimmermann 2007; Bolte et al. 2008; Kölling et al. 2009) many spruce stands in 
Germany were identified as “problematic” and it is most likely that climate change 
will exacerbate this situation.

Austria is covered by 3.6 million hectares of forests that is 47.2% of the Austrian 
state area. Norway spruce is by far the dominating tree species, comprising 61.5% 
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of the total growing stock. In the lowlands and in the hilly regions of Austria many 
Norway spruce plantations were established in the last centuries, far outside of their 
natural range. Prskawetz and Schadauer (2000) estimate, that “secondary coniferous 
forests” comprise an area of approximately 355,000 ha. Secondary coniferous forests 
are defined as forests with an amount of more than 80% of conifers growing on 
sites suitable only for deciduous trees. On these sites already the current climatic 
conditions are often very unfavorable for the growth of Norway spruce.

The vulnerability of Norway spruce forests in Austria’s lowlands was analyzed 
by Niedermair et al. (2007). Based on the fact that in dry areas spruce dominated 
stands are highly vulnerable, the expansion of such vulnerable areas under an 
assumed increase of the air temperature of 2.5–5°C until 2100 was investigated. In 
the eastern and south eastern part of the country as well as in the north the clima-
tologic stress for Norway spruce will increase significantly. High air temperature 
combined with low precipitation triggers very often drought stress. Due to the 
reduced tree vitality bark beetle (Ips typographus (L.)) attacks become more fre-
quent and consequently increase tree mortality (Niedermair et al. 2007). The 
development of bark beetles is highly correlated with high temperatures during the 
growing season (Wermelinger and Seifert 1998). The impact of bark beetle distur-
bances on forest systems under climate change was investigated by Seidl et al. 
(2008, 2009). Results of scenario analysis indicated a strong increase in bark 
beetle damage under climate change scenarios (up to +219% in terms of timber 
volume losses) compared to the baseline climate scenario. If these scenarios will 
come true, only higher elevations in mountainous regions will provide suitable 
growing conditions for Norway spruce.

Kazda and Englisch (2005) analysed the vulnerability of Norway spruce by 
using climatic parameters like temperature sum and precipitation and defined 3 risk 
classes (high- medium – low). A sum of temperatures exceeding 3,050 deg d  
(2 p.m. temperatures summed according to Harlfinger 1999) indicates that Norway 
spruce is not part of the potential natural woodland community (Tüxen 1956).  
A long term annual precipitation lower than 600 mm or lower than 300–350 mm 
within the growing season (Mayer 1980) makes a sustainable growth of Norway 
spruce more than questionable. Besides of the already mentioned increased suscep-
tibility to bark beetle attack, the competitive power of Norway spruce in relation to 
other (broadleaved) trees is limited. In the “medium risk” class Norway spruce is a 
subordinate/co-dominant element of the potential natural woodland community. 
This zone is characterized by a temperature sum of more than 2,600°C and/or an 
annual precipitation of less than 800 mm. In the “low risk” class Norway spruce is 
a co-dominating/dominating element of the natural woodland community. The risk 
classes for Norway spruce in Austria are shown in Fig. 7.1. However, it is noteworthy 
that these risk classes represent only a very general approach. Local site parame-
ters, like soil properties, elevation, etc. can modify the risk within each class to a 
certain extent. If the water storage capacity of a shallow soil, for instance, is low, 
the risk is increasing. On the other hand soil water movement in a slope or a high 
soil water storage capacity can compensate low precipitation.
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Soil Water Regime in Norway Spruce Dominated Forests

Local soil properties play a crucial role for the survival of spruces in warm and dry 
areas. Shallow and sandy soils have only little soil water reserves. On the other hand 
also heavy, clayey soils are difficult to penetrate for spruce roots. Uniform spruce 
stands influence the stand hydrology in an unfavorable way. A considerable propor-
tion of precipitation is additionally lost by crown interception. Moreover, spruce tends 
to build up rather hydrophobic humus layers (mor, raw humus), which impedes the 
infiltration of water. The following two case studies illustrate the water use of Norway 
spruce under drought stress conditions (case study Fürstenfeld) and the water demand 
of Norway spruce compared with European beech (case study Kreisbach).

The Fürstenfeld Study

In this study the transpiration of Norway spruce (Picea abies), birch (Betula pendula) 
and trembling aspen (Populus tremula) was compared and the interactions with the 
soil water regime were analysed. The study was performed from 2003 to 2004 in a 
uniform 20 year old stand, consisting mainly of these tree species. In 2003 the sap 
flow of spruce and birch was measured, in 2004 the measurements included also 
trembling aspen. It is noteworthy that the year 2003 was dominated by heat and 
drought in large parts of Europe (Granier et al. 2007; Rebetez et al. 2006; Eybl et al. 
2005). This drought led to a decline of tree growth and vitality of many trees in 
different regions of Europe (e.g. Ciais et al. 2005; Dobbertin 2005). The stand 
originated from a large wind throw of a pure stand of Norway spruce. The study 

Spruce dominating
Spruce Intermixed

high risk
medium risk

Fig. 7.1 “High” and “medium” risk zones of drought for Norway spruce in Austria based on 
temperature sums and long-term annual precipitation
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plot in “Fürstenfeld” is located in the southeast of Austria at an elevation of 320 m 
a.s.l. The climate has a continental aspect with relatively warm summer and cool 
winter months. Mean annual temperature is 8.8°C, the maximum precipitation 
occurs in the early summer and the long-term average annual rainfall is 765 mm. 
The trees grow on a heavy, clay rich soil, classified as a Stagnic Luvisol according 
to the World Reference Base classification system (FAO 2006). Sap flow measure-
ments are a generally approved method to evaluate transpiration at tree level. For 
this study the heat field deformation (HFD) method (Nadezhdina et al. 1998; 
Čermák et al. 2004; Chapter 4, this volume) was used to measure the sap flow. HFD 
is based on the measurement of the deformation of a heat field around a needle-like 
linear heater due to the moving sap flow. Additional to these sap flow measure-
ments soil moisture was registered by using the time domain reflectometry (TDR) 
principle. As tree transpiration is also driven by the atmospheric demand, the 
measurement of meteorological parameters, like global radiation, wind speed, air 
temperature and relative air humidity completed the data set. More details about the 
study design and the applied methods are given by Gartner et al. (2009).

Weather Conditions in the Year 2003 and 2004

The weather conditions in the summer months of 2003 and 2004 differed considerably. 
In 2003 the weather was extremely hot and dry. These extreme weather conditions at 
the study site, especially in August 2003, are shown in Fig. 7.2a and b. The mean air 
temperature of this month was more than 6°C above the long-term value. Although 
72 mm of precipitation could be observed in August 2003, more than 90% of this 
amount fell only during the last 2 days of the month. In contrast, the summer of 2004 
showed average weather conditions with a very humid June (166 mm). The precipita-
tion in all 3 summer months was higher than in 2003 (see Fig. 7.2b). Although the 
average monthly air temperature in summer 2004 exceeded the  long-term values in 
some cases, it was considerably lower than in 2003 (see Fig. 7.2a).

Soil Water Content

The differences in the weather conditions between 2003 and 2004 are mirrored 
by the soil water content (Table 7.1). Although the yearly mean values are similar, 
the yearly variation of both years differed considerably. The soil water content in 
2003 started from field capacity in early spring (see Fig. 7.3). High temperature 
and a low precipitation in June 2003 were responsible for a sharp decline in soil 
water content. Due to a more humid period in the second half of July the soil was 
able to fill up the water reserves again. During the very hot and dry August of 
2003 the lowest water content within the whole measurement period could be 
observed. Heavy rainfall at the end of the month finished this drought period. In 
2004 there was a lot of rain and the soil water content remained at field capacity 
level till the mid of July (see Fig. 7.3). Then a characteristic seasonal pattern of 
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the soil water content with distinct dry cycles with minimum soil water content 
in October could be observed. However, this minimum soil water content was 
much higher than the minimum values of 2003. Both tree species formed rather 
homogenous groups that allowed a comparison of the soil water content. In 15 cm 
soil depth, within the main rooting zone of both tree species, significant differ-
ences could be recognized. At the beginning of the summer drought, where high 
soil water contents close to field capacity still prevailed, the soil under spruce 
dried out more rapidly than under birch trees. After some days, however, the soil 
water content under birch fell below the corresponding water content under 
spruce. During the extreme drought conditions in August 2003 the water content 
under spruce declined more rapidly than that under birch resulting in nearly iden-
tical values at the end of the drought period. In both years 2003 and 2004 differ-
ences between the soil water content under spruce and birch could still be found 
in a soil depth of 30 cm, however, in an attenuated manner.

Sap Flow

The sap flow of the different tree species was controlled by the weather conditions 
in both years. In June 2003, the first month of the heat wave of this year, enough 
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soil water was available to satisfy the very high water demand of the trees (see 
Fig. 7.3). The sap flow of both tree species followed the atmospheric demand, 
which is determined by air temperature, radiation, wind speed and air humidity. 
Thus the diurnal sap flow pattern of both investigated tree species during this spe-
cific month was very similar (see Fig. 7.4a). At the end of June and the first half of 
July 2003 the trees restricted their water consumption and partly closed their sto-
mata. After wetting of the soil following some precipitation in the second half of 
July, the sap flow of the trees was controlled by the atmospheric demand again. 
During the very hot and dry August of 2003 both spruce and birch had problems to 
extract water from the soil. Especially spruce trees suffered from the drought. The 
sap flow in spruce trees was reduced to such an extent, that the sap flow of some 
trees could hardly be measured. In addition, a significant midday depression of the 
sap flow resulted from that water deficit (see Fig. 7.4b). Although the birch trees 
suffered from the drought too, they could maintain a typical daily transpiration 
pattern (see Fig. 7.4b). During the summer months of 2004 no drought stress could 
be observed. All sample trees transpired according to the prevailing weather condi-
tions. On cloudy and rainy days, which occurred frequently in 2004, the daily 
course of the sap flow did not necessarily follow the common pattern. The peak of 
sap flow was recorded in different times of the day. This is why the averaged 
maximum values in Fig. 7.4c and d are much lower than in Fig. 7.4a and b. 
However, there is hardly a difference in the daily course of all three tree species in 
June and August 2004.
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The Kreisbach Study

Within the framework of the Austrian Special Research Programme on Forest 
Ecosystem Restoration, soil hydrological studies were done by Schume et al. 
(2003, 2004, 2005) and Jost et al. (2004). Water demand of Norway spruce and 
European beech in a low elevation site was compared. The study plot “Kreisbach” 
is located in Lower Austria at an elevation of 470 m. Kazda and Englisch (2005) 
classify this area as “medium risk” for Norway spruce which corresponds to the 
classification done by Niedermair et al. (2007). The mean annual precipitation of 
this area is 850 mm and the mean annual temperature is 8.4°C; occasionally summer 
drought can occur. The soil properties (high clay content, seasonal water logging) 
are similar to that of the study plot in Fürstenfeld. However, mature stands (pure 
stand of spruce and beech, mixed spruce/beech stand) were investigated at the 
Kreisbach study plot. For monitoring the volumetric water content a comprehensive 
TDR-measurement system was used. Additionally, precipitation, canopy through-
fall, stemflow, global radiation, air temperature, wind speed and atmospheric 
humidity were continuously recorded (Schume et al. 2003). Figure 7.5 summaries 
the seasonal cumulative changes of the soil water storage in relation to the climatic 
water balance in the year 2000 and 2001 (Schume et al. 2004). The soil water storage 
is the stored water in the considered soil profile and was obtained by converting the 
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measured volumetric soil water content to a depth of water. The climatic water balance 
was computed from the difference between the measured precipitation and the 
potential evapotranspiration calculated using a modified Penman approach, Smith 
(1988). In the mixed stand the desiccation of the soil was more pronounced and 
affected deeper soil layers. During desiccation periods the average daily water 
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consumption rate from the uppermost 60 cm of soil in the pure beech stand as well 
as in the mixed stand were about 45% higher than in pure spruce stands. In periods 
with a high evaporative demand differences of up to 84% could be found.

Root studies in this study plot, carried out by Schmid (2002), showed that spruce 
fine roots were restricted to the uppermost 30 cm of mineral soil in the mixed stand, 
whereas in the pure spruce stand 35% of the total fine-root mass were found 
between 30 and 60 cm depth. In general, fine roots of beech were more uniformly 
distributed over depth, and a small percentage reached a depth of 85 cm in the 
mixed as well as in the pure beech stand. That means that in a mixed stand the 
belowground competition leads to a very shallow root formation of spruce trees by 
shifting the roots towards the upper soil horizons. Thus the potential to use water 
reserves in deeper parts of the soil is restricted for spruce (Chapter 2, this volume). 
Consequently, in drought stress periods spruce growing in a mixed stand is very 
vulnerable, whereas beech can benefit from the root penetration into deeper soil 
horizons. Surprisingly, these results from Schmid (2002) are in contradiction to 
other traditional opinions (e.g. Mayer 1984) that spruce would benefit from an 
admixture of deeper rooting broadleaf trees.

Conclusions and Implications for Forest Management

Increasing drought stress, a very probable consequence of climate change, will 
heavily affect spruce dominated low elevation forests. The rough classification of 
risk areas, based on long term meteorological data, can provide only a hint for 
 forest management. Local site factors and especially the soil water regime play a 
crucial role. Both studies highlighted the importance of the soil texture. It is well 
known that root system on Norway spruce is unable to penetrate heavy clay rich 
soil horizons (Oltchev et al. 2002). Though in drought situations a redristribution 
of the fine roots of Norway spruce to deeper mineral horizons can occur (Persson 
et al. 1995), other tree species, like birch and aspen are able to exploit deeper soil 
horizons more efficiently (Gartner 1997). Hence in drought stress periods these tree 
species can compensate the decline of available soil water by using deeper soil 
water reservoirs for maintaining their transpiration. Another reason for the drought 
stress of Norway spruce is the inefficient absorption of soil water by the fine roots 
due to the high negative water potential (Burk 2006). The sensitivity of Norway 
spruce to water stress was also shown by Ciencala et al. (1997) and Lagergren and 
Lindroth (2002). Also in mixed stands Norway spruce seems to be endangered by 
drought stress due to the belowground competition. However, it must be empha-
sized that there is only little information available about the belowground competi-
tion of tree roots. Therefore, the findings of the study site “Kreisbach” cannot be 
directly transferred to other site conditions and/or tree species.

The management of spruce dominated forests in low elevation should observe 
the following guidelines. First of all, the local site conditions should be analyzed 
thoroughly (site mapping). On heavy, clay rich or on dry and shallow soils the 
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amount of spruce should be significantly reduced. Highly unstable Norway spruce 
stands should be converted into more stable mixed stands (Oleskog and Löf 2005; 
Spiecker et al. 2004). On such sites deciduous and more drought tolerant tree spe-
cies, like oak and hornbeam are future forest management options (Lexer et al. 
2007). After large scale disturbances in spruce monocultures on such sites the natural 
regeneration of pioneer tree species, like birch and trembling aspen play an impor-
tant role in managing the unfavourable site conditions in the early regeneration 
phase. On more favourable sites, appropriate thinning strategies can help to improve 
the water supply in spruce forests (Laurent et al. 2003). A reduction of the rotation 
period might also help to lower the management risk of spruce forests.
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Introduction

Amongst the existing forest types in Europe, the specific biological function of 
water is nowhere more distinctive than in the lowland forest ecosystems. 
Consequently, no existing forest types are more shaped by historic hydrologic 
conditions, altered by manmade deviations from the natural water regime and 
vulnerable to consequences of global warming. The lowermost parts of the low-
land forests, the wetlands, present the transitional zones between terrestrial and 
aquatic ecosystems, i.e. ponds, lakes, streams and rivers. Nowadays, due to 
excessive urbanization and the spread of agriculture, the total area of lowland 
forests and wetlands has been significantly reduced (Wenger et al. 2004). 
According to the mapped distribution of vegetation in Europe (European 
Environmental Agency 2006), one of the largest complexes of alluvial floodplain 
wetlands and lowland forests in Europe are situated in the South-East Europe, in 
the Sava and Drava River basins, tributaries to the Danube River. The Sava River 
is a unique example of a river where the floodplains are still intact, supporting 
both flood alleviation and biodiversity. Continental lowland forests in Croatia 
cover an area of more than 200,000 ha with a significant role in forestry produc-
tion, flood reduction, recharging groundwater reserves, as well as filtering pollut-
ants. The natural forest vegetation consists of mainly hardwood tree species such 
as the common oak (Quercus robur L.), field ash (Fraxinus excelsior Vahl.), 
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common hornbeam (Carpinus betulus L.) and softwood species such as black 
alder (Alnus glutinosa (L.) Geartn.), poplars (Populus sp.) and willows (Salix sp.). 
For the biological diversity of lowland forests and attached wetlands is strongly 
important specific combination of hydrology and soils. The development of these 
forests in history was determined by regular seasonal alternations of groundwater 
tables (hydro period) and periodic flooding (Vašiček 1985; Rauš et al. 1996) 
which provided sufficient availability of soil water. Hydromorphic soils are one 
of the phenomena in the lowlands: they record through their morphology the 
long-term spatial and temporal distribution and circulation of water. Hydromorphic 
soils are strongly affected by water saturation (water logging) and because of 
their physical properties they strongly induce processes of water movement 
through soils, i.e. hydrodynamics and hydro periods.

The present state of forest and water relations, particularly soil water status i.e. 
groundwater tables, are strongly under the influence of intensive forest exploita-
tion and numerous hydro-ameliorative activities in the past. During the nineteenth 
century almost 100,000 ha of virgin oak forests in Croatia were cut down because 
of demand for high quality wood. The extensive reduction of forest areas caused 
the creation of more moist conditions with prolonged water logging of soils in the 
remaining lowland forest areas (Prpić 1996). During the twentieth century the 
natural hydrographic network and groundwater regime were even more disrupted 
by intensive hydro technical water manipulative activities: river canalisation, 
flood manipulation which utilised this area for flood retention purposes, the 
construction of internal forest drainage networks and the discontinuance of 
surface runoff by forest roads and forest management (cutting and thinning) 
(Prpić 1996).

In the first decade of twenty-first century, the effect of regional progress of 
climate change has become clearly evident especially on the hydrology of low-
lands in Croatia (Pilaš 2008). Across the north to south European gradient, exist-
ing IPCC scenarios predict forceful development of droughts and water scarcity 
in the region of South-Eastern Europe and the Mediterranean, which can also be 
currently evident from regional long-term trends of water balance components; 
an increased temperature trend, a decrease in precipitation and increasing evapo-
ration (Zaninović and Gajić-Čapka 2000). Alternations in the groundwater 
regime in lowland forest are often perceived as a primary trigger in the decline of 
lowland forests, particularly the pedunculate oak (Prpić 1996; Pilaš et al. 2007). 
Pedunculate or common oak, according to the forest crown condition assessment 
is considered one of the most damaged tree species in Croatia and Europe 
(Fischer et al. 2008).

To reduce negative impacts of anthropogenic alternations in the groundwater 
regime from the past and to attenuate future very possible prolongation of droughts 
and water scarcity in the lowlands, various forest managerial and engineering prac-
tices could be considered. Basically, there are potentially two main contrasted 
measures of soil water balance manipulation: drainage of soils (through drainage 
ditches and channels) which contribute to decreasing the groundwater tables and 
forest management, i.e. (thinning) which contribute to increased soil water content 
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and increase in the groundwater level. Through these water table management 
practices, the amount of soil water required for the survival of lowland forests could 
be maintained to some degree to attenuate the negative hydrologic trends and natu-
ral hazards such as droughts.

This study aims to explore the various possibilities of soil water manage-
ment in lowland forests characterised by shallow groundwater tables to achieve 
long-term stability of the ecosystems. As the first step, an assessment procedure 
of the reconstruction of the historic state of waterlogging prior to anthropogenic 
activities is provided. The historic state of water logging is assumed as the 
optimal environmental condition for growth of these, close to virgin forests, 
and is also a streamline according to which all human practices should be 
adopted. As a second step, by comparing the historic state of water logging with 
the current groundwater status one can determine the degree of hydrologic 
changes on particular forest sites. This hydrologic changes, as third, are related 
to main impacts on the hydrology of lowlands (hydromeliorative works, stand 
structure disturbance) to ascertain the possibilities of improvement of soil water 
status by management of those impacts.

Environmental System of Lowland Forests

Climate

During the twentieth century, annual amounts of precipitation decrease throughout 
region, which conforms to the long-term desiccation trend in the Mediterranean. A 
decrease in the amount of precipitation is more marked in the northern Adriatic, on 
the Dalmatian islands and in Eastern Slavonia than in the highlands and north-
western part of Croatia. According to measurements taken in the last 100 years at 
the Osijek meteorological station in the Eastern Slavonian continental lowlands 
(Zaninović and Gajić-Čapka 2000), an increase in the annual temperature amount-
ing to 0.1°C in the past 100 years and 0.2°C during the warm season is evident. 
Evidence of a decline in the 100 yearly patterns of precipitation, −105 mm/100 years 
and −66 mm/100 years during the warm seasons, is even more significant. 
Respectively, the loss of soil water (potential evapotranspiration) 98 mm/100 years 
and 74 mm/100 years proves that scenarios of water scarcity is very certain in the 
near future. Droughts and heat waves are intensifying across the region, especially 
in last 2 decades where significant events appear in 1993, 2000 and most promi-
nently in 2003. According to some indicative scenarios (UNDP 2008), for the 
period 2070–2100 in respect to the base period (1961–1990), a possible increase of 
precipitation (16.5 mm) could be expected only in winter season. The other seasons 
will encounter a decrease in precipitation with a possible maximum of –75.6 mm 
in summer. Also, a temperature rise during all seasons is expected with maximal 
amplitude of 4.6°C during winter.
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Geology, Soils and Vegetation

The main forest soil types of lowlands follow the topographic gradient, and as 
such, pseudogley and pseudogley-gley (stagnosols, albeluvisols) are dominant on 
river terraces and various gleysoils (hypogley, epigley, amphygley) are present in 
mezzo-elevations and depressions (Fig. 8.1). The parent materials consist mainly 
of a strip of alluvial and swamp sediments along rivers bordered by loess sedi-
ments on river terraces. Alluvial accumulation of finest textural classes after 
floods in the lowest parts of the terrain was the reason behind the formation of 
impermeable soil layers on which gleysol soil types mostly occur. The parent 
material on terraces have a somewhat coarser textural class and more suitable 
water relations which are associated with planosol soil types.

The appearance of the specific forest associations in lowlands is mostly determined 
by micro topography and soil physical properties, which, at a large degree, influence 
runoff, distribution and water movement into the soil. At the higher parts of the terrain, 
on the river terraces, the forest type of the common oak and hornbeam (Carpino betuli – 
quercetum roboris), at times also in combination with the common beech (Carpino 
betuli – quercetum roboris fagetosum) is predominant in the entire lowland forest 
region. In the amplitude between the river terraces and micro-depressions the forests 
of common oak with great green weed (Genisto elatae) is continuant with association 
varieties Genisto elatae – Quercetum roboris caricetosum brizoides in higher and 

Permanent water areas

Frequently flooded areas

Lowland retentions of protection system

Potentially endangered areas

Fig. 8.1 Periodically and permanently flooded lowland areas in Croatia (According to Prpić and 
Milković 2005)
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Genisto elatae – Quercetum roboris caricetosum remotae in lower positions. In the 
lowest positions of the micro topography, i.e. microdepresions, the forest associations 
of black alder (Frangulo alnetum glutinosae) and field ash (Leucoio – Fraxinetum 
angustifoliae) is prevailing.

The Observed Changes of Groundwater Tables

Information pertaining to groundwater tables was obtained from the series of 
groundwater level measured on permanent monitoring stations in lowland forest 
complexes in Croatia coalesced into the FORHIS (Forestry Hydropedological 
Information System) (Mayer 1995; Pilaš et al. 2005). FORHIS presents a network 
consisting of 120 piezometric stations established throughout the Croatian lowland 
forest region (Fig. 8.1). Trained personnel from forest offices carry out groundwater 
level measurements twice weekly. One piezometric station usually consists of four 
piezometers installed at numerical soil depths (0.5, 1.0, 2.0, and 7.0 m) with the aim 
of obtaining more detailed information regarding the groundwater status and hydro-
dynamics which can be influenced by irregular soil textural properties and the 
impermeability of a particular soil layer. The groundwater regime in this region has 
pluvio-thermal dynamics that is characterised by very high groundwater tables during 
the winter–spring period, which makes soil oversaturated. In late spring, the ground-
water level decreases until late summer when it drops below the root zone and can 
be measured only in deep, 7.0 m piezometers. Apart from this seasonal pattern, 
strong fluctuations in the groundwater tables and periodic soil inundation in summer 
as a result of heavy rainfall are also very common.

The results of processing the groundwater monitoring data gathered from 56 
piezometric stations in six forest complexes in central Croatia (Fig. 8.2a) for the 
period 1991–2003 can serve as an indicative example of relations between vegeta-
tion types (Fig. 8.2b), soil types (Fig. 8.2c) and average water table position in soils. 
In the presented data, there is evidence of groundwater decline between two subse-
quent periods (1991–1996, 1997–2002) and also of a strong groundwater drop 
caused by dry spell in 2003.

The groundwater decrease in 2003 as a reflection of extreme drought and heat wave 
occurs with equal intensity in all the respective forest complexes of central Croatia 
(Fig. 8.2). The problem of declining of groundwater tables and changes in the hydro-
period is even more prominent in the eastern part of Croatia (Eastern Slavonia) with 
semi-arid East European climate than in western part with semi-humid central 
European continental climate. The groundwater tables in Eastern Slavonian forests 
show much stronger affection by weather anomalies (Fig. 8.3) than in central Croatia 
(Fig. 8.4). The intense drop of groundwater as a result of the drought in 2000 continues 
through 5 subsequent years, with extreme minimal values in 2003, until 2005. After 
the drought episode, seasons with an extremely high amount of precipitation proceed 
(2005, 2006) causing extensive groundwater discharge. There is evidence that ground-
water tables in Eastern Slavonia from 2000 nowadays are in a state of unbalance in 
comparison to regular annual variations of the hydro period. Prolongation of droughts 
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Fig. 8.2 (a) Average groundwater tables in two time sequences (1991–1996, 1997–2002) and in 
extremely dry 2003 in six forest complexes in the lowland area, Bolč-Velika, Česma, Kupčina, 
Turopoljski lug, Varoški lug, Žutica (b) Average groundwater tables in two time sequences  
(1991–1996, 1997–2002) and in extremely dry 2003 in various forest associations: forest association 
of common oak and hornbeam (Carpino betuli – quercetum roboris – CBQR), forest association of 
common oak and hornbeam with common beech (Carpino betuli – quercetum roboris fagetosum – 
CBQF), forests of common oak with great green weed (Genisto elatae) with  association varieties 
Genisto elatae – Quercetum roboris caricetosum brizoides – GECB and Genisto elatae – Quercetum 
roboris caricetosum remotae – GECR, forest associations of black alder (Frangulo alnetum glutinosae – 
FAG) and field ash (Leucoio – Fraxinetum angustifoliae – LFA) (c) Average groundwater tables in 
two time sequences and extremely dry 2003 in respect to main forest soil types pseudogley – PG, 
pseudogley-gley PGG, hypogley – MGH, epigley – MGE, amphygley – MGA
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during subsequent years (the decline of groundwater tables below the rooting zone) 
and sub arid environmental conditions of that region (evapotranspiration of oak forests 
exceeding the precipitation amount in the vegetation season) make the forest of the 
Eastern Slavonian area very vulnerable to droughts and dieback. The recently gathered 
field observation simply potential relationship between forest dieback and hydrologi-
cal anomalies. The results of permanent crown condition monitoring on ICP Level 1 
plots in Croatia (Fischer et al. 2008) also confirm that after the year 2003 up to the 
present a permanent decrease of health status of Quercus robur e exists.

The Reconstruction of the Historic State  
of Groundwater Tables

One of the main components of the lowland forests are hydromorphic (hydric) soils 
which are created by oxidation–reduction chemical reactions that occur when a soil 
is anaerobic and chemically reduced under water logging conditions (Hurt and 
Carlisle 2001). The hydrology of hydromorphic soils, the depth of groundwater 
levels and water table fluctuations are routinely estimated by soil scientists from a 
soil’s morphology, mainly the soil colour (He et al. 2003). Formation of morphology 
of soils under differing water logging conditions is determined by the mobility 

Fig. 8.3 The hydro-periods of groundwater tables in Eastern Slavonic lowlands in semiarid 
South-East European climate. The ground-water table decline during the drought episode 
2000–2004 followed by excessive discharge in 2005, 2006 is obvious
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status of iron (hydro) oxides. Redoximorphic features, redox concentrations, redox 
depletions and a reduced matrix are formed by reduction, movement and oxidation 
mostly of iron compounds (Schwertmann and Fanning 1976; Richardson and 
Daniels 1993; Vepraskas 2001; Vepraskas and Faulkner 2001; Fiedler and Sommer 
2004). Soil stratigraphy and the degree of saturation (Richardson and Daniels 1993), 
along with soil organic matter (Schulze et al. 1993) and types of Fe mineral 
(Schwertmann 1993) have a significant influence on the formation of redoximorphic 
features. Soil redoximorphic features are to a large extent considered relict indica-
tors (Vepraskas 2001) of soil hydrology. They reflect conditions regarding the water 
regime that existed at some point in history when soil morphology was formed. 

Fig. 8.4 Typical hydroperiods of groundwater tables in semi-humid continental climate of central 
Croatian lowlands. Relatively higher groundwater tables than in Eastern Slavonia is characteristic 
with no evidence of prolonged groundwater decline in consecutive years
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Tandarich and Elledge (1996) assume that the current mapped hydric soils in the 
USA are a direct reflection of pre-European settlement wetlands that demonstrate 
temporal scale from which soils originate in more or less unchanged morphological 
conditions. These past conditions can also be considered as the most suitable for 
the growth and development of lowland forests because they reflect a time in history 
where no hydro-technical influences existed and forest exploitation was negligible, 
i.e. the conditions that were characteristic for the lowland close to natural forests. 
The property of soil morphology that stays permanently unchanged, irrelative of 
hydromeliorative changes, can provide information about previous unaltered condi-
tions at the specific site in respect to the soil hydrology in the past.

To estimate the degree of groundwater shift on a particular forest sites, soil 
morphology or redoximorphic features as relict water logging conditions were com-
pared with the current state of soil water status obtained by in situ measurements. 
The most common way of obtaining information regarding present temporal 
fluctuations in water levels (hydro period) and water logging duration of wetlands 
is to gather groundwater series of sufficient length on previously installed piezom-
eters and water table wells (Richardson et al. 2001).

Assessment of Morphology of Hydromorphic Soils

To assess soil morphology, soil samples were taken from auger holes at the  
56 respective plots from forest complexes in Central Croatia (Bolč-Velika, Česma, 
Kupčina, Turopoljski lug, Varoški lug, Žutica). Soil sampling was performed in 
three replications in close proximity to the piezometric stations. The main auger 
hole was located as close as possible to the piezometers, while two additional holes 
were situated at opposite sides at a 5 m distance. The 10 cm deep soil layers were 
examined and samples were taken to a total depth of 200 cm. A total of 60 samples 
were taken from each piezometric location for further soil colour assessment. 
In order to estimate the stand basal area (BA), the simple Bitterlich method of esti-
mation was used for each location. The geographic co-ordinates of piezometric 
locations were measured by GPS. Gathered soil samples were air dried in the labo-
ratory prior to assessment of morphological variables. Two basic features as a 
consequence of water logging could be visually distinguished on every soil sample: 
(a) a soil matrix which characterises areas with depleted iron (hydro) oxides, i.e. 
redox depletions and (b) iron mottles consisting of secondary oxidised iron newly 
termed redox concentrations (Vepraskas 2001). The redoximorphic features of 
every sample were assessed on an average basis of five structural aggregates that 
were split in half. Therefore, only the interior of the soil aggregates was assessed 
so as to avoid uncertain assessment of the surface area that is exposed to air and 
consequently more intensive oxidation of iron occurs. The colour of the matrix on 
soil samples was estimated by Munsell soil color charts under constant light condi-
tions in the laboratory. Redox depletions on soil samples were described accord-
ingly by three variables of Munsell color space: hue (H), value (V) and croma (C). 
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The colour of iron mottles on samples showed large variations and it was difficult 
to attribute them by use of Munsell charts. The occurrence of secondary iron miner-
als is very dependent on the pedo-environment, i.e. the oxidation rate or pore vol-
ume (Schwertmann 1993). Therefore, only iron mottles in abundance, i.e. redox 
concentrations, were assessed using the Munsell chart for estimating the percentage 
of mottles and coarse fragments. The largest number of samples (75.6%) was attrib-
uted to gley Munsell colour charts (45.2% gley1 and 30.4% gley2). The reddest 
Hue 10YR was assessed on 14.9% samples mostly in surface or subsurface layers, 
followed by more yellow 2.5Y (6.5%) and 5Y (3.0%) hues. The assessed Munsell 
values show that the dominant number of soil samples are lightly coloured (value 
of 7) and range from 3 (dark) to 8 (very light). Estimated redox concentrations in 
respect to other morphological variables have the largest variations along a profile 
and are quite abundant on the majority of soil samples with an average (median) of 
30%. Hue 10YR occurs mostly in the surface soil layers as a consequence of soil 
organic matter (Shulze et al. 1993). Hues 2.5YR, 5Y occur in layers under surface 
horizons out of reach of organic matter where iron is not completely depleted from 
interior of soil aggregates. Gley colours GLEY1, GLEY2 as a result of intense iron 
depletion can be determined at a relatively shallow depth, somewhere directly 
underneath the surface horizon. Chroma of 1 or less determined on all considered 
samples is strong evidence of saturated conditions of soils (Hurt and Carlisle 2001). 
Soil morphology variable values and redcon show systematic vertical pattern as a 
result of different soil types, hydrology and position in the landscape that can be 
assessed by extraction of similar groups by cluster analysis.

First the reference soil groups planosol, albeluvisol and stagnosol (IUSS-WG 
WRB 2006) can be recognised in cluster groups in which differences in Munsell 
value vary along a profile between 1° and 2° (Fig. 8.5a). Respective vertical distribu-
tion of value can generally be attributed to soils on higher positions in the landscape, 
i.e. on river terraces with a perched groundwater table where vegetation is character-
istic for common oak and common hornbeam forest. The gleysols characterise a 
gradual pattern of Munsell value, which ranges between 2° and 4°. This is character-
istic for lowest landscape positions with groundwater discharge and common oak and 
narrow-leaved ash forest vegetation. Some cluster groups of Munsell value are distin-
guished because the soil colour pattern is influenced by lithological discontinuity, i.e. 
a regional occurrence of heavy clayey horizons as a result of alluvial deposition in the 
past (Fig. 8.5b). In planosols, albeluvisols and stagnosols an almost continuous 
increasing trend of redox concentrations with depth is apparent (Fig. 8.5f ). For gley-
sols, a strong increase of redox concentrations in the upper half of profile (Fig. 8.5e 
and g) and a strong decrease of this feature in the lower half is significant.

Calculation of Water Logging Status from Groundwater Data

In order to calculate the yearly average soil water logging rate (abbreviated WLR) 
for the 13-year period under consideration (1991–2003), a synthesising of raw 
groundwater data from various pipes of one piezometric station was required. 
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A single groundwater series was created by first taking measurements in shallow 
pipes when they were within reach of groundwater. For soil depths of 0–50 cm, 
measurements determined in the first subsurface piezometric pipe of 0.5 m depth 
were taken into account. For a groundwater drop below a soil depth of 50 cm, data 
from a second pipe was taken into account, for a groundwater drop below 100 cm 
data from third pipe was taken respectively until a depth of 200 cm. Further calcula-
tion of the soil water logging rate was provided by averaging measurements on a 
monthly basis in order to eliminate the possible effect of temporal variation caused 
by different periods of measurements. As a result of these calculations, a unique 
monthly groundwater series for the 13-year period from 56 piezometric locations 
was obtained. From respective monthly averages, yearly average soil water logging 
duration (WLR) was calculated for soil layers with a profile depth of 10–200 cm 
according to the formula:

WLR=Nx/Nt

Nx – the number of monthly average values above a particular soil depth
Nt – the total number of months in the 13-year period

Fig. 8.5 The distribution of Munsel value and percentage of iron mottles in various soil groups
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The mean WLR and calculations from the transformed 13 years groundwater for 
respective 1,120 soil layers was 59.6% and the median WLR 63.4%. It is assumed 
that the WLR calculated from the data series during this period represent the aver-
age water logging conditions on the studied sites very well.

Prediction of the Average Water Logging Rate (WLR)  
from Soil Morphology

For the prediction of the soil water logging rate from soil morphological variables 
estimated on 3,360 soil samples, the generalized linear model (GLM) procedure 
was employed using independent morphological variables: REDCON, V, H in a 
particular depth or layer of soil. Soil morphological variables, hue, value and 
croma present a quantitative representation of soil colour (Blavet et al 1999) but 
some of the ambiguity in quantifications of the studied soils occurs. Munsell value 
and croma already present a numerical code and can be directly included in further 
data analysis. Munsel hues are spread around a circle in the Munsell colour 
cylinder and usually present a numerical code convenient for further calculations 
(Schwertmann 1993; Blavet et al 1999). However, due to the occurrence of 
numerous samples with neutral hues expressed with gley1 1/N, a large number of 
samples could not be associated to a unique value in the hue circle. This issue was 
solved by transforming values of hue according to the assumption that the redness 
degree declines in the following order: 10YR – 2,5YR – 5Y – GLEY. So as to 
quantify the hues according to the redness degree, each of the hue charts were 
attributed a particular percentage: 10YR – 100%; 2.5YR – 67%; 5Y – 33% and 
0% for GLEY. Testing the significance of independent variables (REDCON, V, H, 
and S_layer) was performed by Wald statistics (Table 8.1). Parameter estimates of 
the WLR model are presented in Table 8.2.

Unexplained variability of WLR was attributed to two main anthropogenic 
effects: (1) Hydro technical constructions and (2) disturbance of stand structure. 
The impact of these two factors was assessed by calculating additional variables, 
which comprise residuals between measured WLR and GLM predicted values. For 
the assessment of effect of hydro-technical activities, the distance of plots and 
nearby hydrotechnical object was first measured. Hydro-technical constructions are 
considered to be either constructed canals through forests or old riverbeds that are 
not in function after river canalisation. For this purpose hydrographic network was 

Table 8.1 The Wald test of 
significance of independent 
variables in prediction of 
waterlogging rate (WLR)

Degree of freedom Wald p

Intercept 1 5154.328 0.000000
REDCON 1 45.779 0.000000
V 1 75.563 0.000000
H 1 0.566 0.451816
S_layer 19 454.219 0.000000
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digitised from relevant topographic maps of scale 1:25,000 using GIS (Neteler 
and Mitasova 2003). Variable D_HIDRO was calculated as the closest difference 
between piezometric locations and the nearby hydro-technical construction. Because 
of the strong influence of microtopography on water movement in the lowlands, the 
distances in elevation were not taken into account because it could not be easily 
determined from the existing digital terrain model based on topography 1:25,000 
maps. For the purpose of spatial analysis, a GIS database containing information on 
forest complexes under consideration was built. Stand basal area (BA) measured on 
the sample plots presents a factor of disturbance to the soil water balance due to a 
possible increase of water logging after reducing the number of trees as a result of 
forest decline or silvicultural practice such as thinning or forest regeneration.

Between BA and resGLM significant but not very high correlations were determined 
especially on soil depth around 100 cm (r = 0.47). This confirms that disturbance of 
stand structure at some degree causes variations in the WLR particularly regarding an 
increase in the water logging duration (Fig. 8.6). The linear relationship between D_
HIDRO and WLR residuals was very small and insignificant. Through more detailed 
exploration of the nature of this relationship, it can be observed that channels and dry 
riverbeds create a so-called “cone of depression” in the groundwater table (Richardson 
et al. 2001). That is, they influence the decrease of water logging of lower layers in soils 

Table 8.2 Parameter estimates of the WLR model

Level of  
effect Estimate

Standard  
error Wald stat p

Intercept 4.76296 0.066342 5154.328 0.000000
REDCON −0.00451 0.000666 45.779 0.000000
V −0.09334 0.010738 75.563 0.000000
H −0.00029 0.000386 0.566 0.451816
S_layer  10 −1.29187 0.122149 111.855 0.000000
S_layer  20 −0.78906 0.080471 96.148 0.000000
S_layer  30 −0.48392 0.061246 62.429 0.000000
S_layer  40 −0.22303 0.048878 20.822 0.000005
S_layer  50 −0.09820 0.044394 4.893 0.026961
S_layer  60 −0.03348 0.041830 0.641 0.423494
S_layer  70 0.01690 0.040231 0.176 0.674518
S_layer  80 0.05710 0.038797 2.166 0.141055
S_layer  90 0.09004 0.037386 5.800 0.016028
S_layer 100 0.12065 0.036508 10.921 0.000951
S_layer 110 0.14614 0.035653 16.802 0.000041
S_layer 120 0.17848 0.035090 25.870 0.000000
S_layer 130 0.20479 0.034484 35.269 0.000000
S_layer 140 0.22747 0.033969 44.842 0.000000
S_layer 150 0.25828 0.033414 59.748 0.000000
S_layer 160 0.28316 0.033033 73.478 0.000000
S_layer 170 0.30780 0.032573 89.294 0.000000
S_layer 180 0.32395 0.032266 100.801 0.000000
S_layer 190 0.33614 0.031735 112.191 0.000000
Scale 17.28907 0.365298 2240.000 0.000000
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Fig. 8.6 Response of waterlogging (resGLM100) to decrease of stand basal area (BA)

Fig. 8.7 The decline of waterlogging (resGLM200) in respect to the distance to hydro-meliorative 
constructions (large canals or dry riverbeds) (D_HIDRO) – “the cone of depression”
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on sites closer to the constructions (Fig. 8.7). This relationship can be explained through 
an appropriate log function from which it is approximated that a decrease of the water 
logging duration takes place on sites under 200 m in distance. The nature of changes in 
water logging can be more clearly assessed from respective GIS layers. In evaluation of 
the aforementioned main sources of changes of WLR, soil stratigraphy (Richardson and 
Daniels 1993) should also be considered because it strongly regulates water movement 
in soils. Therefore, so as to assess prior spatial changes of water logging, soil colour of 
redox depletions was used to provide insight into soil stratigraphy of two diverse cases. 
From overlays of spatially interpolated Munsell variablesdiscontinuous impermeable 
heavy clayey layer at a soil depth of 120–140 cm can be clearly visually distinguished 
in the case of Pokupsko Basin (Fig. 8.8a) in relation to Cesma Forest (Fig. 8.8b). This 
characterises soils with more homogeneous stratigraphy and lighter texture. Spatially 
interpolated water logging residuals of these two forest cases shows that shortage of 
water saturation is present in areas close to large canals and old riverbeds and is clearly 
obvious in Cesma Forest (Fig. 8.10). In Pokupsko Basin (Fig. 8.9) the shorter WLR than 
predicted, present in upper soil layers, is the possible result of a smaller drainage net-
work of ditches inside the forest whose influence was not examined in a study of this 
scale. Also, a simultaneous increase of the WLR in upper soil layers and a shortage of 
the WLR in lower soil layers occur on some sites close to the Kupcina Canal on which 
the forest stand is removed. The canal intersects the natural groundwater flow direction 

Fig. 8.8 Synthesised pseudo-colour layers from soil colour variables for various depth of 
(a) Pokupsko Basin and (b) Česma Forest



156 B. Vrbek et al.

from nearby hill slopes and causes groundwater table depression. By determining 
a corresponding increase of the WLR above the impermeable layer and the depres-
sion below it, the GLM procedure shows a satisfactory degree of sensitivity in which, 
even on the same site, evidence of respective causal factors on soil water can be 
distinguished.

The Possibilities of Water Table Management to Mitigate  
Water Scarcity Impact

Up to the present, the possibilities of water table management as part of the climate 
change adaptation strategies on forests have been very poorly evaluated. The recently 
proposed large-scale silvicultural strategies of European forests to climatic change 
(Kellomäki and Leinonen 2005) neglect the problem of groundwater decline in some 
specific regional environmental conditions as in lowland forests in South-Eastern 
Europe. According to the authors, for the continental region, “decreased precipitation 
during summer, in combination with increased evapotranspiration due to the high 
 temperatures will result in increased drought stress in all but those sites that have access 

Fig. 8.9 The alternation of the waterlogging rate from historic groundwater conditions in 
Pokupsko Basin



1578 Observed Climate Change in Croatia and Its Impact

to groundwater supply from elsewhere”. Thus, groundwater reserves as an important 
supply of water for forests are not considered as a factor of forest vulnerability, as in 
lowland forests, although they are even more subject to changes over time under the 
climate change scenario than precipitation. Forests with roots adapted to high ground-
water levels should be hypothetically more exposed to changes in the water regime and 
groundwater decline. The presented assessment procedure can contribute to a better 
understanding of the effectiveness and limitations of the two main possibilities of 
manipulation of the soil water balance in lowland; through adjustment of the intercep-
tion and evapotranspiration through stand canopy attenuation and to use the landscape 
to retain runoff and overall loss of water from the system. The effectiveness of water 
table manipulation as an impact management strategy also depends on early recogni-
tion of drought. Therefore, permanent measurements of groundwater tables on existing 
the piezometric network together with other ancillary drought indices is extremely 
important regarding future uncertainty due to climate change. There are also some 
other factors, such as tree defoliators, which affect stand canopy and thus can cause 
some changes in forest water balance but their performance is still unknown and 
scarcely evaluated.

Fig. 8.10 The alternation of the waterlogging rate from historic groundwater conditions in  
Česma Forest
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Forest Canopy Treatment

Common oak forests are known for their water requirements (Čermak et al. 1982; 
Čermak and Prax 2001; Pietsch et al. 2003), therefore by managing the stand struc-
ture one can contribute to lessening the stand water demand and to retention of 
additional water reserves in soil. According to the presented assessment results, the 
reduction of forest stand below 15 m2/ha of basal area can contribute to a prolonged 
yearly water logging duration of approximately 20% especially on heavy impermeable 
soils. One of the important parts of precipitation that is altered by forest canopy is 
interception loss. Interception in common oak forests is related to stand canopy 
density and also depends on the stand age. Krejči and Vrbek (1995) concluded that 
interception is lowest in young oak stands (2.3%), significantly larger in middle-aged 
(24.9%) and in old stands (15.6%). Thisadditional water excess can be used during 
the drought to partly eliminate its negative impact. However, for this measure to be 
most effective, it should be synchronised with drought incidence. According to 
Vogt and Somma (2000) and Roša et al. (2009) the drought in South-Eastern 
Europe and the Mediterranean has recurring characteristics. Roša et al. (2009) 
showed that drought in Croatia is a periodic event with relative significant occur-
rence of 10–11 years which can be explained by increased solar activity cycle. By 
having insight in the previous historic drought events, this periodicity can help in 
tempering future silvicultural actions.

Runoff Retention in the Landscape

Historic water tables, prior hydro technical and forest managerial influences were 
much more related to the landscape gradient or micro topography than today. It can 
also be concluded that in history, prior to the spread of agriculture and hydro regu-
lations when forests were still intact and covered significantly larger parts of the 
watersheds, the extent of flooding was significantly lower than nowadays. In the 
historic floods, the extent of flooded areas were much larger than today because of 
non existent defence systems, therefore the elevation extent and duration of floods 
were much lower than today (Vujasinović 1971). All of above mentioned is con-
firmed through the fact that, due to the necessity for water, most historic human 
settlements were established very close to the present watercourses of Danube, 
Sava and Drava Rivers.

Furthermore, the proposed assessment procedure of the historic state of soil water 
logging based on relict soil indicators could highlight some hotspots, i.e. forest areas 
with significant water table decline. Gaps in water table depth inside forest complexes 
determine the origins responsible for groundwater loss or exfiltration (flow out of the 
soil), i.e. mostly large channels and dry old riverbeds. At the landscape level, to con-
strain the runoff, possibilities of micro topography should be applied; construction of 
forest roads to create depression storage, closing drainage ditches and reconstruction 
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of old natural watercourses to stop exfiltration closer to a channel. These measures 
could partly sustain the realisation of very certain regional climate change scenario in 
Croatia which predicts a strong decline in the amount of precipitation during the 
spring, summer and autumn seasons and a possible excess only during the winter 
season.

Management of Forest Defoliators

Forest defoliators are also one of the unknown, concealed eradicating factors of soil 
water balance through their impact on reduction of leaf area, i.e. forest canopy. One 
of the main pedunculate oak forest defoliators is the gypsy moth (Lymantria dispar), 
usually perceived as an important part in the factorial complex of oak forests 
decline (Thomas 2008). The gypsy moth gradation in Croatian lowlands regularly 
occurred in the last century in 1948–1950, 1962–1966, 1970–1975, 1982–1984 and 
1992–1994 with a clear 10–11 years cycle (Pernek and Pilaš 2005) and was repelled 
by regular treatments of forest protection service. According to the latest results 
(Pernek et al. 2008), gradations of gypsy moth in Croatia are synchronised with 
drought episodes, i.e. the peak of outbreaks usually lags a year or 2 behind the onset 
of the drought period. Hypothetically, gypsy moth defoliation during the drought 
causes the lowering of the stand water requirements because of less dense canopy 
and thus a reduction of the soil water uptake. Some recent observations partly con-
firm this theory, particularly regarding the point that after mayor gypsy moth grada-
tions the overall decline of oak forests is not as intense as expected. Nevertheless, 
this hypothesis of abiotic–biotic interactions on oak forest decline and the influence 
of defoliators on stand water balance should draw focus on future research. Due to 
the strong significance of its periodicity in Croatian lowland forests (of 10–11 years) 
and significant relationship of this population density to weather extremes, i.e. the 
increase of population density is related to higher winter temperatures and the col-
lapse of outbreaks is related to significantly higher precipitation in spring (Pernek 
et al. 2008), the gypsy moth population density could serve as the bioindicator of 
future periodic extreme weather events.

Drought Indices

To ascertain information about anomalies of groundwater tables that could have a 
negative impact on forests, the necessity of a permanent collection of groundwater 
data is of premium importance. For this purpose, the existing network of piezometric 
monitoring stations in lowland forests is a necessary tool for monitoring the state 
of groundwater resources in lowlands in present, very uncertain environmental 
conditions where the realisation of negative impacts of climate change is increas-
ingly obvious. At a small scale quite satisfactory methodologies also exist for 
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monitoring tree or stand water uptake through measurements of tree stem diameter 
changes for accurate drought recognition (Pilaš et al. 2007). Also indices for rec-
ognition of the onset of drought should be developed and implemented (meteoro-
logical indices, seasonal groundwater decline, tree stem diameter changes...).

Conclusion

The European climate gradient of the area of South-Eastern Europe is strongly 
affected by predicted scenarios of climate change. The predicted changes in climate 
across the area will most probably cause strong increases of temperatures together 
with a decrease of precipitation in all seasons but winter. The current hydrologic 
conditions, highly altered in the past decade through the occurrence of episodes of 
severe droughts, are becoming more and more unfavourable for the existence of 
lowland forests consisting of water demanding tree species such as the common 
oak which strongly depends on additional water supplies from shallow groundwater 
tables. One option in adaptive forest management strategy in respect to climate 
change should be groundwater table management, i.e. impact management strategy 
to retain as much available water in soils as possible through tempering forest 
canopy treatment, runoff retention inside the landscape, sustaining defoliators and 
maintaining the monitoring support for timely drought recognition. For the deter-
mination of thresholds inside which water table management is functional, the 
assessment procedure based on historic relict indicators of hydromorphic soils was 
established according to which two main factors of disturbance of natural ground-
water regime, forest management and hydro technical activities, were assessed. 
Comprehensive timely performance of thinning prior to episodes of drought, mea-
sures to reconstruct the natural water regime and care of defoliators can partly 
sustain negative hydrologic processes in the region strongly threatened by future 
droughts and water scarcity.
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Introduction

Aims of Forest Establishment

The forest plantations of about 3,000 ha, planted from 1964 onward, are located 
30 km east of the town of Be’er-Sheba, in the hilly region at the northern edge of 
the Israeli Negev desert (31°21¢ N and 35°04¢ E, Alt. 600–700 m a.s.l.). The estab-
lishment of the plantations, in spite of disapproval from the academic community, 
was the will and achievement of Josef Weitz, then director of the Land Development 
Authority of the JNF (Jewish National Fund). Planting of the Yatir forest in the then 
desolate area had several aims: to mark the border of Israel, to supply ample work 
for immigrants, and last but not least, to become (in the future) the most important 
recreation center in the Negev, because of its proximity to, and accessibility from 
the larger urban centers of the Negev (Aronson and Lovinger 1976).

Ecological Background

The prevailing climatic conditions at Yatir lie between Xero-thermo-Mediterranean 
and sub-desertic (UNESCO-FAO 1963), i.e., at the transition between the driest 
sub-humid Mediterranean climate and a semi-arid climate. The average maximum 
air temperature in the hottest month is 32.3°C, the average air temperature in the 
coldest month is 6.9°C, and the yearly average air humidity at 1400 h is 45%. 
Heavy snowfall is not frequent, but when it does occur, severe damage may be 
inflicted on the forest as a result of canopy breakage or tree bending and uprooting. 
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Average annual rainfall (P) at Yatir for the period 1964–2005 was 283 ± 89 mm 
year−1; the probability of receiving annual rainfall higher than 300 mm year−1 is less 
than 31%, whereas that of receiving annual rainfall less than 200 mm year−1 is 12%; 
in other words, there is a chance for a very droughty winter once in every 8 years. 
Annual evaporation from a class-A pan is ~2,500 mm year−1; the calculated potential 
evapotranspiration (PET) is ~1,600 mm, hence the Aridity Index (P/PET) = ~0.18 
(Israel Meteorological Service, personal communication). The underground water 
table lies at a depth of 300 m (Israel Geological Service, personal communication).

Studies on rainfall and runoff in the region performed from 2001 to 2005 
recorded no runoff from the forested catchments’ area, even under the most 
severe rain-storm event of 100 mm in 24 h (Safriel 2005). Shachnovich et al. 
(2008) concluded that soil and bedrock properties contribute to within-site 
small-scale water redistribution by overland or below-ground flow. Merzer 
(2007) concluded that even in winters with high amounts of rainfall, the soil 
wetting front never exceeds 2.5 m in depth. Still, as a result of lithological prop-
erties of the bedrock formation, a small amount of deep percolation may occur. 
This means that all of the rainfall becomes part of the forest site’s internal water 
balance. In general, and in accordance with the topography, the region is covered 
by 30- to 50-cm thick Leptosols or Regosols, covering a bedrock formation of 
Turonian era chalk and limestone covered with a compact and hard calcrete crust 
(Dan and Raz 1970; Schiller 1972). General landscape features of the hilly area 
have been summarized by Aronson and Lovinger (1976). As a result of soil-
bedrock properties and rainfall patterns, the physiological activity of the tree 
roots is concentrated in the upper soil layers where the moisture content is 
highly dependent on the annual distribution of rain spells and depth of rainfall 
(Schiller and Cohen 1998).

The Species Planted

The Yatir forest was planted mainly with Aleppo pine (Pinus halepensis Mill.), a 
drought-resistant (Oppenheimer 1967; Schiller 2000) low-elevation Mediterranean 
tree species that has a circum-Mediterranean distribution, and grows naturally 
under sub- to thermo-Mediterranean climatic conditions. Hence, the forest planta-
tions in the semi-arid region of the northern Negev (UNESCO-FAO 1963) are alien 
ecosystems to the region (Danin 1970).

The species is the only native pine species in Israel and Jordan. It is very easy to 
handle in nurseries and plantations. As a consequence, it has been planted exten-
sively under Mediterranean climatic conditions since the beginning of forestry 
activity in the region in the early twentieth century, and elsewhere in the world 
under similar climatic conditions. Within its range-wide area of distribution, the 
species shows genetic variability related to eco-geographic regions and it is there-
fore divided into several genetic groups (Grünwald et al. 1986; Schiller et al. 1986; 
Korol et al. 2002).
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Aleppo pine has a relatively shallow root system with a few main roots penetrating 
into deeper soil-filled crevices in the bedrock (Oppenheimer 1955, 1957). In shallow 
soils, growth of Aleppo pine is related to the lithological properties of the bedrock, 
i.e., the number of crevices and the water-holding capacity of the soil–bedrock 
complex (Schiller 1982). Soil water content decreases soon after the last winter 
rainfalls, and Aleppo pine root tips are covered with a corky lamella (metacutis) to 
prevent their desiccation during the dry season (Leshem 1967). As a consequence 
of its ecological and physiological features, Aleppo pine became the most planted 
tree species in the Yatir area, although this area is several tenths of a kilometer to 
the south of the nearest autochthonous Aleppo pine population.

Research Aims at Yatir

The uniqueness of the Yatir forest plantations growing in a semi-arid area (<300 mm 
average annual rainfall) presents an excellent opportunity to study interactions 
between environmental factors and a tree species that originated in more humid 
ecological environments. Therefore, in the last decade, the Yatir forest has become 
home to studies on Aleppo pine population genetics (Schiller et al. 2004) and on 
eco-physiological properties that enable survival and growth of the species in such 
an environment (e.g., Schiller and Cohen 1998; Grünzweig et al. 2003; Atzmon 
et al. 2004; Klein et al. 2005; Safriel 2005; Maseyk 2006; Maseyk et al. 2008a, b; 
Schiller and Atzmon 2009).

Climate trends observed over Israel in the last 30 years have shown east-ward 
and south-ward increasing air temperature and aridity (Kafle and Brunis 2009). 
Forecasts of increasing aridity in the East Mediterranean region in the next decades 
(IPCC 2007) and the occurrence of droughty winters (Paz 2004) make information 
on the annual course of water-balance partitioning among the forest components 
indispensable to the preparation of ecosystem-management plans. Such plans 
should be aimed at enhancing the sustainability of the forest, which might be jeop-
ardized as a result of harsh competition for water among the vegetative components 
of this man-made ecosystem.

A globally widespread increase in reported tree mortality and forest decline has 
been attributed to more frequent drought and heat events (Allen et al. 2009; Van 
Mantgem and Stephenson 2007; Chapter 3, this volume). According to the physi-
ological characters of broadleaf or conifers species, mortality was attributed to 
prolonged embolism or carbohydrate starvation (McDowell et al. 2008; Adams 
et al. 2009; Allen et al. 2009; Breshears et al. 2009), raising the question: What is 
the carrying capacity, or in other words, the stocking density in different age classes 
that will enable the forest to survive at annual rainfall amounts that are 30% less of 
the present average annual rainfall of 283 ± 89 mm year−1? Several more questions 
arise with respect to better forest management because the present tree generation, 
planted before 1975, i.e., between 28 and 38 years of age in 2003, has passed the 
stage of maximum yearly height and diameter growth rates (Roehle 1991). None of 
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the problems related to natural regeneration have been solved (Yavlovich 2008) and 
in the face of the growing social demands from the forest, its sustainability has 
become one of the greatest challenges for forest managers.

The aim of this chapter is to summarize the results of research performed in 
Yatir forest on:

 1. Partitioning of water balance in a rain-fed semi-arid Aleppo pine forest. Of interest 
is the annual course of transpiration in relation to the annual course of rainfall, 
soil water content, ecosystem evaporation and potential evapotranspiration as 
influenced by the ambient meteorological parameters measured by an eddy cova-
riance system on a flux tower erected in the geographic centre of the Yatir forest.

 2. The eco-physiological adaptation of a Mediterranean pine species to semi-arid 
climatic conditions, i.e., relations of the daily, seasonal and annual course of 
photosynthesis, respiration and phenology to semi-arid climatic conditions.

 3. Changes in the genetic constituency of the population driven by the harsh 
ecological conditions that enables the species to cope and survive in that area.

Materials and Methods

Research Sites and Trees

Three plots of 0.25 ha each were selected in 2003 within the Yatir forest according 
to slope orientation:

 1. Plot situated on a south-east-facing slope (azimuth 113°, inclination of 45%)
 2. Plot situated on a north-west-facing slope (azimuth 290°, inclination of 32%)
 3. Plot situated on a plateau with about 3% inclination to the north-west

These plots are within the circular “foot-print” area of the meteorological tower 
which has a radius of 1,000 m. The tower was erected at the geographic centre of 
the Yatir forest on a plateau.

The Aleppo pine trees growing within that “foot-print” area were 34 years of age 
in 2003, with a few trees being up to 4 years younger resulting from replacement 
plantings. Average stocking density was ~300 trees ha−1; tree height averaged 11.2 m 
(±2.3 m SD), and DBH (diameter at breast height) averaged 16.9 cm (±4.8 cm SD), 
resulting in a basal area (G) of ~7 m2 ha−1; leaf area index (LAI) in 2003 was esti-
mated at approximately 1.6 (M. Sprinstin, personal communication) and tree’s 
 canopy projection area covered about ~50% of the area of the plot’s forest floor.

During the hydrological years Oct 2003–Sept 2004 and Oct 2004–Sept 2005, 
three sets of equipment were deployed, one at each plot. During the hydrological 
year Oct 2005–Sept 2006, only one set was deployed in the forest stand surround-
ing the meteorological tower on the plateau. In all cases hydrological year refers to 
1 Oct–30 Sept of the following year.
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The rainfall data were collected from the standard station located at the forest 
administration building, 1.5 km south-west of the meteorological tower. Rainfall 
during the hydrological years 2003–2004, 2004–2005 and 2005–2006 amounted to 
231, 374.5 and 224 mm year−1, respectively.

Instrumentation and Measurements

Sap Velocity Measurements and Hourly Sap Flux Calculations

Sap flow velocity (V, cm h−1) was determined by means of the heat-pulse method 
(Cohen 1994), which uses the convective heat velocity as a tracer for sap velocity, 
using the same configurations as in earlier studies (Schiller and Cohen 1995, 1998). 
Three measurement systems were used, one in each plot. Each system was com-
prised of a battery-powered data logger (21X, Campbell Scientific, Logan, UT, 
USA) connected to a custom multiplexer (model TJB 818, Ariel, Tel Aviv, Israel) 
and eight heaters and probes (produced in-house), 60 mm in length, each bearing 
six thermistors 8 mm apart along the axis; this means that sap velocity was mea-
sured in the xylem to a depth of 48 mm. Heaters and probes were inserted radially 
into the trunks, with the probe 15 mm above the heater, at 1.30 m above ground as 
in previous studies (Schiller and Cohen 1995; 1998). The system enabled measure-
ments of sap flow velocity in the trunk’s sapwood xylem of eight Aleppo pine trees 
per plot by cycling through the group every hour and measuring HPV (Heat Pulse 
Velocity) in each for 7.5 min per cycle.

Sap flow velocity measurements during the 2003–2004 hydrological year were 
begun on 26 Jan 2004 (day 118 of the hydrological year), when the instrumentation 
started to function, and taken until 16 June 2004 (day 258), i.e., 140 days. During 
the 2004–2005 hydrological year, measurements were taken from 3 Nov 2004 (day 
34), before the start of rainfall, to 18 June 2005 (day 261), i.e., 227 days. In the 
2005–2006 hydrological year, measurements were taken from 28 Oct 2005 (day 
28), before rainfall started, to 4 June 2006 (day 247), i.e., 219 days. The interruption 
in measurements from June to October was due to the very low sap flow velocities 
during those months, less than 0.040 m h−1. These data are considered unreliable 
due to the inherent constraints of the heat-pulse technique (Schiller and Cohen 1995).

In trees, hourly sap flux is considered to be the hourly transpiration rate (T
tree

,  
l h−1), which was computed from the hourly sap velocity measured by each of the 
six thermistors per probe inserted into each tree at breast height, the physical prop-
erties of the wood, the conducting xylem sap wood area (Schiller and Cohen 1995) 
and the calibration coefficient. The calibration coefficient, which is the slope of the 
linear regression between the hourly or daily gravimetrically determined water loss 
and the calculated sap flux, was 0.565 (Schiller and Cohen 1998), similar to that 
reported by Swanson and Whitfield (1981). The following calculations were 
performed using the computed hourly transpiration in each tree:
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 1. Summation of the hourly T rates to daily (24 h) transpiration rate (T
tree

, l day−1).
 2. Summation of the hourly T rates to daytime (0600 to 1900 h) transpiration rate 

(T
tree

, l day−1).
 3. Average hourly or daily T rates of the eight trees per plot (T

tree
, l h−1 or T

tree
, l day−1).

Total transpiration by the Aleppo pine forest stand, i.e., forest canopy 
 transpiration (T

canopy
, mm day−1), was calculated by multiplying the average hourly 

or daily T rate of the eight trees per plot (l h−1 tree−1 or l day−1 tree−1) by the stocking 
density (300 trees ha−1) using Eq. (9.1):

  T
canopy

 (mm h-1 or mm day-1) = average hourly or daily T rate* 300/10000, (9.1)

where division by 10000 is the transformation of liters per ha into mm.

Soil Volumetric Water Content

Soil volumetric water content (SWC, m3m−3) was measured by two systems that 
were integrated at the research site (Raz Yaseef 2008). The first consisted of three 
reflectometry sensors (CS616, Campbell Scientific) positioned vertically in the 
ground and measuring the average water content for a soil depth of 0–30 cm. A 
specific calibration equation was prepared in the laboratory for these sensors to fit 
the dense soil at the Yatir site. In addition, their high sensitivity to soil temperatures 
demanded a linked soil temperature measurement, which was carried out at depths 
of 1, 5, 15 and 30 cm within close proximity to the CS616 sensors (HOBO H8 
 loggers, Onset Computers, USA). An integral average of these soil temperatures 
was then used with the factory-defined temperature correction equation. Since 
2005, a second system based on TDR sensors (TRIME, IMKO, Germany) was 
integrated, measuring q at different depths in three pits (pit 1: 5, 15, 30, 50, 70 and 
125 cm; pit 2: 5, 15 and 30 cm; pit 3: 5, 15, 30, 50 and 70 cm).

The Meteorological Tower

An instrumented tower was erected in the geographic centre of the Yatir forest (31° 
20¢ N; 35° 3¢ E) (E. Rotenberg, personal communication) which stretches 8 km in 
the east-west direction, and 4 km in the south-north direction. The tower is part of 
the Carboeuroflux network (http://www.carboeurope.org/), and measurements 
 follow the European methodology using Unitus software (University of Tuscia, 
Italy). Rainfall data presented here were taken from the standard station located at 
the KKL forest house, 1.5 km south-west of the meteorological tower.

Evapotranspiration

Evapotranspiration at Yatir was computed (S. Cohen, personal communication) 
according to the procedure recommended by Allen et al. (1998). This procedure 

http://www.carboeurope.org/
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simulates the evapotranspiration of a well-irrigated 12-cm tall grass surface 
 according to the Penman–Monteith equation (Monteith 1965) applied to ambient 
climate data measured by the meteorological tower. The climate data used to solve 
the equations were derived from half-hourly averages of global radiation, tempera-
ture, relative humidity and wind speed measurements. For more information on the 
procedure see Allen et al. (1998). The climate data were all measured at a height of 
15 m, or approximately 4 m above the tree tops. Soil heat flux was assumed to be 
negligible for the daily averages. The calculations were also done using wind speed 
computed for two meter height above the zero plane displacement (as done in agri-
cultural canopies). This resulted in very low wind speeds and unacceptably high 
aerodynamic resistance. Therefore, the presented data were calculated using tower 
wind speed as that for two meters height in the Allen et al. (1998) procedure.

Water-Balance Partitioning in the Forest

Daily, Seasonal and Annual Evapotranspiration in Relation 
to Meteorological Parameters, Soil Water Availability  
and Topography

A major component in forest water-balance partitioning is the evapotranspiration 
(ET), i.e., evaporation from the soil surface (E) and water used by the vegetation (in 
this case transpiration by the forest trees) (T). Transpiration by the Aleppo pine 
trees was studied during the hydrological years (1992–1993, 2003–2004, 2004–
2005 and 2005–2006, using the heat-pulse system (Cohen 1994). The measured sap 
velocity, translated to transpiration (mm day−1) (Schiller and Cohen 1995) was 
related to the annual rainfall (mm year−1), soil water content at 30 cm depth 
(SWC

−0.30
, m3m−3), vapour pressure deficit (VPD, kPa) and potential evapotranspi-

ration (PET, mm day−1) resulting from ambient meteorological data measured by 
the flux tower.

Measurements in 1992–1993

At several periods in the hydrological year 1992–1993, 24-h measurements of the 
hourly sap flow velocity were performed continuously over several days, in the 
 oldest section of the Aleppo pine forest planted in winter 1964–1965. The forest then 
had a stocking density of ~600 trees ha−1, with a basal area (G) of ~8.9 m2 ha−1, and 
LAI of ~2.0. Figure 9.1 shows the annual course of rainfall, average daily canopy 
transpiration rate (T

canopy
), and the relation between daily T rates and PET. 

Transpiration was high during the wet season, i.e., December to March, culminated 
in March and declined steeply in April–May; in June, daily T rates were between 
0.15 and 0.25 mm day−1 and T/PET ratios were ~0.03. Summation of the daily 
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T rates during the hydrological year gave 210 mm, ~80% of the 262 mm annual 
rainfall. The result led to the conclusion that there is an urgent need to reduce 
stocking  density by thinning in order to alleviate competition for water (Schiller and 
Cohen 1998). Thinning soon after to a stocking density of ~300 trees ha−1 probably 
saved the forest from total destruction during the hydrological years 1998–1999 and 
1999–2000, in which annual rainfall was only 144 and 150 mm, respectively; many 
non-thinned forests in the southern region of Israel declined in those 2 years.
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Measurements During 2003–2006

Transpiration in Relation to SWC, ET and PET

Figure 9.2 clearly depicts the dependence of T
canopy

 (mm day−1) on the daily 
SWC (m3 m−3), which depends solely on the annual distribution of storm events 
and rainfall depth of each storm (Fig. 9.3). Daily T

canopy
 declined sharply when 

SWC at a depth of 0.30 m (SWC
−0.30

) declined to less than ~0.20 m3 m−3, which 
happened shortly after the last significant rain storm. When SWC

−0.30
 was reduced 

to ~0.10 m3 m−3, which occurred toward the end of May–beginning of June, sap 
flow velocities were equal to or less than 0.040 m h−1; such velocities measured 
using the heat-pulse technique are considered unreliable because of constraints 
inherent to the method (Schiller and Cohen 1995). Using that limit of sap flow 
velocity measurements and the area of the conducting xylem of each tree, we cal-
culated the daily transpiration of each tree for the rest of the hydrological year 
(from end of May to October). This amount was then added to the sum of measured 
forest canopy transpiration. The overall “water use” (Table 9.1), i.e., measured and 
estimated transpiration amounts, was 148, 181 and 135 mm year−1, representing 
~65%, ~48% and ~60%, respectively, of the annual rainfall in the hydrological 
years 2003–2004, 2004–2005, 2005–2006.

Summed daily T
canopy

 during the measurement periods in the 3 hydrological years 
constituted ~59%, ~51%, and ~70%, respectively, of the summed ecosystem evapo-
transpiration (ET, mm day−1) during the daytime (0600 to 1900 h); furthermore, 
summed daily T

canopy
 constituted ~14%, ~20% and ~15%, respectively, of the 

summed PET (mm day−1).
In this semi-arid area, the importance of rain-storm intensity, in addition to rain-

storm amounts, is revealed in Fig. 9.3, which shows that the hydrological years 
2003–2004 and 2005–2006 had similar rain amounts of 231 and 224 mm, respec-
tively, but very different storm intensities; hence, they had very different impacts on 
the soil profile water content resulting in very different daily T rates and different 
T/PET (Fig. 9.4) ratios.

In the hydrological year 2003–2004 and 2004–2005, as long as SWC
−0.30

 was 
higher than 0.20 m3 m−3, the average T/PET ratio was 0.36 and 0.42, respectively; 
with the decline in SWC

−0.30
, the average T/PET ratio declined to between 0.17 and 

0.05. In the hydrological year 2005–2006, as a result of the low SWC
−0.30

, the 
 average T/PET ratio was only 0.14 for most of the period. These results corre-
sponded well with those measured earlier, in which the T/PET ratio in Feb 1993 
was between 0.25 and 0.30. These data suggest that excluding the period during 
which SWC

−0.30
 is higher than 0.20 m3 m−3 and the T/PET ratio is maximal at 

between 0.3 and 0.4; canopy transpiration is strongly limited by insufficient water 
availability throughout the hydrological year. In comparison, the T/PET ratio of 
Aleppo pine forests on Mt. Carmel in the wet season (average annual rainfall of 
550 mm, stocking density 1,600 trees ha−1, basal area (G) of 19.5 m2 ha−1) was 
between 0.40 and 0.60 (Schiller and Cohen 1995), which is twice the T/PET ratio 
at Yatir during periods of water availability.
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There is a high correlation between a tree’s basal area and its transpiration  during the 
wet period (Schiller and Cohen 1998); hence, the difference between the two sites (Yatir 
and Mt. Carmel) in T/PET ratio may result from the difference in their basal areas, 
which in Yatir is about half of that in Mt. Carmel forest. The early decline of the T/PET 
ratio (Fig. 9.3) suggests that canopy transpiration was limited by insufficient SWC
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Slope Orientation Influence on Transpiration

The ecological factors of slope aspect and inclination are known to influence 
 vegetation type, growth and survival in our region (Zohary 1962) and elsewhere. 
The Yatir forest stretches across a hilly region, i.e., most of the forest covers slopes 
of different aspects. Analysis of variance (ANOVA) was implemented on a set of 
light hour’s transpiration data (l day−1) from no less than five trees per plot in each 
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of the three plots during 3 successive days simultaneously, in the hydrological years 
2003–2004 and 2004–2005. The number of days for which these conditions were 
fulfilled was only 30 and 33 in the respective hydrological years; the total amount 
of observations included in the analysis was 778. The sources of variance included 
in the analysis were: year, plot, day in the year, [year × plot] and [tree (plot)]; each 
of these parameters had a significant influence on the average daily canopy transpi-
ration rate (F < 0.0001), with an R2 of 0.757. ANOVA results (Table 9.2) showed 
that average daily T

canopy
 (mm day−1) differed significantly among the slopes during 

the 30 days in hydrological year 2003–2004, and that they did not differ signifi-
cantly during the 33 days in hydrological year 2004–2005. The same trees trans-
pired higher quantities in 2004–2005 than in 2003–2004, probably because of the 
higher rainfall amount in the winter of 2004–2005 (374 mm) than in that of 2003–
2004 (231 mm). The differences among slope aspects in the annual courses of daily 
T

canopy
 rates were more pronounced in 2003–2004 than in 2004–2005. Summation 

of the transpiration amounts according to slope aspects (Table 9.3) shows that in 
less rainy years, slope aspect exerts a larger influence on the daily and periodic 
transpiration rate than in more rainy years.

Division of Evapotranspiration into Transpiration and Ecosystem Evaporation

In addition to the results of the forest T
canopy

 measurements (mm day−1) and their 
 relation to ET measured by the flux tower, fine-scale partitioning of the ET flux in the 
forest was calculated from measurements made with a portable infra-red gas analyzer 
(Raz Yaseef 2008). Forest soil evaporation (E) was measured during 24 h at several 
points within a horizontal forest site. The daily high spatial variation of E (SD of up to 
±47%) was best correlated with photo-synthetically active radiation (PAR) and SWC 
at each point of measurement. According to Raz Yaseef (2008), seasonal patterns of 

Table 9.1 Measured and estimated transpiration rates (mm year−1) by 30 Pinus halepensis 
trees per 1,000 m2 at Yatir during 3 hydrological years

Hydrological year  
(1 Oct–30 Sep) 2003–2004 2004–2005 2005–2006

Period of HPV measurements 26 Feb 04–14 
June 04

27 Oct 04–18 
June 05

28 Oct 05–04  
June 06

Number of days 140 227 219
Annual rainfall (mm) 231.0 373.5 224.0
Measured transpiration during 

the period (mm)
83.0 141.0 104.0

Estimated transpiration for the 
rest of the hydrological year 
(mm)

65.5 35.7 30.0

Sum total transpiration by 
Aleppo pine (mm)

148.5 176.7 134.0

Total transpiration in % of 
annual rainfall

64.3 47.3 59.8
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E and T differed. E peaked twice, during early and late winter (up to 0.80 mm day−1), 
and T peaked in spring (up to 1.20 mm day−1). Low E and T were measured in the 
summer while SWC

−0.30
 was below 0.10 m3m−3. E was correlated to environmental 

parameters on a seasonal time scale: with SWC
−0.30

 during the wetting and drying 
seasons (rainy and after the rainy season), and with net radiation during the winter and 
dry summer. The ET component of the hydrological equation could be divided into 
E of 36% and T of 45%. Using rainfall, differences in SWC, soil ET and percolation 
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and Aleppo pine T, a complete annual ecosystem hydrological budget was constructed 
for the Yatir  forest (Raz Yaseef 2008). The results indicated that precipitation was 
supplemented by vapour adsorption of about 5% on average in late summer. Average 
rainfall  interception at the horizontal site was 11%, soil storage runoff and deep 
 drainage were  estimated to be on the order of 6%, and ET was 81%.

Physiological Activity Under Semi-arid Climate

The properties that enable Aleppo pine to withstand stressful environmental  conditions 
in the summer (drought and ozone) under Mediterranean climatic conditions (>350–
400 mm average annual rainfall) were reviewed by Barnes et al. (2000), Schiller 
(2000) and Inclán et al. (2005). Hence, the genetic and physiological properties that 
enable this species to cope with even more pronounced drought  conditions, i.e. 
<300 mm average annual rainfall in semi-arid environments, are of interest in relation 
to the predicted climate change.

Carbon sequestration by plants is their only means of growth and/or maintenance. 
At Yatir, the period during which ecological conditions, i.e., SWC, are sufficient for 
high rates of physiological activity is short, on average between December and April 
(Figs. 9.1–9.3), i.e., atmospheric CO

2
 uptake is highest during the wet season. Still, 

at the age of 35 years (2005), this Aleppo pine forest (planting density 1,800 per 
ha−1, concurrent stocking density 300 trees ha−1) contained 6.5 ± 1.2 t C ha−1, i.e., net 
ecosystem productivity (NEP) of 2.1 t C ha−1 year−1; it continues to accumulate 
0.13–0.24 t C ha−1 year−1. This amount of carbon sequestration is similar to that 
sequestered on average by the European forests (Grünzweig et al. 2003). This rela-
tively high NEP requires adaptation of physiological and phenological processes to 
the given ecological conditions. Hence, the daily, seasonal and annual net photosyn-
thetic rate, transpiration rate, intracellular CO

2
 concentration, foliage, stem and soil 

respiration, were measured using a portable infra-red gas analyzer. In addition, 
 concurrent year needle growth and nitrogen contents were measured (Maseyk 2006). 

Table 9.2 Differences among slope orientations in average 
daily transpiration rates (l day−1tree−1) of the average Pinus 
halepensis tree during the hydrological years of 2003–2004 
and 2004–2005 at Yatir, using ANOVA

Hydrological year and plot

Average daily T rate

(l day−1 tree−1) SD

Year 2003–2004
South-east facing slope 14.8 1.0
North- west facing slope 8.8 0.7
Plateau area (around tower) 16.8 0.6

Year 2004–2005
South-east facing slope 18.5 0.9
North-west facing slope 20.2 1.1
Plateau area (around tower) 20.7 0.6
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Pine needle phenology involves spring flushing and growth through the stressful 
summer period. According to Maseyk et al. (2008a), “Peak photosynthesis was in 
late winter, when high soil moisture, mild temperatures and low leaf VPD allowed 
high rates associated with high water and nitrogen use efficiency. Self-sustained new 
needle growth through the dry and hot summer maximized photosynthesis in the 
following wet season, without straining carbon storage. Low rates of water loss were 
associated with increasing sensitivity of stomatal conductance to soil moisture below 
relative extractable water amount (REW) of 0.4, (equivalent to SWC of 0.20 m3 m−3) 
and decreased stomatal conductance to VPD below REW of approx. 0.2. While most 
of the physiological parameters and responses measured were typical of temperate 
pines, the photosynthesis-phenological phasing contributed to high productivity 
under warm-dry conditions. This contrasts with reported effects of short-term peri-
odical droughts that could lead to different predictions of the effect of warming and 
drying climate on pine forest productivity”.

Efficient energy dissipation is necessary to protect the photosystem from dam-
age under summer drought conditions (Martinez-Ferri et al. 2000). According to 
Maseyk (2006) “The capacity for photosynthetic activity through summer was 
facilitated by effective photo protection mechanisms. Both pre- and post-photo-
chemical electron transport energy dissipation was employed to prevent any chronic 
reduction of photo system efficiency under the conditions of high light and low 
stomatal conductance. The relative importance of various protection mechanisms 
depended on the nature and extent of the drought stress, but pigment bed thermal 
dissipation was seen to be more important than sustaining electron flow through 
photo respiration”. Maseyk et al. (2008b) concluded that “Autotrophic respiration 
in an evergreen pine forest displayed significant acclimation to warm and dry sum-
mer conditions. This was dominated by reductions in normalized respiration (R

20
) 

and accompanied by reductions in temperature sensitivity (Q
10

) leading to low foli-
age (photosynthesis driven) and stem (phenology driven) respiration rates over 
summer. These responses underline a relatively high annual-scale carbon-use effi-
ciency, which, combined with high levels of primary productivity, contribute to 
high ecosystem productivity in this seasonally dry forest”.

Results From a Provenance Trial at Yatir

Provenance trials are a common way of analysing the adaptiveness of different seed 
sources (ecotypes/genotypes) to a given set of ecological conditions. A review on 
among-provenance variation of Aleppo pine in Israel at the seed and seedling 
stage (Schiller and Waisel 1989) showed the existence of significant differences 
in heterozygosity (by isoenzyme analysis) and eco-physiological and growth para-
meters. Significant differences exist among circum-Mediterranean provenances of 
Aleppo pine as well (Bariteau et al. 2000; Schiller 2000; Korol et al. 2002). 
Therefore, provenance trials were established within Yatir forest and at Bet Dagan 
(in the coastal plain, average annual rainfall of ~550 mm) to examine adaptation of 
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Israeli and overseas Aleppo pine provenances (Morandini 1976) to semi-arid 
 ecological conditions. Of the 22 provenances planted in 18 incomplete replications 
in the “Yatir-east” provenance trial in 1985, five provenances, namely, the three best 
provenances in terms of growth and survival rate and the two least developed 
 provenances were analyzed for their genetic and eco-physiological properties 
(Schiller et al. 2001; Schiller and Atzmon 2009).

Habitat Effects on Adaptive Genetic Variation in Pinus halepensis  
(Aleppo Pine) Provenances

The genetic diversity and structure of the more southern Israeli autochthonous 
Aleppo pine populations (Mt. Carmel, Umm-Safa, Bet-Meir) and a 36-year-old 
Aleppo pine stand at Yatir (planted in 1964–1965) were analysed using isoenzyme 
starch gel electrophoresis (Schiller et al. 2004). Percentage of polymorphic loci, at 
the 1% criterion, was found to be 14.9 in the autochthonous populations and 17.8 
at Yatir. From these results, it can be deduced that the environmental selection pres-
sure in Yatir forest is such that only individuals with a higher amount of polymor-
phic loci are able to withstand it (Schiller et al. 2004). Hence, forest sites at Yatir 
subjected to recent eco-physiological research have undergone selection that 
favored the more adapted individuals.

Twenty years after planting of the provenance trial, average survival rate of the 
22 planted provenances declined to 38 ± 21% with a range of between 0.0% and 
92%. The heterozygosity of the surviving trees in the few provenances analyzed in 
comparison with the heterozygosity of the autochthonous populations that were the 
seed source was determined by means of isoenzyme (Table 9.4) and DNA analysis 
(Table 9.5). The two tables show that all of the genetic estimates were higher in the 
Yatir provenance trial than in the autochthonous populations. This phenomenon is 
probably due to the heavy selection pressure exerted by the ecological conditions in 
the area, which eliminated the less heterozygous individuals (Schiller et al. 2004).

Site Effects on Physiological Aspects

Predawn needle water potential (PNWP) was measured on trees of several 
 provenances during the hydrological year 1998–1999 with only 144 and 250 mm 
annual rainfall at Yatir and Bet Dagan, respectively, using a pressure chamber 
(Scholander et al. 1965). The annual course of PNWP in four of the selected 
 provenances growing at Yatir and at Bet Dagan (Fig. 9.5) revealed significant dif-
ferences within and between the two sites. During most of the measurement period, 
PNWP values were higher than 2.5 (−MPa) in all trees at Yatir, with minor differ-
ences between the provenances; at Bet Dagan, PNWP values were lower than 2.5 
(−MPa), with significant differences among provenances. These data indicate that 
the severe water stress throughout the whole of that hydrological year at Yatir  
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(water potentials >1.8 –MPa) caused stomata closure, leading to carbon starvation 
and associated increases in susceptibility to other disturbances (Breshears et al. 
2009). On the other hand, at Bet Dagan, gas exchange took place on at least 
100 days, when water potentials were <1.8 (–MPa) (Melzack et al. 1985).

Isotopic carbon ratio, 13C/12C = d13C (0/
00

), is another parameter used to evaluate 
drought tolerance among provenances within species (Bariteau et al. 2000). This 
ratio was measured in 1-year-old needles picked from 12 Aleppo pine trees per each 
of several provenances growing at Yatir and Bet Dagan. d13C values in these nee-
dles, picked in the summers of 1998 and 1999 (Fig. 9.6), were significantly less 
negative at Yatir than at Bet Dagan, suggesting enrichment in 13C, which indicates 

Table 9.5 Genetic diversity parameters at the nucleotide level in autoch-
thonous Pinus halepensis populations and those planted at Yatir (After 
Schiller et al. 2004)

Population Site N na h I

Yirka Natural 31 2.0 0.316 0.476
Bet J’ann Natural 20 1.8 0.264 0.405
Mt. Carmel Natural 27 1.9 0.303 0.452
Bet J’ann Yatir 14 2.0 0.431 0.619
Mt. Carmel Yatir 14 2.0 0.406 0.589

na = Observed number of alleles per RAPD locus
h = Nei’s (1973) gene diversity
I = Shannon’s Information Index (Lewontin 1972).

Table 9.4 Genetic variability parameters at the allelic level in few autoch-
thonous Pinus halepensis populations (natural) and those planted at Yatir 
(After Schiller et al. 2004)

Population N Al/L P%a Hobs Hexp.b

Telagh (Yatir) 5 1.6 52 0.216 0.221
Telagh (Natural) – – – – –
Elea (Yatir) 26 1.9 60 0.220 0.214
Elea (Natural) 76 2.0 52 0.138 0.188
Otricoli (Yatir) 22 1.6 36 0.145 0.152
Otricoli (Natural) – – – – –
Bet J’ann (Yatir) 16 1.5 40 0.160 0.133
Bet J’ann (Natural) 27 1.3 12 0.049 0.054
Mt. Carmel (Yatir) 18 1.7 48 0.144 0.153
Mt. Carmel (Natural) 238 1.8 44 0.116 0.152

N = Mean sample size per locus
Al/L = Mean number of alleles per locus
P% = Percentage of polymorphic loci
Hobs = observed heterozygosity
Hexp = expected level of heterozygosity
aA locus is considered polymorphic if the frequency, of the most common 
allele, does not exceed 0.95
bUnbiased estimate (see Nei 1978).
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greater water-use efficiency (WUE). Significant differences among provenances 
within sites (Yatir or Bet Dagan) were revealed as well.

Rates of transpiration and photosynthesis under dry site conditions may provide 
information on drought tolerance (Table 9.6). Using a portable infra-red gas 
 analyser, the gas-exchange rates of Aleppo pine trees of different provenances 
grown at Yatir and Bet Dagan were measured from Jan to Apr 1999 (Atzmon et al. 
2004). As noted earlier, that winter was the driest on record. At both sites, transpira-
tion and photosynthetic rates were strongly affected (P < 0.0001) by date of mea-
surement, photon flux density (mmol m−2 s−1) and air and needle temperatures (°C). 
Transpiration rates (mmol H

2
O m−2 s−1) were measured between 0800 and 10 00 h 

local time (GMT+2) (Table 9.3). Within sites, among provenances, differences in 
photosynthetic rates (mmol CO

2
 m−2 s−1) were nearly significant at Bet Dagan (P < 

0.071) and highly significant at Yatir (P < 0.0001). The differences in photosyn-
vthat WUE (mmol CO

2
 mmol H

2
O−1) also differed significantly among provenances 
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Fig. 9.5 Annual course of predawn xylem water potentials (−MPa) in trees of different popula-
tions grown at Yatir (a) and Bet Dagan (b) during the hydrological year of 1998–1999. (Dashed 
arrows indicate xylem water potential of −1.8 MPa according to Melzack et al. 1985)
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1998 1999
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Fig. 9.6 Average Isotopic carbon ratio (d13C (0/
00

) in needles of 12 trees per population of Pinus 
halepensis growing at Yatir and Bet Dagan

Table 9.6 Photosynthesis, transpiration and water-use efficiency of several prove-
nances grown at Yatir and Bet Dagan (within trail plots provenances not followed by the 
same letter are significantly different at the 0.05 level according to Tukey’s HSD). 
(Significance level: **P<0.01; ***P<0.001)

Provenances at
Transpiration 
mmol m−2 s−1

Photosynthesis 
mmol m−2 s−1

Water use 
efficiency

Bet Dagan
Otricoli (Italy) 0.610a 3.054a 4.451b
Telagh (Algeria) 0.619a 3.215a 4.782a
Elea (Greece) 0.597a 2.931a 4.719a
Mt. Carmel (Israel) 0.616a 2.808a 4.015b

Prob>F 0.348 0.071 0.037
Significance n.s. n.s. **
Yatir
Telagh (Algeria) 0.389a 1.220b 2.106b
Elea (Greece) 0.413a 1.668a 3.077a
Mt. Carmel (Israel) 0.408a 1.217b 2.240b
Bet J’ann (Israel) 0.401a 1.401ab 2.770ab

Prob>F 0.658 0.001 0.001
Significance n.s. *** ***
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within each site: P < 0.037 at Bet Dagan and P < 0.001 at Yatir. Moreover, WUE 
differed significantly (P < 0.001) between sites. At Yatir, the Greek provenance 
Elea showed the highest rates in all parameters tested, suggesting that this prove-
nance is physiologically the most efficient and therefore most adapted to the arid 
region. At Bet Dagan, the Algerian provenance Telagh showed the highest rates 
although it did not differ significantly in WUE from the Greek provenance.

Conclusions

The afforestation project at Yatir started in 1964–1965 was aimed mainly at 
 alleviating the influences of the harsh environmental conditions at the edge of the 
Negev desert. This forest plantation became a focal point of studies on the influ-
ences of harsh ecological conditions on a typical Mediterranean forest tree species 
planted under semi-arid conditions. In spite of previous eco-physiological research 
efforts on Aleppo pine (Schiller 2000), the research conducted recently at Yatir has 
resulted in a better understanding of its genetic and physiological capability to cope 
with drought (e.g., Schiller and Cohen 1998; Grünzweig et al. 2003; Atzmon et al. 
2004; Schiller et al. 2004; Klein et al. 2005; Safriel 2005; Maseyk 2006; Maseyk 
et al. 2008a, 2008b; Raz Yaseef 2009).

The ecological conditions prevailing at Yatir are challenging in terms of 
 implementing skilful management practice to sustain the present tree generation 
and future regeneration (Yavlovich 2008). The water-balance partitioning in the 
forest among its components suggests a precise forest management which aims at 
alleviating competition, even in more droughty years.

In general, differences in drought adaptation of species, and of provenances 
within species, probably involve mechanisms which in our case have been largely 
uninvestigated such as: root/shoot ratios, rooting depth and root properties, xylem 
properties, osmotic adjustment, hormonal responses (e.g. ABA). Therefore, devel-
oping drought-resistant species and provenances will necessitate long-term field 
trials. However, these differences in drought adaptation afford the opportunity to 
use the harsh conditions as the driving force for selection among and within the 
introduced plant material for more heterozygous and drought-resistant plants, in 
order to enhance the sustainability of newer afforestation projects (Safriel et al. 
1994). In our case, it seems that the genetic variation within Pinus halepensis is 
large enough (Tognetti et al. 1997; Schiller et al. 2004) to enable selection, which 
in turn may significantly improve the selected genetic material’s ability to survive 
under extreme periodical droughts. Hence, the presented results clearly emphasize 
the need for broad selection programmes among and within the species to be intro-
duced for planting forests under harsh environmental conditions, and the necessity 
of establishing seed orchards or forest plantations in which those selected geno-
types will be kept is becoming clear: its urgency lies in the fact that progress can 
only be measured in years.
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Introduction

Most of the climate change models predict an increase of aridity of the Mediterranean 
basin and that drought episodes could be more frequent in the present century due to 
climate change (IPCC 2007). Similar changes are also expected in temperate regions 
in the Northern Europe (Bréda et al. 2006) and South-Eastern Europe (Chapter 8, 
this volume), with direct consequences on forest health. A massive dieback of oaks 
forest (both evergreen and deciduous) has been observed some summers in last 
decades (Peñuelas et al. 2001; Corcuera et al. 2004), and several authors have 
shown how some mesic Meditterranean trees could be replaced for other more xeric 
species under the current scenario of climate change in Mediterranean forests 
(Martínez-Vilalta et al. 2002; Peñuelas and Boada 2003).

The functional characteristics of Mediterranean deciduous trees provide an 
interesting model for investigating adaptative mechanisms to drought, useful to 
understand future changes of northern forests in a scenario of climate change 
(Baldocchi and Liukang 2007). The genus Quercus comprises 531 tree and shrub 
species distributed among contrasting phytoclimates in the Northern Hemisphere, 
from temperate and subtropical deciduous forests to dry Mediterranean ever-
green woodlands (Corcuera et al. 2002). The range of variation in the ecophysi-
ology of Mediterranean oaks is comparable to that observed between other 
deciduous and evergreen species in the Mediterranean basin (Duhme and 
Hinckley 1992), in the Californian chaparral (Blake-Jacobson ME 1987) and  
in Tropical dry forests Sobrado (1986). Corcuera et al. (2002) identified three 
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phytoclimatic groups of Quercus, which were characterized by their contrasting 
ecophysiological response to water stress. They found that Mediterranean decid-
uous oaks perform better than temperate deciduous oaks under water-stress 
conditions, the last having difficulties to thrive in dry soils. Valladares et al. 
(2004) predicted that Mediterranean deciduous oaks will be replaced by ever-
greens, and the former species will extend in areas currently occupied by tem-
perate deciduous oaks.

The main characteristics defining Mediterranean ecosystems generally are the 
scarcity and irregularity of rainfall (P) and potential evapotranspiration (E

P
) values, 

the latter usually higher than the former in an annual basis. Mountainous areas, 
where Mediterranean deciduous oaks are mostly located, exhibit similar or higher 
P than E

P
 values, but a much higher evaporative demand than rainfall during summer, 

in addition to long and cold winters. These climate conditions determine that 
deciduous oaks have a short growing season (around 120 days year−1), mostly coincident 
with the period without rain. Deciduous leaves can be as costly to produce as ever-
green leaves (Merino et al. 1982) and in a relatively short time, should maintain a 
high photosynthetic activity throughout summer to obtain a positive annual C balance. 
This pattern clearly contrasts with that of Mediterranean evergreen species, which 
are photosynthetically active all year. Evergreen oaks gain significant amounts of C 
in winter period, and water stress usually cause stomatal closure early in the growing 
season (Rodá et al. 1999).

Under these circumstances, Mediterranean deciduous trees surely exhibit a high 
dependence on soil water reserves (SWR) accumulated on soil along wet season. 
This reserve however could be limited in many sites because of the frequent shal-
lowness of Mediterranean soils. The investment on very deep root systems is a 
morphological traits frequently associated to Mediterranean evergreen species 
(Canadell et al. 1996; Moreno et al. 2005). However this trait was scarcely studied 
in Mediterranean deciduous trees yet. We hypothesised that Mediterranean decidu-
ous oaks have also very deep root systems and use bedrock water reserve; this 
powerful root system entails a resource use allowing an increment in the aboveg-
round production.

Apart of the use of SWR, Mediterranean deciduous forest could exhibit a set of 
anatomical and physiological traits compatible with long summer drought. In this 
article we also analyse the diurnal and seasonal dynamic of stomata conductance 
on one hand and, on the other hand, a set of potential of morphological/physiolog-
ical traits that could contribute to increasing the water use efficiency (WUE). 
Stomata regulation is considered the most immediate mechanism of the optimisa-
tion of C-gain/water-loss in plants (Rambal 1993) and we hypothesised that 
deciduous trees exhibit a non-conservative pattern of water transpiration (stomata 
activity), contrary to their neighbour or co-existing evergreen trees (Damesin et al. 
1998). The reduction of leaf area index (LAI) is a third mechanism associated to 
optimisation of WUE and, presumably, Mediterranean deciduous oaks have low 
LAI compared to congeneric species, either temperate deciduous or Mediterranean 
evergreen oaks.
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Given the wealth of information that exists on water dynamics of temperate 
coniferous and deciduous broadleaves (e.g., Bréda et al. 2006), and Mediterranean 
evergreen trees and forests (e.g., Rodá et al. 1999; Ciais et al. 2003), corresponding 
knowledge is scarce about Mediterranean deciduous species. The understanding of 
these southern deciduous forests is needed for modelling water budgets and water 
yield, planning forest conservation and/or restoration programmes, and understanding 
the future dynamic of both Mediterranean and temperate forests under current 
scenarios of climate change.

In this article we analyse how a Mediterranean deciduous oak, Quercus pyre-
naica, with a short vegetative period coincident with summer drought, cope with 
water deficit in that period. We revised published data on temporal dynamic of soil 
moisture and physiological status of tree leaves of several forest stands of Central–
Western Spain and discuss the significance of soil water reserve (SWR) and deep 
rooting system on the maintenance of tree transpiration and physiological activity 
of the trees along summer drought. Accordingly, the following three questions are 
addressed: (a) Are trees water-limited during summer drought? (b) What is the tree 
water source during summer drought? and (c) Which adaptative mechanisms 
exhibit this species to face water deficit?

Study Species

Quercus pyrenaica is a slow-growing Mediterranean deciduous species, distrib-
uted throughout mountainous sub-humid Mediterranean areas of the southwest-
ern region of Europe, especially in the western regions of the Iberian Peninsula. 
It has a short growing season (from the end of May till mid October), which may 
determine its distribution. The species is well adapted to survive maintaining 
photosynthetic production in spite of the long summer water deficit (Gallego 
et al. 1994; Rico et al. 1996) and, therefore, it often occupies transitional areas 
from sub-humid to semi-arid conditions (Hernández-Santana et al. 2008a). 
Despite its distribution and interesting ecology, Q. pyrenaica has been poorly 
studied in comparison with other Mediterranean Quercus species (Silla and 
Escudero 2006), probably because of its low aboveground productivity (Gallardo 
2000).

A common strategy to thrive on water-limited conditions is the reduction of the 
transpiration area (Rambal 1993); then, leaf area index (LAI) usually decreases 
with water deficit (Grier and Running 1977; Ogaya and Peñuelas 2007). Hernández-
Santana et al. (2008a) have reported an average value of 2.4 m2 m−2 for Q. pyrenaica 
stands located in Central–Western Spain. This values can be qualified as low or 
very low compared with LAI values reported for other congeneric species: 5.8 for 
Q. petraea (Davi et al. 2009), 5.0 for Q. robur (Chapter 4, this volume), 3.4 for Q. 
cerris (Llorens and Domingo 2007), 3.3 and 2.9 m2 m−2 for Q. pubescens (Čermák 
et al. 1998; Damesin et al. 1998, respectively).
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In a comparative study of 17 Quercus species (Corcuera et al. 2004), Q. pyrenaica 
shows values for some water-related parameters closer to Mediterranean evergreen 
oaks than those of deciduous ones. For instance, Q. pyrenaica showed very low 
leaf water potential (Y

l
) at the turgor-loss point (Y

tlp
 < −3.2 MPa), similar to 

other Mediterranean deciduous oaks (Q. cerris and Q. frainetto) and clearly 
lower than temperate deciduous ones (around −2.4 MPa). Osmoregulation is a 
strategy for drought tolerance, and Q. pyrenaica showed a low osmotic potential 
(p) at full turgor (p

o
 < −2.6 MPa), again similar to other Mediterranean decidu-

ous oaks and clearly lower than temperate deciduous ones (around −2 MPa). 
Finally, Q. pyrenaica showed a high maximum bulk modulus of elasticity (e

max
 » 18 

MPa), the highest among the deciduous oaks. More inelastic tissues will result 
in a more rapid decrease of turgor with loss of water; this will generate a steeper 
soil to leaf water potential gradient and, consequently, less leaf dehydration. 
This may improve water uptake from dry soils, avoiding severe water deficit in 
leaf tissues, what is important for species with deep rooting as oaks. Their capacity 
of exploiting deep soil layers improves soil–water extraction, maintaining the soil 
to leaf water potential gradient without leaves becoming too much dehydrated 
(Aranda et al. 2004).

Study Area

Data used in this article are based on a long-term monitoring carried out in four Q. 
pyrenaica stands located in the Sierra de Gata (40° 2¢ 40″ N, 3° 0¢ 50″ W, CW of 
Spain). Four stands are located in a smoothly hilly area along a rainfall gradient: 
720, 872, 1,245 and 1,580 mm a−1 for S

dry
, S

m-dry
, S

m-wet
 and S

wet
, respectively. The 

climate is sub-humid Mediterranean according to the Emberger’s climogram, with 
relatively high amount of annual rainfall and moderate temperatures (annual mean 
about 12°C). Soils are acid, predominantly Cambisols with a typical A-humic, 
B-weathering, and C-horizons (AhBwC profile) developed over granites, gneiss, 
schists, and greywackes.

From litterfall data (Gallardo et al. 1998) we have estimated LAI values ranging 
from 1.8 and 2.6 m2 m−2 in the four Q. pyrenaica stands. These values are similar 
to those reported for other Q. pyrenaica stands (Hernández-Santana et al. 2008a).

Other characteristics of the four stands are given in Table 10.1.

Temporal Dynamic of Soil Moisture. Estimation of Stand 
Evapotranspiration

Soil water content (SWC), in terms of both extreme and mean values, increased 
gradually with soil depth throughout growing season (June–September). The minimum 
SWC was found at the surface, as expected, owing to a more marked drying process 



19110 Mediterranean Deciduous Trees Coping with Summer Drought

Ta
bl

e 
10

.1
 

C
ha

ra
ct

er
is

tic
s 

of
 th

e 
fo

ur
 e

xp
er

im
en

ta
l Q

. p
yr

en
ai

ca
 p

lo
ts

 (
‘S

ie
rr

a 
de

 G
at

a’
 M

ou
ta

in
s,

 S
pa

in
)

C
ha

ra
ct

er
is

tic
s

U
ni

ts

Fu
en

te
gu

in
al

do
V

ill
as

ru
bi

as
E

l P
ay

o
N

av
as

fr
ía

s

(S
dr

y)
(S

m
-d

ry
)

(S
m

-w
et
)

(S
w

et
)

G
eo

lo
gy

 (
Pa

le
oz

oi
c)

G
ra

ni
te

Sc
hi

st
G

ra
ni

te
Sc

hi
st

A
lti

tu
de

m
 a

.s
.l.

87
0

90
0

94
0

96
0

Sl
op

e
%

2–
5%

10
–1

5%
5%

5–
15

%
M

ea
n 

an
nu

al
 te

m
pe

ra
tu

re
°C

13
.3

N
ot

 a
va

ila
bl

e
N

ot
 a

va
ila

bl
e

11
.4

M
ea

n 
an

nu
al

 p
re

ci
pi

ta
tio

n
m

m
72

0
87

2
1,

24
5

1,
58

0
So

il 
un

its
 

(I
SS

S-
IS

R
IC

-F
A

O
 1

99
8)

H
um

ic
 

C
am

bi
so

l
H

um
ic

 
C

am
bi

so
l

H
um

ic
 

C
am

bi
so

l
H

um
ic

 
C

am
bi

so
l 

So
il 

de
pt

h
cm

−
85

−
55

−
12

5
−

80
So

il 
te

xt
ur

e
Sa

nd
y-

lo
am

Si
lt-

lo
am

y
L

oa
m

y
Si

lt-
lo

am
y

A
W

C
a  s

oi
l

cm
3  

cm
−

3
0.

16
0.

21
0.

13
0.

18
A

W
C

a  b
ed

ro
ck

cm
3  

cm
−

3
0.

08
0.

11
0.

05
0.

11
D

om
in

an
t u

nd
er

st
or

y
Sh

ru
bs

Sh
ru

bs
G

ra
ss

es
Fe

rn
s

T
re

e 
de

ns
ity

T
re

e 
ha

−
1

73
8

1,
04

3
40

6
82

0
L

A
Ib

m
2  

m
−

2
2.

6
2.

0
1.

9
1.

8
T

re
e 

D
B

H
c

m
m

16
5

11
0

25
4

15
2

T
re

e 
he

ig
ht

m
12

.0
8.

5
17

.0
13

.0
T

re
e 

ag
ed

Y
ea

rs
80

60
80

60
B

as
al

 a
re

a
m

2  
ha

−
1

21
.2

13
.5

19
.9

15
.6

L
as

t t
hi

nn
in

g
Y

ea
rs

 a
go

35
25

50
35

D
B

H
 in

cr
em

en
t

m
m

 y
ea

r−
1

3.
2

2.
5

0.
8

2.
4

B
io

m
as

se
M

g 
ha

−
1

98
63

.8
13

1
64

.5
Pr

od
uc

tio
ne

M
g 

ha
−

1  
ye

ar
−

1
4.

19
2.

85
3.

52
2.

6
a 
A

va
ila

bl
e 

w
at

er
 c

on
te

nt
b 
L

ea
f 

A
re

a 
in

de
x

c 
D

ia
m

et
er

 a
t b

re
as

t h
ei

gh
t

d 
D

om
in

an
t t

re
e 

he
ig

ht
e 
A

bo
ve

gr
ou

nd
 tr

ee
 b

io
m

as
s



192 G. Moreno et al.

at the soil surface (Fig. 10.1). Increases in SWC at depth, with a certain delay over 
the more superficial horizons, were noticeable from the beginning autumn, i.e., the soil 
wetting front advanced very rapidly (data not shown). The pattern of soil profile 
dryness, similar throughout years and plots, showed a gradual change of the relative 
importance of the water at different depths (Fig. 10.1). Comparing SWC values of 
consecutive dates, it observed that at the beginning of the growing season, soil dry 
mostly in the uppermost soil layers, while dryness is a slow process at the deep 
layers. Over time, the deep soil water acquires higher relative importance; that is, 
SWC values decreases mostly at deep layers, indicating that only deep soil water is 
being consumed by plants.

Soil water content, cm3 cm−3

15/04/1998
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Fig. 10.1 Temporal evolution of soil drying in Quercus pyrenaica forests of Central–Western 
Spain. More examples, including soil re-watering period, in Moreno et al. (1996), Vicente et al. 
(2003)
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Fig. 10.2 Temporal course of soil water content (0–100 cm depth; SWC), precipitation (P), 
potential evapotranspiration (E

P
) and actual evapotranspiration (E

A
) in a Quercus pyrenaica forests 

of Central–Western Spain (Adapted from Moreno et al. (1996) and Vicente et al. (2003)
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The seasonal variation of SWC within the first 100 cm depth closely mirrored 
the precipitation pattern, with alternating wet and dry periods occurring in all 
stands and years analysed (Fig. 10.2). Autumn recharge entailed a rapid soil 
moistening, obtaining frequently maximum values of SWC at the end of autumn. 
Although in dry autumn, complete soil recharge was reached later, it was 
reached every year. Then, SWC content remained more or less constant till mid 
spring, when soil begun to dry quickly. Some years, when trees leafed out (end 
May–early June) more than 50% of the available water content (AWC) had been 
consumed and, every year, AWC practically was exhausted halfway through the 
summer. Then the soil remained similarly dry during 30–50 days, with the 
exception of some abnormally wet summer. The situation of water deficit 
occurred earlier and lasted longer at the dry sites, but minimum SWC values are 
similar for each plot every year. On average, SWC declined from the bud burst 
to the end of the summer by 115 mm in S

wet
, 111 mm in S

m-wet
, 113 mm in S

m-dry
, 

and 79 mm in S
dry

, differences being more related with soil depth and texture, 
than rainfall amounts (Table 10.1).

From the temporal evolution of SWC, monthly actual evapotranspiration (E
A
) of 

the four stands was calculated by applying a simple iterative model of monthly 
water balance (Moreno et al. 1996). The model is based on the relationship between 
deep drainage (water flowing down from the soil to the bedrock; Dp) and SWC, and 
on the limitation imposed by E

P
 (potential evapotranspiration). These authors found 

that P was significantly related to Dp but not to E
A
. The higher P values in wet and 

cold season were, the higher Dp values were, without involving a significant change 

Table 10.2 Mean values of precipitation (P), actual evapotranspiration 
(E

A
), and ratios of actual and potential evapotranspiration (E

A
/E

P
) in four 

Q. pyrenaica stands located along a rainfall gradient (wet, moderately wet, 
moderately dry and dry sites). Data refer consecutive growing seasons 
(May–September)

Growing season Water flow

Experimental sites

S
wet

S
m-wet

S
m-dry

S
dry

1990 P 207 184 179 137
E

A
180 202 193 159

E
A
/E

P
0.29 0.32 0.31 0.25

1991 P 114 104 107 82
E

A
205 178 213 154

E
A
/E

P
0.34 0.29 0.34 0.24

1992 P 347 272 244 173
E

A
216 209 208 167

E
A
/E

P
0.37 0.35 0.35 0.27

1993 P 562 422 407 342
E

A
261 256 278 239

E
A
/E

P
0.48 0.46 0.49 0.42

Average P 308 246 234 183
E

A
216 211 223 180

E
A
/E

P
0.37 0.36 0.37 0.30
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in the water availability for plants. Rainfall interception was moderate and surface 
runoff negligible (15 and <0.5% of the rainfall, respectively). The limited SWR 
determined moderate to low E

A
 rates in the growing season (Table 10.2) and with 

scarce differences among plots. E
A
 differs significantly only among S

dry
 and the rest 

of stands, because of the lower P and SWC of the former site. Maximum E
A
 value 

was usually found in June, and August usually showed the lowest mean values. The 
E

A
 values (mm day−1) for August ranged from 0.40 to 0.97 for S

wet
, 0.74 to 0.87 for 

S
m-wet

, 0.74 to 0.90 for S
m-dry

, and 0.37 to 0.80 for S
dry

. According to the low E
A
 

values, it should seem that Q. pyrenaica trees experienced a strong water deficit, 
with mean E

A
/E

P
 ratios ranging, on average, from 0.30 to 0.37 in the growing season 

(0.14–0.28 in August).

Daily and Seasonal Evolution of Stomata Activity. Estimating 
Tree Transpiration

Studies carried out in two extremes of the rainfall gradient (S
wet

 and S
dry

) showed 
that trees maintained very favourable water conditions throughout summer, with 
predawn leaf water potential (Y

l-pd
) very high at two sites in two consecutive sum-

mers (Fig. 10.3). Only 1 day of the 18 monitored, the Y
l-pd

 was < −1 MPa (Gallego 
et al. 1994). Similarly, Hernández-Santana et al. (2008a) found Y

l-pd
 < −1 MPa only 

1 day from a total of 24 days monitored (2004–2006) in different Q. pyrenaica 
stands, while evergreen-oak forests frequently reach Y

l-pd
 values around −4 MPa 

(Savé et al. 1999).
Y

l-pd
 correlated better with the seasonal dynamics of SWC of the deepest layers 

(60–100 cm soil depth; Gallego et al. 1994). Differences between wet and dry sites 
were only found at the end of the driest summer. Leaf water potential (Y

l
) decreased 

quickly during the day with the minimum value early in the afternoon, but it 
remained the whole time above the turgor-loss point (−3.2 MPa; Corcuera et al. 
2002). In the afternoon, Y

l
 increased also quickly, and at the sunset values similar 

to Y
l-pd

 has been reached (Fig. 10.3).
Despite the rapid decrease of Y

l
, stomatal conductance (g

s
) was high in all moni-

tored days (Fig. 10.4). Maximum mean values of gs (around 250 mmol m−2 s−1) and 
mean daily values varied very little along summer (Fig. 10.4), in spite of the fact 
that SWR was depleted. The diurnal behaviour of stomatal activity (g

s
) indicated 

the absence of limiting factors most of the summers; g
s
 increased in the morning 

and reached a maximum about 3 h before the daily minimum in Y
l
 occurred. 

Maximum g
s
 values were reached at wet site (S

wet
), but daily curves showed a more 

quick and acute decreased of g
s
 along day at S

wet
, defining a stronger effect of water 

deficit at S
wet

 than at S
dry

.
Stomata conductance behaviour with respect to atmospheric humidity may be 

linear or nonlinear, depending on the type of control mechanism. Rico et al. (1996) 
showed for S

wet
 and S

dry
 stands that stomata conductance of Q pyrenaica remained 

constant at low and moderate vapour pressure deficit (VPD) and strongly decreased 
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after a VPD threshold (2.4 kPa). This response is interpreted in terms of high sen-
sitivity to drought and weak functional adaptative strategy of trees, similarly to 
other deciduous Quercus (Chambers et al. 1985). This decrease of g

s
 with VPD was 

more attenuated, but began earlier (lower VPD), at the drier site. Here g
s
 showed a 

more linear tendency, typical of species adapted to aridity, with a conservative 
strategy. g

s
 showed also little response to Y

l
, remaining high in certain range of Y

l
. 

After a threshold (Y
l
 around −2 MPa) a rapid decrease in g

s
 occurred as potential 

continued to decline. Winkel and Rambal (1990) detected similar response in other 
deciduous oaks. Differences between dry and wet sites were again detected, 
although less acute than for g

s
 response to VPD. A better response of g

s
 to Y

l
 was 

detected in dry site, with a high threshold and a less pronounced trend than in wet 
site (Rico et al. 1996).

From seasonal and diurnal curves of g
s
 values, VPD and LAI data, E

A
 was esti-

mated for S
dry

 and S
wet

 stands. Estimation also involved the calculation of the decou-
pling coefficient (Ώ) of Jarvis and McNaughton (1986), which is a measure of the 
coupling between conditions at the canopy surface and in the free air stream. For 
the study stands and days, we have estimated Ώ values moderately high (0.34 on 
average), as a result of large stomata and low wind velocities. This value indicated 
a rather low stomata control of transpiration (which grows progressively weaker as 
Ώ approaches 1.0) if compared with other broadleaf forests (Jarvis and McNaughton 
1986; Goldberg and Bernhofer 2008).

Values of E
A
, so estimated, do not show a clear seasonal trend or clear differences 

between sites; values ranged 2–4 mm day−1 (Fig. 10.5). Recently, Hernández-
Santana et al. (2008b) also reported values of daily E

A
 above 2 mm for most of 

the summer days in similar Q. pyrenaica forest stands. E
A
 values here estimated 

are threefold higher than those estimated from soil water balance. Although 
both approaches of E

A
 estimation have a certain level of uncertainty, the 

high differences must be, a least partially, explained because of the existence of 
an additional source of water for tree transpiration that is not accounted in the 
soil water balance.
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Fig. 10.5 Mean values of daily actual evapotranspiration (E
A
) in two (dry and wet sites) estimated 

from stomata conductance (g
s
) and from time course of soil water content (SWC)
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Lessons Learn

Quercus pyrenaica Oak Is Only Slightly Water-Limited 
During Summer Drought

In response to progressive decreases in soil water, no substantial changes were 
found in Y

l
 or in g

s
, with a tendency to use up water reserves from progressively 

deeper soil layers, thereby avoiding marked stomata closure. Q. pyrenaica seems 
well adapted to surviving summer drought period while maintaining photosynthetic 
activity and it seems to have a non-conservative strategy of water consumption 
(sense Jones 1992), according to patterns described by other authors for different 
deciduous oaks (Mediavilla and Escudero 2003; Manes et al. 2006). Y

l
 and g

s
 of 

Q. pyrenaica remained high when SWR had been completely depleted. Tree tran-
spiration (E

A
) only decreased slightly during summer in dry and wet stands of 

‘Sierra de Gata’ mountains and other stands of Central–Western Spain (Hernández-
Santana et al. 2008b). However, stand E

A
 estimated from the soil water balance 

gave values much lower than those estimated from the leaf conductance, in spite of 
the fact that the latter only included tree transpiration and the former included soil 
evaporation (presumably negligible) and understorey (shrubs and grasses) transpi-
ration, besides the tree transpiration. Irrespective of possible imprecision on E

A
 

estimates, differences among both approaches allow speculating that trees take up 
water from an extra water reserve.

Quercus pyrenaica Oaks Depend on Thick Porous-Weathered 
Bedrocks

The ability to take up water stored in the upper few meters of the weathered bedrock 
during the pronounced dry season is likely the key feature allowing Q. pyrenaica to 
thrive under dry summer conditions in the shallow, rocky soils of study sites, as other 
authors have shown for other Mediterranean-type ecosystems (Sternberg et al. 1996; 
Witty et al. 2003; Schiller et al. 2007). Although weathered bedrock has much lower 
available-water capacities in the four Q. pyrenaica stands than those of soils 
(Table 10.1), the weathered rock zone is much thicker (several meters) than the soil 
(< −1 m). From our data, we estimated that a hydraulically active bedrock of around 
−2.2 and −4.8 m depth (on schist and granite soils, respectively, derived of old 
weathering during the last interglacial periods; Gallardo and Molina 1979) can pro-
vide the water needed by Q. pyrenaica trees during summer in the study area. Witty 
et al. (2003) reported that weathered bedrock supplied at least 70% of the water used 
by the Pinus jeffreyi during the growing season in Sierra Nevada mountains, USA.

The scarce information available on the Quercus pyrenaica rooting system indicates 
a rapid decrease of root length density with depth (Schneider et al. 2001) and also 
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that most of the root is located in the first −50 cm of the soil (Hernández-Santana 
et al. 2008a). However, deep rooting has been suggested to be a key trait to over-
come water depletion in the upper soil layers during the dry season in Mediterranean 
ecosystems (Rambal 1984; David et al. 2004; Kurz-Besson et al. 2006; Querejeta 
et al. 2007). Indeed, Cubera and Moreno (2007) and Hernández-Santana et al. 
(2008b) have shown that Q. ilex and Q. pyrenaica stands of Central–Western Spain 
use soil water located deeper than −2.5 m depth (Fig. 10.6).

A complete re-moistening of thick bedrocks in wet season needs of high rates of 
water infiltration and non-torrential rainfall regimes. However, rainfall regime 
seems to be changing and less frequent and more torrential rainfall events are pre-
dicted for the near future in Mediterranean Basin (IPCC 2007). Through a decadal 
analysis of the rainfall over the last 55 years, Hernández-Santana et al. (2008a) have 
shown a decrease of mean annual rainfall of 17.7%. This trend was more marked 
in summers (decrease of 26.1%). This trend could reduce adequate bedrock 
re-watering in the forthcoming years and water stress experienced by Q. pyrenaica 
would be more pronounced. For instance, Mediavilla and Escudero (2003) found 
Y

l-pd
 values as low as −3.2 MPa where thick weathered bedrock was not present.

Quercus pyrenaica Is a Well-Performed Deciduous Oak to Cope 
with Increasing Summer Drought

Morphological (e.g., low LAI) and physiological (e.g., low Y
tlp

 and p
o,
 and high 

e
max

) differences between Q. pyrenaica and other deciduous oaks will be surely 
crucial under this global change scenario. E

A
 values here reported and those 

reported by Hernández-Santana et al. (2008a) for Q. pyrenaica can be qualified as 
moderately low. E

A
 rates always showed an upper limit well below E

P
, indicating 
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a control of transpiration by stomata (Rico et al. 1996; Hernández-Santana et al. 
2008b). The fact that transpiration becomes constant above a certain threshold of 
VPD, with a gradual stomata closure as VPD increases, protects xylem from cata-
strophic cavitations (David et al. 2004; Chapter 3, this volume).

Stomata activity and its response to atmospheric conditions varied clearly 
between sites (Rico et al. 1996). With favourable water availability, wet sites 
reached higher conductance values, although stomata functioning fell off 
sharply starting with a threshold value, mainly VPD and Y

l
. Under dry condi-

tions, more homogeneous conductance values are found, with a less pronounced 
but more immediate and constant response to environmental variability (Rico 
et al. 1996). This could be interpreted as a functional adaptation, implying a 
more conservative strategy of Q. pyrenaica growing in drier sites. This possible 
genetic differentiation will require further studies given its potential interest for 
future forest dynamic under increasing water deficit in Mediterranean and temperate 
forests in Europe.
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The majority of forestry interventions and measures concern forest tree species 
composition, density, structure and other patterns and characteristics, which in turn 
influence leaf area index, canopy roughness, albedo, surface humus properties, soil 
edaphone associations, tree roots density, and many other properties. All of these 
characteristics are expected to have a profound impact on the water cycle in forests 
and their adjacent areas.

For instance, new findings in the field of trees ecophysiology have cast fresh 
light on the transpirational responsiveness of various tree species to soil moisture, 
which plays an important role in the runoff process and thus in choosing tree spe-
cies featuring ability to affect runoff in the desired way. As an illustration, European 
beech (Fagus sylvatica) shows a high and almost instantaneous transpirational 
response to variations in soil water content or global irradiation (e.g. Čermák et al. 
1993; Střelcová et al. 2006). This ability may facilitate a rapid regeneration of the 
water storage capacity in forest soils.

At the same time, forest effects cannot be confined to flood mitigation. 
Nowadays, it is widely accepted that an increase in forest cover leads to a change 
in the water balance of a hydrological catchment, namely to an increase in annual 
evapotranspiration and thus to a decrease in annual runoff (Badoux et al. 2006). 
Therefore, efforts are undertaken to reconcile production, regulation and socio-
economic functions of forests with maintaining and/or increasing groundwater 
recharge and runoff in arid and semi-arid regions. Such forestry measures often 
lean on forest density reduction and a subsequent medium-term increase of the 
water yield from forests (Tryon 1972; Stogsdill et al. 1989; Stednick 1996).

Besides, alteration or a departure from natural forest cover, tree species com-
position and forest structures due to local, regional or global changes show a 
considerable impact on the water cycle. The evidence of the past vegetation cover 
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destruction by anthropogenic intervention has been documented by the Holocene 
erosion events. Three regional studies of Holocene erosion and alleviation in 
Greece (van Andel et al. 1990) showed that most recorded Holocene soil erosion 
events are spatially and temporally related to human interference in the land-
scape, i.e. introduction of farming, clearing land for farming, deforestation for 
timber and grazing. Sedimentation is the most common water pollution agent that 
may result from forestry activities (Ripl 1995). Especially sound surface humus 
cover has the capacity to prevent erosion, while its formation and quality can be 
influenced by appropriate forest management.

Thus, further research of forest management and water cycle interactions is not 
only plausible and interesting, but also necessary and highly beneficial. According 
to new legislation being prepared or implemented by some European countries, 
forest owners have to produce evidence of their forests’ societal benefits in order to 
be eligible for subsidies. Of course, this may be complicated by uncertainties ensu-
ing from the inherent spatio-temporal variability of forest ecosystems (Tužinský 
and Soroková 2001). For instance, to assess the validity of climate change model-
ling for local conditions, it shall be stressed that the General Circulation Model on 
which other models are based, provides outputs related to a minimum area of 
60,000–100,000 km2 irrespective of local or regional effects. For example, the Alps 
are represented along with the Carpathians as a plateau at a uniform elevation of 
about 1,000 m a.s.l. (Minďáš and Škvarenina 2003). With regard to the variability 
of soils, it is usually considerable. Therefore, spatial design of measurements, soil 
sampling schemes and sample support must account for it. Generally, field methods 
used for soil hydrological investigations suffer less from the highly localized char-
acter of soil samples used laboratory measurement (Green et al. 1986).

Building on recent scientific results and authors’ research, the following chap-
ters are supposed to bring new insights into the important issue of forest manage-
ment control on the water cycle. In addition to providing their expertise, authors 
also hoped to encourage further and well focused research.
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Introduction

Current options for the management of European forests are profoundly affected by 
the interplay of natural history and land use. Today, forest cover in Europe ranges 
from 0.3% in Iceland to 72% in Finland, including a broad spectrum of boreal, 
temperate and Mediterranean forest types, as well as forest tundra and mountain 
formations. In total, 1,001.4 Mha of forests cover 44.3% of the European land-
scape, including Russia (FAO 2005, 2009).

At the same time, considerable differences between the potential and actual 
vegetation cover exist. This divergence has evolved since the commencement of the 
re-colonisation of the European continent by trees after the last glacial, owing to 
two major factors. Firstly, it has been affected by climate changes that took place 
following the end of the Tertiary period and particularly those occurring after the 
last ice age, i.e. during the last 15,000 years. Even though trees and their associa-
tions had been present in Europe before glaciation, these are not directly relevant 
to nowadays forests because the ecological continuity of soils and the vegetation 
was broken (Rackham 1990). Secondly, during the Holocene, prior to the beginning 
of the Neolithic period, the activity of the dwelling humans commenced to cause 
further differentiation of nowadays actual vegetation (Lang et al. 2003).
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While the first factor immediately affected both forest coverage and species 
composition, the anthropogenic influence was first largely confined to the forest 
coverage reduction and its fragmentation. Later on, with the onset of forestry, 
tree species composition of forests, as well as their structure and textural pat-
terns started being altered or replaced purposefully. Inadvertently, such changes 
have had profound effects on the water balance of forest ecosystems and their 
adjacent areas.

Forest cover directly affects rates of transpiration, evaporation, soil freezing, as 
well as patterns of snow accumulation and snow melt (Hetherington 1987). Thus, 
changes in forest structure, including those induced by forest management can 
modify processes that control water balance in space and time. Studies in North 
America showed that percentage of rainfall intercepted and evaporated by the forest 
canopy ranges from about 12% to 48% of rainfall, depending on the climate, tree 
species, canopy structure and tree epiphytes (Kimmins 1997). Case study in differ-
ent age forest stands in Russian taiga showed that evaporatranspiration was lower 
in old-growth forests, when compared to young stands: 530 mm in 60 year old 
stands versus 430 mm in 140 year old stands for pine forests, or 590 mm in 60 year 
old stands versus 430 mm in 140 year old stands for deciduous forests, respectively 
(Shiklomanov and Krestovsky 1988). In Australian mountain ash forest evapora-
tion was also found to be lower in old-growth forest when compared to young 
regrowth. Consequently, water interception was lowest and runoff highest in an 
old-growth mountain ash stands (Vertessy et al. 2001).

Such effects result not only from distinct total precipitation and its spatio-temporal 
distribution, but also from different acclimation mechanisms of various tree 
species, their distinct water demand and responsiveness to draught and soil water 
supply. Therefore, this chapter provides an outline of the natural vegetation cover 
dynamics in Europe, as well as of the past, current and projected changes thereof 
due to the two main factors.

The Climax Forest Cover in Europe

Considering forest cover deviations from a steady-state presumes the existence of 
natural succession series. As the floral associations were asymptotically reaching 
their climax stages, these series became apparent. This approximation is admissible 
owing to the relative constancy of ecological conditions characteristic of a given 
site. Since the end of the last glaciation, however, the forest cover in Europe, its 
prevailing species compositions and structures have been highly dynamic due to 
varying climate. These changes have represented the driving force of the re-colonization 
of the European continent by trees, as seen in Table 12.1, which provides a brief 
overview of the climate, soils and vegetation development in the Temperate Zone 
of Europe during Holocene.

The scientific and conservation importance of such processes has recently been 
recognized by the inscription of Carpathian beech primeval forests on the World 
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Heritage List. The inscription occurred on the merits of representing the best and 
outstanding example of the ongoing process of re-colonisation and development of 
forest ecosystems in Europe after the last ice age (Pichler et al. 2007). European 
beech (Fagus sylvatica) has been used as a model species in European palaeoecology, 
and its past distribution has been discussed in a number of papers (e.g. Magri et al. 
2006). The species seems to be a markedly successful tree species owing to its 
phenotypic plasticity and evolutionary adaptability that may counteract a further 
contraction of the European beech range arising from climate change in the future 
(Bolte et al. 2007). Therefore, it is sometimes considered a tree species of choice 
and the back-bone of close-to-nature forestry in Central Europe.

Until now, successful forest management approaches have been able to draw on 
the fact that the long-term selection of species led to the formation of associations 
optimally adjusted to the respective environment. Such an adjustment meant both 
the stabilisation of tree species composition for a certain territory, as determined by 
latitude, continentality and altitude, and the development of ecotypes optimally 
adapted to the respective site conditions. Generally, the European continent can be 
divided into several regions with respect to the forest constituents:

Table 12.1 The development of climate, soils and vegetation in the Central Europe during 
Holocene (According to Plesník 1972; Krippel 1986; Bublinec and Pichler 2001)

Chronology 
(years bp) Period Climate changes

Soil types 
formation

Description of dominant 
vegetation

<1500 Subrecent Short-term changes, 
extremities

Fluvisols – Retreat of forests
– Cultural and managed 

forests, monocultures
2650–1500 Subatlantic Moister and colder Orthic luvisols – Retreat of steppes

– Stands with beech, fir 
and spruce

3200–2650 Subboreal Dryer and warmer Chhernozems – Steppes, hornbeam
– Beechwoods and beech-

fir mixed forests
– Origin of forest 

vegetation stages
5950–3200 Epiatlantic Dryer and warmer Cambisols – Expansion of beech 

and fir
7950–5950 Atlantic Moist and warm Luvisols – Mixed oak forests

– Spruce forests
– The onset of beech 

and fir
9700–7950 Boreal Continental, dry and 

warm (22°C)
Cambisols – Steppes, forest-steppes

– Quercetum mixtum 
(oak, lime, hazel, elm, 
succession of spruce)

10250–9700 Pre-boreal Warming by 2–3°C 
(12–13°C)

Gleysols – Birch
Podsols – Pine incl. dwarf pine

>10250 Dryas Average July 
temperature 
<10°C

Permafrost –  Barren sub-arctic tundra 
and alpine meadows
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The boreal region extends in Northern Europe, including coniferous forests 
composed of Norway spruce (Picea abies) and Scots pine (Pinus sylvestris) with 
pioneer deciduous species such as birch (Betula spp.) (Fig. 12.1).

The Atlantic region encompasses the islands (Ireland, United Kingdom) and the 
West Coast of the Europe. The natural forests in this part of Europe are now 
extremely rare due to deforestation and conversion. Their potential vegetation 
includes mainly certain deciduous species, e.g. European beech, oak (Quercus 
spp.), lime (Tilia spp.) and hazel (Corylus avellana).

The Continental region extends over the Central and Eastern Europe and it also 
includes high mountains areas dominated by supramontane forests composed of 
conifers, mainly Norway spruce, stone pine (Pinus cembra) and European larch 
(Larix decidua) in analogy with the Boreal region. However, a higher irradiance at 
lower latitudes allowed for the enrichment of local associations by silver fir (Abies 
alba) and beech, prevailingly at lower elevations. In the mountain zone, mixed 
spruce-fir-beech forests with admixtures of noble hardwoods such as sycamore 
(Acer platanoides), wych elm (Ulmus glabra) and ash (Fraxinus excelsior) consti-
tute the bulk of the natural tree species associations. The lowlands host oak, horn-
beam (Carpinus betulus) and other broadleaved species.

The Mediterranean region stretches along the southern border of the European 
continent. Its climate is warm and dry during most of the vegetation period. Its for-
est and woodlands are composed of oak species (Quercus ilex, Q. rotundifolia, 
Q. coccifera, Q. suber) and Mediterranean pines (Pinus nigra, P. pinaster,  
P. halepensis, P. brutia).

Natural forests of the respective regions feature several characteristic patterns. 
Their structure is usually determined by the presence of species and trees of various 

Fig. 12.1 Birch (Betula sp.) megafossils at Drumbabót in Fljótshlíð, southern Iceland (Photo: 
Olafur Eggertsson)
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age, diameter, and height classes. In turn, the texture results from the spatial 
arrangements of areas, in which one specific developmental stage prevails. A natural 
sequence of such stages is known as the developmental cycle. Its dynamics has 
been mainly studied in the Boreal Zone of Europe, as well as in the Carpathians and 
in the Balkans. In the predominantly mixed temperate natural forests, three main 
developmental stages are commonly identified (Leibundgut 1993; Korpeľ 1995): 
the growth phase, optimum phase, and the final stage of disintegration (Fig. 12.2).

Recently, Brang (2005) reviewed the conceptual foundations for the transfer of 
knowledge from primeval to managed forests. One difficulty inherent to the con-
cept of primeval forests as a knowledge source for European silviculture is the 
scarcity of primeval forest remnants. Today, natural forests represent only 1.7% of 
the total forest area in Europe, left in strict forest reserves and other protection 
categories in Europe (Parviainen et al. 2000). Only in very few sites is it possible 
to compile a complete ecological spectrum of tree species (Fig. 12.3) that would 
represent the respective ecological conditions.

Several European primeval forests deserve a special attention owing to their 
potential for the research of forest structures and biogeochemical cycles, including 
that of water, whose results could be applied in practical forest management. 
Perucica is the largest primeval forest (1,400 ha) that represents the mixed moun-
tain systems biome (beech, fir, spruce). It is found in the the Sutjeska NP (Bosnia-
Herzegovina). Other remnants are found in the Eastern and Western Carpathians, 
e.g. Chornohyrski Massif in the Carpathian Biosphere Reserve and Dobročský 
Primeval Forest in Slovakia (Pichler et al. 2007). The dynamics of the latter ecosys-
tem has been studied for several decades (Korpeľ 1989). The best example of 
indigenous European oak forests is found in Muniellos (Spain). The reserve 
encloses 5,542 ha with an altitudinal range from 520 to 1,685 m a. s. l. European 

Fig. 12.2 Optimum stage in a natural beech forest, Chorna Uholka, Ukraine (Photo: Viliam Pichler)
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beech forests are represented in several forest preserves. The most important beech 
primeval forests series stretches from the Stužica (Slovak Republic) to Chorna 
Uholka reserve (4,734 ha) (Ukraine), considered the largest continuous area of 
beech primeval forest in Europe. The Danube Delta in Romania (biome of temper-
ate grasslands) has 679,222 ha of the largest continuous marshland in Europe with 
alluvial forest elements composed of pedunculate oak (Quercus robur), white pop-
lar (Populus alba), black poplar (Populus nigra) and other species. Pristine Komi 
Forest in the Russian Federation is the largest preserve representing boreal spruce 
forests of the Western Palaearctic Realm (IUCN 2004).

Both natural and anthropogenic changes of forest tree species composition play 
a considerable role in the water balance of forest ecosystems, owing to the differing 
ecophysiological plasticity and responses to water availability or scarcity, as shown 
in various investigations. In beech for instance, reduction in stomatal aperture in 
dry air was negatively correlated with the sum of photosynthetic photon flux 
density of the previous 3 weeks, but was positively correlated with the mean vapour 
pressure deficit of the previous month. These acclimation effects contribute signifi-
cantly to explaining variances in stomatal sensitivity across the growing season 
(Kutsch et al. 2001). Zweifel et al. (2007) found that oak withdrew more water from 
the tissue storage pools and reduced leaf water potentials to lower levels, without 
risking serious damage or cavitation, than pine. Generally, the variability in driving 
forces of the water and energy fluxes appears to be primarily species related. 
On the other hand, site-dependent characteristics and climatic differences will however 
generate rather different total annual fluxes (Dolman et al. 2003).

Fig. 12.3 Tree species composition changes due to varying average temperature and precipitation 
in the Western Carpathians (Illustration: Boris Beláček)
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Zoogenic and Anthropogenic Effects on European Forests

Distribution of the potential natural vegetation in Europe (Bohn et al. 2004) illustrates 
changes in the forest cover and its composition and structure, when compared with 
syntheses of current inventories (e.g. Schuck et al. 2003). The development of 
current European forests started following the last ice age. From its beginning, the 
process was determined by the recolonisation of barren territories by a multitude of 
tree species and influenced by soil edaphone, large herbivores and humans during 
various periods of time. Although the cyclical model (Korpeľ 1989), in which low-
lands of the Continental Europe would have been covered by closed deciduous 
forest, and the wood-pasture model (Vera 2000) seem to be mutually exclusive, the 
natural vegetation probably consisted of a mosaic of closed forests, grassland and 
scrub, resembling nowadays agroforestry areas (in a broader sense), mainly scat-
tered on karst plateaus featuring clay soils. Rare opportunities to study the impact 
of large herbivores still exist in certain areas, most importantly within the 
Białowieza Primeval Forest (Poland) that represents lowland forests biome with its 
floral and faunal diversity that includes a free-roaming population of wisent (Bison 
bonasus). However, existing populations of elk (Alces alces) and red deer (Cervus 
elaphus) continue to affect forest regeneration patterns across the boreal and tem-
perate forests in Europe.

Parallel to the former influences, ecological disturbances including fire, floods, 
pests infections, and storms formed forest gaps. Mainly the intermediate wind dis-
turbances play a more important role in the beech forest dynamics than it was previ-
ously thought (Nagel and Diaci 2006; Kenderes et al. 2008), whereas large scale 
disturbances due to windthrow, insect pests and fire determine the dynamics of 
boreal forests with a more homogeneous tree species composition.

Besides the large herbivores, the contribution of macroedaphone in the cyclical 
model of forests development has recently been recognized. Ponge (2003) sug-
gested that humus forms, shaped and stabilized by interactions between plants, 
microbes, animals and their physical environment, could be the driving force which 
explains most of the variation in terrestrial ecosystems. Various organisms affiliated 
either with mull, moder or moor, such as enchytraeids and earthworms, affect the 
hydrological response of forest soils in that some of the organisms create continu-
ous macropores, while others do not.

As for the anthropogenic influence, Mesolithic and even Paleolithic men availed 
of an array of tools including axes. But their numbers were small and activities 
limited to temporary clearings around their homes (Sims 1973). The initial large 
scale deforestation in Europe occurred due to early tillage of soils gained from forest 
steppes (Krippel 1986; Plesník 2004) and subsequently on land cleared of forest – often 
by burning (Bradshaw 2004) – some 4000–3000 bc. It was the start of agricultural 
acquisition and use which lasted through the Bronze Age with its large-scale 
clearing of woods, which changed the water balance and regional climate (Bastian 
and Bernhardt 1993). About half of the elm population disappeared from 
Europe around 4000 bc, a decline associated with a sudden increase in agricultural 
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weeds supported by archeological evidence from Neolithic settlements (Rackham 
1990). However, in analogy to the impact of herbivores discussed by Bradshaw and 
Mitchell (1999), grazing of livestock and sheep may have been of major importance 
owing to the limits on forest regeneration, most importantly on geographically or 
orographically isolated land such as islands (Iceland, Ireland, United Kingdom) 
(Fig. 12.4) or karst (karstic plateaux in Croatia, Bosnia-Hercegovina, Greece, 
Cyprus and others). Nevertheless, quantitative deforestation trajectories for the time 
span 5000 bc–ad 1000 remain unknown due to the lack of data. On the other hand, 
species such as hornbeam, hazel and beech were among those whose post-glacial 
spread was partly linked with prehistoric anthropogenic activity (Behre 1998, 
Bradshaw 2004). Changes that took place during the last 1,000 years are better 
documented. The integrated development during this period made wide use of all 
the other potentials and resources the natural landscape had to offer beyond purely 
agricultural pursuits, both in extensive and intensive forms (development of 
ore-mining areas, multipurpose and purely extensive use of timber, wood and its 
derivatives) (Bastian and Bernhardt 1993). During the period between approxi-
mately 1,000 and 1,800, the forest cover in most European countries was reduced 
by tens of percent. The reason leading to the encroachment of deforested areas on 
the remaining forests were multiple. In some extended European mountain ranges, 
the rapid spread of livestock and sheep grazing in the sixteenth and seventeenth 
centuries caused and unprecedented destruction of the treeline. In the Carpathians, 
50–60% of the treeline was lowered during the sixteenth to eighteenth centuries 
following the Valachian colonization by several hundred meters, causing an 
increase in the frequency of floods (Plesník 1972; Korpeľ 1989; Coldea 2003). 
Similar, but more dramatic situation occurred in the Alps and Pyrenees, where long 
tracts of the treeline ecotone entirely disappeared. Apart from the spread of subal-
pine and alpine meadows with a high diversity of flowering species, contributions 

Fig. 12.4 Deforested, heavily grazed uplands of The Burren, County Claire, Ireland (Photo: 
Edward P. Farrell)
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to cultural and lifestyle diversity, such developments resulted in an increased runoff 
and erosion. In such areas, forest amelioration practices may provide a remedy for 
degraded land and its water cycle. In the boreal region, and mainly in Finland, slash 
and burn agriculture led to the reduction of the forest cover. Also, sectors of the 
northern treeline in Eurasia were pushed southward by indigenous peoples who 
used the scarce wood resources and changed land cover through semi-domestic 
reindeer grazing. In other parts of Europe, a rapid development of mining activities, 
metallurgy, leather tanning, cork production, tar production, shipbuilding and other 
industries starting in the fifteenth century caused an enormous demand for timber, 
wood, charcoals, potassium, tar, tannin and other products, which peaked in the 
early nineteenth century.

Forest Cover Transition

The “wood-famine”, a contemporary term, and perceived environmental damage 
were so intense that many European governments gradually enacted legislations on 
the prohibition of decreasing the total forest cover or stipulating obligatory affores-
tation of degraded areas throughout the eighteenth to nineteenth centuries (Binder 
1962). As a result, the origins of forest management and forestry science date back 
to the eighteenth century due to the pressures resulting from an extensive use of 
forests. From the very beginning of the nineteenth century, higher education and 
forestry research establishments were founded in several European countries. This 
was a turning point, from which on the original tree species composition of 
European forests has been subject to a purposeful alteration and experiment.

Until then, the exploitation of forests and their regeneration resulted in altering 
forest coverage, its spatial patterns and the forest type, as determined by the suc-
cessive application of methods aimed at the establishment of a new crop, such as 
coppicing, suckering, pollarding, shredding and others. Nevertheless, the overall 
tree species composition was rarely subject to a planned change, although some 
practices favored certain species, such as Scots pine against Norway spruce in the 
slash and burn agriculture (Pitkänen et al. 2003). However, the sanctioned afforesta-
tion meant the beginning of forest conversions in terms of their species composition 
in some parts of Europe. During the last two centuries, Norway spruce was the most 
favored tree species in the Central Europe due to economic reasons (Diaci 2002), 
i.e. rapid growth, high yield and good workability. Its share on the tree species 
composition rose by tens of percent, mainly at the cost of fir and beech. The latter 
species had been utilized mainly as firewood by the end of nineteenth century. Only 
later technological developments enabled its use for many other purposes, a fact 
that was not lost on the most important economic treatise of its time (Eucken 1950). 
As a consequence, spruce stands of unsuitable provenance and ecotypes grow in 
many sites across Central Europe, leaving these man-made ecosystems exposed to 
adverse effects of drought, bark beetle, pest infections and degraded soil conditions 
induced by monocultures and air pollution (Fig. 12.5).
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As a result of these contemporary policies, forests recovery and a slow expansion 
began. For instance, forest cover change in the Orawa region of Poland showed a 
forest coverage increase from 25% to 40% over past 180 years. Changes in forest 
area were largely related to a decline in agriculture (Kozak 2003). These examples 
illustrate that forest transitions have often occurred during two, sometimes overlap-
ping, circumstances. Firstly, it occurred when the economic development created 
enough non-farm jobs to pull farmers off of the land, thereby inducing the sponta-
neous regeneration of forests in old fields. As one of the consequences, secondary 
successions takes place in areas in which traditional grazing regimes were aban-
doned (e.g. large sections of the Spanish dehesas) (Bradshaw 2004). Secondly, it 
went on due to afforestation aimed to overcome the scarcity of forest resources and 
to mitigate environmental problems (Rudel et al. 2005). This trend will likely con-
tinue in the future. It is because starting from 2013, more subsidies will be spent on 
rural development compared to agricultural production, according to the EU 
Common agricultural policy. The role of forestry is hence changing from being 
predominantly productive, to take account of non-consumptive service orientated 
needs which arise from social and environmental demands and policy objectives. In 
this concept, forests are regarded as contributing towards the character and quality 
of rural landscapes with multiple impacts and demands on forest management 
(Simpson et al. 2009) and the supply of renewable resources, also including water 
for recreational facilities.

Until now, many of the newly established forests have been plantations. These 
restored forests improved ecosystem services, but did not match the composition 
and structure of the original forest cover. Therefore, these forests require adaptive 
management as dynamic, resilient systems that can withstand stresses of climate 

Fig. 12.5 Only larch trees have remained standing after the 2003 windthrow in the High Tatras, 
Slovakia. The winds destroyed 12,000 ha of forest in approximately 20 min (Photo: Magdaléna 
Pichlerová)
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change, habitat fragmentation, and other anthropogenic effects (Chazdon 2008). 
In addition, particular demand will be put on designing attractive, diverse and sus-
tainable forest landscapes (Bell and Apostol 2008).

To account for all these trends, various attempts to elaborate scenarios for the 
development of European forests have been made. Because the burning of fossil 
fuels leads to problems in applying the traditional concept of sustainable forestry, 
in which site factors are assumed steady-state (Kauppi 1996), the scenarios are 
accompanied by a set of assumptions and uncertainties resulting from the ongoing 
natural, environmental and socio-economic processes. Firstly, climate modeling 
results show an increase in annual temperature in Europe of 0.1–0.4°C per decade 
over the twenty-first century based on a range of scenarios. This increase will be 
likely accompanied by a widespread rise in precipitation in the north, small 
decreases in the south, and ambiguous changes in central Europe, while the season-
ality of precipitation will change, including intense precipitation events, prolonged 
dry seasons and heatwaves throughout Europe (Alcamo et al. 2007).

Projected impacts on European forests have been assessed using the Holdridge 
Life Zone model (Holdridge 1947; Holdridge et al. 1971) and Forest Gap models 
(Risch et al. 2005) that provide tools for interpreting and evaluating spatial changes 
across regions and the temporal dynamics of forest sites due to climate change. 
Although potential distributional changes of species across climate scenarios are 
obscured by a strong variability in equally justifiable projections (Thuiller 2004), 
the global climate change will seriously affect the extent of forests, their composi-
tion and structure according to the regions (Raev et al. 1997; Maracchi et al. 2005). 
Table 12.2 compiles the impacts of global changes on forest characteristics as 
projected by several sources.

These changes along with inherent uncertainties must be considered when 
assessing projections of the future European forests development. A prognosis by 
Nabuurs et al. (2003) mostly shows a continuous build-up of growing stock and a 
continuing difference between increment and felling with a possible ratio between 
the felling and gross increment up to 0.62 for the multi-functional scenario. The 
total gross increment is foreseen to vary between 4.8 m3 ha−1 year−1 and 5.0 m3 ha−1 
year−1, the latter value being achieved through the largest proportion of total fellings 
coming form thinnings, and a set-aside policy aimed at increasing the area of for-
ests under various levels of protection. Protected forests area (i.e. those with the 
protection of forest ecosystems as their primary role) increased from 5.0% in 1990 
to 9.1% in 2005, although the main rise occurred from 1990 till 2000 (FAO 2001, 
2005) and, for the time being, the increasing trend seems to have leveled off. The 
multi-functional scenario is reflected und upheld by various studies and documents, 
e.g. Kankaanpää and Carter (2004) and the European Forest-Based Technology 
Platform, whose strategic objectives include the commercialization of the soft for-
est values, growing of trees enabling “tailor-made” wood supply, forests for mul-
tiple needs, advancing knowledge on forest ecosystems and adapting forestry to 
climate change.

Also, the relationship between the productivity and diversity of tree species in 
forests, which is supposed to further their ecosystem functions and services 
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(Pretzsch 2005), will perhaps be relaxed in the future. It is because the allocation 
of wood by short-term rotation plantations may help reduce the pressure on the 
sustainable, ecologically oriented forest management as an integration strategy, 
which should be implemented on the predominantly forested area in the future 
(Schmidt and Gerold 2008). Today, tree plantations cover an area of approximately 
137 Mha (ca. 13 Mha in Europe), which equals 3.5% of the worldwide forest area 
with conifers of the genera Pinus, Larix and Picea, as well as broadleaves like 
Eucalyptus and Populus as some of the most represented species (Bemmann et al. 
2008). To assure expected yield of short term rotation plantations, precipitation 
should reach at least 300 mm during the vegetation period, or there must be a shal-
low groundwater capillary fringe in the rooting zone (Röhle et al. 2008).

Overall, the increasing forested areas of Europe will likely contribute to multiple 
forest services, timber production being just one of them (Kankaanpää and Carter 
2004). Implications and possible ways to maintain or improve the desired interac-
tions between forests and the water cycle will be discussed in more detail through 
the following chapters.
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Introduction

Afforestation and reforestation are two forms of direct human-induced conversions 
of non-forest to forest land through planting, seeding, and/or anthropogenic 
 dispersal of natural seed sources. The two terms are distinguished by how long the 
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non-forest condition has prevailed and for the remainder of this chapter,  afforestation 
is used to imply both afforestation or reforestation (Nabuurs et al. 2007).

Afforestation is a major environmental goal worldwide (Savill et al. 1997) and 
especially so in areas with a long history of human settlement, such as the 
Mediterranean basin. Intense exploitation of these areas has altered the original 
composition of species and the physical environment (Blondel and Aronson 1999). 
Under such circumstances, planting is particularly necessary to recover the 
 vegetation and to ensure the success of regeneration.

Afforestation and reforestation are included under Article 3.3 and in Articles 6 
and 12 of the Kyoto Protocol and are the dominant mitigation options in specific 
regions such as Europe. To date, carbon sequestration has rarely been the primary 
driver of afforestation, but future changes in carbon valuation could result in large 
increases in the rates of afforestation. Accumulation of carbon in biomass after 
afforestation varies greatly by tree species and site, and ranges globally between 1 
and 35 Mg CO

2
 ha−1year−1 (Richards and Stokes 2004).

Afforestation may result in a more balanced regional water cycle by  reducing 
run-off, flooding, and by increasing the control of groundwater recharge and 
 watersheds protection. However, massive afforestation of grasslands may 
reduce water flow into other ecosystems and rivers, and affect aquifer water 
level and recharge, thus leading to substantial losses in stream flow (Jackson 
et al. 2005).

Effects of Afforestation on Water Yields and Quality

Water Yields

The flow of water out of a catchment is termed water yield and ultimately 
 determines the amount of water that will be available for downstream use, such as 
urban supply, irrigation, industries or maintaining river flow (Zhang et al. 2007). 
Water yield is altered through changes in transpiration, interception and  evaporation 
which all tend to increase when grasslands or shrublands are afforested. Forests use 
more water and there is a consistent difference in evapotranspiration between 
 forests and grasses or short crops (Zhang et al. 2001). Furthermore, forests tend to 
produce less surface run off, groundwater recharge and streamflow than shallow 
rooted forms of vegetation (Farley et al. 2005; Johnson 1998; van Dijk and Keenan 
2007).

Following afforestation, flow reduction has been demonstrated (Farley et al. 2005; 
Jackson et al. 2005; Lane et al. 2005) and the average loss of streamflow due to 
afforestation of grasslands and shrublands has been estimated to be one third to 
three-quarters (Farley et al. 2005). The response to afforestation can be seen very 
rapidly and it increases with plantation age with maximum runoff reductions to be 
expected between 15 and 20 years after planting (Cornish and Vertessy 2001; 
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Farley et al. 2005; Jackson et al. 2005; Roberts et al. 2001), due to the increase in 
canopy and forest floor interception as the forest grows (Putuhena and Cordery 2000). 
However, the water yield may increase again when the forest matures (Putuhena 
and Cordery 2000; Roberts et al. 2001).

The runoff is reduced by afforestation across a broad range of climates but the 
effects of afforestation on water yield may be more severe in drier regions than 
wetter ones (Farley et al. 2005; Jackson et al. 2005). In drier regions and during dry 
seasons, low flows are particularly important for river flow regime as certain 
 minimum flow is always needed to ensure water supplies. Forest growth leads to an 
increase in the rates of interception and transpiration which results in a decreased 
recharge to the soils and decreased, low flows (Johnson 1998).

Even though the majority of results indicate that afforestation reduces runoff, an 
analysis on water resources in Australia did not suggest that the runoff from cleared 
areas was more than from forested catchments and the authors speculated that it 
may be related to scale differences, since their study area is a thousand times larger 
than in other studies (Van Dijk et al. 2007). Similarily, Mannerkoski et al. (2005) 
showed that clear-cutting of mixed Picea abies Karst., Pinus sylvestris L. and 
Betula sp. forests did not have any significant effect on the average depth of 
groundwater in Finland.

Changes in streamflow are associated with several factors, such as natural 
 vegetation type, canopy cover and plantation species (Cornish and Vertessy 2001; 
Farley et al. 2005). As said earlier, the conversion from grassland to forest normally 
reduces the water yield (see e.g. Buytaert et al. 2007; Calder 2007; Farley et al. 
2005; Scott and Lesch 1997; van Dijk and Keenan 2007; Wattenbach et al. 2007) 
even though the impacts seem to vary depending on climate and tree species used. 
Generally, eucalypts reduce the runoff more than other tree species (Bren and 
Hopmans 2007; Bruijnzeel 2004; Farley et al. 2005; Scott and Lesch 1997)  
and conversion from a pine dominated forest to oak forest increased both runoff and 
groundwater recharge (Wattenbach et al. 2007). In Europe, the most marked 
changes to flows are likely to occur in eucalyptus plantations in Southern Europe 
and coniferous plantations in poorly drained soils in Northern Europe (Robinson 
et al. 2003). Other forest types, such as European mixed broadleaves and open 
forests in the Mediterranean, are likely to have a relatively small effect on peak and 
low flows. Furthermore, even though forest cutting leads to short-term increase in 
peak and base flow at local scale, it may not be detectable at the larger catchment 
scale (Robinson et al. 2003). It is likely that differences in growth patterns between 
 species play a role on water yields and this might be useful for planning  afforestation 
projects (Farley et al. 2005).

The modelling of afforestation impacts on groundwater resources showed that 
afforestation leads to a reduction in groundwater recharge (Allen and Chapman 
2001). In the UK, long term recharge rates were reduced by 48% beneath oak and 
by 75% beneath pine compared with grassland (Calder 2007). Studies have also 
shown that afforestation of abandoned land with spruce can lead to a reduction of 
the total run-off and groundwater replenishment (Meuser 1990) and in the 
Netherlands, the water recharge declined from approximately 485 mm/year in 
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arable land to 172 mm in an 18-year old oak stand and approximately 100 mm in a 
14-year old spruce stand (Van der Salm et al. 2006). Ladekarl et al. (2005) reported 
that in Denmark the estimated annual recharge for oak stands is 390 mm, while for 
heathland it reaches 733 mm.

Afforestation and Changes in Water Yields in Bulgaria

According to the World Resources Institute (2008) the total forested area in South 
Eastern Europe (SEE) was approximately 24 Mha by the end of 2000 and 1.5 Mha 
of that area was covered by forest plantations. Plantations consisted to a high 
 percentage of Bulgaria’s forested area (26.3%) followed by that of Albania (10.3%) 
while the average share of plantations in other SEE countries varied from 0.1% in 
Slovenia to 3.3% in Greece and FYR Macedonia (Fig. 13.1).

More than 85% of the forests in Bulgaria grow on steep slopes that were 
degraded by clear cuttings, overgrazing, deliberate fires and the torrential character 
of summer rainfalls (Raev and Jelyazkov 1980). Pinus silvestris L. and P. nigra 
Arn. were the main tree species used in afforestations until the 1980s when they 
were replaced by deciduous species (oaks, beech, limes, ash etc.). Large areas in 
the lower mountain belt (600–1,000 m a.s.l.) were covered by coniferous 
 monocultures that now are in the phase of intensive height growth and their impact 
on water yields is definitely negative, especially in the drier sites (Raev and 
Jelyazkov 1980; Nedyalkov and Raev 1988). The deciduous understorey emerging 
in most plantations during the aggregation phase of their development additionally 
increases the total evapotranspiration from the area and decreases the plantations’ 
stability on dry and poor sites (Zlatanov and Hinkov 2005; Zlatanov 2006). 

Fig. 13.1 Afforestations with Austrian pine (Pinus nigra Arn.) replaced the native deciduous tree 
vegetation in part of the territory of Hisar State Forestry District, Central Bulgaria (Photo: Tzvetan 
Zlatanov)
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Furthermore, the natural colonization of abandoned agricultural land by shrubs and 
pioneer tree species also contributes to water yield reduction. As a result, the total 
water yield of Bulgaria has decreased by 20% in the last 25 years, possibly due to 
climate and land use change that includes the vast afforestation programme 
(Bulgarian Ministry of Environment and Water 2008).

Water Quality

Generally, a well developed tree cover has positive effects on water quality (Calder 
2007) and can prevent surface erosion and shallow landsliding, especially by 
 reducing surface runoff (Bruijnzeel 2004; Sidle et al. 2006). Water quality can be 
improved by afforestation as nutrient, pesticide and erosion runoff from crop 
 production are reduced (Pattanayak et al. 2005) and tree belts have been  successfully 
used to intercept and absorb surface runoff before it reaches streams (Ellis et al. 
2006). Furthermore, the build-up of litter, the undergrowth and the increased 
 surface roughness provided by the tree roots can improve protection of the soil 
under a forest stand (Waterloo et al. 2007) (Fig. 13.2).

Afforestation is seen as an effective way to reduce leaching of nitrate to 
 groundwater and improve the quality of water leaving the root zone (Hansen et al. 
2007; Iversen et al. 1998). In afforested arable land in Denmark, the lowest 
 concentration and leaching rates were observed at stand ages between 5 and 
20 years, but in older forests nitrate leaching had increased (Hansen et al. 2007). 
Increased nitrate leaching with stand age has also been observed in old spruce 
 forest ecosystems in Germany (Rothe and Mellert 2004). Other factors that 

Fig. 13.2 In Iceland, forests cover less than 1.5% of the country but recently large afforestation 
programs have been initiated. The research project ForStreams aims to investigate the impact of 
afforestation on water quality (Photo: Kjartan Kjartansson)
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 influence N-leaching include harvesting regime, rotation period and choice of tree 
species (Rothe et al. 2002; Rothe and Mellert 2004). Coniferous forests intercept 
more atmospheric pollutants than deciduous forests at comparable sites under the 
same climatic conditions (De Schrijver et al. 2007). The evergreen foliage, the 
aerodynamic roughness of the canopy and the usually high leaf area index of 
 conifers result in higher dry deposition rates in conifer stands than in deciduous 
stands. The higher capacity for interception of atmospheric nitrogen (N) and 
 sulphur (S) compounds is generally reflected by larger throughfall deposition of N 
and S. In areas with elevated atmospheric N pollution, the N canopy uptake is lower 
than the N input from deposition, which results in elevated N throughfall deposition 
(De Schrijver et al. 2007). Numerous studies have found that throughfall deposition 
was up to twice as high in conifers as in deciduous forests (e.g. v. Wilpert et al. 
2000; Rothe et al. 2002; Gundersen et al. 2006; De Schrijver et al. 2007, 2008). The 
difference between the coniferous and deciduous throughfall deposition increases 
with the deposition load and is negligible in remote, relatively unpolluted areas 
(Rothe et al. 2002; De Schrijver et al. 2007).

A number of reviews (Gundersen et al. 2006; De Schrijver et al. 2007) revealed 
relatively high outputs of nitrate from the soil under conifers when compared to 
deciduous species with the same site conditions. Comparisons of adjacent pairs of 
spruce and beech stands with the same soil properties and the same level of N 
 emissions showed that nitrate leaching was generally higher below the rooting zone 
of spruce stands compared to beech (Fig. 13.3) (Rothe et al. 2002; Rothe and 
Mellert 2004; v. Wilpert 2008). However, because  broadleaves are usually more 
abundant on fertile and N-rich soils, the  monitoring of nitrate leaching at 104 sites 
across Europe showed that deciduous trees had higher N leaching than conifers at 
similar input (Kristensen et al. 2004). Nitrification is influenced by litter com-
position of tree species and is usually greater under beech than under spruce 
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at a depth of 120 cm in old beech, mixed and spruce stands for the period 1995–1997 (b) 
(Modified from v. Wilpert et al. (2008)
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(Augusto et al. 2002). The forest floor C to N (C:N) ratio is a good proxy for N 
availability and there is usually an inverse relationship between C:N and nitrate 
leaching. Several studies showed a threshold between leaching and retention of 
nitrate, with leaching occurring at C:N ratios in the organic layer below 25 
(MacDonald et al. 2002; Kristensen et al. 2004; Gundersen et al. 2006) or 23 (Dise 
et al. 2009; Ross et al. 2009). The onset of nitrification at C:N below 23–25 seems 
to control nitrate leaching (Ross et al. 2009).

While nitrate leaching under spruce and beech has been studied intensively, 
fewer data are available for other tree species or in mixed stands (Berger et al. 
2009). Lower nitrate concentrations were measured in fir stands compared to 
spruce stands (Rothe and Mellert, 2004; Heitz and Rehfuess, 1999). But Horváth 
et al (2009) reported higher concentrations under Douglas fir, followed by Scots 
pine and oak in Northwest Germany. Among broad-leaved species (Acer pseudo-
platanus, Fagus sylvatica, Fraxinus excelsior and Quercus robur), low nitrate 
 concentrations were reported and no clear difference could be observed between 
tree species (Rothe and Mellert 2004). High concentrations of nitrate have been 
measured in soil water from forests with N-fixing species (Binkley et al. 1992; 
Robertson et al. 2000; Williard et al. 2005).

In Central and Northwest Europe, where deciduous species have been replaced by 
plantations of conifers over the last century, trends to return to the original deciduous 
species may, by means of the lower N input in deciduous forests, decrease the rela-
tively widespread elevated nitrate levels in seepage water. Weis et al. (2006) showed 
that the removal of spruce trees combined with shelterwood regeneration of beech 
lead to a decreased nitrogen input due to lower interception of dry deposition of N 
and a higher water infiltration into the soil. Müller et al. (2002) also reported that the 
conversion of a pure pine stand into a beech forest in the Northeastern German low-
lands resulted in an increase in drainage from the pine to the beech stand.

Energy Wood Plantations in Central Europe  
and Their Hydrological Constraints

A particular motivation for afforestations can be the production of wood as an 
energy source. Energy wood has received increasing attention in the recent past, 
after it had lost most of its significance in industrialized Europe during the “coal 
and oil age” of the twentieth century, and mostly served as a “luxury and hobby” 
fuel for firesides in the wealthier households. It is now appreciated as a potential 
carbon dioxide neutral energy carrier, suitable to partly substitute non-renewable 
energy sources. This aspect was strengthened in the course of the climate change 
and energy security debates. It is expected that additional demand for energy wood, 
including the developing demand of biogas facilities, may reach the range of 
 millions of tons per year (Deutmeyer 2007). Although by now related industries are 
still in their developing stages, the phenomenon of competition for wood can 
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already be observed in numerous European countries. Large combines such as 
“RWE Innogy” (Germany) begin to establish themselves as important electric 
power suppliers. This company has created a fuel-wood plantations project in 
Germany, which will cover about 10,000 ha and provide energy wood for use in 
biomass-fired plants with combined heat-and-power generation (RWE 2008).

Plantations of fast growing tree species in very short rotations (2–5 years) on 
marginal or set-aside agricultural land will probably develop throughout Europe in 
order to comply with the strongly rising demand, thus complementing the 
 established sources of wood biomass from forests. Most of these cultivations will 
probably be in the form of short rotation coppices (SRCs). The aspiration is that 
these plantations will provide an ecologically, economically and socially sensible 
perspective for European farmers in line with the development of the common 
agricultural policy (CAP). Several integrated and interdisciplinary projects 
 considering the diverse aspects of the issue have recently started. The “DENDROM” 
project in Germany compares the net returns, energy budgets and ecological 
impacts of poplar and salix clones and black locust, which are the major SRCs in 
central Europe, with those of relevant annual crops like maize, wheat or rye (Knur 
2008). However, the data basis on how fast growing tree plantations will affect the 
water cycle and budgets at the stand, landscape and regional scales is at present still 
quite narrow.

In the German DENDROM project, first results seem to indicate seepage water 
flow reductions of approximately 15–30% for the SRCs compared with annual 
agricultural crops in side by side comparisons. The water budget characteristics of 
both poplar and black locust SRCs resembled those of young Scots pine stands. 
Model calculations also indicated a potential influence of the rotation period on 
overall leaching rates (Knur et al. 2008).

In a European synopsis, the results to date indicate that high biomass production 
by energy crops entails a related consumption of large amounts of water, as would 
be expected from general physiological considerations (Anonymous 2001). Energy 
crops grow very rapidly and have a high surface area during the growing season. 
The large leaf area means that the foliage may intercept 20–30% of rainfall, which 
then evaporates directly from the leaves and does not replenish soil moisture. Deep 
rooted energy wood crops grown on soils with large available water content will 
cause substantial reductions in the amount of water percolating below the root zone. 
Soil water deficits of up to 250 mm may build up over the growing season 
(Anonymous 2001). In wetter locations, this deficit would usually be replenished 
over the winter season. In this constellation, the higher water use could be regarded 
as a contribution to peak flow mitigation, presenting a positive by-product of 
enhanced biomass gains in the shape of seepage and discharge reduction. However, 
in drier environments, there may be insufficient rainfall during the winter months 
to rewet the soil to field capacity, which may lead to a lack of water and no deep 
percolation in the subsequent hydrologic year (Fig. 13.4).

Even in the humid environment of Sweden, Lindroth and Bath (1999) found 
tight relationships of SRC growth and water availability (Fig. 13.5), confirming the 
generally high transpirational demand of the fast growing tree species. Yields of 



23313 Afforestation Strategies with Respect to Forest–Water Interactions

SRCs remain far below the potential levels when water availability is limiting, and 
water may often be the most important of the limiting factors. Therefore, site 
 selection criteria for SRCs should focus strongly on local hydrology in order to find 
sites of maximum potential water utilisation. This includes localities where more 
water than the amount delivered by precipitation is available, i.e. soils with 
 groundwater connection or stagnant water. The tapping of groundwater might, 

Fig. 13.4 Re-sprouting short rotation coppice (SRC) with different poplar clones (left vs right 
side), planted in 1997 and partly harvested in 2008 on former agricultural land in central Germany 
(site Georgenhof of the NOVALIS project; for further project information and results see 
Lamersdorf et al. 2008; Kroiher et al. 2008; Schulz et al. 2008 (Photo: N. Lamersdorf)
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Fig. 13.5 Stemwood production of willow short rotation coppices along a precipitation gradient 
in southern Sweden (Based on data from Lindroth and Bath 1999)
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obviously, conflict with other stakes of land users, but stagnant water sites are not 
so well suited for other cultivations, so that SRC plantations for energy could 
become a promising option there. However, it has to be considered that stagnant 
water itself can be a strong soil ecological stressor, which may substantially limit 
growth and vitality of plantations, owing to poor soil aeration, soil compaction and 
nutritional deficiencies. Furthermore, it has to be considered that shallow soils of 
stagnant water may dry out very strongly when intense and prolonged drought 
periods occur. Under such conditions, productivity of SRCs would remain far 
below optimum, in spite of copious water availability at most times.

Other special sites with a potential for energy wood production comprise those 
resulting from human land surface modifications, such as roadside slopes, 
 embankments, green areas around industrial facilities or airports, and landfill caps. 
In a study in southern England, Nixon et al. (2001) estimated a potential production 
of about 20 Mg ha−1 annually, which however in many instances will be reduced as 
a consequence of water limitation. To maintain maximum productivity, irrigation 
employing the landfill leachate could be applied, since such leachate is frequently 
available, and would in such a constellation not constitute an additional  contamination 
of the site. Nixon et al. (2001) conclude that there is a potential to achieve good 
biomass yields from species such as willow and poplar on restored landfill caps. 
These species are also known for their ability to tolerate temporal water logging on 
compacted soil and transient moderate drought periods. Likewise, Bungart and 
Huttl (2001) see such a potential for sites in post-mining landscapes.

In conclusion, energy wood plantation can be an economically attractive and 
hydrologically feasible option in the more humid environments of Europe, while 
the high transpirational demand of such afforestations would immediately bring 
about water problems in the more arid environments. Many studies have 
 demonstrated the tremendous reduction of seepage and runoff following  afforestation 
in dry areas, even if the species employed are not particularly fast growing (e.g., 
Schiller and Cohen 1998). Correspondingly, no energy wood plantations have been 
reported so far from arid European environments. The preference here would be 
clearly on water conservation over energy wood production. Trade-offs between 
wood production and water yields have to be generally considered in the more arid 
environments, such as southeastern Europe.

Water Constraints on Afforestation 
in the Mediterranean Region

In the Mediterranean Basin, vegetation is expected to be subject to increased future 
evapotranspiration leading to increased drought, which has been projected to 
induce forest dieback and accelerate tree mortality (Körner et al. 2005; Alcamo 
et al. 2007; Fischlin et al. 2007). The ability of newly planted seedlings to maintain 
photosynthesis under water stress will be related to their water status (Kubiske and 
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Abrams 1992), nursery culture (Seiler and Johnson 1988), stored carbohydrates 
(Guehl et al. 1993), and root expansion (Burdett 1990).

Afforestation failures can often be the result of inappropriate species selection. 
Differences in plant mortality during the first years after planting can be related to 
species not suitable for the site, the use of native genetic material often increases 
the chances of afforestation success. In Greece, a species comparison showed that 
Fraxinus ornus L. was the best adapted species to the dry conditions of the planting 
site, having lower mortality rates than Acer pseudoplatanus L. and Castanea sativa 
Miller. seedlings (Radoglou and Raftoyannis 2001). Also, the superiority of 
Quercus frainetto Ten. seedlings was probably related to the fact that it was the only 
native species and could tolerate low water potentials during the mid-summer 
drought (Fig. 13.6) (Raftoyannis et al. 2006).

Modification of nursery regimes can influence the performance of planting stock 
(Duryea 1984). Hardening has been related to improved field performance at dry 
sites (van den Driessche 1991). During the last phase of container nursery culture, 
known as the hardening phase, the growing medium is allowed to dry to induce a 
moderate moisture stress level in the seedlings (Brisette et al. 1991). However, 
water shortages induced by hardening can cause premature budset and there is a 
danger of inhibiting frost hardening (Duryea 1984). In Pinus halepensis Mill., 
hardening significantly affected nursery morphology but had little effect on the 
measured aspects of physiology or field performance showing that it behaves as a 
very plastic species under varying water availability (Royo et al. 2001).

Deep containers should be used for Mediterranean species that develop a 
deep tap root when planted in dry conditions. The relative allocation of 
resources to roots or shoots has been considered a key factor for seedling per-
formance in the field (Leyva and Fernandez-Ales 1998) and one of the main 
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strategies of Mediterranean species is to develop a deep tap root during the 
early stages of plant development (Tsakaldimi et al. 2005). Deep containers 
produce seedlings with a longer tap root that can quickly reach the deeper soil 
horizons and thus contribute to a better water status under drought stress condi-
tions (Chirino et al. 2008).

Mycorrhization of seedlings in the nursery is another afforestation strategy 
that can improve the outcome of stand establishment through better water uptake 
or plant adaptation to water stress (Duan et al. 1996; Morte et al. 2001). In 
Mediterranean conditions, mycorrhizal symbionts are able to improve plant 
growth and adaptation not only during the periods of greatest symbiotic activity 
in spring and autumn, but also during summer drought (Querejeta et al. 1998; 
Garcıa et al. 2000).

Seedlings can be exposed to drying conditions at several stages during the 
 process of lifting, handling and transportation before planting. McKay (1997) 
reviewed the effect of stresses between lifting and planting on nursery stock quality 
and performance and noted the importance of desiccation as one of the most 
 common potential dangers in nursery operations. Desiccation adversely affects the 
physiological parameters and survival of many tree species (Fig. 13.7) (Insley and 
Buckley 1985; Radoglou and Raftoyannis 2002). Broadleaved tree species can be 
prone to desiccation even during the winter period, when there are no leaves, the 
main transpiring apparatus of a plant (Radoglou and Raftoyannis 2001). The effect 
of desiccation on plant condition depends on the length and intensity of exposure, 
as well as the species sensitivity to water stress (Kozlowski 1985).

Transplanting stress affects seedling water status (Grossnickle 1988; Kaushal 
and Aussenac 1989) and may result in a decline or a complete cessation of the CO

2
 

assimilation capacity (Guehl et al. 1989; Kozlowski et al. 1991) that can lead to 
limited early growth or even seedling mortality (Kozlowski and Davies 1975). 
Physiological indicators can be used to forecast the resistance of seedlings to 
drought before planting. Root electrolyte leakage is considered a valuable method 
of predicting seedling field performance (McKay 1997; McKay and White 1997) 
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and root growth potential is a useful method for measuring seedling quality before 
planting out, particularly when planting is taking place on drought-prone sites 
(Ritchie 1984). Needle water potential at the time of transplanting was a reliable 
predictor of the ability of bareroot Pinus nigra ssp. Laricio var. Corsicana seedlings 
to regenerate new roots and of seedling mortality after planting (Girard et al. 1997). 
Shoot water potential may offer a useful and rapid measure of seedling  physiological 
quality and is used as a plant quality indicator in afforestation practice (Webb and 
von Althen 1980). In the USA, many nurseries routinely measured shoot water 
status with a pressure chamber, they did not lift when stress exceeded 1.5 MPa and 
did not permit stress to exceed –0.5 MPa when grading and packing (Ritchie 
1984).

Site preparation before afforestation, including both vegetation clearing and soil 
preparation, may be of paramount importance to enhance the outcome of planted 
seedlings (Flemming et al. 1996). Vegetation clearing has been reported to diminish 
competition for water and nutrients, thus increasing the survival rates of seedlings 
(Harvey et al. 1996; Ashby 1997). Soil preparation by ploughing may reduce runoff 
losses, increase the total water stored in the profile and decrease the penetration 
resistance of the soil (Varelides and Kritikos 1995; Querejeta et al. 2001).

As opposed to the traditional afforestation techniques on shrub-cleared ground, 
the benefits of using shrubs as nurse plants for afforestation has been demonstrated 
in Spain (Castro et al. 2004; Gómez et al. 2004). Shade from neighbours can protect 
plants from photo-inhibition and extreme temperatures reducing plant transpiration 
and improving the water status of the understory species (Pugnaire et al. 1996). 
Additionally, nurse plants can enhance water availability via hydraulic lift (Horton 
and Hart 1998).The use of shrubs and perennial tussock grasses as nurse plants has 
been proposed as an afforestation technique that offers both economic and 
 ecological advantages for restoring degraded semi-arid ecosystems (Castro et al. 
2002; Maestre et al. 2003).

Watering can boost afforestation success in a Mediterranean environment 
 (Rey-Benayas 1998). Irrigation at the end of the dry period is more effective than 
irrigation at the beginning of summer or in the period of higher drought stress, 
when the high temperatures provoke high evaporation (Jimenez et al. 2007). 
However, irrigation is an expensive option and efforts to increase the success of 
afforestation must focus on management techniques that increase water sources for 
plants, such as the use of small runoff collection areas, mulches, water-retaining 
polymers, or tree shelters (Navarro et al. 2005). In arid and semiarid regions, dew 
and fog precipitations, although relatively low compared to rain, are a constant and 
stable water source (Kidron 2005; Agam and Berliner 2006). Dew harvesting may 
yield moisture that could alleviate the water stress of planted seedlings during 
establishment (del Campo et al. 2006).

Laboratory experiments with Pinus halepensis Mill. showed, that during 
drought, survivorship and growth can be increased by adding hydrogels (Huttermann 
et al. 1999). However, the addition of hydrophilic acrylic copolymer had a slightly 
negative effect at the very beginning, but not thereafter (Barbera et al. 2005). 
Further research on the most suitable doses for application in the field could well 
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lead to different conclusions but the good results obtained without hydrophilic 
acrylic copolymer, and specifically in some combinations of treatments means that 
extra investment in similar substances and labour could be unnecessary.

The use of organic amendments in site preparation has yielded good results by 
promoting the survival and growth of seedlings (Roldan et al. 1996; Querejeta et al. 
2001). The treatments which reduce evaporation, such as the application of forest 
debris, and especially the placement of boulders in the planting bed around the 
seedling, proved the most effective treatments for plant development (Jimenez et al. 
2007). Addition of composted solid urban wastes, despite the increase in nutrient 
content in the soil, did not promote seedling performance due to the competition 
with undergrowth plants. The application of anaerobically stabilized biosolids in 
the planting hole had negative effects on seedling survival. At the beginning of the 
dry period, the rapid desiccation of these biosolid patches generates cavities within 
the planting hole, followed by surface cracks near the seedling root collar. These 
may negatively affect local soil water storage and root contact with the soil, and 
thus seedling establishment (Fuentesa et al. 2007).

Conclusions

This chapter considers the relationships of afforestation and the water cycle in a 
broad approach, covering various eco-hydrological constellations and forest 
 management approaches across Europe.

From a review of the current state of literature it already emerges very clearly 
that water consumption of forests is usually higher than that of alternative  vegetation 
and land use types, owing both to the well known high specific surface area and 
interception evaporation, and to the more intense rooting and transpirational 
demand of forests. However, the evaluation also shows that in specific  constellations 
these traits can have desired and favourable effects, such as improved peak flow 
control in wetter environments. Peak flow formation depends strongly on the 
 build-up of surface- and near-surface flow, which is minimal under forest compared 
to other vegetation forms, owing to the presence of a mulch or litter layer, and high 
porosity and infiltration capacity in general. Likewise, a clear tendency shows of 
reductions in ground water yield as a consequence of afforestations.

We then consider some special cases of afforestation efforts across Europe, 
 starting out with energy wood plantations, which gain quite some momentum 
 currently on the background of the fossil energy crisis and political processes such 
as the Kyoto protocol. Economic returns and even ecological effects arising from 
short rotation coppices for wood energy can be attractive, but it shows that these 
highly productive woodlands apparently rely on very good water supply to maintain 
the desired high biomass production rates, and hence are only an option in the more 
humid environments of Europe.

Likewise, it has clearly emerged that in other afforestation efforts in Europe, 
benefits are often counterbalanced by drawbacks and problems. In south-eastern 
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Europe, major afforestation efforts were undertaken mostly motivated by the desire 
for soil protection, for instance in torrential precipitation environments such as in 
Bulgaria. While the desired soil protection effects can be achieved in most 
instances, usually more or less severe reductions in runoff and water yields have to 
be faced in such a constellation.

The feasibility of afforestations in the dry Mediterranean environment is another 
concern in our context. Carefully selected tree species and their combinations, 
together with specially adapted site preparation and planting techniques are  offering 
perspectives for successful afforestation efforts even under harsh and adverse 
drought regimes.

Overall, the following general picture emerges: in the moister environments of 
Europe with ample precipitation supply, afforestation usually offers attractive 
 ecological perspectives, such as better peak flow control combined with  biodiversity 
support, and attractive economic returns, for instance from energy wood grown in 
short rotations. However, where water supply gets more limited, a situation of  distinct 
trade-off may emerge very quickly: while afforestation may still provide desired eco-
logical benefits such as soil protection and habitat provision, the enhanced water use 
will entail decreases in water yield, groundwater recharge rates, surface water flow and 
recharge of reservoirs. Careful consideration of the trade-off situation at catchment-, 
landscape - and regional scales has to be applied under such circumstances.
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Introduction

Predicted scenarios of global climate change on the European continent and 
 adjacent geographic regions by 2100 include a rise of average air temperature by 
about 2°C, shifting geographical and seasonal rainfall patterns, a concurrent inten-
sification of rainstorms and heavy rain events (mm h−1), as well as a rise of the sea 
level. These changes may profoundly affect forest vegetation by shifting species’ 
climatic boundaries and hence by forcing substantial changes in species composi-
tion of forest communities as they adapt to the new environmental conditions. 
These conditions will probably include increased frequency and length of heat and 
drought spells, leading to subsequent rise of fire risk. At the same time, intensifica-
tion of rainfall events may raise the probability of severe flooding of lowlands, 
heavy erosion and disruption of normal annual cycle in seasonally flooded forests. 
The rise of the sea level may severely affect coastal forest areas by exposure to salt 
spray during severe weather evens, infiltration of salt water into the underground 
water table and by the salt contamination of fresh-water coastal marshes. It is of 
importance to consider available climate change scenarios and to use the forewarn-
ing they provide to prepare measures to reduce the severity of their impact on forest 
ecosystems. One has to bear in mind that a forest planted today is likely to exist in 
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a different climate when it reaches maturity. As discussed in Chapter 13, forest area 
in Europe is expanding due to afforestation of marginal land, often with  allochtonous 
tree species. This process brings a host of interrelated problems and further high-
lights the need for considering the impacts of changing environment on European 
forests. Future conditions, as well as future requirements for forest ecosystem ser-
vices, need to be taken into account when selecting tree species for afforestation. It 
is likely that future management practices will need to be adapted and improved to 
ensure forest sustainability. Therefore, we think it useful to explore the existing 
knowledge on forest tree species, whether indigenous to the Mediterranean basin or 
from other homologous climatic zones, which have evolved the necessary features 
to withstand the new climatic and environmental conditions.

Water Stress

Drought

Firstly, since there is no precise and universally accepted definition of drought, it is 
often difficult to ascertain whether a drought has occurred, what was its length and 
severity. It is considered to be a slow-onset natural hazard, often referred to as a 
‘creeping phenomenon’ (Gilette 1950). In relation to forest stands, it is usually not 
a one-off event that causes severe damage, but a cumulative effect of several years’ 
below average rainfall that induces dieback of resident tree species. Moreover, it is 
fair to assume that any definition of drought will be region specific, since different 
regions have vastly different rainfall amounts and rainfall distribution throughout 
the growing season. On this basis, a drought is, unlike aridity, an aberration from 
the norm and as such must also be distinguished from seasonal aridity (Wilhite and 
Buchanan-Smith 2005). According to Chapter 11 of the IPCC 2007 Assessment 
Report (Christensen et al. 2007), it is very likely that European territory will suffer 
geographical shifts and alterations of its precipitation patterns. It is forecasted that 
the southern half of Europe, including the Mediterranean area will suffer a signifi-
cant reduction in rainfall, while northern half will see an increase in the amount of 
precipitation inside 2100 (Fig. 14.1).

However, the temporal pattern of precipitation has been predicted to change too, 
resulting in wet winters and dry springs and early summers in northern Europe 
(Fig. 14.2, Kont et al. (2003)). Although annual rainfall will increase in northern 
Europe, vegetation may still suffer from drought in summer at the height of the 
growth period. As a consequence of spring and early-summer drought, plants 
may reduce their leaf area, which in turn may cause decline in growth throughout 
the growing season (Nilsen et al. 1996). For example, R. Jalkanen and M. Pensa  
(2005) reconstructed leaf dry weight dynamics of Scots pine (Pinus sylvestris) in 
northern Lapland by using the well defined relationship between leaf size and leaf 
trace diameter (Pensa et al. 2004). The reconstruction indicates that the years with 
higher dry mass of a single leave tend to coincide with high precipitation in May 
and June (Fig. 14.3).
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Since there is very little, or nothing, that a forest manager can do to prevent a 
drought from occurring and since the means of irrigation of forest stands are very 
limited or non-existent, a choice of tree species or provenances suitable for the 
forecasted climatic conditions appears to be the only viable course of action. One 
can utilize non-native tree species already adapted to dry conditions, or if this is not 
possible due to, for example, a ban on planting foreign stock, the most promising 
line of approach is a selection of drought resistant varieties of existing species, as 
suggested already by Maximov and Yapp (1929). Tree species choice is especially 
important in the case of large-scale afforestation programmes (see Chapter 12), 
where future impacts on water yields, soil protection and biodiversity conservation 
must be taken into account.

As with other stress factors, biotic or climatic, trees respond to drought stress by 
reducing the annual radial growth. Tree ring analysis can therefore be used as a tool 
for assessing whether tree species in a particular forest or area are suffering from 
drought stress (Pichler and Oberhuber 2007). Since the constraint water scarcity 
puts on carbon fixation is well established (Ciais et al. 2005), an analysis of annual 
growth rings during drought years can identify tree species which are sensitive to 
drought in a particular location. However, different tree species respond to climatic 
influences in varying fashion, it is important to possess a reliable database charac-
terizing site conditions since similar climatological conditions yield divergent 
growth response patterns (Neuwirth et al. 2006).

Species coexisting in a given forest do not experience the same level of water 
stress, trees evolved several alternative strategies to cope with drought. For example, 
Mediterranean species have been classified as drought-tolerant, when they are able 
to maintain photosynthetic activity under severe water stress as certain evergreen 
oaks do, and drought avoiders, when they either shed leaves or close stomata during 
the dry periods, as certain pines do. Further, species composition of a forest stand 
directly influences its water balance. Trees influence the amount of water in the soil 
through crown interception and evapotranspiration. Schume and Hager (2004) have 
shown that evapotranspiration in a mixed Norway spruce (Picea abies Karst.) and 
European beech (Fagus sylvatica L.) stand was disproportionately greater than in 
single species stands. The increase in evapotranspiration in the mixed stand was 
exclusively attributable to beech, which in a mixture deepened and intensified its 
fine-root system, while spruce rooted more shallowly. During prolonged drought, 
beech could thus gain a competitive advantage since the mixed stand extracted a 
higher percentage of water from deeper soil layers than the pure stands.

In general, drought tolerance is associated with high water use efficiency 
(Ferrio et al. 2003), leading to the development of forest ecosystems able to persist 
under constant and significant lack of water. However, as Breda and Badeau 
(2008) point out in their analysis, extreme drought events surpassing the tolerance 
threshold can substantially increase tree species’ probability to decline. This is 
valid both for arid environments with regular occurrence of drought and for locali-
ties not normally exposed to lack of water during the growing season. Kozlov and 
Niemelä (2003) have found that the vitality of Scots pine populations at the Arctic 
northern tree line is greatly affected by lack of late summer precipitation, even 
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though water  availability during the rest of the year is not a limiting factor. Tree 
vitality reduced by a drought event usually leads to a higher susceptibility to pests 
and is therefore very difficult to single out as the primary cause of forest decline. 
The issue is further complicated by the fact that trees affected by a severe drought 
do not decline immediately, sometimes taking decades to die (Pedersen 1998). 
Drought stress can change the development trajectory of a forest ecosystem in 
several ways, whether directly through different species’ mortality, by changing 
the viability of reproductive structures and seeds (Ogaya and Penuelas 2007) or by 
reductions in biotic associations (e.g. avian seed dispersers, ectomycorrhizas and 
nurse plants; (Mueller et al. 2005)).

This far, drought resistance research has been leaf-centric, seeking to establish 
the mechanisms behind water loss reduction during transpiration. Drought toler-
ance is not achieved by a single combination of trait values and that these combina-
tions can differ at different levels of analysis, i.e., in individual responses to drought 
versus interspecific comparisons of drought tolerance (Valladares and Sanchez-
Gomez 2006). Recent developments in plant genetics, perhaps unsurprisingly, 
indicate that root biology does play a very significant role in drought tolerance and 
drought adaptation at the root level might have significant role to play when dealing 
with effects of climate change on trees (Pennisi 2008).

Alongside choosing suitable tree species tolerant of drought conditions in 
 certain areas, forest managers have developed a host of afforestation strategies 
aimed at helping tree survival and at ensuring minimal impacts on water yields and 
water quality from afforested catchments (see Chapter 13 for more details).

Hypoxia

Moving across the European climate gradient from the very dry environment to the 
very wet, both the amount of rainfall and its intensity are forecasted to increase in the 
Central and Northern parts of Europe in the latter half of the twenty-first century. 
Together with increasing probability of substantial surface runoff and higher risk of 
soil erosion (see Chapter 15), this weather pattern is likely to bring an increased inci-
dence of flooding in lowland areas. In addition, forecasted rise in sea level might 
result in severe and prolonged flooding of coastal areas by sea water. The increased 
risk of these events highlights the need to find and utilize tree species capable of 
withstanding long periods of flooding, especially in areas already considered flood-
prone at present. Restricted gas exchange between the rhizosphere and aerated envi-
ronment during a flooding event reduces the concentration of oxygen and elevates the 
concentration of carbon dioxide in the root zone. Air within soil pores is replaced by 
water and any remaining oxygen is quickly consumed by root and soil microbial 
respiration (Kreuzwieser et al. 2003), a process which gives rise to a condition com-
monly defined as hypoxia. This induces severe stress onto all aerobic organisms, 
including tree roots, since functions such as mitochondrial respiration, oxidation and 
oxygenation processes cannot take place (Vartapetian and Jackson 1997).
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Tree responses to submersion vary among species, the most commonly observed 
reaction is a reduction in shoot growth probably accompanied by decline in root 
growth. Other responses can include injury, inhibition of seed germination, changes 
in vegetative and reproductive growth, changes in plant anatomy, and promotion of 
early senescence and mortality (Kozlowski 1997). There are several adaptations to 
submerging, riparian tree species frequently exposed to flooding such as willows, 
poplars and alders often feature some or all of them. For example, hypertrophied 
lenticels develop around the stems of Salix spp. and Populus spp., generally where 
the stomata once occurred. During flooding, lenticels provide a gas exchange path-
way between the living cells in the bark and ambient air, substituting normal gas 
exchange within the soil. Aerenchyma tissues are extensive intercellular air spaces 
that form continuous passageways allowing the diffusion of oxygen from the aerial 
portions of the plants to the roots. Several species form adventitious roots after the 
death of the original roots due to flooding. These roots are produced as an extension 
of the surviving portion of the original root system and on the submerged portions 
of stems. These roots are generally negatively geotropic, thicker and possess larger 
intercellular spaces than original roots and can tolerate higher CO

2
 concentrations 

and maintain respiration, despite the lack of oxygen. Salix spp., Populus spp., Alnus 
glutinosa and Fraxinus excelsior have all been reported to form adventitious roots 
during flooding, together with several other European tree and shrub species. In 
addition, there are thought to exist numerous metabolic adaptations to flooding, 
most of which still need to be investigated further (Armstrong et al. 1994; Drew 
1997). Choosing tree species for a specific site should be accompanied by a tailored 
forest management plan. Trees have been shown to alter soil conditions in the root-
ing zone, both in the humus and in the mineral layers (see Chapter 16). Under suit-
able management, forest tree can contribute to the removal of excess water from the 
soil profile, thus contributing to soil amelioration.

In conditions of hypoxia, the ability of roots to supply shoots with water may 
decrease due to restricted hydraulic conductivity of roots (Sellin 2001). Consequently, 
as the atmospheric evapotranspirational demand (AED) increases, trees suffering 
from root hypoxia cannot compensate for transpirational water losses from shoots, 
which is reflected by lower shoot water potential of trees in waterlogged sites as 
compared with the trees on drier sites. For example, A. Sellin and M. Pensa (1997) 
compared the shoot water potential of Norway spruce trees growing on ombrotrophic 
peat with that of spruce trees growing on free-draining soils in Estonia. They found 
that spruces in the ombrotrophic peatland had lower values of shoot water potential 
at the same AED than the trees on the non-flooded soil (Fig. 14.4). This effect leads 
to lower leaf conductance and consequently to lower rate of photosynthesis as 
shown by Sellin (2001) in Norway spruce. Paradoxically, this proves that 
hypoxia caused by excess of water at the root level may lead to a water deficit 
at the shoot level.

Recently, there are indications of a shift in the approach to flood protection of 
inhabited areas – away from constricting the flood water in the present river bed 
and towards creating water overflow and retention zones often located in areas of 
lowland forests (Buijse et al. 2002). If the periods of flooding are relatively short 
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and happen predominantly during winter or early spring when the trees are  dormant, 
the risk of damage to the trees should be relatively low. However, prolonged and 
frequent flooding during the growing season can cause severe damage to the tree 
stands, especially if unsuitable species used to afforest such areas (Fig. 14.5).

Increased precipitation, together with rising winter temperatures, in many 
areas in northern Europe present an increasing risk of peatland encroachment, 
with adverse consequences for forest growth and regeneration (Crawford et al. 
2003). Together with the ground water level, water nutrient and oxygen concen-
trations determine the impact of bog environment on trees. For example, the 
measurements of tree basal area in an Estonian peatland fed by precipitation only 
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(hence lacking in nutrients; ombrotrophic bog) indicated that the water table 
depth determines Scots pine (Pinus sylvestris) growth rates (Fig. 14.6). Scots pine 
is among the few tree species that grow in nutrient-poor peatlands, as well as on 
nutrient rich soils, and shows corresponding variability in its morphological traits 
(Pensa et al. 2007).
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Fig. 14.5 Proportion of flooding during the growing season without negative impact on tree vitality 
(vital range) and with observed tree mortality (critical range) (Adapted from Glenz et al. 2006, 
data from Späth 2002)

Fig. 14.6 Relationship between the depth of peat water table and the basal area of Scots pine 
(Pinus sylvestris) trees in a raised bog (Selisoo, Estonia). The trees were measured within plots of 
100 m2 and the level of peat water was recorded in tree replicates (M. Pensa, 2008)
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Ultimately, forecasting of the impact of flooding on tree species, success of 
floodplain forest restoration projects, planning of retention basins and even on the 
estimates of economic losses in forestry due to flooding will only be improved 
through better knowledge of the flooding stress response of individual tree and 
shrub species. More systematic investigation is called for in this area, starting with 
physiological responses and up to community interactions and forest survival in 
stands exposed to flooding. (Glenz et al. 2006).

Salinity

Soil salinity has several origins: intrinsic salt content of the soils’ parent material, 
redistribution of salt by water flow from higher ground into the valleys that lack 
natural drainage and, most commonly, high groundwater tables which enable capil-
lary rise. In coastal areas, soil salinity can also be the result of sea water spray by 
high winds or sea water penetration into underground aquifers due to sea level rise 
or excess fresh water extraction. In arid areas, soil salinity is mainly the result of 
high evaporation rate, a process during which an upward movement of soil water 
leads to salt deposits on or close to the surface. Global climate change scenarios 
predicted for the Mediterranean region include rising temperature and decline of 
rainfall, combined with rising sea levels. All these factors are likely to increase the 
area affected by soil salinity.

Apart from the Mediterranean, areas affected by salinity are found in many 
arid regions of the world and are thought to cover over 397 million hectares 
worldwide, which is an area three times larger than that used for agriculture (FAO 
2000, www.fao.org). Saline soil is an area where soils contain high concentra-
tions of various mineral salts in both as cations (Na+, Ca2+, Mg2+, and K+) and 
anions (Cl−, SO

4
2−, HCO

3
−, CO

3
2−, and NO

3
−; Tanji,(2002)). A common response 

of trees to salt toxicity is a reduction in productivity. Several mechanisms 
explaining negative effects of excess soil salt content on plant physiology have 
been proposed, such as decrease in plant water potential resulting in alteration of 
water use efficiency (Glenn and Brown 1998), or disturbance in ion homeostasis 
and toxicity (Monteverdi et al. 2008). The salinity tolerance varies widely both 
among and within species, the drop in productivity is especially dramatic in not- 
salt tolerant species when exposed even to minor increases of soil salinity 
(Brugnoli and Lauteri 1991). Generally, plants adapted to saline conditions are 
characterised by higher water use efficiency (WUE, unit of biomass produced per 
unit of water utilised) than salt sensitive plants. Monteverdi et al. (2008) suggest 
that high WUE could be looked at as one of desirable traits in trees to be planted 
in areas affected by salinity. High WUE implies that fewer salts are taken up by 
the plant to produce a unit biomass, which subsequently reduces the energy costs 
of compartmentation and extrusion of salts.

Reforestation is one of the most practical and effective strategies to solve the 
problem of soil salinity. Trees phyto-remediate the soil by lowering saline water 

http://www.fao.org
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table, utilising underground water and by decreasing the rate of water 
 evaporation from soil surface (Barrett-Lennard 2002). However, a lack of infor-
mation or,  perhaps, a lack of salt-tolerant tree species is an important barrier to 
wide application of afforestation. Screening for salt tolerant genotypes has been 
investigated in many woody plant species such as Thai neem (Azadirachta 
siamensis Val.), olive (Olea europaea L.), eucalyptus (Eucalyptus sp.), acacia 
(Accacia sp.), pine (Pinus sp.), toothbrush tree (Salvadora persica L.) and mul-
berry (Morus sp.) (Cha-um and Kirdmanee 2008). The quantification of salt 
tolerance is not straightforward as it is confounded by several other factors 
related to both site and tree species. Aspects such as soil fertility, soil physical 
conditions, distribution of salt in the soil profile, climate, stage of tree develop-
ment, variety, and rootstock are all thought to affect salt tolerance (Kozlowski 
1997).

A substantial amount of research still needs to be carried out before salt tolerant 
tree genotypes can be reliably used on saline soils. To date, most of the available 
knowledge has been acquired through field trials of various species and their variet-
ies and hybrids. For example, Populus euphratica Oliv. has long been recognised as 
one of the most salt-tolerant poplar species (Chen et al. 2002), together with 
Populus deltoides Marshall (Singh 1998) or Populus alba L. (Imada et al. 2009). In 
Australia, Eucalyptus camaldulensis has been hybridised with Eucalyptus grandis 
and Eucalyptus globulus and subjected to field trials to combine the salt tolerance 
of the former with growth rate, stem form and wood properties of the latter two 
species (Dale and Dieters 2007). Similarly, several varieties of olive (Olea 
europaea L.), a major crop tree grown almost exclusively in the Mediterranean 
appear to be salt tolerant and merit further study, especially to assess long-term 
acclimation to salt stress (Chartzoulakis 2005).

At present, advances in plant genomics have presented a new opportunity to 
assess salt tolerance in trees. The genes responsible for the variability of salt 
tolerance could be valuable resources in breeding programs, but they are often 
difficult to identify since the responses identified in salt-stressed plants are often 
common to other stresses. Here, comparative genomics based on the comparison 
of genotypes differing in pheno-typical behaviour looks like a promising approach 
to identify genes that control the heritable genetic variation of salt tolerance 
(Beritognolo et al. 2008).

Fire

There is no species or vegetation that can withstand a furious fire. However, 
since not all fires are lethal, plant species have developed various adaptations 
and strategies to tolerate and to survive fire, both at individual and population 
level. There is therefore a need to distinguish between the survival of trees at 
the time or immediately after the fire event and the survival of the forest com-
munity over a longer time frame. Forest fires resulting from volcanic activity or 
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due to meteorological phenomena have always been one of the main natural 
forces significantly influencing tree species morphological and anatomical 
traits, regeneration modes and life cycles (Bond and Keeley 2005). Not all fire 
events are the same, the frequency, intensity, duration and behaviour of each 
forest fire is governed by an interplay of several factors, such as climate (e.g. air 
temperature, relative humidity, wind velocity), fuel load, topography (e.g. slope 
incline) and several others. The heat load imposed on trees during a fire event 
is the main stress factor determining the level of disturbance and the survival of 
trees.

In addition to the characteristics of the fire itself, several anatomical,  morphological 
and life cycle features contribute to tree survival. Persisting fire individually or at the 
population level, trees have evolved several strategies which are not mutually exclu-
sive. These could be grouped into the following three categories:

 1. Living tissue protection and enhancing survival during the fire, such as bark 
thickening (e.g., Quercus suber L.), reduced bark heat conductance (Vines 1968), 
trunk circumference and height growth rate, sapwood to heartwood area ratios 
(Gignoux et al. 1997; Wilson and Witkowski 2003; Nefabas and Gambiza 2007) 
or underground storage organs and contractile roots (Bond and van Wilgen 
1996)

 2. Stimulating regrowth after the fire, such as epicormic resprouting from  pre-formed 
preventitious buds hidden within bark (e.g. Pinus canariensis Sweet ex Spreng), 
enhanced flowering, drought tolerance and short leaf life-span

 3. Post-fire seed dispersal and propagule persistence, such as cone serotiny and 
heat or smoke stimulated germination

Perhaps surprisingly, the co-occurrence of these persistence features differs 
among the Mediterranean zones in the Northern Hemisphere, i.e. between 
California and the Mediterranean basin (Pausas et al. 2006). Propagule persistence 
and resprouting are negatively correlated in the Mediterranean Flora, hence they 
probably evolved under a parallel selection scenario. Resprouting capability is 
thought to have evolved in the Tertiary as the response to frequent fire disturbances 
(Pausas and Verdu 2005). Having said that, there are tree species which possess 
features from all three categories of fire resistance. For example Pinus canariensis 
Sweet ex Spreng, a pine endemic to the Canary Islands, is thus protected with 
 serotinous cones, has sprouting ability and a thick bark (Climent et al. 2004).

Sprouting ability is common both in Angiosperms and Gymnosperms at the 
s eedling stage and with maturation that ability declines. Within the Gymnosperms, 
only very few species such as Pinus canariensis Sweet ex Spreng or Sequoia 
sempervirens D. Don do not lose this feature. Commonly, sprouting ability is altered 
with age, plant size and severity of injury. Various trees display a complexity 
of resprouting behaviour; there are root collar sprouters; lignotubers sprouters 
(e.g., Eucalyptus sp.).; sprouters from roots and from layered branches (Bond and 
Midgley 2003).

Seeding after fire means the production and development of a vegetative body 
(cone or fruit) that has the capability to protect the seeds from fire (serotiny), thus 
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implying late liberation of seeds into the post-fire ecological conditions  (bradychory). 
In the Northern hemisphere this feature has been developed mainly in Gymnosperms 
in the Pinus genus, whereas in the southern hemisphere, this feature has been devel-
oped in closed-fruited angiosperms. Since none of the pines native to the 
Mediterranean basin are able to resprout, their post-fire regeneration depends 
on their seedbank. The most common lowland Mediterranean pines, such as 
P. halepensis Mill., P. brutia Ten. And P. pinaster Ait, thus rely on the canopy seed 
bank being protected in the serotinous cones (Pausas et al. 2004).

Apart from volcanic activity, during the Holocene there have been no  phenomena, 
other than dry lightning storms, that can act as an ignition source in the 
Mediterranean basin and Europe. However, since mankind acquired fire as a tool 
several hundred thousand years ago (James 1989), and with the world-wide spread 
of human population, purposefully set fires, runaway fires, arson fires, fires due to 
negligence and many other reasons, forest fires became frequent to such a degree 
that fire became a significant ecological factor in environments not naturally prone 
to fire. Tree populations and forest ecosystems adapted to a particular fire regime 
can offer us a reference point and act as a source of fire-adapted provenances. Any 
information originating from these localities, at ecological, managerial or genetic 
levels, is likely to be used to plant and maintain more fire resistant forests.

Forests communities’ species composition might change profoundly with time 
as a result of climate change, but will also be influenced by local topography. South 
facing slopes will become dryer and hotter than north facing slopes. Hence, vulner-
ability to fire will differ among topographic orientations. Current Global Circulation 
Models predict a rise in temperatures and drought occurrence, leading to the devel-
opment of climatic conditions even more enhancing the risk of fire in today’s 
Mediterranean basin and wider geographic regions in the south and south-east 
Europe. The eventual new climatic conditions will affect the forest vegetation both 
in the short and in the long term as the result of (a) weakening and dieback of spe-
cies genetically not adapted to drought and/or higher temperatures, (b) resulting 
changes in the species composition of today’s forest communities by shifting spe-
cies’ distribution area boundaries in relation to the new environmental conditions, 
and (c) changing soil properties resulting from severe and frequent fire events may 
affect belowground functionality and nutrient cycle (Neary et al. 1999).

Taking into account future scenarios of forest fires and increasing forest vulner-
ability to fire, it is of importance to take preparatory measures and include fire 
prevention in forest management plans. If the predictions related to climate change 
are correct, it will be increasingly useful to explore the existing knowledge on fire 
resistance in forest tree species, whether indigenous to the Mediterranean Basin or 
of other homologous climatic zones in the world. The utilisation of tree species 
which have developed the necessary features to withstand, slow down or even pre-
vent the spread of fire (e.g., Cupressus sempervirens L. var pyramidalis (Italian 
cypress); Tamarix sp.) not normally used in forestry is likely to become the norm 
over an expanding area not just in the Mediterranean. Hand in hand with species 
selection, it will also be necessary to adapt forest management techniques to cope 
with fire and its damages to the forest (see Chapter 17).
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Conclusion

As illustrated in this chapter, stress factors related to water scarcity, soil salinity and 
forest fires are ever present natural phenomena. Tree species have evolved a variety 
of physiological, structural and life-cycle mechanisms to deal with these factors. To 
deal with adverse impacts of climate change on forests, we need to design manage-
ment and policy approaches which would make use of this bank of adaptations to 
ensure future stability and sustainability of European forests. For example, pre-
sented findings on fire and water stress resistance in trees may help to make opti-
mum choices with regards to tree species choice in areas prone to soil erosion or 
intended as water overflow and retention zones during periods of flooding.
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Introduction

Surface runoff and soil erosion are, in general, natural phenomena associated with 
hydrological, geological, and ecological processes. Such surface runoff and soil 
loss could confer environmental benefits by supplying water and nutrients to the 
streams (Andreassian 2004; Bruijnzeel 2004), but, on the other hand, sometimes 
these runoff and soil erosion processes could cause widespread land and water 
deterioration problems, in terms of water loss, soil degradation, transporting of pol-
lutants, and environmental hazards (Ben-Hur and Agassi 1997; Jones et al. 1998; 
Jackson et al. 2005; Calder 2007; Van Dijk and Keenan 2007). For example, sur-
face runoff could lead to downstream flooding, which, in turn, could destroy or 
damage infrastructures and threaten humans and animals (Waterloopkundig 
Laboratorium 1994; Mendel 1996). The annual cost of flood damage in Europe 
over the 5 years from 1995 until 1999, was 2000 million euro in average (Swiss Re, 
various dates), and it was shown that although flood damage costs varied widely 
from year to year, they were steadily increasing over time (Munich Re 2000). 
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In addition, some pollutants, such as toxic heavy metals, nutrients and organic 
pollutants, could be transported with the surface runoff and eroded sediments, and 
could pollute good water resources and the ecosystem (Allen and Chapman 2001).

Runoff and soil erosion are affected by various factors, such as landscape, land 
use, and soil and bedrock properties. The major land use in the European Union is 
forestry, which accounts for ~37% of the total land area (FAO 2001), of which 
~80% comprises exploitable or managed forests. Thus, most of the forest lands in 
Europe are exposed to intensive perturbations, such as clear cutting, land drainage, 
site preparation, coppice sprout thinning, and attacks by beetles. It is well known 
that forest cover significantly affects the hydrology of the watershed, and espe-
cially the runoff and soil erosion (Rothacher 1970; Troendle 1983; Hornbeck et al. 
1993; McCulloch and Robinson 1993; Zhang et al. 2001; Farley et al. 2005; Sidle et al. 
2006). These effects, however, are strongly related to the climatic conditions 
(Farley et al. 2005; Jackson et al. 2005). With respect to the water issue, water-
sheds can be divided into two main types: (1) those under water-limited condi-
tions; and (2) those under non-water-limited conditions. This division can be 
applied by reference to the “aridity index” (AI), which is defined by Eq. (15.1) 
(Thornthwaite 1948).

 =
p

P
AI

ET
 (15.1)

where, P = annual precipitation, in millimeters; and ET
p
 = annual potential 

evapotranspiration, in millimeters. According to this index, watersheds with AI ³1 
are considered to be watersheds under non-water-limited conditions, and those with 
AI <1 are considered as being under water-limited conditions.

Recently, the effects of forest cover on the hydrological processes of watersheds 
have been studied intensively, and reviewed in a number of papers (e.g., Bosch and 
Hewlett 1982; Johnson 1998; Allen and Chapman 2001; Robinson et al. 2003; 
Calder 2007; Van Dijk and Keenan 2007). These studies, however, concentrated 
mainly on forest sustainability and management, water use by various tree species, 
and their negative impacts on water resources (e.g., Calder 1990; Kirby et al. 1991; 
McCulloch and Robinson 1993; Cosandey et al. 2002). Far fewer studies have 
addressed the perturbing interactions between forest stand, on the one hand, and 
runoff and soil erosion processes under various climatic conditions, on the other 
hand. Chapters 13 and 14 in the this book discussed the afforestation strategies 
based on a proper choice of tree species according to their water use and tolerant to 
fire, which can affect the hydrological processes of watersheds including the runoff 
and soil erosion.

The overall objective of this chapter is to describe and discuss the relationships 
between forest and climate conditions, and their effects on runoff, soil erosion and 
stream water quality, when subjected to various perturbations. The discussion 
addresses only water-driven soil erosion; not landslide. Three different climate 
types are discussed in this chapter: (1) a Mediterranean, semi-arid climate with 
annual precipitation of ~500 mm; (2) a semi-humid northern climate with annual 
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precipitation of ~600 mm and freezing temperatures and snow conditions in the 
winter; and (3) a mild, humid climate with average annual rainfall of ~1,800 mm 
and no freezing temperatures or snow conditions.

Mechanisms and Processes of Overland Flow and Soil Erosion

Runoff and soil erosion processes on forest-cover watersheds depend on the type 
and kind of vegetation, and the physical and chemical characteristics of the catch-
ment terrain. The forest terrain could be formed of deep (>1.5 m, below the main 
root zone depth of the trees) or shallow (<1.5 m) soil that covers the bedrock, or 
bedrock exposed to the atmosphere. The bedrock could have a very low permeabil-
ity or it could be full of extensive cracks through which the water can flow freely. 
All of these parameters can significantly affect the hydrology and the soil erosion 
processes in the forest.

Runoff and Overland Flow Processes

When precipitation (rainfall and snow) reaches the forest terrain, a certain amount 
of the water penetrates the terrain surface and is absorbed into successively deeper 
layers of the soil and bedrock profile. Some of this water recharges the groundwater 
reservoir and raises the water table level; some of it, when it reaches an imperme-
able layer, flows laterally as subsurface runoff and can emerge as water springs that 
charge surface streams. That part of the precipitated water that does not penetrate 
into the terrain can accumulate on its surface or flow on it as surface runoff that can 
also charge the streams. Surface runoff in this chapter is defined as the part of the 
precipitation that does not infiltrate into the terrain, but flows on the surface as sheet 
flow or in small rills or channels. The surface runoff and the streams together are 
described as overland flow.

From the water budget point of view, and for relatively small upland catchments, 
the overland flow (OF) at the outlet from a catchment is described in Eq. (15.2), in 
which all the parameters are expressed in millimeters (water volume per unit sur-
face area)

 = − + + +( )OF TP ET GR SW WA  (15.2)

where, TP – total precipitation; ET – evapotranspiration (interception, transpiration, 
and evaporation from the catchment); GR – groundwater recharge; SW – water 
retention by the terrain; WA – water accumulation on the surface of the terrain.

Infiltration is the entry of precipitation water into the terrain; it is a dynamic 
process, and has an important role in the hydrological cycle when the water that 
does not penetrate into the terrain can accumulate on its surface or flow as surface 
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runoff (Hillel 2004). Surface runoff occurs when the rainfall intensity exceeds the 
terrain infiltration rate and the terrain surface water-holding capacity. Several fac-
tors can reduce the infiltration rate during the wetting process. The initial infiltra-
tion capacity of dry soil is high because of the combined gravitational and matric 
potential gradients that draw water into the soil. As the water content in the soil 
increases and the wetting front moves to deeper levels, the matric potential gradient 
decreases, this, in turn, decreases the infiltration rate (Hillel 2004). For soils with a 
stable structure that does not deteriorate during wetting, a simplistic equation that 
describes the change of the infiltration rate with time during soil wetting is the 
Green and Ampt equation (Eq. [15.3]).

 
+ +

= o wf f

t
f

z h z
IR K

z
 (15.3)

where, IR
t
 is the infiltration rate at time t; K is soil hydraulic conductivity; z

o
 is the 

thickness of water layer on the soil surface; z
f
 is the depth of the water front; h

wf
 is 

soil water potential at the water front. It is important to emphasize here that use of 
Eq. (15.3) assumes that there is no change in soil structure during soil wetting.

For bare soils with low structural stability, the main factor that controls the soil 
IR under rainfall conditions is seal formation at the soil surface (Morin et al. 1981; 
Ben-Hur et al. 1985, 1987; Assouline and Mualem 1997; Ben-Hur 2008). This seal 
is thin, only a few millimeters deep, and is characterized by greater density, higher 
strength, finer pores, and lower saturated hydraulic conductivity than the underly-
ing soil (McIntyre 1958; Chen et al. 1980; Gal et al. 1984; Onofiok and Singer 
1984; West et al. 1992; Wakindiki and Ben-Hur 2002). Agassi et al. (1981) sug-
gested that formation of a seal is a result of two complementary mechanisms: (1) 
physical disintegration of surface soil aggregates, caused by the impact energy of 
the raindrops; and (2) the physicochemical dispersion of soil clays, which can 
migrate and clog the pores in the seal layer.

Under seal formation at the soil surface, the change of IR with time during the 
rainstorm is described by Eq. (15.4) (Morin et al. 1981).

 = + ⋅ − ⋅γ ⋅ ⋅( ) exp( )t f i fIR IR IR IR p t  (15.4)

in which IR
t
 is the IR at time t

i
; IR

f
 is the final IR, which is fairly constant and 

close to the steady-state IR; IR
i
 is the initial IR; g is a soil coefficient, related to the 

structural stability of the soil surface; p is the rainfall intensity; and t is the time 
from the beginning of the rainstorm. Under seal formation conditions the IR of the 
soil is controlled mainly by the low hydraulic conductivity of the seal layer (Morin 
et al. 1981). When the surface of the terrain is bedrock, the IR could be very low 
(~0) because the very low permeability of the bedrock. In this case, most of the 
rainwater will flow as surface runoff. In some cases, however, when the bedrock is 
very cracked, the IR could be very high, and most of the rainwater will infiltrate 
into the bedrock, and will flow downward as preferential flow, driven mainly by the 
gravitational potential.
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Forest cover on slopes can affect the overland flow by means of three main 
mechanisms: (1) water use by vegetation (i.e., through interception and transpira-
tion) – heavy water use by the vegetation decreases the amount available to flow as 
runoff and to recharge the streams, in accordance with Eq. (15.2), and could 
increase the infiltration rate of the terrain, in accordance with Eq. (15.3); (2) the 
vegetation and the litter on the forest floor can act as semipermeable barriers that 
reduce the surface runoff flow velocity and, consequently, could lead to increased 
infiltration of water and reduction of the runoff; (3) the plant canopy and the litter 
can protect the soil surface against the raindrop impact and increase the aggregate 
stability, thus, in turn, preventing seal formation and infiltration reduction, in accor-
dance with Eq. (15.4).

Soil Erosion Processes

Soil erosion by water involves two main processes: (1) detachment of soil materials 
from the surface soil by raindrop impact and surface runoff shear; and (2) transport 
of the resulting sediment by raindrop splash and overland flow (Baver et al. 1972). 
Recent erosion models have separated the erosion process into two main compo-
nents: rill and interrill erosion (Foster et al. 1982). Runoff from the soil surface may 
concentrate into small erodible channels known as rills. In rill erosion, the soil loss 
is mainly due to detachment of soil particles and their transport by flowing water. 
In contrast, in interrill erosion, soil detachment is caused essentially by raindrop 
impact, and soil transport is due to raindrop splash and runoff flow (Watson and 
Laflen 1986). Soil erosion in forests could be controlled by four main mechanisms: 
(1) the vegetation and the litter on the forest floor can decrease the amount and flow 
velocity of the surface runoff, as described above, and thereby decrease the erosive 
and transport capacity of the surface runoff, and, consequently, reduce soil loss;  
(2) the plant canopy and the litter can protect the soil surface against raindrop 
impact, and thereby reduce soil detachment during the rainstorm; (3) the vegetation 
and the litter on the forest floor can trap eroded sediments and limit their transporta-
tion, which, in turn, limits the soil loss; (4) plant-root activities, and decomposition 
of the forest floor litter can change the soil properties, as described below, and 
could thereby increase the aggregate stability and decrease soil detachment.

Mediterranean, Semiarid Climate

A narrow zone contiguous to the Mediterranean Sea is classified as a Mediterranean 
region. The Mediterranean semiarid climate is characterized by long, dry, hot sum-
mers and short, wet, mild winters. The annual rainfall in the Mediterranean semi-
arid region ranges mainly from 400 to 600 mm, and snow precipitation is rare 
(Hotzl 2008). Likewise, the rainfall in this region is highly variable, both during the 



268 M. Ben-Hur et al.

season and from year to year. Examples of daily maximum/minimum temperatures, 
rainfall, and class “A” pan evaporation in the semiarid region in Israel are presented 
in Fig.  15.1. In the Mediterranean semiarid region, water is a limited resource, and 
droughts, salinity and desertification are common features. In this region, the water-
sheds are water-limited, and the soils are characterized by relatively low organic 
matter content, high contents of expandable clay minerals, and high levels of salin-
ity and sodicity (Singer 2007), all which decrease the stability of the soil structure 
(Ben-Hur 2008). The forests in the Mediterranean region can be divided into two 
main types. The first comprises open mixed forests, including spruce and mountain 
pine, which are common in the semiarid part of the Mediterranean region. These 
forests are not intensively managed for commercial purposes, but they are widely 
perceived as having a high conservation value and being beneficial for tourism. The 
second type comprises intensively managed eucalyptus plantations. The planting of 
these plantations has been promoted mainly in southern Europe as a means to 
develop areas where agricultural productivity is low, and there is high rural unem-
ployment. However, these plantations are uncommon in the semiarid part of the 
Mediterranean region.
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Fig. 15.1 Daily maximum/minimum temperatures, rainfall, and class “A” pan evaporation in 
semiarid region, Ramat Yishay, Israel
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Runoff and Soil Erosion

The forested watersheds in the Mediterranean semiarid region are under water-limited 
conditions. However, in this region the total precipitation during the rainy season 
(winter) is, in general, higher than the total evapotranspiration, therefore it is 
expected that surface runoff would be formed. However, it is known that forests 
with close cover in the Mediterranean semiarid region are very effective in prevent-
ing runoff and soil erosion. In order to study the mechanisms that prevent runoff 
and soil loss under Mediterranean, semiarid conditions, experiments with runoff 
plots were conducted in the semiarid part of Israel. The runoff plots were estab-
lished in September 2004 before the rainy season in two different locations: the 
Kaddorie site, characterized by sandy clay loam soil, and the Ramat-Hacovech site, 
with sandy soil. The saturated hydraulic conductivity of both of these soils was 
>100 mm/h, which was higher than the rainfall intensity (Morin et al. 1981). The 
treatments in the runoff plots were: bare soil, cover of annual plants, mulched soil, 
and cover of olive or citrus trees, which are very common in the Mediterranean 
region. The soil in the bare treatment was sprayed with herbicide to prevent germi-
nation and development of vegetation. The tree-covered runoff plots were below the 
tree crowns, floor litter was sparse and was removed from the soil surface before 
the rainy season, and no annuals were grown below the trees. In the mulched treat-
ment, a 6-cm-thick layer of wood chips was spread on the soil surface, and it rep-
resented soil cover with a dense litter layer.

The cumulative surface runoff and soil loss from the runoff plots with the vari-
ous soil covers were measured during the 2006–2007 rainy season, and the results 
are presented as functions of cumulative rainfall in Figs. 15.2 and 15.3. High sur-
face runoff and soil loss were obtained in the bare soil treatment (Fig. 15.2); after 
372 mm of rainfall the cumulative runoff was 67 mm, i.e., 18% of the seasonal 
rainfall, and the cumulative soil loss was 0.65 kg/m2 (Fig. 15.2). In this treatment, 
the impact energy of the raindrops broke down the aggregates at the bare soil sur-
face, which led to increases in soil detachment, seal formation, runoff and soil loss 
(Fig. 15.2). Similar results were obtained in the annual-covered soil treatment 
(Fig. 15.3), in which the soil surface was bare at the beginning of the rainy season, 
with the result that the impact energy of the raindrops broke down the aggregates 
and formed a seal. In this case, the subsequent development of the canopy of the 
annuals covered soil that already bore a seal, so that the effect of the canopy in 
preventing runoff and soil loss was negligible (Fig. 15.3). Similar results were 
obtained by Ben-Hur et al (1989) with a cotton canopy under sprinkler irrigation.

The surface runoff and soil loss in both experimental sites were the lowest in the 
mulch treatment (Figs. 15.2 and 15.3). In this treatment, the cumulative surface 
runoff and soil loss were 3.3 mm and 0.02 kg/m2, respectively, in the Kaddori site 
(Fig. 15.2), and 3 mm and 0, respectively, in the Ramat-Hacovech site (Fig. 15.3). 
This low runoff and soil loss in the mulch treatment could be attributed to the cover-
ing effect of the wood chips that protected the soil surface against raindrop impact. 
However, in this treatment, the wood chips decomposed rapidly because of the high 
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temperatures of the Mediterranean semiarid climate (Fig.  15.1). Therefore, the 
cover of the soil surfaces by the wood chips during the 2006–2007 rainy season, 
about 3 years after the mulch application, was limited and its effectiveness in pro-
tecting the soil surface against raindrop impact was low. Another mechanism that 
could decrease the runoff and the soil loss in the mulch treatment (Figs. 15.2 and 
15.3) is augmentation of the organic matter content in the soil (Fig. 15.4a and b) as 
a result of decomposition of the wood chips. This increase in the organic matter 
content in the mulched soil enhanced the stability of the aggregates in this soil, 
which, in turn, increased the saturated hydraulic conductivity of its 0–5-cm layer 
(Fig. 15.4c).

In the olive and the citrus treatments, the cumulative, surface runoff values and 
the soil loss were low: 16 and 11 mm of runoff, and 0.09 and 0.07 kg/m2 of soil 
loss, respectively (Figs. 15.2 and 15.3). In these treatments, however, the litter was 
sparse and was removed from the soil surface in the runoff plots, so that the organic 
matter content of the soils was relatively low. Therefore, the low values of the run-
off and soil loss in the tree treatments could be attributed to two main factors: (1) 
the trees increased the water interception and transpiration, and thereby decreased 
the hydrological load on the soil; (2) the canopy of the trees decreased the impact 
energy of the rain drops and thereby, in turn, prevented the seal formation. However, 
the runoff and soil loss in the trees treatment were higher than in the mulch treat-
ment (Figs. 15.2 and 15.3). Probably, in the case of the trees treatment, the water 
drops falling from the leaves of the olive and the citrus trees during the rainstorms, 
probably, caused some breakdown of the aggregates at the soil surface, so that par-
tial seals were formed, leading to some surface runoff and soil loss (Figs. 15.2 and 
15.3). It could be concluded from the results in Figs. 15.2–15.4 that the litter layer 
on the forest floor could be a very effective means of preventing surface runoff and 
soil erosion in deciduous forests: the litter can act as a protective layer against 
raindrop impact, and its decomposition can increase the aggregate stability in the 
soil layer. Therefore, under these conditions, seal formation and soil detachment 
would be avoided, most of the rainfall would infiltrate into the soil surface, and the 
surface runoff and soil loss would be prevented.

These covering effects of the tree canopy and of the forest floor litter in prevent-
ing runoff by increasing aggregate stability and absorbing the impact energy of the 
raindrops, and thereby preventing seal formation could be effective only when the 
soil layer is deep and has a high water storage capacity, or when the infiltrated water 
can move downward easily. Kutiel and Inbar (1993) measured runoff and soil loss 
from approximately 150-m2 plots in a plantation of Aleppo and Brutia pine in 
Yoqneam forest, Israel, which lies in a Mediterranean semiarid climatic region. The 
soil in these plots was pale rendzina, less than 20 cm in depth, lying on a chalky 
hill slope with a 45% gradient. Kutiel and Inbar (1993) found that the total runoff 
and soil loss after 331 mm of rainfall during the 1989 rainy season (January–March) 
were negligible: 0.28 mm and 0.08 g/m2, respectively. In addition, Inbar et al. 
(1998) measured surface runoff from a small (~1 km2) upland catchment on Mount 
Carmel, Israel with Mediterranean semiarid, climatic and forest cover comprising 
a complex of pines (Pinus halepensis) and Quercus calliprinos–Pistacia palastina. 
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The chalk and limestone bedrock of the catchment was covered with shallow (~40 
cm depth) terrarosa soil. No surface runoff from this catchment was observed after 
rainfall of 714 mm in the 1989–1990 winter and 501 mm in the 1990–1991 winter. 
The water storage capacity of the shallow soils in these two experimental sites – 
Yoqneam forest and Mount Carmel – was low and could not absorb all the rainwa-
ter. Therefore, the very low runoff observed in these two catchments was, most 
likely, because of the high water use of the trees in these forests and the downward 
movement of water through cracks in the bedrocks. Partial clear cutting of open 
spruce forest in the Latte catchment located in Mt. Lozère, S. France, where there 
is a Mediterranean climate, increased the annual water yield from this catchment 
by 150 mm, in which the annual rainfall was 1,500 mm (Cosandey 1993). This 
increase in the water yield was mainly because of the decreased water use of the 
trees after the partial clear cutting.

Runoff Water Quality

Interaction of rainwater with the soil surface before runoff formation, and interac-
tion of flowing runoff water with the soil surface could change the quality of the 
runoff water. This runoff quality is strongly affected by meteorological conditions, 
properties and cover of the soil surface, and micro-organism activities in the soil. 
The ranges of concentrations and the average values of some elements and com-
pounds in runoff water samples that were collected from the runoff plots in Kaddori 
site during the winters of 2007–2008 and 2008–2009 are presented in Table 15.1. 
No cultivation or chemical fertilization were applied in these runoff plots. The aver-
age pH values in the runoff water in the three cover treatments were neutral (~7.2), 
and no significant differences were found among these values in the various cover 
treatments (Table 15.1). The relative high (21.1%) CaCO

3
 content in the studied 

soil maintained high pH values in the soil solution and in the runoff waters in all 
the studied treatments (Table 15.1). The Cl− concentrations in the runoff water in 
the three treatments ranged from 12.5 to 53.6 mg/L (Table 15.1). In contrast, 
Eriksson (1952) reported that the average Cl− concentration in the rainwater in the 

Table 15.1 Ranges of pH values and concentrations of total organic C (TOC) and Cl, K, NO
3
, 

NH
4
, and PO

4
 in the surface runoff from plots with different cover treatments. Numbers in paren-

thesis are average values (Ben-Hur, unpublished data)

Treatment pH
TOC  
(mg/L)

Cl 
(mg/L)

K 
(mg/L)

NO
3
 

(mg/L)
NH

4
 

(mg/L)
PO

4
 

(mg/L)

Bare 7.0–7.6 9.7–22.5 13–39.3 2.7–10.2 1.8–14.3 0.29–2.61 0.28–1.84
(7.3) (15.1) (22.6) (5.5) (5.7) (1.0) (0.97)

Mulch 6.9–7.6 11.2–38.8 12.5–53.6 2.0–13.8 1.7–16.7 0.1–1.73 0.72–2.0
(7.2) (23) (30.4) (6.0) (9.9) (0.93) (1.3)

Olive tree 7.0–7.5 27.8–95.4 23.4–39.1 1.6–16.4 3.8–23.6 0.32–1.43 0.25–1.0
(7.1) (59.5) (29.1) (6.6) (12.7) (1.12) (0.55)
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interiors of most continents ranged from 2 to 6 mg/L. It is most likely that these 
high Cl− concentrations in the runoff water (Table 15.1) were a result of the high 
Cl− concentrations in the solution of semiarid soils that are characterized by their 
relatively high salinity; the Cl− concentration in saturated paste of soil from the 
0–10-cm layer in the runoff plots was 140 mg/L.

In spite of the low organic matter content in the soil at the Kaddori site – typical 
of semiarid soils – the total organic carbon (TOC) concentrations in the runoff 
water in the three cover treatments were relatively high (Table 15.1). Probably the 
relatively high winter temperatures that characterize the Mediterranean climate 
increased the micro-organism activity in the soil, which, in turn, enhanced the soil 
organic matter decomposition and increased the dissolved organic carbon concen-
tration in the runoff water. The total organic carbon concentrations in the runoff 
water in the mulch and tree treatments were higher than that in the bare soil treat-
ment (Table 15.1), probably because mulch decomposition and biological activity 
of the tree roots increased the concentration of dissolved organic carbon in the 
upper soil layer and, consequently, in the runoff water (Table 15.1). The concentra-
tions of the nutrients, K, NO

3,
 and PO

4
 in the runoff water in all three treatments 

were relatively high (Table 15.1) compared with those in wetter regions, such as the 
semi-humid northern and mild humid regions discussed below. The relatively high 
contents of K and P in semiarid soils (Singer 2007) and the high decomposition 
rates of organic matter in this region caused the high concentration of these nutri-
ents in the runoff water (Table 15.1).

Semi-humid Northern Climate

One of the widely occurring climates in the boreal zone of northern Europe is the 
semi-humid northern climate. The average annual precipitation in this climate is 
ranged from 550 to 700 mm, of which ~50% falls as snow (Tikkanen 2006). From 
records collected from 1979 to 2006 in Finland it was found that the mean annual 
temperature was ~1°C, the maximum temperature in the summer ranged from 18°C 
to 25°C, and the minimum temperature in the winter ranged from −3°C to −18°C 
(Tikkanen 2006). Because of the low evapotranspiration in the watersheds in regions 
with this climate, these watersheds are under non-water-limited conditions. Soil ero-
sion is a considerable problem in forestry throughout Europe. However, in the boreal 
zone of Northern Europe, apart from the mountainous areas, the risk of large-scale 
soil erosion is low, because most of the slopes in this region are gentle (<3%) and the 
soils have low erodibility factor. Forest management practices, such as clear cutting, 
site preparation and land drainage, could decrease the forest cover and the biomass of 
tree stands, and change soil structure. All these can reduce the total evapotranspira-
tion, enhance the exposure of the soil to the rainfall-driven erosion, and decrease the 
inherent sedimentation within the catchments, thereby possibly increasing overland 
flow and soil erosion. Detrimental effects of forestry treatments on water quality can, 
however, be controlled by practicable water-protection methods, such as: avoiding 
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intensive forestry in areas with steep slopes or on soils that are sensitive to degrada-
tion processes; leaving unmanaged buffer zones around water bodies (Nieminen et al. 
2005); and creating sedimentation ponds along drainage networks in order to collect 
suspended solids and organic and mineral nutrients (Joensuu et al. 1999).

Overland Flow Yield

This section and the following one discuss the effects of clear cutting and land drainage 
on overland flow and its quality in watersheds occupied by forest and under semi-
humid northern climate conditions. For this study, four small upland catchments in 
eastern Finland were selected for application of a classical paired-watersheds approach; 
they included no agricultural or inhabited areas. Selected features of the studied catch-
ments are presented in Table 15.2. The forests in the catchments contained mainly 
Scots pine (Pinus sylvestris L.) and Norway spruce (Picea abies L. Karst.), with aver-
age stand volumes ranging from 62 to 187 m3 ha−1. The bedrocks in the studied catch-
ments were mainly gneiss, granite and granodiorite, covered with a layer of mineral 
soil and peat. The thickness of this layer in most area of the catchments was <2 m. The 
texture of the mineral soil was stony, sandy till containing <2% of fine earth clay. The 
slope of the terrain in the catchments varied between 0.3% and 1.5%.

The treatments that were studied in these catchments were (Table 15.2): (1) in 
Murtopuro catchment, 58% and 40% of the catchment areas were used for clearcut-
ting and drainage (digging ditch networks mainly in the peat land), respectively, in 
1983, and 4% of the area was again clear cut in 2002; (2) in Kivipuro catchment, 
56% of the catchment area were clear cut in 1983, when an uncut buffer zone 30–50 m 
in width was left between the clear-cut area and the stream (Ahtiainen and Huttu-
nen 1999); and (3) the Liuhapuro and Välipuro catchments were left unmanaged 
except for small-scale clearcutting that involved 9% of the catchment area, conducted 
in 2001 in the Välipuro catchment. The clearcut areas in all the cutting treatments 
were ploughed, mounded, and/or harrowed during 3 years after the forest cutting. 
In all the studied catchments, the daily amount of stream flow at the outlet from the 

Table 15.2 Selected features of the studied catchments and the applied forest managements 
(Sarkkola, unpublished data)

Catchment
Coordinates  
of Location

Land 
Area

Elevation, 
a.s.l

Peat 
Land Forest Managements

Application 
Year

ha m %a

Murtopuro 63°46¢;28°28¢ 494 225 50 58%a  Clear cutting 1983
40% Land drainage 1983
4% Clear cutting 2002

Liuhapuro 63°47¢;28°29¢ 165 225 48 No management
Kivipuro 63°52¢;28°65¢ 54 200 32 56% Clear cutting 1983
Valipuro 63°52¢;28°65¢ 86 200 56 9% Clear cutting 2001

a.s.l Above sea level
a Percent of the total catchment area
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catchment was continuously measured from 1979 to 2006, and water samples from 
the stream were taken once or twice each month and were analyzed by standard 
methods for concentrations of total organic carbon, nitrogen, and suspended solids 
(Ahtiainen and Huttunen 1999).

Cumulative amounts of overland flow at the outlets of the four studied catch-
ments for 3 meteorological years – 1980–1981, 1986–1987, and 2005–2006 – are 
presented in Fig. 15.5, as functions of cumulative rainfall. The meteorological year 
was defined, on the basis of precipitation and overland flow, as extending from 1st 
October until 30th September of the next year. The annual amounts of overland 
flow from the studied catchments in the 3 meteorological years were relatively 
high, ranging from 200 mm in the Kivipuro catchment in 2005–2006 to 580 mm in 
the Murtopuro and Liuhapuro catchments in 1980–1981 (Fig. 15.5), and the average, 
annual precipitations in these catchments was ~600 mm (Fig. 15.5). These large 
amounts of overland flow were mainly a result of the low water use (transpiration 
and interception) of the trees in the catchment because of the low potential evapo-
transpiration under semi-humid northern climatic conditions, the limited water-
storage capacity of the soils, and the low permeability of the bedrock in these 
catchments. In the 3 meteorological years in the four studied catchments, the over-
land flow coefficient (the overland flow in millimeter per 1 mm of cumulative 
precipitation), as determined from the slopes of the graphs in Fig. 15.5 were lowest 
(lowest slopes) in the winter, most likely because of the frozen conditions in this 
season. In contrast, the highest overland flow coefficients (steepest slopes) occurred 
in the spring as a result of fast snow melting. In the summer and autumn, the overland 
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flow coefficients were moderate (Fig. 15.5), and were controlled mainly by the 
intensity and the amount of the rainstorms in these seasons.

The overland flow patterns in the paired catchments (Murtopuro and Liuhapuro; 
Kivipuro and Välipuro) before the forestry treatments (1980–1981) were similar 
(Table 15.2 and Fig. 15.5). In contrast, after the forest perturbations in the 
Murtopuro catchment, the overland flow amounts in this catchment during 
the meteorological years 1986–1987 and 2005–2006 were higher than those in the 
untreated Liuhapuro catchment (Fig. 15.5a). This higher overland flow in Murtopuro 
catchment could be mainly attributed to the following mechanisms: (1) decreased 
water use by the trees in the catchment, following the clearcutting; (2) formation 
of a denser network of water channels at the surface of the clearcut area; and 
(3) destruction of the soil structure in the clearcut area as a result of land drainage 
and site preparation. A very small repeat clearcutting, involving 4% of the catch-
ment area, was conducted in 2002 in the Murtopuro catchment (Table 15.2), but no 
significant effect of this clearcutting on the overland flow in this catchment was 
observed in 2002–2003 (results not presented). Therefore, the significantly higher 
overland flow in the Murtopuro catchment in 2005–2006 than that in the untreated 
Liuhapuro catchment (Fig. 15.5a) suggests that the intensive perturbations that 
occurred in the Murtopuro catchment in 1983 had long-term (23 years) effects on 
the overland flow. This result indicates also that the main factor that increased the 
overland flow in the Murtopuro catchment after its perturbations was a decrease of 
water use by the trees as a result of their cutting, because the other two mechanisms 
had only short-term effects on the overland flow. In contrast, the recovery of water 
use by the trees seedlings depended on their regeneration rates, which are slow.

The intensive clear cutting, involving 56% of the catchment area, in the Kivipuro 
catchment in 1983 (Table 15.2) did not affect significantly the amount of overland 
flow in this catchment during 1986–1987 (Fig. 15.5b). This lack of response to the 
intensive clear cutting in the Kivipuro catchment was probably due to the limited 
change in the interception capacity of the forest stand as a result of the clear cutting, 
because the large amounts of tree brash that covered the felled area in this catch-
ment could also have high interception capacity (Robinson et al. 2003). Moreover, 
the presence of debris dams in streams may have acted to attenuate surface runoff 
flow. In contrast, a small clear cutting, involving 9% of the catchment area, which 
was conducted in the Välipuro catchment in 2001, significantly increased the 
cumulative amount of overland flow compared with that in the Kivipuro catchment 
during 2005–2006 (Fig. 15.5b).

Overland Flow Quality

In the boreal regions of Northern Europe, such as Finland, leaching of chemical 
compounds by the overland flow in forests is particularly important, because mil-
lions of hectares of peatlands in this region have been drained to enable wood 
production (Paavilainen and Päivänen 1995). Leaching of these compounds and 
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soil loss may have significant effects, resulting in enhanced eutrophication and 
deterioration of the quality of aquatic habitats (Grip 1982, Ahtiainen and Huttunen 
1999). Concern for this effect on aquatic habitats is particularly relevant in boreal 
regions, because of the large numbers of lakes and watercourses that are sensitive 
to changes in nutrients concentrations (Schindler 1998).

The average annual concentrations of suspended solids and total N and organic C 
in the overland flow in the four studied catchments (Table 15.2) at various dates are 
presented in Fig. 15.6, in which the clear cutting and drainage that were conducted in 
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these catchments (Table 15.2) are indicated by vertical dashed lines. The intensive 
clearcutting and land drainage that were conducted in the Murtopuro catchment in 
1983 significantly increased the concentrations of suspended solids and total N and 
carbon C in the overland flow, over periods of 14 years for the suspended solids, 
6 years for total N, and 4 years for total organic C (Fig. 15.6a). Concentrations of these 
compounds in the overland flow after the clear cutting in the Murtopuro catchment 
were comparable with those measured in other small forested catchments after pertur-
bations (e.g., Finer et al. 1997; Kortelainen and Saukkonen 1998). The increases in the 
concentrations of these compounds in the overland flow in the Murtopuro catchment 
after the intensive perturbations (Fig. 15.6a) were probably due to land surface distur-
bance caused by the clearcutting and soil drainage activities, and the high decomposi-
tion of the large amounts of the tree brash that covered the felled area.

The intensive clearcutting that was conducted in the Kivipuro catchment in 1983 
(Table 15.2) had no significant effect on the concentrations of compounds in the 
overland flow (Fig. 15.6b). This lack of any effect of the intensive clearcutting in 
the Kivipuro catchment on the compounds concentrations was probably because: 
(1) no increase in the overland flow occurred after this clearcutting (Fig. 15.5b), 
and (2) the uncut buffer zone that was left in this catchment prevented intensive 
depletion of the concentrations of these compounds from the clearcut area into the 
stream water. The limited clear cutting that was conducted in the Murtopuro catch-
ment in 2002 and in the Välipuro catchment in 2001 (Table 15.2) also caused 
insignificant effects on the concentrations of the compounds in the overland flow 
(Fig. 15.6). In these cases, the disturbance of the forest floor caused by the limited 
clear cutting was probably mild and not sufficient to lead to increases in these con-
centrations in the overland flow.

The average seasonal concentrations of suspended solids and total N and organic 
C in the overland flow in the unperturbed Liuhapuro and the slightly perturbed 
Välipuro catchments, which were measured over 28 years from 1979 until 2006 
(Fig. 15.6), indicated that the average seasonal concentrations of total N and 
organic C were higher in summer and autumn than in winter and spring, and that 
the average concentration of suspended solids were higher in the spring than in the 
other seasons (results not presented). These high concentrations of total N and 
organic C in the summer and autumn were, probably, a result of the high tempera-
tures in these seasons that increased the micro-organism activities in the soil, 
which, in turn, increased the soluble N and organic C levels in the soil surface. In 
contrast, the occurrence of the highest suspended solids concentration in the spring 
was probably due to the high overland flow rate and its erosivity in this season 
(Fig. 15.5), caused by the fast melting of snow in this season.

Mild, Humid Climate

The mild, humid climate is characterized by a mean annual temperature of ~14°C, and 
mean temperatures in the coldest and hottest months of ~9°C and ~20°C, respec-
tively. The average annual rainfall in this climate is high, about 1,900 mm, with the 
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autumn – from October to December – being the wettest season, and the summer – 
from July to September – being the driest. An example in Europe of a region with 
a mild, humid climate is northwest Spain (Galicia), with an ocean-influenced 
 climate. In this region, a eucalypt species commonly used in forestry is the 
Eucalyptus globulus Labill, which covers ~335,000 ha under monocultural and 
mixed stands. It is grown mostly on steep slopes, in shallow and acidic soils that 
developed on granitic bedrock (Fernandez et al. 2006). The wood of this eucalypt 
species is the most economical raw material for paper-pulp production in south-
west Europe (Gras et al. 1993). These eucalypt stands are characterized by their 
high growth, and are managed on short rotations of 10–15 years using mechanized 
skidding and intensive logging by means of slash manipulation after clear cutting. 
The effects of eucalypt forest cover on catchment water yield, as affected by vari-
ous perturbations and management activities such as wildfires (e.g., Langford 
1976; Mackay and Cornish 1982; O’Loughlin et al. 1982; Brown and Mitchell 
1986; Scott 1993), clear cutting (e.g., Langford et al. 1982; Cornish and Vertessy 
1993; Cornish and Vertessy 2001; Watson et al. 2001), and pests (e.g., Cornish and 
Vertessy 2001; Watson et al. 2001), have been extensively studied in regions where 
these species are natural growth or extensively planted, such as Australia and 
South Africa.

Overland Flow Yield

A case study that determined the effects of forest cover types (Eucalyptus globulus 
Labill and Pinus pinaster Ait) and of successive perturbations on the yield and 
quality of overland flow from small upland catchments under mild, humid climatic 
conditions is discussed below. The experimental catchments were located near the 
Atlantic Ocean inlet of Pontevedra, northwest Spain; selected features of these 
catchments are presented in Table 15.3. The soils were Humic Umbrisols, 
Alumiunbric Regosols and Alumiumbric Leptosols, with sandy and sandy-loam 
textures that developed on granitic or granodioritic bedrock. The effects of succes-
sive perturbations of forest on overland flow yield and quality were studied in the 
Eucalyptus globulus catchment (Castrove catchment, Table 15.3), in which the for-
est perturbations were: a moderate surface wild fire in July 1989 that burned the 
understorey and scorched the tree crowns; clearcutting of trees in summer 1992; a 
rotation during 1995 and 1996 based on coppice and coppice sprout selection that 

Table 15.3 Selected features of the studied catchments (Fernandez et al. 2006)

Catchment
Land 
Area Slope

Elevation, 
a.s.l

Mean Soil 
Depth

Mean 
Precipitation

Tree 
Species Density

ha % m m mm Trees ha−1

Castrove 9.9 20 348–445 0.5 2,020 E. globulus 1,251
Caldas 6.7 10 210–251 0.9 1,700 P. pinaster 329

a.s.l Above sea level
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reduced the basal area by 70%; and an attack by G. scutellatus Gill that started in 
spring 2000 and caused moderate tree defoliation in most parts of the catchment 
area. Stream flow out of the studied catchments was continuously measured with a 
90° V-notch. In water samples that were collected from the stream, concentrations 
of NO

3
, PO

4
, K, Na, Ca, and Mg were measured by using standard methods 

(Ahtiainen and Huttunen 1999).
During 1987–1989 under no forest perturbations, the quarterly overland flow 

yields at the outlet of the Pinus pinaster Ait catchment (Caldas catchment, 
Table 15.3) ranged from 23 to 417 mm, and the annual average of these overland 
flow yields during these years was 696 mm, which was 42% of the average annual 
rainfall in this catchment. In contrast, in the Eucalyptus globulus catchment 
(Castrove catchment, Table 15.3) with no perturbations in the same years, the quar-
terly overland flow yields ranged from 0 to 1,052 mm, and the annual average of 
these yields was 1,596 mm, which was 73% of the average annual rainfall. The soils 
in these catchments were shallow (Table 15.3), therefore their water-storage capaci-
ties were limited. Likewise, no recharge of the ground water was expected in these 
catchments. Consequently, the higher annual overland flow yield from the 
Eucalyptus globulus than from the Pinus pinaster catchment was mainly a result of 
the greater water use (transpiration and interception) by the Pinus pinaster, which 
was 1,034 mm, than by the Eucalyptus globulus trees, which was 914 mm, under 
the local conditions of the studied catchments.

Quarterly rainfall amounts and the differences between the quarterly overland 
flow yields, as measured at the studied Eucalyptus globulus catchment and the 
values predicted on the basis of the measurements in the unperturbed catchment, 
over the period from 1987 to 2005 are presented in Fig. 15.7. The wildfire in 1989 
significantly increased the overland flow yield during the autumn and winter of 
meteorological years 1989–1990 and during the autumns of meteorological years 
1990–1991 and 1991–1992 (Fig. 15.7). The highest quarterly increase in the over-
land flow yield as a result of the wildfire was 512 mm, which is 52% of the cor-
responding quarterly rainfall (Fig. 15.7). After the clear cutting in summer 1992, 
the overland flow yields increased significantly during autumn 1992–1993, autumn 
and winter 1993–1994, and autumn 1994–1995 (Fig. 15.7). The maximum increase 
in the overland flow yield after the clear cutting was 667 mm during autumn 
1993–1994, which is 63% of the corresponding quarterly rainfall. After the coppice 
sprout selection conducted in 1995 the overland flow yields increased signifi-
cantly during autumn and winter 1995–1996, and the autumns of 1996–1997 and 
1997–1998 (Fig. 15.7); no significant effect was observed during the fourth post-
thinning year (Fig. 15.7). The quick spread of the G. scutellatus pest during 
1999–2000 and 2000–2001significantly increased the water yields during all the 
autumns from 1999 to 2004, and during the winters of 2000–2001 and 2002–2003. 
Calculation of the average values of the significant quarterly increase of the over-
land flow yield during 3 years after each perturbation indicated that the increases 
in overland flow yield after wildfire and clear cutting were greater than those that 
followed the perturbations caused by coppice sprout selection and G. scutellatus 
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pest attack. This was probably because the wildfire and clear cutting affected the 
water use of the vegetation in the catchment more strongly than the perturbations 
caused by coppice sprout selection and G. scutellatus pest attack.

Overland Flow Quality

The average annual concentrations of some elements and compounds in water 
samples that were collected from the overland flow at the outlet of the Castrove 
catchment (Table 15.3) over the period from 1987 until 2002 are presented in 
Fig. 15.8; the forest perturbations are indicated by vertical dashed lines. The wild-
fire caused large increases in the concentrations of the majority of the studied ele-
ments and compounds in the overland flow, but this effect was short-lived – <2 
years after the wildfire (Fig. 15.8). The immediate increase of the NO

3
 concentra-

tion in the overland flow after the wildfire (Fig. 15.8) was most likely attributed to 
the oxidation of the organic materials on the forest floor caused by the heat of the fire, 
and the high nitrification rate that prevailed after the fire (Kutiel and Shaviv 1989). 
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Similar results were found by Kutiel and Inbar (1993), which indicated that burning 
of plant materials in the catchment caused increases in Ca, Mg, Na and K contents 
in the upper few centimeters of the soil. During the rainy season after the wildfire, 
the surface runoff leached the elements from the upper soil in the catchment and 
increased their concentrations in the overland flow (Fig. 15.8). After clearcutting of 
the forest, the concentrations of the nutrients, NO

3
, K, Ca, and PO

4
 in the overland 

flow in the catchment increased (Fig. 15.8). This nutrients increase resulted, most 
likely, from decomposition of the large amounts of tree brash that covered the felled 
area after the clearfelling that released these nutrients. However, the forest clearcut-
ting had insignificant effects on Na and Mg concentrations in the overland flow 
(Fig. 15.8).
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Summary and Conclusions

It is well known that forest cover and its management and perturbations significantly 
affect the hydrology of watersheds, and especially the surface runoff, overland flow, 
and soil erosion. These effects, however, are strongly related to climatic conditions. 
With respect to water issue, watersheds were divided into two main types: (1) those 
under water-limited conditions; and (2) those under non-water-limited conditions. 
The overall objective of this chapter was to describe and discuss the relationships 
between forest and climate conditions, and their effects on surface runoff, over land 
flow, soil erosion and runoff water quality, when subjected to various managements 
and perturbations. Three different climate types were discussed in this chapter:  
(1) a Mediterranean, semi-arid climate with annual precipitation of ~500 mm; (2) 
a semi-humid northern climate with annual precipitation of ~600 mm and freezing 
temperatures and snow conditions in the winter; and (3) a mild, humid climate with 
average annual rainfall of ~1,800 mm and no freezing temperatures or snow condi-
tions. The forested watersheds in the Mediterranean semiarid region are under 
water-limited conditions and in the semi-humid northern climate and mild, humid 
climate are under non-water-limited conditions.

In the Mediterranean semiarid climate region, high surface runoff and soil loss 
were obtained in bare soils and soils covered with annual because the unstable 
structure of the soils in this region and seal formation in the beginning of the rainy 
season. A litter layer on forest floor with deep soil and/or very cracked bedrock in 
Mediterranean semiarid climate region could be a very effective means in prevent-
ing surface runoff and soil erosion in deciduous forests. In this case, the litter acts 
as a protective layer against raindrop impact, and its decomposition increases the 
aggregate stability in the soil layer. The effects of the forest floor litter on water 
infiltration and its movement through the soil layer in forests in Europe are dis-
cussed in detail in Chapter 16 in the present book. Close cover forests in the 
Mediterranean semiarid region are very effective in preventing runoff and soil ero-
sion mainly because of the high water use of the trees and the downward movement 
of water through cracks in the bedrocks. Partial clear cutting of forests in this region 
could increase the water yield from the catchment mainly because of the decreased 
water use of the trees, and exposing the soil surface to the raindrop impact and seal 
formation.

In the semi-humid northern climate and the mild, humid climate, the overland 
flow yield in small, upland forested catchments with no perturbations is relatively 
high. For example, annual cumulative amounts of overland flow at the outlets of 
four catchments contained mainly Pinus sylvestris L. and Picea abies L. Karst in 
the semi-humid northern climate ranged from 200 to 580 mm, when the average, 
annual precipitations in these catchments was ~600 mm. Likewise, in the mild, 
humid climate, the annual average of overland flow yields was 696 mm, which was 
42% of the average annual rainfall, in Pinus pinaster Ait catchment and 1,596 mm, 
which was 73% of the average annual rainfall, in Eucalyptus globulus catchment. 
These large amounts of overland flow from catchments in the semi-humid northern 
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and the mild, humid climates were mainly a result of low water use (transpiration 
and interception) of the trees because of the low potential evapotranspiration under 
these climates conditions, the limited water-storage capacity of the soils, and the 
low permeability of the bedrock in these catchments. In both climates, the risk of 
large-scale soil erosion is low, mainly because the soils in these regions have low 
erodibility factor.

In the semi-humid northern climate, the average seasonal of overland flow coef-
ficient was lowest in the winter, most likely, because of the frozen conditions in this 
season, highest in the spring as a result of fast snow melting, and moderate in the 
summer and autumn, which was controlled mainly by the intensity and the amount 
of the rainstorms in these seasons. Significant perturbation of clearcutting and 
drainage in catchment in this climate increased significantly the overland flow 
amounts for a period of 23 years. This is because that the recovery of water use by 
the trees stumps depended on their regeneration rates, which are slow. Successive 
perturbations of a moderate surface wild fire that burned the understorey and 
scorched the tree crowns; clearcutting of trees, a rotation based on coppice and 
coppice sprout selection that reduced the basal area by 70%, and an attack by 
G. scutellatus Gill that caused moderate tree defoliation in most parts of the catchment 
in the mild, humid climate had significant effects on the yield of overland flow. The 
increases in overland flow yield after wildfire and clear cutting were greater than 
those that followed the perturbations caused by coppice sprout selection and 
G. scutellatus pest attack. This was probably because the wildfire and clear cutting 
affected the water use of the vegetation in the catchment more strongly than the 
perturbations caused by coppice sprout selection and G. scutellatus pest attack.

The interaction between forest cover and its management and perturbations and 
climate conditions have also effects on the quality of surface runoff and overland 
flow. In the Mediterranean semiarid climate region, the relative high content of 
CaCO

3
, K and P in the mineral fraction of the semiarid soils and the high Cl− con-

centration in their solutions maintained high pH values and Cl−, K, and 
PO

4
concentrations in runoff waters under various soil covers. In spite of the low 

organic matter content in semiarid soils, the total organic carbon concentration in 
the runoff water was relatively high. Probably, the relatively high temperatures, 
which characterize the Mediterranean climate, increased the activities of the soil 
fauna and trees roots, and consequently enhanced the dissolved organic carbon 
concentration in the runoff water. In contrast, in Eucalyptus globulus catchment in 
the mild, humid climate, the average annual concentrations of NO

3
, PO

4
, K, Ca, 

Mg, and Na in overland flow were very low. These low concentrations were mainly 
a result of the high overland flow yield in this catchment that diluted the elements 
and compounds concentrations in the runoff water.

In forested catchments with no perturbations in the semi-humid northern cli-
mate, the average seasonal concentrations in overland flow of total N and organic 
C were higher in summer and autumn than in winter and spring, and of suspended 
solids were highest in the spring. These high concentrations of total N and organic 
C in the summer and autumn were, probably, a result of the high temperatures in 
these seasons that increased the micro-organism activities in the soil, which, in turn, 
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increased the soluble N and organic C levels in the soil surface. In contrast, 
the occurrence of the highest suspended solids concentration in the spring was 
probably due to the high overland flow rate and its erosivity in this season, caused 
by the fast melting of snow in this season. An intensive clearcutting and land 
 drainage of catchment in this climate increased the concentrations of suspended 
solids and total N and carbon C in the overland flow over periods of >4 years. 
The concentrations increases of the of these components in the overland flow 
were probably due to soil surface disturbance caused by the clearcutting and soil 
drainage activities, and the high decomposition of the large amounts of the tree 
brash that covered the felled area.
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Intrinsic Variability of Soil Hydrologic Processes

Below ground movement of water can be viewed from various perspectives. It can be 
regarded within the soil–plant–atmosphere system framework, mainly when assessing 
the fluxes of water and energy in forests (Valentini 2003), or as a process determining 
ground water recharge, its fluctuations and the transport of solutes. Both perspectives 
are important in the realms of forest production and regulation functions. However, 
studies of the forest management impact on below-ground hydrologic processes have 
been sparse compared to the number of studies conducted in agro-ecosystems. It 
seemed unlikely in the 1980s that the future would see any heightened interest in the 
management of water relations in forests, but the present situation often requires active 
forestry measures, such as forest density reduction to improve extractable water 
availability and water yield from forests (Čermák et al. 1993). Although some find-
ings can be transferred from agricultural to forest soils, some fundamental differences 
remain. The basic differences in soil water regimen between relatively homogeneous 
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arable land and stony, forest soils arise from heterogeneity and stoniness of forest soils, 
resulting in preferential paths for water. Another, but important difference is the sig-
nificant interception of rain by forests in comparison to agricultural crops, leading to 
lower soil water content in forest stands.

Originally, soil water transport was thought to occur almost exclusively within 
the homogeneous soil matrix, and broad applications of the one-dimensional 
Richard’s equation reflected this approach. Thus, Richards’ equation describes 
water movement in homogeneous soil without preferential paths:

 ( ) 1 ( , )
h

K h S x t
t x x

∂ ∂ ∂ = + −  ∂ ∂ ∂
θ

 (16.1)

where, q is the soil water content (L3L−3), h is the soil matric water potential (L); 
K(h) is the hydraulic conductivity as a function of h (LT−1); x is coordinate (L), and t, 
is time (T). S(x,t) is rate of soil water extraction by roots (L3L−3T−1). At the same 
time, early preferential flow observations (Rode 1952) were considered an excep-
tion rather than a rule, partly due to the lack of experimental evidence and the use 
of instruments unsuited to the study of preferential flow, e.g. tensiometers. This 
status-quo began to change from the late 1970s and beginning of 1980s when sev-
eral important works, e. g., Germann and Beven (1981), highlighted preferential 
flow through macrcopores as an important hydrologic phenomenon in soils, and in 
forest soils in particular. Recent findings clearly contradict predictions made by 
application of Richards’ equation, which describes flow in soil without preferential 
paths. The reason for this failure can be also due to differences in contact angle of 
soil–water–air system, or due to organic matter coating (Novák et al. 2009). Extreme 
nonhomogeneity and presence of preferential paths in forest soil leads to nonhomo-
geneous and sometimes unstable flow (Fig. 16.1). That could explain why unstable 
flow is not predicted by widely used simulation model codes (Jury et al. 2003).

Both major flow types, i.e. the matrix flow and the preferential flow have a 
potential to either promote or compromise various ecosystem services provided by 
forests. They include immission load buffering (Pichler et al. 2006), waste water 
purification (Kermen and Janota-Bassalik 1987; Kim and Burger 1997; Barton 
et al. 1999; Livesley et al. 2007), the degradation of pesticides used in forestry, 
groundwater recharge (Aussenac 2000; Pichler 2007), runoff moderation (Badoux 
et al. 2006), carbon sequestration (Qualls et al. 2002) and many others.

In the light of these findings, numerous concepts have been developed with the 
aim of describing the movement of water including preferential flow, e.g. two- 
domain model that splits soil water into mobile and slowly mobile portions (Skopp 
et al. 1981), the dual – porosity approach (Gerke and van Genuchten 1993), the 
kinematic wave model (Germann and Beven 1985) and the stochastic-convective 
flow model with gravity being the main driving force (Jury and Scotter 1994), or 
combinations thereof (Steenhuis et al. 1990).

It follows that there is an intrinsic pattern of water and solute transport variability 
in soils and that to capture forest management effects against this backdrop poses a 
difficult task. Therefore, new dye tracer techniques and image analysis methods have 
been used in some forest soils studies (Stadler et al. 2000; Bogner et al. 2008). One 
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Fig. 16.1 Various types of water flow in soils depending on beech forest density as visualized by 
a dye tracer. (a) Prolonged infiltration plumes in a natural stand; (b) biomacropore flow, montane 
zone; (c) moderately heterogeneous matrix flow, clear-cut, motane zone; (d) highly heterogeneous 
matrix flow, stem-flow zone
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important question that can possibly be clarified through their application is the 
influence of forest management on the dominant type of soil water flow on the plot 
scale. The management practices with their objectives are summarized in Table 16.1 
and their impact will be discussed through the following subchapters.

In the process of assessing the impact of forest management practices on below-
ground hydrological processes, a comparatively higher soil skeleton content (Šály 
1986), spatio-temporal variability of the vegetation cover (Kenderes et al. 2008; 
Nagel and Diaci 2006) and the presence of surface humus must be considered as 
important factors.

Above-Ground Biomass

Forest management and silvicultural practices, such as the choice of tree species compo-
sition, forest type, management system, thinning and biomass harvesting can signifi-
cantly influence below-ground hydrologic processes. Our analysis starts with the controls 
on the three basic canopy characteristics used for hydrological processes modeling:

Leaf area index (LAI) –
Albedo of the evaporating surface –
Roughness of the evaporating surface –

Table 16.1 Common forest management practices and their objectives

Management practices Objectives

Choice of tree species and structure Improvement of water quality and quantity 
(hydraulic conductivity)

Health of forests
Thinning Biomass harvesting

Recharge of aquifers
Wood quality
Increase of sturdiness of leaving trees

Clear-cutting, whole tree harvesting Biomass harvesting for energy
Change in rotation C storage
No management Biodiversity, sustainability

To preserve existing water quality and quantity
Health of forests
C storage

Fertilization Increase of wood production
Improvement of nutritional status
Health of forests
C storage

Site preparation Improvement of regeneration and initial growth of 
seedlings

Ditching Drainage
Prescribed burning Forest fires prevention, fertilization, improvement of 

regeneration
Change in rotation C storage
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Precipitation (in liquid and solid phase) is partly intercepted by canopies and 
evaporates back to the atmosphere, consuming latent heat of evaporation as a 
significant part of the net radiation in the Soil–Plant–Atmosphere System 
(SPAS). In the temperate zone, it amounts up to 80% of the net radiation during 
the vegetation period and about 40% annually (Novák 1995). Canopy intercep-
tion of precipitation by forest stands is significant, particularly in coniferous 
forests. To comprehend the spatio-temporal dynamics and variability of below 
ground hydrological processes, it is necessary to appreciate forest interception, 
which not only influences the soil water regime, but can be relatively easily 
affected by forest management systems and interventions. In particular, they 
often result in changes of both canopy closure and forest density, such as in the 
shelterwood system.

High value LAI of forests in comparison to grass and crops and some particu-
lar properties of leaves (needles) results in high interception capacity of forests 
in comparison to crops. Interception losses vary due to various meteorological 
factors, such as air temperature, wind velocity, rain intensity, and canopy proper-
ties like species composition, stand density and canopy closure. On average, 
37% of the total precipitation was intercepted by a temperate 80 year old 
Norway spruce forest canopy, compared to 18% intercepted by a deciduous 
 forest at the same locality during ten vegetation periods (1981–1990) in Central 
Slovakia. Ten years of continuous measurements during snow-free season of 
spruce forest, indicated a maximum daily interception of about 5 mm under 
conditions of low wind velocity (Miklánek and Pekárová 2006; Novák and 
Kňava 2008). Kantor (1984) found  considerable difference in annual intercep-
tion between mountain spruce (212 mm) and beech (87 mm) forests. Therefore, 
the choice of tree species is of a paramount importance in influencing intercep-
tion losses and infiltration rate, while considering site requirements and natural 
habitats of different species. Although similar evapotranspiration totals was 
estimated for both species (conifers, deciduous), the transpiration rates usually 
decrease with the reduction of forest density and LAI (Holst et al. 2004). On the 
other hand, even-sized forest stands with distinct LAIs may produce similar 
evapotranspiration rates if they are structurally rich. In this sense, forest evapo-
transpiration may be considered a conservative hydrological process (Roberts 
1983, 2000).

In addition, albedo and the roughness of canopies, which are dependent on 
tree species composition and forest structure, affect both the energy balance and 
evapotranspiration rate (Hlavatá, et al. 2008). The less energy is needed for the 
evaporation of intercepted water, the more of it can be spent on transpiration. In 
spite of the fact that the water fluxes have been studied in several species (e. g., 
Aussenac 2000; Granier et al. 2003), information on the soil water content 
(SWC) differences resulting from various tree species compositions, forest den-
sities and structures is limited. Aussenac and Granier (1988) reported a maxi-
mum 42 mm of SWC difference between a natural and a low density Douglas fir 
stand. Gregor (1999) identified significant soil moisture  differences up to 5–10% 
between a shelterwood stand and a natural stand in a lower altitude beech forest. 
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Koshi (1959) and Breda et al. (1995) established that SWC values in low density 
oak stands averaged 25 or 40 mm higher than in natural stands under semi-arid 
or temperate conditions, respectively. Pichler et al. (2009) found a significant 
forest density effect on the SWC under a  montane Western Carpathians beech 
forest (Fig. 16.2). In the natural forest, SWC was in average by 40 mm lower 
than SWC of shelterwood stand in the respective zone.

Such differences result from a comparatively lower interception and a reduced 
transpiration in low-density shelterwood stands featuring a reduced basal area 
and a simplified age–size structure. Two main factors usually contribute to large 
soil water content differences: (i) the dominance of a hormonally controlled 
 seasonal regulation of growth under optimum soil moisture conditions; (ii) the 
absence of suppressed, overtopped trees in the shelterwood stand. From an 
intraspecific competition point of view, suppressed trees of some species show a 
high responsiveness to global irradiance. (Střelcová et al. 2002), and sudden 
increase in water extraction (Ježík and Voško 2002; Pichler et al. 2009) that mani-
fests itself in the increase of sapflow and stem diameter, respectively. In other 
words, suppressed trees sustain transpiration under cloudy skies and may utilize 
instant SWC spikes, such as following intense precipitation, even if main canopy 
trees do not respond. Also, the fraction of stand evapotranspiration originating at 
the understorey increases as the water vapour pressure deficit increases and the 
soil dries (Black and Kelliher 1989). However, many studies have shown that 

Fig. 16.2 Soil water content (SWC) under beech forest stands in the submontane, montane and 
supramontane zone. The mean values are represented by markers, 95% confidence intervals coin-
cide with the boxes and whiskers indicate the standard deviation (Pichler et al. 2009)
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water yields will return to pretreatment levels approximately 10–30 years after 
forest density reduction (Bosch and Hewlett 1982; Reiter and Beschta 1995; 
Stednick 1996; Scherer and Pike, 2003).

However, significant SWC differences between natural and shelterwood stands 
rarely occur in the arider submontane and moist supramontane zones due restrict-
ing climate patterns. It means that potential SWC differences due to distinct forest 
densities will likely be dampened by the precipitation deficit at lower altitudes or 
in arid conditions. Such conditions usually lead to the lack of extractable soil 
water as indicated by soil matrix potentials below approximately −700 hPa, at 
which the transpiration rate of some tree species adapted to the oceanic or suboce-
anic climates may decrease (Papritz et al. 1991; Pichler 2007). Consequently, 
timber harvesting disturbs the water balance in forests by causing the largest 
increases in water yield in areas where the moisture content of the soil is high dur-
ing the growing season, or in the streamflow generation zones of a watershed. On 
the other hand, some evidence indicates that in tropical and subtropical areas log-
ging a watershed may decrease water yield (after a brief period of increase) in 
contrast to what is expected in temperate regions (Reifsnyder 1988; Creedy and 
Wurzbacher 2001).

Moreover, the forest canopies cause deterministic processes that consistently 
redistribute precipitation to create patterns of throughfall that manifest a consider-
able temporal persistence (Keim et al. 2005). One of the most distinctive mecha-
nisms that also produce spatial patterns of stand precipitation is stemflow. It occurs 
mainly in various beech species due to the specific habitat of the genus Fagus 
(Gersper and Holowaychuk, 1970; Johnson and Lehmann, 2006), but it can be 
observed in some other species to a lesser extent as well. Jochheim and Schäfer 
(1988) established that the beech stemflow zone received eight times more water 
enriched by particles and dissolved chemical compounds in comparison with areas 
only exposed to throughfall. Holko et al. (2009) found up to six times higher incom-
ing water in the near stem area in comparison to the drip zone of spruce forest in 
High Tatras.

Raat et al. (2002) found a correlation between throughfall variability and surface 
humus layer wetting in a Douglas fir forest plot. Spatial patterns of throughfall 
water fluxes and forest floor water contents were consistent over time; but because 
of the spatial variability of forest floor thickness and drainage, it was not possible 
to relate patterns in throughfall water directly to patterns in water content. Even a 
more pronounced variability exists in forests subject to nature conservation or 
close-to-nature management regimes, in which the long-lived trees gain control 
over the water cycle by depositing organic debris from their photosynthesis. The 
presence of coarse woody debris in varying stages of decay is characteristic of 
unmanaged forests (Fig. 16.3). Studies have shown that the ability of coarse woody 
debris to store water increases with decay (Harmon and Sexton 1995; Brais et al. 
2005). The issue of water redistribution on the forest soil surface is of a paramount 
importance from the viewpoint of the prevailing flow types in soils and as such it 
will be dealt with in the next chapter.
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Soil Surface Interface

Throughfall, canopy drip and stemflow infiltrate into soil. Part of the infiltrating 
water may directly recharge the groundwater, while another part accumulates in the 
soil (soil water retention) and becomes subject to subsequent redistribution, thus 
being a source of water for tree, brush and herb layer transpiration via root extrac-
tion; a small part of the water is evaporated from the soil surface. Richards’ equa-
tion (16.1) used for solving water infiltration into soils can be rewritten in the form 
(Kutilek and Nielsen 1994):
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t z z z
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where term D is so called diffusivity, L T−0.5 (it has nothing common with coeffi-
cient of diffusion, only its dimension is the same). Philip (1957a) solved Eq. (16.2) 
for a constant water content (or matric potential) and obtained a solution in the form 
of a depth below the soil surface z at which there is water content q at a time t
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where l(q) is termed sorptivity (S) and x(q), j(q) account for gravity. Then, infiltra-
tion can be rapidly evaluated by an iterative procedure developed by Philip (1957b) 
and described in detail by other authors (e.g. Kirkham and Powers 1972; Warrick 
2003). For practical purposes, x(q) is sometimes replaced by K (saturated hydraulic 
conductivity in LT−1). Solution (16.4) shows that the rate of infiltration is decreas-
ing with time, finally reaching the rate equal to saturated soil hydraulic  conductivity. 
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Fig. 16.3 Coarse woody debris moisture content (vol. %) in the second (a) and third (b) decom-
position stage of fir logs (Poľana Biosphere Reserve, Western Carpahians, Slovakia). The tempo-
ral variability of coarse wood debris moisture increases with the advancing decomposition
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The maximum infiltration rate under given conditions, either ponded or non- 
ponded, is known as an infiltration capacity, which is typically high in forest soils, 
so that surface runoff can only rarely be observed. This is partly owing to the pro-
tection of soil surface from sealing, provided by the surface layer of undecomposed 
organic material, preventing soil erosion and allowing water entry into soil. The 
retention capacity of this layer is generally very small; but it serves as efficient 
highly conductive layer for water entry. The following layer of surface humus con-
tributes to further spatial redistribution of stand precipitation, including throughfall, 
drip and stemflow (precipitation minus interception) and affects the very initial 
stage of infiltration process. Although the influence of vegetation on the distribu-
tion of water that reaches the surface of hillslope soils (as throughfall) has been 
studied in many ecosystems, the influence of the leaf litter layer on initiating infil-
tration and solute transport pathways in nonagricultural hillslope soils has not 
received much attention (Albers and Migge et al. 2004).

The role of surface humus forms on the flow types occurring in forest soils may 
well require a new classification of flow types defined not only by the dye stains 
horizontal width distribution (Weiler and Fluehler 2004), but also by the compart-
ment or interface in/at which a particular flow type evolved. In this framework, the 
surface controlled flow type includes macropore flow and heterogeneous infiltra-
tion characterized by prolonged vertical dye tracer plumes protruding from the soil 
surface to deeper soil layers. In contrast, the matrix controlled flow type encom-
passes both homogeneous and heterogeneous matrix flow, as well as fingering. It 
follows that the distinct humus forms, as associated with different forest sites, tree 
species compositions, structures and development phases will influence the prevail-
ing flow types, whose role has been explained before, in a predictive manner. While 
zero intervention management policy results in characteristics found in primeval 
forests, an application some kind of the selection system, continuous cover forestry 
methods and conservation management may approximate the low to intermediate 
disturbance regime with a high forest density. In such cases, moder humus forms, 
which contain a holorganic horizon, often prevail. This horizon is colonized by fine 
tree roots and their associated mycelia, mostly ectomycorrhizal basidiomycetes. 
The water capacity of moder humus layer as the interface between infiltrating water 
and the topsoil can be seen on Fig. 16.5c, where it directs the input of water into 
clearly visible funnels. For instance, there is a tendency of the beech litter to par-
tially concentrate percolating water into streams (Walsh and Voigt 1977). They also 
observed that the formation of water rivulets is often accompanied by flow pulsa-
tion. These processes are promoted by the laminated mixing of leaf fragments and 
feces of litter-consuming enchytraeids, called “sandwiched material” by Ponge 
(1999). For the same reason, a considerable proportion of the deeper surface humus 
layers remain unwetted. Thus, under some conditions, concentrated water flows are 
dissipated into the grainy top (0.3–0.5 cm) organic horizon (O

h
) and further down 

to the mineral soil after the wetting and passage through patches within the layer 
1.5–2.5 cm (O

f
) in the form of prolonged vertical plumes (Fig. 16.4).

As opposed to that, the removal of stands by the clear-cutting system has distinct 
effects on the infiltration and redistribution rate, which is generally increased, due 
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to the interception decrease. Firstly, the input of litter drops sharply and so the 
organic layer preventing drops impact is continuously diminishing. Then, the 
matrix flow is further promoted by a rapid forest floor mineralization that in turn 
reduces the water repellency of the soil surface. As observed by Ziegler and Zech 
(1989) and Dinel et al. (1990), the concentration of hydrophobic lipid compounds 
decreases when the decomposition becomes more rapid. Pronounced hydrophobic-
ity effect may also be absent due to the humid and cooler climate, or where the 
moder humus effectively protects the amphiphilic compounds from drying. 
Specifically, drying is a precondition for pronounced hydrophobic behaviour 
(Novák et al. 2009). Hydrophobicity, as a phenomenon was not proved to play 
significant role in soil water movement, but it can appear in soils subject to drying 
and forest fires.

Finally, in stands, where stemflow is substantial, clear cutting shifts infiltration 
away from concentrated inputs into developed preferential flowpaths toward diffuse 
infiltration through the soil matrix. As a middle case, forest management systems 
and interventions that rest on an intermediate disturbance regime seem, such as the 
shelterwood system, sometimes accompanied by soil scarification, seem to promote 
bimacropore flow will play an important role in their soils, as explained in the next 
subchapter.

Vadose Zone and Groundwater

To fully understand hydrological processes in the forest soils in a comprehensive 
manner, it is necessary to mention some of their specific properties. However, these 
properties are rather stable and opportunities to affect them are limited when com-
pared to agricultural soils. The rooting zone of forest soils is generally shallow; the 

Fig. 16.4 (a) Dysmoder features sandwiched material that results from a laminated mixing of leaf 
fragments and feces of litter-consuming enchytraeids (natural stand, Javorie); (b) gradual wetting 
of the O

f
 layer forms a patchwork of permeable spots; (c) dye tracer plumes disperse as they pro-

trude vertically to deeper soil layers
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cultivation of deep-rooting tree species increases the root density in the subsoil and 
therefore stimulates preferential infiltration to deeper, hydromorphic horizons and 
enlarges the water-storage space. However, the roots, either living or decaying, 
would likely play only a minor role in determining the flow if their horizontal or 
nearly horizontal growth prevails. This is not an unusual phenomenon, except for 
the zones proximal to the tree stems.

In the previous chapter, the role of surface humus in the process of infiltration 
was discussed. For instance, the preferential flow occurred with the intact oak forest 
litter in place, but it vanished when the litter was removed (Campbell et al. 2004). 
Generally, surface organic layers should minimize preferential flow during the infil-
tration, by the improving regularity of water distribution over the surface. But the 
surface humus effect will be either reinforced or dampened by the mineral soil prop-
erties, such as the presence of biomacropores created by anecic earthworms. Partial 
control on their populations may be introduced by forestry interventions such as 
shelterwood cuts that induce favorable conditions for the formation of mull humus 
forms. The reason consists in more favourable light, warmth and aeration conditions. 
Specifically, oligomull hosts earthworm communities composed of epigeic, anecic 
and endogeic species (Ponge and Delhaye 1995). Under such conditions, a certain 
portion of the organic top layer (O

f
) discontinuities, typical of mull (Brêthes et al. 

1995), overlap with the microrelief depressions and burrow openings. Therefore, 
patterns of infiltration under the frequently represented mull forms (e.g., oligomull 
and mesomull), as observed under the shelterwood stands, appear rather distinct 
from those exposed under the moder forms. As expected, fewer earthworm burrows 
were observed under natural stands with moder and in clear-cuts. In the former case, 
usually associated with the moder humus form, enchytraeids prevail over earth-
worms, while the endogeic biomass collapses within clearings (David et al. 1991; 
Nachtergale et al. 2002). In contrast, the characteristic occurrence of isolated dye 
stains under shelterwoods stands indicates the biomacropore flow (Fig. 16.5).

The activity of soil biota can strongly influence soil hydrophysical and hydraulic 
properties. The macropore flow due to subsurface initiation may suddenly occur 
under specific conditions, e. g. in layered soils with different characteristics (Torres 
2002). Here we provide two illustrations of typical forest soils: a Dystric Cambisol 
on a moraine (Gőmőryová et al. 2008) contained an average of 60% of sand parti-
cles and 28% of silt (0.05–0.002 mm) (Bärwolf 2006). However, a significant stony 
fraction content (1–20 cm in diameter) was detected. In contrast, the textural com-
position of an Mollic Andosol was made up of only 35% of sand and 52% of silt. 
The soil’s bulk density was only 0.80 g cm−3 and the matrix or uniform flow pre-
vailed as the dominant process of the respective soil drainage. Other observations 
on andic soils (Magesan et al. 2003; Bartoli et al. 2007; Eguchi and Hasegawa 
2008) produced similar conclusions.

Low soil bulk density values and high soil porosity are also typical features of 
forest soil matrix (fine earth). They may be expected to result in high hydraulic 
conductivity values (181–1,290 cm day−1) and high infiltration capacity (Novák and 
Kňava 2008). In contrast, retention capacity of forest soils, containing a high ratio 
of rock fragments is relatively low. Because forest soils in mountainous regions are 
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often comparatively coarser and shallower due to their origin from slope deposits 
(Šály 1986), the stochastic-convective flow theory can often be applied to the 
respective transport of water and solutes. In this, a solute added uniformly to the 
soil surface is transported through stream tubes that form near the surface and 
remain isolated thereafter (Jury and Scotter 1994). Such conceptualizing can be 
justified for cases, in which the time required for mixing between stream tubes 
exceeds the time to reach depths near the surface.

If the water supply on the soil surface is sufficient, a portion of water will reach 
the groundwater table, mainly if it is located at shallow depths. Interestingly, quan-
titative information regarding the effects of mountaineous forest management ver-
sus no management on groundwater resources is sparse. This may be because the 
effects of forest management on groundwater are sometimes considered to be less 
important (Scherer and Pike, 2003) and because groundwater table depth is difficult 
to identify and measure on slopes. On the other hand, alluvial forests overlying 
shallow groundwater table (GWT) are contributing to the intense recharge rate and 
good quality of groundwater (Koivusalo et al. 2008). Also in clearfells, near-surface 
temporary water tables can be formed (Aussenac 2000). Specifically, tree density 
reduction in the shelterwood stands and seed felling strips allow the water table to 
be fed via preferential flow initiated at the soil surface interface. For example, it 
was observed that the SWC under a natural Carpathian beech forest continued to 
decrease by 1.5 mm day−1 during a dry period, while a moderate rise (ca. 1 mm 
day−1) was observed under the shelterwood stand. This seemingly paradoxical phe-
nomenon occurred due to a gradual capillary rise from water-logged slope deposits, 
supplied with water via preferential biopore flow during a preceding wet period. 

Fig. 16.5 Isolated earthworm borrow opening surrounded by stained matrix visualized by 
Brilliant Blue FCF dye tracer applied in a shelterwood stand (Homolák unpublished data)
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Subsequently, a portion of the infiltrated water returned to the soil matrix by the 
way of rising capillary fringe.

Recently, revitalization of rivers has become an issue in many European countries. 
Strategy favouring river revitalization projects has an impact on forest manage-
ment, since the forests that were generally rather dry hardwood forests under the 
canalized regime become alluvial forests with a new succession of vegetation. The 
increase in area of alluvial forests in Europe will be probably a trend in the near 
future with the river revitalization strategy, as opposed to formerly preferred canali-
zation and drainage practicies (ditches) applied in the lowland forests.

Effects of Forest Management on the Quality of Seepage Waters

The water from forested catchments is usually of good quality compared to water 
from other land uses such as agricultural lands (De la Crétaz and Barten 2007; FOEN 
2009). Therefore groundwater from forested areas is pumped for drinking water in 
several regions of Europe. However, air pollution and some forest management practices 
might affect the quality of water in forested areas. Forest management, including the 
choice of tree species, regeneration method, type of cutting, harvesting intensity, 
fertilization or liming may alter the quality of water resources (surface, seepage and 
ground water) in forested watersheds. The major issues related to water quality are the 
acidification of water resources, eutrophication of the aquatic system, nitrate contami-
nation of groundwater, remobilization of heavy metals and organic pollutants, soil erosion 
and export in suspended particles into surface waters (Meesenburg et al. 2005).

In this chapter, we focus on management practices related to the forest composi-
tion and structure and on their effects on the chemistry of seepage waters through 
the forest soil and below the rooting zone. While the effects of forest management 
on water quality have been largely investigated and reviewed in the temperate 
regions of Europe (Hegg et al. 2004; Gundersen et al. 2006) and in Northern 
America (Brown and Binkley 1994; Stednick 2000), very little literature is available 
from the Mediterranean countries. The main issue related to the quality of seepage 
waters is nitrate, particularly in areas with chronic high nitrogen atmospheric depo-
sition. Therefore, in this subchapter it will be analysed mainly nitrogen leaching.

Phosphorus leaching is rarely an issue except in peatland forests, where particu-
larly following the application of fertilizer during the establishment of plantations, 
it may occasionally represent a significant source of eutrophication. While phos-
phorus leaching is rarely, if ever a problem in mineral forest soils, in many peat 
soils, the low clay, iron and aluminum contents, all of which reduce the solubility 
of phosphate (Nieminen and Jarva 1996 ) facilitate its mobilization. Surface runoff 
on peat soils of very low saturated hydraulic conductivity exacerbate this problem 
in the establishment phase. The leaching of phosphate to water bodies from for-
ested peatlands had been widely investigated (Gibson 1976; Kenttamies, 1981; 
Ahti, 1983; Malcolm and Cuttle, 1983; Nieminen and Ahti, 1993; Joensuu et al. 
1998; Nieminen 1999; Cummins and Farrell 2003).
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Type of Cutting and Regeneration

The removal of the canopy during clear-cutting leads to abrupt changes in micro-
climate, throughfall input, evapotranspiration, nutrient uptake and litter input, 
which might enhance mineralization and nitrification, further acidification in the 
soil, leaching of nitrate, aluminium and nutrient cations (Robertson et al. 2000; 
Huber et al. 2004a). The strong decrease in nutrient uptake by the mature stand, the 
decomposition of the old litter, logging residues and dying fine roots release a sub-
stantial quantity of nitrogen.

Increased nitrate concentrations in seepage water after a clear-cut or comparable 
natural calamities like windthrow or insect outbreak have been recorded in many 
studies (Dahlgren and Driscoll 1994; Huber et al. 2004a, b; Weis et al. 2006; 
Legout et al. 2009). The registered high N output after clear-cuts result from the 
higher infiltration in the soil and elevated nitrate concentration due to enhanced 
nitrification. However, these high outputs of nitrate occur mostly during the first 
years after cut. If the high nitrate concentrations occur in fast draining soils, wells 
for the supply of drinking water may be affected at least temporarily depending on 
the size of the clear-cuts. At sites saturated with nitrogen high values have been 
reported reaching up to 200 mg N l−1 after clear-cut or windthrow (Huber et al. 
2004a; Mellert et al. 1996). In contrast, several investigations of clear-cuts at 
nitrogen-limited sites reported no or only slightly increases of the nitrogen concen-
tration (e.g Brown and Binkley 1994; Grace 2005). Stednick (2000) reported in his 
review that nutrient losses from silvicultural activities to be minimal and water 
quality not degraded throughout the United States.

Alternatives to clear-cut harvest include regeneration in gaps, selective cutting 
beneath the old trees to maintain a continuous forest cover. These practices might 
create forest of mixed ages with continuously higher N demand and N retention 
capacity on a regional scale (Gundersen et al. 2006). Stand age is an important 
parameter affecting N uptake rate in forest ecosystems (Horváth et al. 2009). 
Losses of nitrate usually increase as the growth rate of the forest declines. Rothe 
and Mellert (2004) observed a clear age-related pattern in spruce stands with neg-
ligible nitrate concentrations in stands younger than 40 years and higher concentra-
tions in older stands (up to 100 years). In beech stands, nitrate concentrations were 
low and independent of age. The regeneration of Norway spruce with European 
beech in the shelterwood system as an example for continuous cover forestry might 
prevent high losses of N, Mg and Ca from the soil during the first years after initial-
izing regeneration (Huber et al. 2004b; Rothe and Mellert 2004; Weiss et al. 2006). 
Whether or not the differences to clear-cut plots are significant depends on the N 
availability of the forest site (v. Wilpert et al. 2000), the abundance of ground veg-
etation and regeneration (Emmett et al. 1991a,b; Weis et al. 2006; Legout et al. 
2009), its capability to store nutrients and the intensity of the shelterwood cut 
(Huber et al 2004b). The formation of gaps creating openings in the canopy might 
result in an increase in N deposition. In forest edges, throughfall deposition is 
increased up to four times compared to the forest interior (Wuyts et al. 2008).
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Clearcutting of peatland forests can result in significant losses of mobile 
phosphorus to surface waters. The principal sources of phosphorus in this case 
are decomposing foliage and the decaying root system. It is likely that most of 
the loss of phosphate occurs in surface runoff.

Harvest Intensity

The rotation length and the degree of biomass removal during harvesting influ-
ence the magnitude of exports of nutrients from the system. Short rotations produce 
small amounts of biomass that is relatively high in nutrients and longer rotations 
produce more wood with lower nutrient concentrations (Fisher and Binkley 
2000). The removal of logging residues during harvesting (whole-tree harvest) 
allows the reduction of nitrogen stocks in the forest ecosystem and the N export 
through the decomposition of the dead wood. However, Gundersen et al. (2006) 
did not find the general difference in nitrate leaching following stem-only harvest 
and whole-tree harvest but site specific differences are reported depending on 
pre-existing site conditions.

With the removal of logging residues, substantial amounts of nutrients are 
removed from the ecosystem, leading after several rotations to a depletion of base 
cations and phosphorus. The weathering, biological fixation and deposition cannot 
compensate for the removed quantities. Whole-tree harvest may result in net losses 
of P and in soil acidification (Gundersen et al. 2006). Stem-only or partial harvest 
logging reduces the impacts on nutrient release and exports in comparison to whole 
tree harvest (Kreutzweiser et al. 2008). Differences between tree species also exist. 
Merino et al. (2005) showed that nutrients exports due to harvesting of Pinus 
pinaster were considerably lower than losses caused by removal of Eucalyptus 
globulus.

Whole-tree harvesting is often associated with other disturbances. It includes 
mechanical disturbance with delayed re-growth of ground vegetation, damage 
to forest tree seedlings, compaction of the soil and less woody debris to support 
biodiversity and retain water and nutrients (Mou et al. 1993). Soil compaction 
and rutting caused by heavy forest machinery change physical soil properties 
by reducing soil infiltration capacity, soil aeration and by increasing soil resis-
tance to root penetration (Kozlowski 1999; Grigal 2000). These changes might 
lead to anaerobic conditions and result in changes in the quality of seepage 
waters (Briggs et al. 2000). Road construction, skidder traffic and intensive site 
preparation may cause soil erosion, export of N and nutrients in suspended 
particles to forest streams and thus increase turbidity in streams (Grace and 
Clinton 2007; Stednick 2000). Increased N mineralization and nitrate losses 
might occur after mechanical operations such mounding, harrowing or scarifi-
cation to improve soil conditions (Kubin 1998; Smolander et al. 2000; Piirainen 
et al. 2007).
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Ditching

Artificial drainage or ditching in forested wetlands has been a common practice, 
especially in Fennoscandinavia, for gaining more forest areas, increasing forest 
productivity and improving regeneration. In boreal zone it has been found that 
nitrate leaching from the forested areas is generally low and most of the nitrogen 
load is consisting of organic nitrogen (Mattsson et al. 2003; Nieminen, 2003).The 
drainage of wetlands usually lead to the oxidation of organic compounds and the 
mobilization of large amounts of stored organic nitrogen (Gundersen et al. 2006) 
and to increase the load of suspended material in streams (Manninen 1998). 
Callesen et al. (1999) found high nitrate concentrations up to 140 mg NO

3
-N l−1 in 

the soil solution in a drained and reafforested bog, which was probably caused by 
the mineralization and further nitrification of nutrient-rich organic matter accumu-
lated in the bog. Prévost et al. (1999) also found that drainage favored aerobic 
mineralization and increased nutrient concentrations in the soil solution of forested 
peatland. In contrast Åström et al. (2002) found only a small impact of ditching on 
the leaching and export of nutrients to the streams in boreal forests in Finland. In 
particular they did not observe any change in nitrate leaching after ditching, which 
was explained by the high C:N ratio and the high acidity of the forest floor, leading 
to suppression of nitrification processes (Åström et al. 2005). Soil properties, espe-
cially its hydraulic conductivity, strongly influence drainage rate. The influence of 
timber harvesting on water quality differs also with the degree of drainage in the 
forest soil. Briggs et al. (2000) reported that nitrate concentrations increased after 
whole-tree clear-cutting in moderately well-drained soils, while they did not differ 
in poorly drained soils from those in the uncut watershed.

Outlook

The forest management effects on below-ground hydrological processes are diffi-
cult to generalize, due to their inherent temporal-spatial variability compared to a 
comparatively short time span of the studies. The extreme time and spatial vari-
ability of soil parameters, high soil permeability and low retention for water further 
complicate evaluation of the influence of management practices on subsurface 
hydrological processes. Mathematical models which could be employed as a deci-
sion support tools for acceptable management practices represent a prospective 
tool. Meanwhile, ecological disturbances occurring whether due to or irrespective 
of the climate change, e.g. forest fires, droughts and/or floods, melting permafrost 
in boreal forests, increased frequencies and scope of fungal diseases and insect 
attacks, will change the situation both in unmanaged and managed forests. They 
may even overshadow any effects of forest management on water quantity and quality. 
For that reason, comparative studies in managed forests and forests following natural 
dynamics are highly desirable. In spite of these challenges, important factors 
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related to forest management have been identified and their influence described 
both qualitatively and quantitatively.

The choice of species shall consider their interactions with precipitation and soil 
water as determined by LAI and stomatal regulations. Such considerations should 
be sufficiently complex, because the regulations are controlled through species 
specific physiological responses to microclimate, plant hormones, soil water poten-
tial and both intraspecific and interspecific competition. Canopy closure, forest 
density, soil scarification and burning strongly affect properties of the soil surface 
which in turn determines the prevalent types of water flow in forest soils. Forest 
management, including the choice of tree species, regeneration method, type of 
cutting, harvesting intensity, fertilisation or liming may alter the quality of water 
resources (surface, seepage and ground water) in forested watersheds, but water 
from forested catchments is usually of good quality, in comparison with that from 
agricultural land.
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Introduction

As shown in Chapter 12, the composition and structure of forests and their  functions 
vary significantly between the Boreal, Temperate and Mediterranean regions of 
Europe. There is also a high variation in hydro-meteorological conditions along 
with latitude, altitude, continentality and oceanicity, slope of the terrain and soil 
type. Demands on forest products and functions in these regions influence their 
management and impact on the quantity and quality of surface and ground water 
and related element fluxes (Chapters 15 and 16).

There are mounting concerns that global climate is changing and leading to 
warmer and often drier conditions in many forests ecosystems around the world 
(Parks and Bernier 2010). Global climate models predict marked changes in 
 seasonal snowfall, rainfall and evaporation in many parts of the world (UN-ECE/
FAO 2000). The influence of these changes on water quantity and quality may be 
negative or positive. The impacts of climate change on forests and trees, and the 
role of forests in mitigating impacts of climate change are high on the international 
agenda (GFRA 2005; Chang 2006; IUFRO 2007).
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In order to enhance the capability of forests to adapt to climate change and to 
store carbon, forest managers shall gain insights into related processes between 
forests and water and find effective management methods to meet the – still 
 uncertain – challenges of climate change. Some important processes linking forest 
management and  environment have been addressed in the preceding chapters, 
 constituting a big  challenge and an opportunity for forest management at the 
regional and operational level.

This chapter focuses on the different views and knowledge about the regulation 
and protective functions of forests in Boreal, Temperate and Mediterranean  regions 
of Europe. We review the impacts of current forest management and future climate 
change on the interaction between forests and surface or ground water. Then, we 
propose measures aimed at mitigating possible negative impacts. Approaches are dif-
ferent as the forest management strategies between regions  differ. Utilizing specific 
forest dynamics for the purpose of mitigating climatic change requires an  understanding 
of forest development in different regions and a thorough appraisal of the  consequences 
of interventions during the long rotation periods of forests (IUFRO 2007).

Major Water-Related Forest Management Concerns 
Under Climate Change Uncertainties

Boreal Forests of Fennoscandia

The climate change scenarios (IPCC 1992, 2007; Räisänen et al. 2004; Bater et al. 
2008) for the boreal regions of Europe forecast a 4–6°C rise in average annual 
temperature by the 2080s. The temperature will increase in all seasons, but 
 especially in wintertime. The annual precipitation will increase and mostly in 
 winter. Total precipitation in summer changes very little or might even decrease 
according to some models. In northern parts of the region the snow cover period is 
estimated to shorten. In the south, a significant part of the winter rainfall will be 
water and the snow cover periods will become shorter. Warming and changes in 
snow cover will affect soil frost. Climate change is expected to increase the 
 occurrence of extreme weather phenomena. An increased number of storms and 
heavy rainfalls are forecasted. These changes can have multiple effects on the 
 interactions between forests and water.

Many possible negative effects are currently being discussed. Forest pests and 
plant diseases may benefit from a warmer climate and can affect forest cover and 
species distribution. Trees will be more vulnerable to storm damage in winter. Areal 
 distribution of tree species may change and deciduous trees will become more 
abundant and hardening of tree species before the winter season may be disturbed. 
The risk of forest fires is likely to increase.

Currently, forest fires represent a natural disturbing agent in the boreal 
 environment. However, wildfires are currently effectively controlled and  therefore 
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forest management practices are the main factors affecting water and nutrient fluxes 
in boreal forests, even if annual forest operations are done on less than 2% of the 
forest area in the Nordic countries. While the general expectation is that runoff, 
erosion and nutrient leaching would increase due to more rapid  climate changes, 
this would also unfold from their synergies with forest  management operations, 
which mostly affect water and associated element fluxes even under present 
 conditions. They are harvesting, soil scarification for regeneration, fertilization and 
forest drainage. The increase in the leaching of suspended  solids, nitrogen and 
phosphorus after these forestry operations is causing the biggest problems in the 
associated watercourses (Kenttämies 2006; Ring et al. 2008). The leaching of 
 suspended  solids and subsequent change in the colour of water and sedimentation 
has negative effects on the aquatic  organisms and the use of water and watercourses. 
The Baltic Sea and many of the fresh water ecosystems are nitrogen and  phosphorus 
limited and the excess flux of these elements cause eutrophication. Paired  catchment 
 studies have been carried out to detect the changes in runoff, suspended solid and 
nutrient fluxes induced by these management practices (Table 17.1).

The effects of clear-cuttings and the subsequent soil scarification on increase runoff 
and leaching of suspended solids and nutrients have been variable and affected by e.g. 
the amount of removed timber, the location and area of the  catchment, the distance to the 
watercourse, the type of the buffer zones, the timing of the cutting, and the type of 
the soil scarification method. The export of nutrients increase soon after the treatment, 
peaks within 3–5 years and lasts over period 5–15 years (Ahtiainen and Huttunen 
1999; Finér et al. 2008; Ring et al. 2008). Increase in runoff and the leaching of nutri-
ents is mainly caused by the ceasing of water and nutrient uptake by trees (Laurén et al. 
2005; Löfgren 2007) but also by the decrease in rainfall interception. The development 
of the new generation of trees and the subsequent recovery of nutrient uptake is slow 
in boreal conditions. The understory vegetation, which is typically abundant in boreal 
forests is also disturbed by  clear-cutting and soil scarification and cannot immediately 
compensate the role of trees in water and nutrient uptake (Palviainen 2005).

Forest fertilization has not been reported to affect runoff, but the effects on  nutrient 
leaching have been clear over period of 2 years in the case of nitrogen fertilization 

Table 17.1 The amount of background leaching kg ha−1 in 10 
years (Mattsson et al. 2003; Kortelainen et al. 2006) and the 
excess nutrient load caused by different forestry practices (kg 
ha−1 sum of 10 years) (Finér et al. 2008; Mattsson et al. 2003; 
Kenttämies and Haapanen 2006)

Operation Nitrogen Phosphorus

Background (no operations) 8–23 0.20–1.8
Clear-cutting and soil scarification
  Upland 5–35 0.25–0.6
  Peatland 18 0.42
Fertilization
  Nitrogen 15
  Phosphorus 2.3
Ditch maintenance 0 0.7
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(150 N kg/ha) on upland soils and for 5 years after phosphorus  fertilization on 
peatlands (Saura et al. 1995; Kenttämies 2006).

Forest drainage is carried out in the boreal region to improve forest growth on 
peatlands and paludified soils. That is done by digging open ditches to lower water 
table and to increase aeration in the root zone. In Finland half of the peatlands 
(5.9 Mha) in Sweden 15% (1.4 Mha) and in Norway 19% (0.42 Mha) have been 
drained for forestry purposes (Paavilainen and Päivänen 1995) mainly between 
1960 and 1980. Peatlands are extremely vulnerable to climate change and thus no 
new  pristine peatlands are drained. However, the once established ditch networks 
are maintained by ditch cleaning at 20–30 years intervals. Forest drainage has a big 
impact on the water and nutrient fluxes. The runoff and nutrient leaching usually 
increase for more than 10 years after the first drainage (Mattsson et al. 2003), 
whereas the effects of ditch maintenance are much smaller (Joensuu 2002).

The projected global climate change may also diminish ground water resources, 
whose quality may too be compromised, despite their current abundance and use as 
a source of drinking water in Finland and Sweden. The increase in nitrate  concentration 
is the major concern related to forests management and it has been shown that nitrate 
concentration has increased after cuttings (Rusanen et al. 2004). However, increase of 
nitrate concentration in ground water is so small that it does not prevent its use as 
drinking water.

Flood risks will increase, especially in winter, and if sea level of the Baltic Sea 
rises. In contrast, if the growing season is longer, forest growth would increase. 
Natural regeneration will be favoured by less harsh conditions. Spring  flooding risks 
may decrease and seasonal variation in water level of lakes and rivers may decrease. 
In fact, in the Fennoscandian boreal region the annual runoff is almost equal to the 
annual evapotranspiration, and typical for the region is that up to 50–60% of the 
annual runoff takes place in spring during the snowmelt period.

Temperate Mountain and Lowland Zones

According to research (IPCC 1992; ANL 1994; Flato et al. 1999; IPCC-DDC 1999; 
Knight et al. 2004) in the zone of natural coniferous and beech forests in southeast 
temperate mountains (elevations between 800–1,700 m a.s.l), projected warming 
varies between 1.0°C and 1.4°C and precipitation reduction oscillates between 12% 
and 15.9%. Under such hydrothermic conditions, natural Picea abies (L.)  Karst. and 
Fagus sylvatica (L.) forests will not yet be seriously limited by soil water supply. On 
the other hand, model studies conducted in the Alps and the Carpathians predict 
altitudinal shifts of tree species and/or forest types. This could mean an increase in 
areas suitable for them in the short term, but an effective loss of such areas in the 
long run (e.g. Casalegno et al. 2010), followed by an area-wise loss of the respective 
water-related forest functions.

In lowlands (under 800 m a.s.l.) dominated by oaks, predicted warming reaches 
2.0°C in mean annual temperature. Precipitation is predicted to be lower on average 
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by 24.9–28.7%. These conditions would be extremely unfavourable for the natural 
oak vegetation. That could be one of the factors already causing drying of some 
Quercus spp. forests in Bulgaria, Croatia and Slovenia. Their traditional coppice 
management does not facilitate the economy of water either. With warmer tempera-
tures, all forests will face more threats from diseases and insects. According to 
simulation results (Vilhar and Fajon 2007; Vilhar and Simoncic 2007) the increased 
air temperatures and decreased precipitation could cause a decrease in drainage 
fluxes and eco-physiological drought could become a frequent event, possibly 
affecting regeneration. Due to increasing temperatures, change of precipitation 
regime, windiness, cloudiness and increased climatic extremes, the most affected 
forest stands in middle Europe will be those on extreme sites, stands not adapted to 
the site, stands with exotic species, and old, mature stands (Diaci 2007). In the tem-
perate lowland zone, the frequency of years with no or little groundwater recharge 
and continuous decline of groundwater levels will increase.

This is inasmuch important that ground water provides drinking water supply 
both in lowlands and in mountain areas. In the mountain regions, the main sources 
of drinking water are springs or ground water reservoirs. They are fed by water largely 
purified by forests and forests soils that retain or transform hazardous  substances 
from wet or dry deposition. Here, the influence of forest management on water 
regime and water quality has been found to extend further than forestry operations 
to depend also on forest cover, tree species composition, vertical as well as horizontal 
forest structure, preservation of forests (Table 17.2) and land use on a larger area 
(Vilhar and Fajon 2007).

Effects of the aforementioned change in precipitation regime and more frequent 
weather extremes would be probably further aggravated by improperly planned forest 
management operations, which mostly affect water and associated element fluxes 

Table 17.2 Positive (+) or negative (−) impact of forest management measures on drinking water 
quality indicators (Vilhar and Fajon 2007)

Indicators of forest 
management measures

Concentration 
of pollutants in 
the water

Nitrogen 
content in 
the water Erosion

Runoff 
volume

Water 
temperature

Clearing area −− −−− −−− +++ −−−
Freq., intensity, technique 

of felling
−−− − −− ++ −

Combination of tree 
species

++ +++ ++ −−− +

Crown density, screen + +++ +++ −−− ++
Growth phases and their 

distribution
+ ++ ++ −− +++

Vertical and horizontal 
forest structure

+ ++ ++ −− +

Reforestation and forest 
regeneration, ground 
vegetation

− −− ++ −− −

Deadwood + ++ − − −
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through the construction of forest roads, their poor maintenance and subsequent 
 massive road drainage (Fig. 17.1), as well as final cutting and soil scarification.

In the lowlands, however, ground water supply is usually limited because of its 
low rate of renewal. The main bodies of groundwater are in gravel plains, which 
are also attractive for settlement and other economic activities (Kladnik et al. 
2004). In the last 2 or 3 decades, nitrate and toxic element concentrations have 
increased in ground water due to the intensive agriculture in the lowlands. The 
changes in water regimes caused by anthropogenic activities such as damming and 
the changes of the ground water level by drainage have greatly influenced the 
hydrology of lowland forests in Central Europe.

The Mediterranean Region

The Mediterranean region is expected to suffer considerable impacts from climatic change 
under different emissions change scenarios (Alcamo et al. 2007). Climate change models 
predict a temperature increase between 2°C and 4°C over the next century. In Southern 
and Western Europe the warming is projected to be greater  during the summer months 
and precipitation could decrease up to 70% in this period, although the reduc-
tion in precipitation extends year round. Nevertheless, under  specific scenarios, 
winter precipitation may increase in the northern Mediterranean. The pattern 

Fig. 17.1 Forest skid trails are prone to severe erosion (Photo: Špela Planinšek)
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of rainfall distribution is expected to change in  frequency, intensity and  duration. 
Extreme weather events will affect Mediterranean ecosystems: more frequent 
drought periods, heavy storms, more hot days and heat waves, strong winds, large 
wildfires, violent floods, and fewer cold-days spells. A decrease in annual runoff by 
up to 36% is expected. The drier and warmer regions of the Mediterranean South 
zone (Metzger et al. 2005) are expected to grow about 28% by 2080 at the expense 
of the Mediterranean north and Mediterranean  mountains zones (Metzger et al. 
2008). These changes will lengthen water scarcity and drought, identified as one of 
the critical ecological factor affecting Mediterranean vegetation growth. So, droughts 
would not only be more frequent but longer and more intense, although their gravity 
may differ across various regions. It is because the mean annual runoff is highly 
variable around the Mediterranean basin. It is lowest in south eastern Spain and 
highest in western Greece (>1,000 mm). In some of these areas there is overuse of 
ground water, leading to overexploitation of  aquifers, marine water intrusion, nitrate 
pollution and salinization (MMAMRM 2006). Water resources are scarce; agricul-
tural and urban demands are high and desertification risk a very real threat.

Overall, Mediterranean ecosystems and forests are expected to suffer important 
alterations in their structure and function due to significant disruptions in forest 
disturbances. Extended periods of high temperatures or heat waves, low relative 
humidity and strong winds, will in all likelihood alter the frequency, intensity and 
extent of wildfires (the fire regimes). Insect outbreaks, pathogens, and invasion of 
exotic species are all expected to increase and strain debilitated forest stands 
(Brasier 1996; Resco de Dios et al. 2007). In this context, the main forestry-related 
activities potentially affecting water and associated element fluxes include forest 
road construction, lack of maintenance of forest roads and final cutting soil 
 disturbance. The low-intensity silviculture practiced, though, limits these effects to 
a negligible level compared to other disturbances.

On the other hand, the elimination of the human seasonal disturbance pattern at 
the landscape level caused by development and policies in the UE has promoted 
forest and scrub expansion (Puigdefábregas and Mendizabal 1998), fuel built-up 
and a change in the Mediterranean fine-grained ecosystems to coarse grained. This 
fact may have desirable effects on soil conservation, contributing to the reduction 
in runoff and - suspended solids in forested watersheds, but may also sustain the 
spread of large wild land fires (Vega-García and Chuvieco 2006). The absence of 
silvicultural practices, due to the marginal benefits, predisposes the stands to fire 
but also to other important disturbance agents like pests, diseases or dieback 
 associated to abiotic factors. Paradoxically, unmanaged forest expansion may lead 
to forest cover elimination and associated effects of soil erosion. Also, forest 
 expansion has lead to an increase in evapotranspiration and decreases in runoff in 
downstream areas were water scarcity is already a problem (e.g. semiarid areas of 
Spain). In France, Rambal (1987) reported a runoff decrement of 80 mm equivalent 
to 15% of precipitation, due to vegetation changes after agricultural land 
 abandonment. Similarly Gallart and Llorens (2002, 2003) reported from the Ebro 
river headwaters significant stream flow decreases in the last decades due to forest 
densification. From these and other studies in Mediterranean conditions 
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Puigdefábregas and Mendizabal (1998) have concluded that there is no runoff from 
forest watersheds where annual precipitation is <400 mm.

It is especially relevant in Mediterranean mountain forests the fact that future 
weather conditions may elevate the tree line for most species. Model simulations 
suggest that deciduous trees, such as Fagus sylvatica or Quercus petraea L., could 
occupy the subalpine belt. Conifers would invade the current alpine zone, which 
would become afforested if soils capable of supporting high forest are available or 
exist (Resco de Dios et al. 2007). However, in despite all these changes, when 
 rainfall has been predicted to increase in some areas under climatic change, the 
 modeling of growth for Mediterranean forests has been projected to increase 
(Sabaté et al. 2002). Recent field studies provide evidence of these predicted 
changes in Mediterranean forests health, composition and distribution as a 
 consequence of observed changes in climatic trends (Resco de Dios et al. 2007).

Adaptation of Forest Management Strategies Aimed 
at Protecting Forest Hydrological Functions

Boreal Forests

Boreal forests cover a significant portion of the land area of the Fennoscandian 
countries, from 39% in Norway to 79% in Finland. Two native coniferous species, 
Scots pine (Pinus sylvestris (L.)) and Norway spruce (Picea abies (L.) Karst.), 
dominate the forests and are mixed with deciduous species, mainly birch (Betula 
pendula Roth. and B. pubescens L.). The tolerance of these trees species varies in 
relation to drought and water logging (Niinemets and Valladares 2006). Scots pine 
is more tolerant both to drought and waterlogging than Norway spruce, and birch 
has an intermediate behavior. Soils on upland forests are mainly well-drained 
 podzolized glacial tills. Peatlands are abundant, covering from one third to one 
tenth of land area in Finland, Sweden and Norway. The tree species which grow on 
upland soils are characteristic species also for forested peatlands.

Within Fennoscandia there is a high variation in hydrometeorological conditions. 
Evaporation is low and prolonged periods of drought are rare. Considerable periods 
with the ground under snow cover and frozen topsoil layers during the winter sea-
son allow for forestry operations to be conducted. Highly mechanized harvesting 
produces industrial roundwood in an intensive forest management based on a sus-
tainable yield principle. Artificial regeneration is a common practice, and forest 
tending is based on thinning

While forests are mostly sustainably managed for timber purposes, they also 
serve other functions like biodiversity, carbon sequestration, recreation and  hunting. 
Less than 10% of forests are protected only to maintain biodiversity. Consequently, 
forests are for the most part monospecific, young (<80 years old) and even-aged 
due to management practices.
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At present, several measures are taken to decrease nutrient leaching and soil 
erosion after the forestry operations (Tapio 2007; Skogforsk 2008). Water  protection 
plans are done before starting the operations and they include buffer zones between 
clear-cut and fertilized areas and watercourses (Fig. 17.2). In forest drainage, 
 sedimentation ponds and pits and infiltration areas are used to catch soil erosion 
(Fig. 17.3). Sedimentation ponds can catch on an average 50% of the erosion and 
infiltration areas up to 80% (Joensuu 2002; Nieminen et al. 2005). Only the  infiltration 
areas have been shown to trap some of the dissolved nutrients (Nieminen et al. 2005). 
In forest drainage, the water protection plans are done for the whole  catchment area 
affected by the operation. Special care is taken to manage the  forests on ground water 
areas. Fertilizations and heavy soil scarification methods are avoided.

Fig. 17.2 A buffer zone left between clear-cut area and a watercourse (Photo: Erkki Oksanen, 
Metla)

Fig. 17.3 A sedimentation pond constructed to stop soil erosion from a drainage area (Photo: 
Leena Finér)
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In Finland there are no measures being currently applied to manage the forests 
only for water. The other functions of forests and mainly the productive function 
are prevalent. However, the situation may change by the changing climate. Forested 
areas could be used as flood protection areas to cut the flood peaks in large rivers. 
Increase runoff and leaching of nutrients scenarios demand to find ways to manage 
the forests to minimize these impacts. These management tools could involve 
 continuous cover forestry, planting of deciduous trees with high transpiration 
demand and good adaptation capacity and moving more towards a multi-scale 
 management of forests, from the catchment to the stand planning basis (Kellomäki 
and Leinonen 2005; Peltola and Kellomäki 2005).

Temperate Mountain and Lowland Forests

Temperate forests occur in a wide range of situations in Western, Central and some 
parts of Eastern Europe. While the lowland forests grow along big rivers, mountain 
forests cover important areas in the Pyrenees in Spain, in the Alps, and reach through 
Central to Eastern Europe. Well-defined seasons with a distinct winter characterize 
this forest biome. A moderate climate and a growing season lasting 4–6 frost-free 
months distinguish the temperate forests. Variations in  geomorphology, climate, as 
well as in silviculture practices explain the large diversity of forest types, which in 
turn require the implementation of different approaches, e.g.  shelterwood, selection 
and clear-cutting forest management systems. Some of these approaches tend to rely 
on the  ecological plasticity of tree species, such as in the case of the shelterwood 
system in relation to European beech. The preference for natural regeneration is 
growing for both ecological and economic reasons. Forest tending is based on the 
principle of selecting single trees or small to medium sized bio-groups according to 
the criteria of vitality, adaptability to the site, their ecosystem role, health  condition 
and quality. The tree species composition of lowland forests depends on the water 
regime of soil and the level of ground water. The soils are fertile and the lowland 
forests are some of the most productive terrestrial ecosystems maintaining an excep-
tional richness of both fauna and flora.

Currently, the recognition of the importance of the hydrological role of forests, 
especially near infiltration basin areas, is rising. As an expression of this, general 
guidelines for forest development in Central Europe emphasizing the role of 
 changing hydrological factors have been drafted (Fajon et al. 2008; Fajon 2007; 
Diaci 2007). They underscore several major points:

Structural diversity of forests should be promoted (uneven-aged stands, even •	
distribution of growth-phases in watershed areas).
A dynamic balance of trees in various development phases should be •	
maintained.
Sites which are suitable for selective structures with natural species present •	
should be identified and restored.
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Species with wide ecological amplitude (•	 Quercus robur, Pseudotsuga menziesii) 
and thermophilous tree species (Tilia sp., Robinia sp., Pinus nigra, Pinus sylvest-
ris) should be promoted and preserved.
Promotion of •	 Picea abies (Norway spruce) is no longer a silviculture goal 
(because of its vulnerability to drought and natural disturbances), but Pinus 
sylvestris and Larix europaea are still a choice.
Spruce stands on sites more suitable for deciduous species should be converted •	
to the natural vegetation suitable for that area.
Shift of tree species can be made also with planting of seedlings of natural •	
(mostly deciduous) vegetation.
Stands where spruce trees prevail, especially those showing little stability and •	
quality of wood, can be regenerated sooner than planned. As pointed out in 
Chapter 1, spruce stands were promoted in the past for productive reasons, but 
are now inadequate for enhancing ecological goals, because they are often 
affected by insects, wind and snow damages.

Among the aims of lowland forest management in response to projected climate 
changes, restoring the ecosystem integrity of flood plains separated by original 
flood protection dikes, represents one of the challenges, along with the revitalisa-
tion of the banks of human-channelled rivers and degraded riparian zones. 
Optimization should lead to a return to naturalness and auto-regulation of the 
entire ecosystem as a complex. This includes not only provision of the optimal life 
conditions for as large number of species as possible, but also preservation of the 
natural biodiversity, maintaining amplitude and frequency of changes (dynamic 
balance) and  preservation of the reparation and regeneration processes (Varga 
et al. 1997; Neštický et al. 1999).

Given the degree of uncertainty in the predictions about climate change in 
Central Europe, a shift from currently successful sustainable and close-to-nature 
forest management may not be advisable. On the other hand, there is a pressure to 
produce very specific solutions and recipes, whose application might narrow our 
options for future approximations. Therefore, maintaining options for forests 
 adaptation, based on their high structural and species diversity, ranks as one of the 
main forest management objectives. In addition, measures for reducing forest 
 vulnerability from extreme weather events and adaptive forest management 
 strategies will have to be further developed to protect the water cycle. For instance, 
where traditional coppice management of oak forests is not favourable for the 
economy of water, they will have to be converted to high forest.

Mediterranean Forests

The composition and configuration of the Mediterranean forests cannot be under-
stood without considering the millennia of human intervention. Human impact and 
high environmental variability (cold winters, hot and dry summers, topographic 
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chains oriented E–W) in the Mediterranean region have made the forest ecosystems 
very heterogeneous in their structure and composition (Metzger et al. 2005; EEA 
2006). The spatial structure of this fine-grained mosaic of forests retains the highest 
levels of biodiversity in Europe (Puigdefábregas and Mendizabal 1998), with a very 
large number of endemic species. The main forest types represented in the 
Mediterranean region include (EEA 2006) thermophilous deciduous or semide-
ciduous forest in the supra-Mediterranean climatic region (Quézel and Médail 
2003), dominated by oaks (Quercus spp.), but frequently associated to maples and 
in the eastern Mediterranean region to hop-hornbeam, ash (Fraxinus spp.), horn-
beam (Carpinus spp.), or lime (Tilia spp.), which may be the dominant species in 
some sites. The natural composition of these forests has been simplified to just one 
or two dominant tree species of commercial value and good resprouting capacity, 
accompanied by secondary species and/or an understory. Simple structures pre-
dominate, shaped by silvicultural systems traditionally established for grazing and 
firewood production: coppice, mixed coppice and coppice with standards.

Another type is represented by broadleaved evergreen forests, woodlands domi-
nated by the evergreen sclerophyllous oaks, carob tree (Ceratonia siliqua) or wild 
olive tree (Olea europaea var. sylvestris). Most holm-oak forests, in the meso-
Mediterranean belt, are coppices (Q. ilex) or dehesas (Q. rotundifolia), crops and 
pasture land with a very open, park-like canopy. Dehesas in Spain and montados in 
Portugal are important agro-forestry systems where cork oak (Q. suber) often 
dominates. The thermo- Mediterranean belt of kermes and alder-leaved oak forest 
(Quercus coccifera, Q. alnifolia) stretches in woodlands in the Iberian Peninsula, 
Greece, Cyprus and Anatolia. These arborescent, open or steppe formations are rich 
in endemic species.

Coniferous xerophytic forests of pines and other species consist of firs (Abies spp.), 
junipers (Juniperus spp.), cedar (Cedrus spp.), cypress (Cupressus sempervirens), and 
yew (Taxus baccata). The pinewoods include thermophilous Pinus  species (P. pinaster, 
P. pinea, P. halepensis, P. brutia, P. canariensis) on lowlands and coastal areas occur on 
very poor soils and extremely harsh sites, where they withstand severe drought condi-
tions. Management of these shade-intolerant  species, when commercially feasible, 
favours even-aged structures through  shelterwood or group selection treatments.

According to the management objectives, a gross classification of Mediterranean 
forests could divide them as exclusive protection forests, where only marginal 
returns could be expected, and protection forests with some returns from wood 
(conifer forests), cork (cork oak forests), hunting, pastures and domestic livestock 
(dehesa and montado forests) or other non-timber forest products. In any case, 
biological conservation and physical protection objectives are strong concerns when 
managing Mediterranean forests and in most cases preponderate over productive 
objectives.

Mediterranean mountain forests provide significant ecosystem services among 
which are prominent those related to soil conservation, improved catchment of surface 
waters and supply to underground water reservoirs. Forest management goals in exclu-
sive protection forests, such as those of Aleppo pine (Pinus halepensis Mill.), typically 
found on steep slopes, shallow soils and on torrential storm prone areas, are mainly 
oriented to preserve the forest cover. The silvicultural treatments applied shift from 
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carefully planned, multi-stage shelterwood systems to selection systems, removing 
single trees or small groups of trees throughout the forest for sanitary reasons.

Based on the facts previously exposed, Mediterranean forests will require active 
management to cope with global change. Due to the characteristics of the 
Mediterranean climate (low P/ETP values), some forest ecosystems are already 
limited for tree development, so projected changes and disturbances could turn 
many types of woodland in shrublands in a few decades, having little chance to 
recover the forest condition. In addition, water scarcity downstream may be related 
to the presence of dense and closed forests in headwaters (due to interception and 
evapotranspiration losses). In this sense, water-yield or water-saving silviculture 
must play an important role in forest management in the future, which is in good 
agreement with wildfire prevention silviculture (Velez 1990) and other silvicultural 
techniques that promote stand and tree resistance to biotic attacks. Economic impli-
cations thereof are unfathomable. Allowing the forestry sector to take share in pay-
ments for water supply may motivate foresters and forest owners to continue or 
better enhance operations contributing to the quality water yield from forests.

Water saving silviculture pursues spatial structures that balance the advantages 
related to higher stand densities for soil conservation or flood control, and those 
related to lower densities, as the lower evapotranspiration component, the increase 
in runoff and underground drainage. This can be achieved by defining forest struc-
tures and cover in accordance with site characteristics (Belmonte Serrato et al. 
1999). Interception losses can reach values up to 49% of precipitation under very dry 
atmospheric conditions (Llorens et al. 1997). Stem flow is also important as it is the 
responsible to drive water from canopy to soil and hence it influences soil infiltra-
tion. Although stem flow values are often very low (below 10% of gross precipita-
tion, but usually lower (Llorens et al. 1997; Levia and Frost 2003)) it can be 
stimulated by several silvicultural treatments. Water yield silviculture has been early 
accomplished in several parts of the world. In Mediterranean ecosystems, Hibbert 
et al. (1982) demonstrated that silvicultural techniques as thinning can increase run-
off when annual precipitation is above 450 mm. The magnitude of the increment can 
range between 25–165 mm year−1 depending on thinning intensity and annual pre-
cipitation. Bosch and Hewlett (1982) established that an augment of 40 mm of runoff 
could be expected by each 10% of forest area (from gum or coniferous forests) 
transformed to grassland. This augment of runoff is reduced to 10 mm in shrublands. 
An alternative to a whole-stand thinning is to clear small patches (about 1 ha in size), 
which can be more cost-effective, can create more ecotones and hence promote 
biodiversity and generates a fine-grained mosaic  landscape. Troendle et al. (2001) 
presented some results in this line reporting  increments in runoff (17% increment for 
a 24% of cleared area), both in experimental and larger watersheds and no effect in 
peak flows or sediment load in the streams was detected.

Traditionally, unproductive Mediterranean forests have had a low intensity 
 management according to the narrow or null margin of benefits obtained from 
 conventional forest products. In the future, it will be necessary to consider water as a 
direct product from upstream forests and hence define and establish explicitly silvicul-
tural treatments that optimize the water cycle (infiltration, run-off, stream flow). In this 
sense, the question is to manage Mediterranean forests with hydrological criteria and 
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keeping the highest possible range of desired benefits (groundwater and reservoirs 
recharge, flush floods protection, prevent reservoirs silting up, protection from forest 
fires, non-wood forest products, hunting, and many more forest services). At the stand 
level, more efficient forest structures could be achieved by maintaining moderate den-
sities and managing species composition according to water use efficiency criteria. 
Increasing forest resilience and biodiversity will need a better integration of the knowl-
edge on species ecophysiology and auto-ecology with restoration techniques in order 
to better define microhabitats for secondary or accessory species and enrich stand 
composition according to the limiting factors. At the catchment level, non-forest 
patches should be considered for runoff production and groundwater recharge.

Conclusions

Forest management performs an essential and highly valuable influence on the forest 
cover which should be planned and monitored in two substantially different ways. 
The first aspect includes the protection of existing ground and surface waters as well 
as waterbeds and the prevention of erosion and flooding which could, in combination 
with high waters, directly endanger values-at-risk in their way. The second aspect, 
still underestimated and scientifically as well as operationally less known, includes 
the maintenance and improvement of forest structures and stands of trees, which 
indirectly increase water-retention capacity of the soil. Current trends toward the 
abandonment of thinning and tending (and even felling) could be problematic, since 
it has negative impacts on the water regime and protective functions of forests.

Water supply for the vegetation is one of the most limiting factors in many forest 
ecosystems, affecting health, productivity and stability of forests. Natural disturbances 
are an important component of forest regeneration cycles. The impact of projected 
changes in climatic conditions, and uncertainties thereof, on both water availability and 
disturbance regimes will force to technically support the stability of forests to protect 
forest values. We should therefore review and enlarge the precautionary  silvicultural 
measures to mitigate climate change in Europe. Further in-depth  knowledge needs to 
be gained in all its regions. In view of the differences in site and forest conditions, 
modelling the complex forest–water system can provide some tools to simulate and 
predict the scenarios of climate change and their interactions with alternative silvicul-
tural measures. To further develop and apply close-to-nature, sustainability and multiple-
purpose principles, while adjusting to changing conditions in designing forest plans 
poses one of the main challenges for forestry in the years to come.
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Scale is the main concept of the following chapters of this section of the book. 
Although the scale issue has been highly attractive in landscape ecology and fluvial 
systems research since the early 1980s, its use is increasingly challenging, especially 
in the fields of integrated research or management objectives. Together with improved 
availability for high quality technical use, the importance of the scale issue has arisen 
in relation to the limitations of the equipment used or the systems it selves.

Scaling as a specific procedure involving the aggregation or disaggregation of 
existing information or data, e.g. upscaling or downscaling, is an important tool 
both for serving purely research ambitions, or assessing management options and 
societal needs.

The huge variety of existing meanings of scale and scaling procedures is 
reflected in the following chapters of this book section, – however, the section 
is strongly related to the topic of forest management and the water cycle.

Alongside the fundamentals of forest scaling ecology, more applied background 
upscaling and downscaling approaches are demonstrated in the field of water fac-
tors in forest management. Content ranges from the plot to the landscape level, and 
in the framework of the small catchment of a mosaic structured landscape. Several 
limitations of meso- and macroscale forest and water interactions are emphasised, 
via water budget and rainfall-runoff modelling results, as well as existing results 
gained from geographic information modelling systems. GIS based upscaling limi-
tations of aerial photographs at the plot and macroscale levels are demonstrated in 
the field of forested peatland images. Difficulties of forest and water management 
in urban areas have been highlighted via social and institutional issues. The meaning 
of scale has expanded via qualitative and quantitative characteristics of stable and 
extreme forest and forestry conditions.
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The variety of the scale and approach examples presented in this section has 
been bound together with an integrated introduction chapter providing contempo-
rarily used keywords, together with corresponding references related to forest 
management and water cycle scale and scaling topics.
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Introduction

Human, ecological and hydrological systems are multi-component non-linear 
 systems with their own complex dynamics, but their internal processes cannot be 
de-coupled from changes that are induced by interactions between systems and 
system components (Bithell and Brasington 2009). Modelling approaches must 
consider relevant interactions and characterize appropriate time scales at which the 
various processes operate (Sturtevant et al. 2007; FORSYS 2008). System level 
understanding about combined effects of physical, ecological and social processes 
is still limited and has led to the development of a large number of reductionist 
models which operate at small levels of system organization where explicit 
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 parameterization is possible. Scaling model representations of forest systems 
 components to larger scales is a challenging task, because properties emerge at 
higher levels which cannot be characterized by interactions between system com-
ponents at lower levels (i.e. the whole is not the sum of its parts – see Pattee 1973; 
Isachenko 1973; Turner et al. 2001). A thorough understanding of forest ecological 
processes at different scales is an important prerequisite for reducing errors in 
scaling exercises (Chapter 21, this volume). Limited understanding or simplistic 
quantifications of small scale processes are significant error sources which easily 
propagate through a model framework and can thereby render scaling exercises 
useless.

Pattee (1973) proposed a hierarchy theory which provides solutions for character-
izing the complex interactions in landscape-level human-dominated ecological 
systems (Wu and David 2002, but see also criticism of Wilby 1994). Depending on 
scale invariance and multiscalarity options, different scaling approaches can be 
applied such as isometric and/or allometric scaling (Peterson and Parker 1998), self-
organized criticality (Bak 1996), or generalized scale invariance (Schertzer and 
Lovejoy 1985). Generalized scale invariance (Pecknold et al. 1997) can be applied, 
for example, to characterize forest covers as fields which represent tree densities. 
Categorizing and choosing temporal scales, appropriate for quantifying dynamic 
changes of forest ecological processes at given spatial scales, is another challenge.

The word scale is used in different contexts of space and time (e.g. Chapter 20, 
this volume) and can be seen as a method of trading which uses certain assumed 
sets of scales as references (e.g. Goodchild and Quattrochi 1997).

Scale as a term appeared in cartography and mapping during the eighteenth 
century (Sheppard and McMaster 2004). A spatial scale is defined as a geographic 
extent or resolution of an area. In cartography, up-scaling has been seen as a ques-
tion of map generalization, which in turn is an aspect of human cognition, learning 
and knowledge representation (Buttenfield and McMaster 1991). In that sense, 
scaling is an interdisciplinary concept ranging from naturalia to humaniora.

Most of the pattern based processes in landscapes are scale dependent (Tate and 
Atkinson 2001). Extrapolation across scales is thus bound to certain limits (Wu 
2004; Uuemaa et al. 2005).

In case of known hierarchical structures, up-scaling is applicable if the same 
system characteristics are reflected in model representations of small and large 
scale systems. Scaling may require changes in the model structure, its parameters 
or introduction of multiscale parameters (allometric equations, Bayes theorem for 
example – Chapter 21, this volume).

The concept of down-scaling originates from geophysics and applies to field 
variables such as air temperature, pressure, precipitation, ground roughness which 
are important variables in meteorological modelling studies (Benestad et al. 2008). 
At the landscape level, where many discrete changes with high local variances 
exist, remotely sensed data and cartographic methods are useful tools (e.g. Riitters 
2005).

In ecology, the effects of scales on statistical data are termed as the ecological 
fallacy problem (Sankey 2008). Individualistic fallacy is characterized as the 
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 erroneous inference of coarse-scale properties from fine-scale properties.  Cross-level 
fallacy occurs when inferences are made from single population observations and 
then erroneously generalized although the repeatability of processes, patterns and 
scales do not actually allow this. Ecological fallacy arises when erroneous infer-
ences from coarser scales of observations are translated to finer scales.

Changes in forest structure, water flow patterns and translocation of chemicals 
are important research fields in forest hydrology. Changes in landscapes induced by 
forestry need to be evaluated with respect to forest internal and downstream water 
dynamics, stream geometry and their characteristics (National Research Council 
2008). Cumulative watershed effects (CWEs) include hydrologic effects resulting 
from multiple land use activities over time and cause-effect relationships among 
forests, and watersheds over large spatial and temporal scales (Ibid).

Models become increasingly important in integrating forest hydrological pro-
cesses at different temporal and spatial scales. Each chosen model representation 
of a scale has its unique limitation and complication in terms of parameterization, 
validation, input data requirement and application. Assessing model strengths and 
weaknesses is thus an important and integral part of scaling studies (McNulty et al. 
1997).

Changing the structure of a model at a certain level of scale is one solution for 
translating inherent hypotheses to higher levels of system organization (Bithell and 
Brasington 2009), whereas another would be to change the time evolution of cou-
pled components (ergodic hypothesis). Applying the ergodic hypothesis in the 
context of Earth sciences implies that parameters of temporal statistics can be sub-
stituted by those of spatial statistics. This is one of the substantial arguments of 
integrating geographic information systems (GIS) into modelling of complex 
systems.

Any kind of forest cover change in landscapes could be seen also as a part of the 
water management resting on the spatial information of the land-use and land-use 
changes due to human impact on land-cover, state of vegetation and stream network 
morphology on the catchment (de Fraipont and Tholey 2007). Quantifying such 
information for large river basins has traditionally been achieved by compiling 
traditional land maps. During the last decades, satellite imagery and repeatable 
map products facilitated temporal analyses of landscape pattern changes (Kasischke 
et al. 2004). Already in 1972, the first satellite images were produced by Landsat-1 
for such purposes. Spatial resolutions of satellite images have been consistently 
improved since then. Multi-temporal image data allow the discrimination of land 
cover changes through digital change detection techniques (Lillesand and Kiefer 
2000). Since landscape ecosystems are subjected to continuous subtle or abrupt 
changes, appropriate selections of satellite image acquisitions allow periodic track-
ing of land cover changes (Schlerf et al. 2007).

Criticism raised by the Consortium of Universities for the Advancement of 
Hydrologic Science (CUAHSI) showed that although remote sensing products pro-
vide adequate information about land cover, land use changes, states of vegetation, 
and stream network morphology, they nevertheless provide highly uncertain esti-
mates of hydro-meteorological variables such as precipitation distribution, soil 
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moisture variation, transpiration intensity, and aquifer recharge. Remote sensing 
techniques generally provide little information about geological heterogeneities in 
below-ground aquifers, their flow and nutrient loads in streams (CUAHSI 2007). 
A recently developed method allows remote sensing data determinations for spatial 
soil moisture patterns in top soil layers (Schüler et al. 2007). Identification of spa-
tial patterns of low soil moisture content distribution at the ground level became 
feasible through the introduction of high resolution multi-temporal optical satellite 
imagery and validation with thermal remote sensing data (Seeling et al. 2007).

When human geographers began using cartographic analysing methods, they 
realized that their results depended on data aggregation methods and zoning 
schemes. Grain size, zoning and areal extent were three important parameters in 
Openshaw and Taylor’s (1981) modifiable areal unit problem (MAUP) and its opti-
misation for concrete study cases (Uuemaa et al. 2005).

Developments in remote sensing, geographical mapping and environmental 
monitoring promoted the use of spatial data in forest vegetation management and 
decision-making practices (e.g. Pitt et al. 2000; FORSYS 2008).

Forest Ecohydrological Processes and Scaling

Estimating water balances of forested catchments and quantifying the consequences 
for stream- and groundwater flow intensities at different scales requires an under-
standing of the underlying regulation processes which is still fragmentary. After 
decades of hydrological modeling, available prediction tools are still incomplete 
and sometimes not noticeably better than simple rules of thumb (Klemes 1982; 
Kokkonen and Jakeman 2003; Passioura 1996). Recent advances in geostatistics, 
sensor technology and remote sensing provide new opportunities, however, for 
monitoring hydrological processes at increasingly finer spatial and temporal scales. 
The resulting data can be used for categorizing spatial and temporal scales of forest 
hydrological processes, model parameterization and development of decision sup-
port systems.

In forest hydrology, forest managers are primarily concerned about two  questions 
(Landsberg et al. 1997): (1) How do forest management practices such as thinning 
and clear cutting affect water yield and quality from the catchment? (2) What is the 
relation between forest water balance and tree growth?

A solution to the first question can be found by scaling hydrological processes 
from lower to higher levels of forest hydrological system organization. The rele-
vance of processes at different levels must be evaluated during such exercises. An 
answer to the second question requires reductionist scaling of hydrological infor-
mation from the forest stand to individuums (i.e. trees).

Internal water fluxes in forest stands are commonly quantified with a mass bal-
ance equation

 − − − − − − ∆ = 0,P I R SW D ET S  (19.1)
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where P is precipitation, I intercepted water, R surface runoff, SW soil water flux, 
D drainage into deeper soil layers, ET the actual forest evapotranspiration and DS 
the change in the total water storage of the system. Water can be stored in tree cano-
pies, snowpacks, soil surface ponds, soils and ground water reserves.

The regional distribution of precipitation is determined by the evolution of fron-
tal or convective weather systems which interact with the topography of land-
surfaces. The spatial and temporal extents of resulting precipitation events are 
difficult to predict (Kottegoda et al. 2003) and might thus better be monitored by 
regional weather station networks. Statistical analyses of measured precipitation 
patterns can be used for predictive purposes at various scales.

Rainfall interception is commonly determined by comparing rain amounts mea-
sured above a forest canopy or in an open site against throughfall measured below 
a forest canopy (Ward and Trimble 2003). The intercepted amounts of rainfall vary 
considerably between 10% and 30% (Landsberg et al. 1997) and depend on forest 
composition, tree geometrical characteristics and seasonal changes in foliage cover. 
In snow-affected zones, canopy interception of snowfall can become as high as 
30% of precipitation in dense forests and as important as rainfall interception dur-
ing frost-free periods (e.g. Lundberg and Koivusalo 2003). Forest managers can 
influence the amount of rain- and snowfall interception through species selection, 
planting arrangement and thinning.

Recent advances in geostatistics provide a large range of methods (Webster and 
Oliver 2007) for characterizing heterogeneities of forest soils and their consequences 
for spatial and temporal distribution of water in the vadose zone. Soil moisture con-
tent and hydraulic pressure head are commonly related by empirical water retention 
curves (Hillel 2003), which do not account for the impact of physical scaling factors 
on water retention characteristics and their spatial variability. Tuli et al. (2001) 
recently provided a new concept for simultaneous scaling of soil water retention and 
unsaturated hydraulic conductivity functions, which improves the determination of 
spatial variability of soil hydraulic functions. However, variability in soil physical 
properties and highly nonlinear behavior of transport processes prevent the applica-
tion of general rules for scaling water transport from pore to watershed. An overview 
of different aggregation methodologies is given in Hopmans et al. (2002).

The amount of water available for tree stand transpiration is largely determined 
by the soil water volume accessed by tree roots. Root elongation cannot be charac-
terized in isolation of other tree growth processes because they compete for growth 
resources (Lambers et al. 2009). A large number of feed-forward and feedback 
mechanisms interact in plant systems and determine the rates at which tree organs 
grow. They respond to changes in root zone soil moisture. Transpiration and adap-
tation mechanisms to changes in soil moisture supply and atmospheric evaporative 
demand vary considerably among tree species. The soil moisture regime is 
 additionally altered by water uptake from the understory vegetation, particularly in 
young or sparse tree stands where it acts as a competitor for water resources. Forest 
managers have a range of options available for adjusting spatial and temporal pat-
terns of soil water uptake at different spatial and temporal scale levels through 
planting and vegetation management strategies.
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Groundwater systems can be broadly divided into zones of recharge and discharge. 
Their spatial magnitudes and locations depend on the topographic setting and 
 stratification of sedimentary layers. Discharge areas are the lower boundaries of the 
forest vadose zone. Estimation of water discharge rates must consider the anisotropy 
and isotropy of the underlying sediment or rocks (Smith and Wheatcraft 2003).

In boreal and mountainous regions, snow hydrology is strongly influenced by the 
architecture and spatial arrangement of forest canopies. Winter precipitation is accumu-
lated to the snowpack which can melt over relatively short periods of time in spring and 
then generate the main flood event of the year. The spatial pattern of snow accumulation 
is greatly influenced by topography and tree canopies, which decrease snow depths in 
dense forests through snow interception losses (Jost et al. 2007). Shading effects cause 
spatial differences in snowmelt, which is often driven by incident solar radiation on 
snow surface during periods of spring melt (Koivusalo and Kokkonen 2002).

Stream flow from densely forested areas is often delayed, because organic 
material on the soil surfaces, biological activity in soils, and complex root systems 
strongly promote infiltration. Forest cutting and thinning thus have large effects on 
water discharge dynamics from forested areas. Bosch and Hewlett (1982) reviewed 
94 catchments experiments from all over the world and showed that water yield 
from catchment areas increases after vegetation removal. Landsberg et al. (1997) 
distinguish between three types of time courses after tree removal:

 1. Initial increase in stream flow with a return to original levels when the vegetation 
cover is re-established.

 2. Increase in stream flow followed by an extended period below the original 
level.

 3. Sustained increase in stream flow particularly when land-use is changed to pas-
ture or agricultural crops.

The characteristic roles of forests in preventing flood damages are strongly site and 
event specific and can thus not easily be generalized. The effectiveness of flood 
damage protection is also strongly dependent on vegetation management (Calder 
2005). Some field studies indicate that forest management activities such as ditch 
drainage, road construction and soil compaction during logging, also influence 
outflow and flood responses rather than the presence or absence of forests  themselves 
(Jones and Grant 1996). The highest floods are often generated after major large-scale 
storm events which lead to soil saturation of large watershed areas. The role of forests 
in reducing peak flows with long return periods easily become less important in such 
cases than their role in affecting flood peaks with intermediate return periods.

Scales and Scaling in Fluvial Systems

Hydrological processes take place at many terrestrial scales ranging from pores to 
continents. Horizontally, they occur in hill slopes and headwater streams (dimen-
sions of 1–1,000 m), river basins and regional aquifers (dimensions of 1–1,000 km) 
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or entire continents. Vertically, they appear at the micro scale of single soil pores, 
leaf stomata, or microbial communities, as well as throughout the entire 
atmosphere–plant–soil–bedrock continuum. The associated fluvial processes and 
properties cannot be explained by simple up-scaling from finer to coarser scales 
through aggregation. New processes and properties might emerge at each level of 
complexity instead (CUAHSI 2007).

The fluvial system is a drainage basin, i.e. the spatial geomorphic area occupied 
by a river network. It contains process-response components including the morpho-
logic component of channels, floodplains, hill slopes, and cascading components of 
water and sediment (Schumm 1988). There are many spatial and temporal scales 
which are commonly dealt with in land level research and managing fluvial systems 
which confirm a great scale dependency in the nature of water related systems. 
Since there are no universal relationships underlying hydrologic processes at all 
scales, data aggregation/disaggregation with some degree of confidence has been 
seen as a principle approach in scaling hydrological processes (Blöschl 2001). For 
example, infiltration is a variable with complicated spatial patterns. It is typically 
measured at the point scale at which characteristics are not representative for the 
watershed scale. Instead, the unit area of impermeable surface (i.e. 0% of infiltra-
tion) and the unit area where 100% of precipitation infiltrates may be relevant for 
rainfall-runoff model applications.

Spatial information of infiltration characteristics may be compiled for an expert 
system integrated into a GIS system (Schüler 2006) in which the spatial distribution 
of runoff generating areas are deduced from the infiltration patterns. The accuracy 
of discriminating spatial runoff units depends on the quality of site classification 
conducted in a GIS system. A map with runoff-generating site-units at a high reso-
lution is the common outcome of such studies. Interaction between discharge pro-
cesses with hydrological processes in neighbouring areas can be captured by 
rainfall-runoff models (Casper 2004).

Disaggregation of landscape surfaces into sub-areas of quasi-homogeneous behav-
iour or hydrologically uniform response units, e.g. hydrotopes, can be chosen as a 
meso- and macroscale hydrological modelling approach (Becker and Braun 1999). 
Vertical processes (water fluxes and storages) within disaggregated units need to be 
quantified for this purpose and lateral flow processes characterized by providing link-
ages between scale units in landscapes and river basins. Model scaling does hence not 
need to be equalised with parameterisation for land surface discontinuities (e.g. 
surface water bodies, wetlands etc.). The calculated hydrotope or hydrotope-class-
related fluxes are considered instead. The real landscapes can then take into account 
separate possible non-contiguous modelling units, and the area of the modelling inter-
est can be extended up to the size, where the similarity of meteorological conditions 
is still valid. The model input databases of landscape surface characteristics can be 
extracted directly from GIS and hydrotope related characteristics (areal mean, storage 
capacity, porosity, root depth etc.). They could be applied to both, large and small 
reference areas (i.e. scaling issues becoming less relevant (Ibid)). The key issue in the 
application of the hydrotope approach for large areas is that the role of fluvial 
processes increases with the size of the area. Terrestrial processes described in 
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landscape units dominate the discharge dynamics in small headwater catchments, 
whereas the river network processes govern the flow dynamics in large watersheds 
while the terrestrial processes primarily describe evapotranspiration losses.

GIS Based Scaling, Modelling and Monitoring

In cartography, a map scale is defined as the ratio between unit distance on the map 
and its equivalent distance in reality (e.g. large scale map of 1:10,000 scale equals 
ratio of 1/10,000 = 10−4 equals 1 mm on the map and equals 10 m on the land, and small 
scale map of 1:1,000,000 equals ratio of 10−6 and equals 1 mm on the map and 
equals 100 m on the land). Hence the map is a kind of model representation of 
reality. The formal ratio is only one scale aspect in spite of others inherent to 
modelling processes (Goodchild and Quattrochi 1997; Atkinson and Tate 2000).

In computer cartography with its electronic maps and possibilities to zoom in 
and out, the consistency between map scale and presented details is not preserved 
automatically, but needs special efforts. The widespread use of GIS with its easy 
change of tessellation (pixel size, vector-raster-TIN modes of spatial data presenta-
tion) has promoted a generic value of geographic scale, where the small linear 
dimensions are defined by the limited spatial resolution or pixel size (Goodchild 
and Quattrochi 1997). The large linear dimensions could thus be defined by the 
geographic extent of the study project or data collection effort. While the linear 
dimensions were well defined for some types of digital data it is not at all well-
defined for landscape ecological characteristics.

To quantify the functioning of existing ecological systems, identification of 
landscape composition, structure and pattern from remotely sensed images is essen-
tial (Urban et al. 1987; Turner 1989). The perforation, dissection, fragmentation, 
shrinkage, attrition and other scale-dependent parameters of landscape metrics (Wu 
et al. 2002) are important targets for detecting image patterns and monitoring forest 
ecological systems for management over the time (Franklin et al. 2000). Since the 
nature of remotely sensed data is grid-based, combinations of grid data  representation 
and grid based hydrologic functions for instance, allow for the conversion of forest 
management impact on downstream processes (Krogstad and Schiess 2000).

In comparison to drainage basins of main fluvial water systems, forested land-
scapes are comparably small and often fragmented by management and other dis-
turbances. Traditional forest and related hydrological research is therefore targeted 
at understanding small scale watershed processes to better understand and improve 
management tools. Remote sensing and GIS are widely used tools for expanding 
visualisation and improving the prediction of forest hydrological processes within 
defined parts of larger watersheds (Anon 2008).

GIS plays a classical role in those modelling approaches where pre-processing 
input data and post-processing results are necessary (Fig. 19.1). Advances in the 
development and application of GIS also required an increasing integration of envi-
ronmental modelling (Fedra 1994) and remote sensing techniques (Mesev 2007). 
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Spatial components are used in two different model approaches: (a) Local dynamic 
models where the same functional model is applied to all grid cells and no interac-
tions between neighbouring grid cells are taken into account. (b) Models with 
dynamically changing structures, where multiple models for different grid cells 
have changing properties for representing interactions between neighbouring grid 
cells. One local model may be replaced with a new one (Miller et al. 2005).

Contemporary component models of geographical information systems include 
models of balances (MBs), thematic maps (TMs) and geostatistical features (GsFs) 
(e.g. Lenz et al. 2001; Mauser et al. 2001; Costanza and Voinov 2004). They are 
powerful tools for characterizing the spatial complexities of collected site data, 
simulating their dynamic changes in time and supporting management decisions in 
practice (Lovett and Appleton 2008). The availability of such tools provides oppor-
tunities for integrating ecological models into resource management applications, 
i.e. for (i) establishing inventories of resources, (ii) implementing spatial forecast-
ing tools, and (iii) evaluating the effectiveness of management strategies in retro-
perspective (Fournier et al. 2000; Matthies et al. 2007). Such computer-based 
decision support systems (DSS) are increasingly used to improve environmental 
management and planning. They were originally introduced by Matthies et al. 
(2007). DSS integration with GIS (Lovett and Appleton 2008) resulted in spatial 
DSS (SDSS), which have many applications such as forest harvest planning 
(Lubello 2008) or protecting forests to achieve sustained yields from water 
resources (Vacik and Lexer 2001).

According to Fournier et al. (2000), the application of ecological models at 
 different spatial scales provides options for similarity analyses. Networks of forest 
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inventory plots could be established for this purpose and used for testing whether 
observations at the plot level can be scaled to regional levels.

Zhang et al. (2006) illustrate an up-scaling approach for studying the spatiotem-
poral patterns of ecosystem processes which integrates simulation modelling, GIS, 
remote sensing, and field-based observations. Using a direct extrapolation scheme, 
a patch level ecosystem model was scaled up to quantify landscape level patterns 
of primary productivities and carbon source-sink relationships. Hierarchical patch 
dynamic scaling was then applied for scaling these processes from patch to land-
scape levels. Patches were defined according to plant species, age class, and rich-
ness criteria. The local ecosystem model was then executed for all patches with 
spatially varying parameter and input values. The landscape level variables of inter-
est were subsequently computed by summing up model outputs generated for each 
single patch. Zhang et al. (2006) stress that meteorological conditions are critically 
important determinants of primary ecosystem productivity due to their direct and 
indirect effects on carbon and water cycling processes. Vegetation classification 
thus directly affects a range of physiological and ecosystem parameters.

Digital remote sensing uses spectral discrimination between land patterns for 
extracting information from images (Fournier et al. 2000). Optical sensors, which 
operate in the near and middle infrared wavebands, are most commonly used in 
forest research and management. Their spatial resolution varies widely between 
centimetres and kilometres (King 1995). Spatial resolution and revisit capability 
also highly correlate. Satellites can revisit specific locations more frequently, but 
have a relatively coarse resolution. The opposite is true for sensors with pointing 
capabilities. High spectral discrimination of digital outputs can be achieved with 
digital sensors. Hyperspectral sensors, which use a greater number of narrower 
spectral bands, are further improving this advantage and are particularly well suited 
for obtaining spectral indices of vegetation states (Chen 1996). In summary, the 
selection of a proper digital sensor for a given application is based on four main 
considerations: (i) The resolution must be appropriate for characterizing the area 
under study, (ii) the spectral discrimination should be sufficient, (iii) the revisiting 
interval must be frequent enough, and (iv) the costs of image acquisition and 
 processing should be reasonable.

Direct pixel-based image analysis has several known limitations. Spectral-mixture-
models are pointed out as useful alternatives for mapping degraded forest environ-
ments since the technique separates between soil, vegetation and shade abundances 
at the sub-pixel scale (Souza et al. 2003). Smart joining of pixels or segmentation for 
identifying spatial objects are important alternatives (Blaschke et al. 2008).

Gaps between digital remote sensing and aerial photography are gradually dis-
appearing. Digital photography benefited from methodological developments in 
different fields of image analysis, such as geometric correction, image enhance-
ment, and feature discrimination. Texture discrimination algorithms and spatial 
operators, which use spatial information contained in digital images, increase the 
potential for information retrieval.

In very high-resolution imagery, traditional per-pixel accuracy assessments are 
not suitable for evaluating the accuracies of tree counts. With many pixels falling 
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on branches and background (soil, likely vegetation, logging slash or dead 
herbaceous), their inclusion in the accuracy assessment results into a negative bias. 
An object-based accuracy assessment based on classification of the area in relation 
to the central portion of a tree species and survival counts can be employed to avoid 
such bias (Haddow et al. 2000). Best results can be obtained by applying automated 
tree detection and crown delineation algorithms before GIS classification so that 
objects being counted could vary in size (Ibid). Most studies recognise that the lower 
limit of tree detection and classification is determined by pixel size limitations of 
narrow band imagers. Pixels of 30 cm cannot be used to accurately detect and count 
trees that are 10–30 cm in diameter (the core of the crown). Pixel sizes of 5–10 cm 
may be more appropriate for canopy-based sampling, or if trees more sparsely, but 
it would reduce capabilities for sampling within tree individuals (Ibid).

Similar to the limitation of scales and levels of research and mapping 
(Chapter 26, this volume) there are also scale limitations to remote sensing, aerial 
photo monitoring and airborne laser scanning which strongly depend on the exten-
sion of study areas, forest structure, and type as well as age of tree coverage 
(Sedykh 1995; Hershey and Befort 1995; Yu 2007).

Conclusions

Whatever decisions drive human activities, actual management is always paralleled 
by variations in natural resources and externalities which in turn result from natural 
and human disturbances, ecological succession, and recovery from previous distur-
bances. Relations between forest patterns, structure, functions and landscape as 
well as socio-economic environments are thus highly complex.

Since knowledge is never perfect, uncertainties are inevitably associated with 
modelling exercises and must be dealt with. Quantitative information about model 
uncertainties is a crucial requirement for a successful establishment of management 
procedures and decision support systems. A forester wants to know, for example: 
How accurate are the predictions of a forest model and what economical or ecologi-
cal risks might evolve from its uncertainties? Such questions plainly bridge the gap 
between practitioners and scientists. Each scenario prediction is afflicted with a 
certain degrees of uncertainty. The larger the scale – temporal, spatial or in terms 
of complexity – the higher the uncertainties that might arise which potentially have 
severe consequences for practitioners. One way of avoiding this dilemma is reduc-
tionist scaling which is a good measure for our understanding of forest systems.

Scaling facilitates the application of a range of relatively new measurement and 
modelling techniques which provide new and exciting insights into the complexi-
ties of forest ecological functioning in the frame of fluvial systems. Various deci-
sion-support systems will evolve from such scaling exercises in the future. They are 
useful tools for improving forest management efficiencies and our understanding of 
forest and water cycling responses to climate variability. The following chapters of 
Part III provide introductions to the principles and fundamentals of scaling using 

http://Part III
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information from a large number of practical case studies which have been recently 
conducted in Europe.
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Introduction

The development and implementation of scaling methods up to the present have 
contributed to a better understanding of the effect of different land-use and forest 
managerial strategies on water quantity and quality. The main topics that are particu-
larly relevant for policy-making in forest hydrology are: the comparative advantages 
and disadvantages of forest cover in maximizing downstream water yields; the role 
of upstream forests in season; water-quality preservation (Calder et al. 2007a). 
Contrary to the conservative approaches in which forests are mainly assessed for 
wood production, in the new emerging circumstances traditional forestry should be 
balanced against other forest goods and services and the role of European forests can 
be expected to develop further towards multi-functionality. Also, the EU is committed 
to biodiversity preservation to halt biodiversity loss within the EU (European 
Environmental Agency 2008). In order to determine the most efficient strategies in 
respect to the aforementioned goals, the scaling, i.e. linkage of scales from policy 
level to smaller scale ecosystem level, proves unavoidable. Scaling methods aim to 
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bridge the gap between policy makers operational on a broad scale and various 
landscape management services functional on different operational scales: forest 
managers, operational on forest stand scale, mostly concerned with the sustainability 
of forest production, environmental protection which emphasises the biodiversity 
issue in the range of single species to community and hydrologists concerned mostly 
with water supply, flood protection and water conservation on the watershed scale.

One of today’s main concerns in perspective to future forest and water relations 
present awareness about irreversible changes in the earth’s climate due to mostly human 
induced global warming. The scenarios of future development of the main climate 
variables, temperature and precipitation put strong pressure on landscape managers, 
policy makers and researchers to adopt commonly established traditional forest mana-
gerial practices towards mitigation and the diminishing of the very possible intensifica-
tion of future extreme events (droughts, floods, forest fires, soil erosion). An increasing 
possibility of occurrence, together with an enlarged intensity of extreme events, undergo 
the commonly established knowledge, extending the inputs towards evaluating some 
outlier scenarios as an obviously very possible expected outcome in the nearer future.

Climate change is mostly hydrological change due to the shifting of temperature 
and precipitation as the basic inputs of the hydrologic cycle. The reconstruction of 
monthly and seasonal surface temperature fields for Europe show that in the late twen-
tieth and early twenty-first century European climate is very likely (>95% confidence 
level) warmer than that of any time during the past 500 years (Luterbacher et al. 2004). 
However, the future rise of global temperature in the next century from 2°C to 6°C 
based on scenarios by General Circulation Models is very certain (IPCC). Observations 
prove the existence of a global warming trend: the average global temperature has 
increased by 0.8°C since 1900 and the 12 hottest years observed globally since 1880 
have all occurred after 1990. Even greater hazards present extremes at regional scales, 
such as the dry spell in 2003 which affected many European areas with larger ampli-
tudes than extremes at a global scale (Luterbacher et al. 2004). Apart from a global rise 
in temperature, the long-term precipitation records across Europe are regionally 
shifted; the long term decrease of precipitation is evident in Southern Europe and the 
Mediterranean basin and an increasing trend of precipitation is common in Northern 
Europe (Trenberth et al. 2007). These trends broadly determine the intensification of 
hydrological extremes which determine future activities of forest and water manage-
ment at the regional gradient in Europe; the mitigation of droughts to retain long-term 
sustainability of forest production in the south and mitigating the floods in the north.

Stable Conditions: Water, Quantity, Quality and Management 
– Impact of Forest Management on Water Quantity and Quality

Forests and Water Retention Capacity

Stable forests in good condition growing on appropriate sites are most suitable land 
use category for retaining water in case of extremely abundant precipitation events 
(Frehner et al. 2005). Influence of forest cover on runoff quantity depends on 
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medium- and long-term improvement of soil conditions, especially on water reten-
tion capacity of soils. Forest cover can increase water retention capacity of soils in 
case of deep but slowly drained soils and in case of very wet soils. Improvement of 
water retention capacity of well drained soils by forest cover will be much smaller. 
The soil compaction by forest mechanization can decrease the water retention 
capacity of soils significantly (Croke et al. 2001). Infiltration of water decreases on 
compacted soils which can result in surface soil erosion. However, we must empha-
size that forests can only retain water in periods when the water saturation of soils 
is not reached. Forests can reduce peak flows for storm of short duration and low 
intensity, but cannot prevent the occurrence of floods that are of high intensity and 
long duration over a large area (Chang 2003). As the forest soils absorb large quan-
tities of water, a forest gradually loses its capacity to retain high runoff and flood-
ing, and eventually, when critical amount of precipitation is reached, fails to control 
the flood (Frehner et al. 2005). This can be the case by:

1. Short and intense precipitation events in small areas
2. Long lasting intense precipitation in large areas
3. Intense precipitation in large areas, when soil water saturation was already 

reached (mainly in spring and autumn)

Figure 20.1 shows the influence of forest condition on water retention capacity 
of soils in case of large precipitation amount, where: (A). The largest impact of 
forest condition on water retention capacity of soils is on deep, slowly drained soils 
(C). For these areas forest management practices will have largest impact on water 
quantity. In case of low water retention capacity of soils, independently of forest 
condition (D), the soils are extremely shallow, extremely permeable or extremely 
wet. The water retention capacity of soils depends on both soil properties and forest 
condition. On deep, well drained soils the water retention capacity of soils is maxi-
mal, irrespective of forest conditions. In such areas the continuous forest cover 
should be priority (Vilhar 2009). Different forest management practices in such 
areas will not improve soil water retention capacity but can aim towards decreased 
surface runoff and soil erosion.

Five Most Important Indicators for Water Quality and Quantity 
Influenced by Different Forest Management Practices

Influence of forest cover on total runoff from a drainage basin and water quality 
in rivers is increasing according to increasing share of forest cover in the basin. 
Clearing of forest areas in the drainage basin can lead to sediment loss because 
of erosion processes (Binkley and Macdonald 1994; Prybolotna 2006), increase 
of high waters after storms and snow melting (Von Burger 1954a, b) or even 
increase of floods and their frequency (Veny 1986). Forest removal can result in 
increased exposure of water bodies to solar radiation and consequently increased 
water temperatures at clear skies (Binkley and Macdonald 1994). Concentration 
of oxygen can be altered which could change the productivity and composition of 
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water ecosystems with accelerated algae growth and eutrofication (Lee 1980). 
Nitrogen and phosphorous concentrations are lower in water bodies from forested 
drainage basins compared to drainage basins with prevailing agriculture land 
(Binkley and Macdonald 1994; Chang 2003). Main source of nitrogen and pollut-
ants in water are use of pesticides and fertilizers, pollution induced by housing, 
forest roads, forest mechanization and air deposition by local pollutants. Most 
frequent source of pesticides in freshwaters is neighboring agricultural land. 
Strips of riverside vegetation can reduce or even prevent the input of pesticides 
into freshwaters significantly (Binkley and Macdonald 1994).

According to above mentioned influences of forest management on drinking 
water quality and quantity five most important indicators have been selected (Vilhar 
and Fajon 2007):

Concentration of pollutants in the water•	
Nitrogen concentration in the water•	
Sediment loss/erosion•	
Runoff•	
Water temperature•	

Other forest management practices apart from clear cut system are rarely dis-
cussed in hydrological studies. Thinning by 20% reduction in wood stock is 
reported to be the threshold for influencing the runoff quantity and sedimentation 

Water retention Site properties integrated with soil water retention

LARGE

MEDIUM

SMALL D

A

C
B

 A – large water retention capacity of soils, irrespective of forest condition. Sites on deep,
well drained soils.

B – medium water retention capacity of soils, irrespective of forest condition. Sites on me-
dium deep, well drained soils.

C – large water retention capacity of soils in case of good forest condition / low water re-
tention capacity of soils in case of bad forest condition. Sites on deep, slowly drained soils. 

D – small water retention capacity of soils, irrespective of forest condition. Sites on ex-
tremely wet, shallow or permeable soils. 

Fig. 20.1 Influence of forest condition on soil water retention capacity in case of large precipita-
tion amount (Frehner et al. 2005)
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loss (Vilhar and Fajon 2007). Nevertheless a study by Serengil et al. (2007) 
showed that even a 11% reduction of wood stock of a deciduous forest can alter 
stream nutrient discharge with increased sedimentation due to thinning. 
Frequency and intensity of thinning does influence hydrology of a forested 
drainage basing, but the rate of influence depends on local site conditions: climate, 
soil and vegetation. In alpine and subalpine forests the impact of forest manage-
ment measures can be observed 80 years after they were executed (Chang 2003). 
In mixed deciduous forests the impact of forest management measures ceases in 
4 years (Ibid). Also the presence of ground vegetation is very important for 
hydrological regime. Creation of a gap in a spruce stand with lush ground veg-
etation will not alter the nitrogen concentration in the groundwater significantly 
(Weis et al. 2001). On the contrary, removal of trees in a stand with sparce 
ground vegetation layer can result in increased nitrogen concentration in the 
groundwater (Ibid). In a Dinaric silver fir – beech forest a creation of a gap with 
bare soil resulted in increased drainage compared to untouched stand. Advanced 
growth of ground vegetation layer and natural regeneration diminished the drain-
age differences between gaps and stands (Vilhar 2006). In such forest ecosys-
tems small-scaled forest management measures should be taken to avoid soil 
degradation and erosion (Vilhar 2009). Mixed tree species composition is impor-
tant for hydrological regime mostly because of rooting which influences the soil 
and stand stability. Natural tree species composition and adequate share of each 
species strengthen self-preservation capability of forest sites (Frehner et al. 
2005).

Harvesting and forest mechanization can chronically pollute drinking water 
sources in forests. Most evident reasons are use of principally forbidden chemicals 
in forests, inappropriate forest roads construction, use of mineral oils for chainsaws 
and hydraulic systems of forest mechanization (Košir 2006). One drop of mineral 
oil can pollute 25 l of water to become undrinkable (Barlow and Clarke 2002). One 
liter of mineral oil, poured into sewage system can pollute 1 ha of water surface 
(Arnšek 2001).

Different forest management practices have different impact rate on selected 
drinking water quality and quantity indicators. Eight forest management measures 
were selected that can impact the drinking water quality and quantity and are usu-
ally part of forest management planning:

Share of clear cut area in the drainage basin•	
Frequency, intensity and technique of harvesting•	
Tree species composition•	
Crown density, cover percentage•	
Distribution of growth classes•	
Vertical and horizontal stand structure•	
Forest regeneration, ground vegetation•	
Coarse woody debris•	
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Frequency, intensity and technique of harvesting have much higher impact on 
concentration of pollutants in the drinking water than vertical and horizontal 
stand structure, for example. Share of clear cut area in the drainage basin has 
much larger impact on sediment loss than on concentration of pollutants in the 
drinking water. These relations between forest management measures and 
selected indicators for drinking water quality and quantity are presented in the 
Table 20.1.

Best Management Practice Guidelines for Water  
Quality and Quantity in the Frame of Close-to-Nature  
Forest Management

Close-to-nature forest management assures that with the human interference into 
forest ecosystem sustainability and multifunctionality are preserved. One of basic 
principles of close-to-natural management is to imitate natural structures and natu-
ral regeneration patterns, for example natural disturbances (Bončina and Diaci 
1998). They cause gap formation of different size and influence stand dynamics and 
horizontal forest structure. The following recommendations for enhancing water 
quality and quantity aim to improve practices in forestry and other activities in 
forested areas where drinking water resources are of great importance. Recommended 
actions are classified on the basis of selected indicators for drinking water quality 
and quantity, presented in Table 20.2.

Table 20.1 Impact of forest management measures on drinking water quality and quantity 
indicators

Forest management 
measure/Indicator

Concentration  
of pollutants  
in the water

Nitrogen 
content in  
the water

Sediment loss 
(erosion) Runoff

Water  
temperature

Clear cut area * *** *** *** ***
Frequency, intensity, 

technique of 
harvesting

*** * ** ** *

Tree species 
composition

** *** ** *** *

Crown density, cover 
percentage

* *** *** *** **

Distribution of growth 
classes

* ** ** ** ***

Vertical and  
horizontal stand 
structure

* ** ** ** *

Forest regeneration, 
ground vegetation

* ** ** ** *

Coarse woody debris * ** * * *

* – Low impact ** – Medium impact, *** – High impact
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Table 20.2 Recommendations for forest management related to drinking water quality and 
quantity indicators

Factor Recommendation for forest management
Concentrations  

of pollutants 
and nitrogen  
in the water

Compulsory use of biodegradable chainsaw lubricants and oils in hydraulic 
machines in forest (Košir 2006).

Prohibition of washing, maintenance and repair of forest mechanization in a 
forest (Trontelj 2006).

Selective thinning should be performed in narrow riparian zones of forest to 
remove old and unstable trees.

Strip of riparian vegetation (including trees and shrubs) should be established 
and maintained to prevent or mitigate pesticide and other pollutants in the 
freshwater (Binkley and Macdonald 1994).

Storage facilities for fuel and oil should be kept away from water courses and 
other water bodies (Mulkey 1980).

High concentrations of ash and dust must be avoided in close distance of water 
courses (Mulkey 1980).

Closure of forest roads when there is no harvesting. This enables to stabilize the 
roadway and recovery of the vegetation along the roads (Mulkey 1980).

Use of heavy machinery on erodible soils should be minimized or avoided, in  
the riverbed prohibited (Mulkey 1980).

Sediment loss 
(erosion)

Surface of the whole catchment area should be covered with vegetation. In areas  
whit bare soils pioneer vegetation should be established (Frehner et al. 2005).

Continuous presence of natural regeneration, developing under shelter of adult 
trees (Frehner et al. 2005)

Old, unstable trees, fallen trunks, uprooted stumps should be removed from 
the riverbed and its immediate vicinity to prevent blocking the channel 
and flooding in the case of high waters (Frehner et al. 2005).

Landslides can be prevented with planting of tree species having deep root system 
to stabilize the soils as well as draining excessive water (ash, oak, maple, black 
alder and fir tree, dwarf pine, Austrian pine) (Frehner et al. 2005).

Construction of skidding tracks and transportation roads on less steep slopes 
to avoid excessive ground stripping and excessive use of trenches and the 
length of forest routes (Mulkey 1980)

Avoidance of any activities which could damage upper layer of forest roads 
(i.e. log skidding) (Mulkey 1980).

During the period of heavy and persistent rainfall, closure of forest roads can 
prevent formation of ruts and their flooding (Mulkey 1980).

Sections of already constructed forest roads with steep inclination should be 
preventively cemented or covered with asphalt (Mulkey 1980)..

Frequently used roads and entry points on erodible soils should be hardened 
with rocks, lumbers or branches (Mulkey 1980).

In the event of erosion urgent preventive measures should be taken and no 
cutting, burning or damaging of upper soil layer at least 100 years after 
the event (Twery and Hornbeck 2001)

Working in dry weather (in spring or summer) can significantly decrease the risk  
of erosion near watercourses and drinking water collectors (Nisbet 2001).

With consent of local communities, water supply can be temporarily 
suspended if large-scale activities are performed in forest, thus preventing 
pollution of drinking water.

(continued)
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Drought and Decay of Woodlands

Exposure of European Forests to Drought

Drought is a natural hazard, i.e., a long period of abnormally low rainfall which 
adversely affects growing or living conditions. Drought differs from aridity, which 
characterises low rainfall regions, and should be considered relative to some long-
term average condition of balance between precipitation and evapotranspiration. 
Meteorological drought on the whole encompasses the number of days with pre-
cipitation less than a specified threshold (in regions characterized by a year-round 
precipitation regime) or actual precipitation departures to average amounts on 
monthly, seasonal or annual time scales. Hydrological drought is emphasised on a 
watershed or river basin scale i.e. how the deficiency in precipitation reflects on 
the hydrologic system. Drought can be quantified by the application of various less 
or more complex hydrological indices based solely on precipitation data or 
included water storage and evapotranspiration. Drought indices are appropriate for 
analysing the series of weather data with the aim of obtaining the fundamental 
characteristics of drought events for a given location or region; the drought 
strength, the number, the mean duration, the maximum duration of droughts of a 
given intensity, and the trend in drought incidence. During the last century (1901–
1999) extreme droughts, as classified by the PDSI (The Palmer Drought Severity 
Index), occurred with greater frequency over continental Eastern Europe. On 
the other hand, droughts were rarer along the North West European seaboard, the 
Mediterranean seaboard, and the Alps (Lloyd-Hughes and Saunders 2002). The 
same results confirm that drying tendencies exist in central Eastern Europe and 

Table 20.2 (continued)

Runoff The most appropriate forest structure for preventing high flows is an uneven-
aged stand with dense canopy cover, diverse vertical structure and even 
distribution of growth-phases (Frehner et al. 2005).

To decrease high flows the total share of non-forested areas, gaps and 
regeneration younger than 10 years should be less than 25% of the 
drainage basin (Twery and Hornbeck 2001).

To decrease high flows the canopy cover of all forest stands should be more 
than 70% in the whole drainage basin as well as in the riparian cone 
(Twery and Hornbeck 2001).

Water  
temperature

To maintain water temperature the total share of gaps should be less than 
10% of the drainage basin (Twery and Hornbeck 2001).

The canopy cover of forest stands in the riparian cone should be more than 
70% (Twery and Hornbeck 2001).

Natural regeneration should take place in gaps, smaller than 0.1 ha (Twery 
and Hornbeck 2001)

Coarse woody debris should be present in the forest stands and water bodies, 
single old trees should be left untouched as “habitat trees” (Twery and 
Hornbeck 2001).
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western Russia which is in accordance with the IPCC findings. According to Vogt 
and Somma (2000) drought, especially in the Mediterranean area, is a reccurring 
phenomenon, i.e. its behaviour comprises a cyclical periodic pattern. The events 
and locations of droughts in Europe in recent times occurred as follows: 1973 
(Austria, Germany, Czech Republic and Slovakia), 1976 (Northern Europe – 
Scandinavia to France), 1984 (North and west UK), 1988–1992 (most of Europe), 
1992 (Germany, Hungary, Bulgaria and much of western Russia), 1990–1995 
(Spain, Portugal), 1995 (Ireland, UK, Norway and Sweden), 1999 (Finland), 2003 
(much of continental Europe) (Source: Ben Lloyd-Hughes, Benfield Hazard 
Research Centre, UCL).

Projections from catchment areas across Europe (according to IPCC SRES 
scenario A2) (Dankers et al 2007), including the catchment area above 1,000 km2 
predict a reduction of discharge of up to 40% for the period 2071–2100 in respect 
to the base period 1961–1990 most severely in Mediterranean basin and South-
eastern Europe but also in the continental part (Fig. 20.2). An increase of discharge 
is predicted overall for the Northern part of Europe. The simulations of ECHAM4 
and HadCM3 climate models and WaterGAP predict a very strong increase of 
frequency of recurrence of today’s 100-year drought events to less than 10 years at 
2070 in the Mediterranean area and South-eastern Europe (DMP Report 2007). 
Drought in forestry considers precipitation shortages and its impact on particular 
forest tree species in relation to its water requirements and hydraulic properties. 
Drought causes a decrease in the soil water potential and large increases in the 
hydraulic resistance at the soil-root interface. The main effect of drought is the 
occurrence of cavitation and xylem embolism in trees when the water potential in 
the xylem falls below specific vulnerability thresholds (Cruiziat et al. 2002). The 
limited water uptake by trees also has consequences on their nutrition, vitality and 
health status (defoliation and discoloration of the canopy) (Potočić et al. 2005). 
Recent studies which worked with various aspects of drought and heat waves in 
forest ecosystems (Granier et al. 2007; Pichler and Oberhuber 2007; van der Werf 
et al. 2006; Desprez-Loustau et al. 2006; Archaux and Wolters 2006; Breda et al. 
2006; Rebetez et al. 2006) took into consideration drought and heat waves in 2003 
which were the most severe in last 500 years and spread over large parts of the 
European continent.

The predicted increase of temperature, carbon enrichment and nitrogen deposi-
tion as a consequence of global warming can enhance the current limits of forest 
growth. On the contrary, the future availability of soil water presents a strong 
growth limitation. Soil water depletion in new environmental circumstances can be 
induced by regional precipitation deficits but also as a result of enhanced physio-
logical processes, lead to higher soil water uptake of trees in the regions where 
more favourable conditions for forests could be expected. According to the climate 
scenarios based on scenarios which assume a doubling of CO

2
 emissions in the 

twenty-first century (Echam and Hadley climate), the future development of water 
scarcity across Europe have a strong regional gradient (Mannerkoski 2005, 
Silvistrat project). Future forest and water relations in the main bioclimates of 
Europe according to the above models are:



360 I. Pilaš et al.

0.26
0.04

−0.17

−0.38
−0.60

1.25
0.81
0.38

−0.06
−0.50

0.1
−0.6
−1.2

−1.9
−2.5

0.34
−0.10
−0.54

−0.99
−1.43

0.04

−0.24
−0.51
−0.79
−1.07

−0.44

−0.95
−1.47
−1.98
−2.50

0.04

10km

−0.43
−0.91

−1.38
−1.86

N

1998 1999

20012000

2002

2004

2003

Fig. 20.2 The onset of climate change: decline of groundwater discharge during the drought 
episode 2000–2004 with yearly groundwater levels up to −250 cm in relation to stable state condi-
tions (1997). The interpolated spatial trend was calculated from 22 piesometric locations across 
the Našice lowland forest area in eastern Croatia
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Boreal Forests

Overall higher temperatures and precipitation, with a shorter duration of snow 
cover and soil frost. On the western edge of the boreal forests, reduced snow accu-
mulation may decrease on shallow soils the soil moisture in early spring and early 
summer and this may cause problems for Picea abies and other shallow-rooted tree 
species.

Atlantic Forests

Increases in temperature and precipitation during winter and a decreased amount of 
precipitation during the growing season in summer. Due to higher atmospheric 
nitrogen depositions and CO

2
 feeding, vegetation is expected earlier in spring 

which may lead to premature depletion of soil water in summer.

Continental Forests

Changes in precipitation are uncertain but in general, an increase of precipitation 
during winter and a decreased amount of precipitation during the growing season 
in summer is expected. Together with increasing temperatures, CO

2
 and nitrogen 

potential, earlier depletion of water in summer can also be assumed. Decreased 
precipitation during summer along with increased evapotranspiration due to the 
higher temperatures will result in increased drought stress in all but those areas that 
have access to groundwater supplies from elsewhere.

Mediterranean Forests

Lower precipitation in summer or equal or slightly higher precipitation in winter. 
Very restrictive conditions regarding water availability, precipitation accounts for 
about one half of the potential evapotranspiration, and actual evapotranspiration is 
very often limited.

Forest-Tree Response at Various Spatio-Temporal Scales

Drought presents one of the strongest stress factors of forest mortality, but its effect 
on tree health status (defoliation) or growth indicators such as tree ring increment 
usually become obvious with a time lag of 1–2 years. The effect of the dry spell in 
2003 is reflected in increased tree mortality in consecutive years, in 2004 in particular. 
In most cases, drought does not result in acute visible damage to the trees, but induces 
physiological disorder by decreasing carbon and nutrient assimilation and, possibly, 
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by induction of xylem embolism that blocks the water transport to leaves (Breda et al. 
2006). During this time, the trees are probably particularly susceptible to additional 
stress factors such as defoliation by insect larvae (which also reduces their carbon 
reserves) or severe winter frost (whose impact is aggravated by the preceding reduc-
tion of the carbon reserves). Drought with other abiotic and biotic stress factors 
comprise an interrelated factorial complex (Thomas 2008) which makes it difficult to 
clearly distinguish its significance in the cause effects assessments of forest mortality 
(Klap et al. 1999). Therefore, new approaches aimed towards a mechanistic under-
standing of drought stress on plant metabolism should present one of the key issues 
of improvement of resilience of ecosystems to climate change.

The existing broad scale assessments of forest cover, forest health conditions 
and overall performance of vegetation across different regions of Europe together 
with predicted discharge from watersheds can serve as a guide towards critical 
spots where particular future activities of forest and water management should be 
emphasised towards drought mitigation. The most recent results of broad scale 
monitoring of forest conditions in Europe on 4,834 plots, 16 × 16 km2 grid (Institute 
for World Forestry 2008), established that 21.9% of all trees assessed had a needle 
or leaf loss of more than 25% and were thus classified as either damaged or dead. 
The most threatened forest tree species in Europe by far are European and sessile 
oak with the share of damaged and dead trees being 35.2% (2007) and with a high 
positive trend. The progression of climatic trends over the regional gradient across 
Europe (Trenberth et al. 2007) at this stage can not be strictly confirmed in the 
crown damage status but there is evidence that the highest increasing rates of defo-
liation occur in Mediterranean species such as Holm oak and Maritime pine. 
Damage to the Holm oak in 2007 even exceeds damage to the European beech 
which was recently considered the second most threatened tree species but with a 
more stable trend over time. On the contrary the “northern” species such as Norway 
spruce and Scots pine comprise a decreasing trend of defoliation, i.e. an improve-
ment in health conditions.

On the broad European scale the intraseasonal response of drought events on 
forests can also be assessed by remote sensing through anomalies in phenology 
using indices such as FAPAR (Fraction of Absorbed Photosynthetically Active 
Radiation) (Verstraete et al. 2008). FAPAR represents the fraction of solar energy 
which is absorbed by vegetation and presents an indicator of the presence and state 
of the vegetation cover, and can also serve as a response in cause effect assessment 
of spatial and temporal soil water depletion. The spatial extent of drought and forest 
regions which are mostly affected can easily be distinguished by comparing monthly 
anomalies in respect to the base period (as, for example, the severe drought in 2003) 
(Gobron et al. 2006). The areas in Europe with the lowest vegetation feedback of 
FAPAR index are Mediterranean areas of Spain, France, Italy, Croatia and Greece.

The response of trees and forest cover to drought is mostly ecosystem depen-
dent. It is the result of the present state of climate, coupled with hydraulic proper-
ties of trees, soils and boundary interactions. Drought mitigating practices should 
therefore be downscaled and orientated to a particular forest type and environmental 
conditions. Timely recognition of drought, either as a periodical recurring event 
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(dry spells) or long term water scarcity (i.e. the effect of a decrease of groundwater 
supply), presents a first step towards operational performance of short term drought 
mitigation measures at a forest stand level. Drought can influence temporal systematic 
patterns of tree water fluxes as diurnal variations, intra-seasonal yearly variations, 
decadal and multidecadal variations. These temporal systematic patterns occur 
mainly as a result of variations in physiological processes that govern forest growth, 
i.e. physical factors, radiation, air temperature, air humidity and wind, and ecologi-
cal factors such as nutrient availability, canopy architecture and leaf longevity 
(Landsberg and Gower 1997).

Diurnal variations of tree water relations can be assessed at leaf level (stomatal 
conductance and water potential) and whole tree level (sap flow measurements). 
Through the use of very sensitive dendrometers, the upward flow of water in the 
xylem of mostly dissolved nutrients from soils and downward flow of photosyn-
thetic products (Sevanto 2003) can be distinguished. The daily transpiration pat-
tern, which can roughly be approximated with bell shaped distribution, resulted 
from diurnal regulation of stomatal aperture which depends on signals from light, 
the current stomatal aperture, crown water potential, and tree water deficit (Zweifel 
et al. 2007). The stomata typically opens at twilight but their aperture during the 
day is non linear and is very dependent of water availability. Extreme drought in 
general causes only partial opening of stomata which remain closed for the rest of 
the day and as such, causes a significant change in the daily transpiration distribu-
tion, i.e. the asymmetry to the left towards the dawn. In drought conditions (Infante 
et al. 2003) daily amplitude of water potential decreases if predawn water potential 
become more negative.

Intra-seasonal variations in tree transpiration throughout the year or vegetation 
season occur with much stronger amplitude than diurnal variations, and also com-
prise a decline-dependence pattern in relation to a drought. Due to the usually 
increased soil water content, the strongest amplitude of transpiration and tree diam-
eter swelling (Fig. 20.3) occurred during the beginning of the growth season (bud-
ding and leaf formation). Later during the season, the amplitude of variations 
decrease as the soil water content is reduced until the late summer when tree stem 
growth seizes. The empirical allometric ratio between maximal amplitude of tree 
diameter growth at the beginning of season and the cumulative tree stem growth at 
the end can be established (Pilas et al. 2007) according to which the effect of 
drought can be forecasted on a seasonal scale. The time of manifestation of drought 
during the year implies the extent of its impact on the forest stand condition; at 
seasonal level trees are much more sensitive to water depletion during the early 
stage of growth, i.e. spring rather than in later summer and autumn.

Drought and Adaptive Forest Management Strategies

In newly emerging environmental conditions, forest management should aim to 
establish adaptive forest managerial measures which aim to reduce as many 
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Scaling Forest Effects on Flood Formation and Water Retention
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ancillary stresses on forest resources as possible (Nabuurs et al. 2007). The 
adaptation of forestry to climate change needs to: establish objectives for future 
forestry as affected by climate change; determine the vulnerability of ecosys-
tems, forest communities and societies; develop present and future cost-effective 
adaptation activities; manage the forests to reduce vulnerability; monitor the 
state of the forests and identify when critical thresholds are reached; manage to 
reduce the impact when it occurs, speed recovery and reduce vulnerability to 
further climate change (Spittlehouse and Steward 2003). The concept of adapta-
tion includes assessment of the three main components of vulnerability: sensitivity – 
the degree to which systems will respond including beneficial and harmful 
effects; adaptive capacity – the degree to which adjustments in practices, 
processes or structures can moderate or offset the potential for damage or take 
advantage of opportunities created; exposure – the degree to which the system is 
exposed to climate hazards. The adaptation strategies comprise various options 
for forest management such as: selection of tree species/provenances, thinning 
regimes, stand regeneration techniques, forest protection routines, nurseries, tree 
breeding and genetic engineering (Lexer 2009).

Drought mitigation measures should also consider impact management, i.e. to 
evaluate the possibilities of the various practices of water cycle manipulation in 
the range from upper (stand canopy) to lower (soil) forest ecosystem boundaries 
in a variety of forest types and environmental conditions. Timely thinning in 
drought exposed forest ecosystems can provide additional water availability for 
the rest of the trees in the reduced forest stand due to the reduction of forest canopy 
interception and transpiration demands. Thinning practices can also contribute to 
increased resilience of forest stands by selection and removal of trees with low 
health conditions, based usually on indices of tree crown status (defoliation, 
discoloration). Although the danger of increased water scarcity in forests is 
unavoidable in future perspective of some European regions, the occurrence of 
more extreme storm events, even in areas affected by drought, is very certain. The 
only possible seasonal increase of precipitation, particularly in the continental part 
of Europe, could be expected in the winter season during the latency stage of veg-
etation. Therefore, drought impact management at a landscape scale should also 
examine the possibilities of increase of water storage in forests and temporal reten-
tion of accumulated winter precipitation further into the growing season. Potential 
landscape management practices (Schüler et al. 2007) should therefore examine 
various suitable measures for that purpose: halting the runoff inside of orographic 
waterways, closing drainage ditches, avoiding linear structures, water drainage 
from forest roads into adjacent forest areas, the promotion of a stable soil pore 
structure by liming acidified forest soils, water table management in lowland and 
riparian forests.

While the future simulations of annual precipitation changes in Europe show 
a clear north–south divide, the increase of extreme events is an outcome of the 
future projections all over Europe (European Environmental Agency 2008; Bates 
et al. 2008). The increase of flood occurrences is a logical consequence of a 
higher probability of heavy rain events. The more frequent and more severe 
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floods in the recent years, e.g. the extreme summer flood 2002 in the Elbe River 
watershed, brought on a vital discussion and a high number of research activities 
dealing with flood assessment and prevention (research initiatives such as 
WaReLa, FLOODsite, CRUE ERA-Net etc.). A result is the EU-Flood Directive 
(EC 2007). It aims at reducing and managing the risks that floods pose to human 
health, the environment, cultural heritage and economic activity. First, the 
Member States have to identify the river basins and associated coastal areas at 
risk of flooding. For such zones they would then need to draw up flood risk maps 
and establish flood risk management plans focused on prevention, protection, and 
preparedness. The management plans should contain a combination of technical 
flood protection measures, non-structural measures, and extended protection 
measures to reduce the probability of flooding and its potential consequences. 
The non-structural measures of such basin-oriented integrated flood protection 
strategies consider amongst others the increase of the water retention in the land-
scape. Therefore, the debate on the role of afforestation and forest conversion as 
measures for preventive flood protection has received new impulses (e.g. Calder 
et al. 2007c; Laurance 2007). It is quite clear that the quantification of effects of 
forest conversion and afforestation on flood runoff at the catchment scale can 
only be achieved by reliable model calculations combining the various hydrological 
scales (soil – plot – catchment).

Forests produce low levels of stormflow and greater soil stability than any other 
vegetation type. This is due to their high infiltration rates, protective ground cover, 
high consumption of soil water via evapotranspiration, particularly interception, and 
high tensile strength of roots (FAO 2003). For that reason afforestation of grassland 
or arable land can be seen as a non-structural measure to increase the water retention 
in the landscape as announced in the EU-Flood Directive (EC 2007). The ‘forest 
effect’ in comparison to other land-uses on floods can be split into two general parts: 
retention by providing additional storage (higher water consumption and higher 
interception) and decelerating runoff by shifting water into slower pathways 
(improved infiltration and vertical percolation, cf. Wahren et al. 2007b). However, it 
has to be considered that beneficial flood-related effects of forests in catchments 
interfere with several other hydrological functions. On a larger regional scale, there 
are many, sometimes conflicting demands (domestic, agricultural and industrial 
water use, ecological needs) in both upstream and downstream areas. A major issue 
in this context is the conflict between higher retention (and simultaneously lower 
erosion) from forest land and the lower water yield which results from higher evapo-
transpiration losses. Especially in areas with scarce water supply due to low and 
unevenly distributed rainfall (e.g. in Mediterranean countries or in the semi-arid NW 
of China), a lack of water is often a limiting factor not only for the forest vegetation 
itself but also for water demands of other sectors, notably agricultural irrigation 
(Feger 2007). A key challenge for land-use practitioners and planers is to harmonize 
and/or to optimize the wide range of multisectoral forest benefits without detriment 
to water resources and ecosystem function (Calder 2006; Calder et al. 2007b). There 
has been promising efforts to strengthen research activities of ‘eco-hydrology’ as 
new discipline within traditional forest sciences (cf. Angelstam et al. 2005).



36720 Multidimensionality of Scales and Approaches for Forest–Water Interactions

Forest Measures for Flood Protection

A river catchment is a complex living ecosystem, which means that it is a large, 
interconnected web of land, water, vegetation, structural habitats, biota and the 
many physical, chemical and biological processes which link these among them-
selves and with the embedded settlements and their infrastructure. The duality of 
use and protection of the landscape is irresolvable as long as people live from and 
on these areas.

As long linear ecosystems, rivers and streams are particularly vulnerable to 
fragmentation. The structural diversity and flow continuity of river courses are 
major points of focus in mountainous regions and respective floodplains. Likewise, 
of great importance is the linkage between the amphibious, aquatic habitat and the 
adjacent land area (SMUL 2000; Tockner 2007). It is logical that the structural 
diversity declines, when the river courses are tangent to or cross settlements and 
transport infrastructure in narrow valleys. There, the technical hydraulic precepts 
are generally valid, which require an unhindered discharge with minimal water 
levels (Sönnichsen 2005).

The following shows how the flood mitigating potential of forests can be pur-
posefully developed. There are two complexes of measures that should be 
distinguished.

Measures to reduce runoff formation – Forestry practices minimize runoff 
formation or at least reveal a delayed peak occurrence. This complex of measures 
covers the entire spectrum from the forest maintenance through the forest conversion 
(site plasticity and functional diversity of the forests) up to afforestation.

Measures to mitigate the adverse impacts of running waters – The damaging 
impacts of floods and running water are mitigated punctually by individual trees at 
critical sites, and through forest structures (e.g. groves) along the water courses. 
Individual trees can stabilize margin areas and forest structures increase the site 
roughness, which is able to reduce the flow velocity and retain sediments as well 
as flotsam (Initiative Weißeritz-Regio 2007).

Landscape

A stable structured successional mosaic of trees ensures meaningful flood generation 
prevention. This is due to the fact that close-to-nature forests are adapted to the 
natural site conditions. Hence, such forests represent the best flood prevention that 
the nature can provide). Through its biodiversity (tree species composition – high 
number of species and low number of individuals, shrubs, ground vegetation and 
organisms in the forest floor and mineral soil layers) forest ecosystems possess a 
high capacity for self-organization and are therefore less destructible (wind, snow, 
pests/calamities). They provide as well a protection belt for water bodies.

Therefore, related forestry measures must not only to be seen under an economic 
point of view, but primarily in the light of site adaptation and ecological interactions 
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which in synergism contribute significantly to flood mitigation. Due to the long 
development of trees, the achievements of afforestation or forest conversion can only 
be evaluated with a distinct lag of time. Thus, an overall monitoring plan covering 
measures in forestry and nature conservation is needed to observe the efficiency of 
such measures in space and time.

In general an increasing elevation implies a temperature decrease and a precipi-
tation increase. So, to be sustainable, forest conversion and afforestation measures 
have to take into consideration the height dependency of the potential natural veg-
etation, along with the site specific soil and landscape features, these lead to a 
highly diversified pattern.

Forest Conversion

Forest conversion is the gradual conversion of monocultural even-aged (mostly 
coniferous) plantations into site-adopted mixed forests, which are quasi natural 
with respect to ecosystem stability and elasticity. Such silvicultural measures serve 
primarily not the flood prevention but the structure quality, the stability, and other 
beneficial effects of forest land-use.

Afforestation

In many agriculturally dominated landscapes a general increase of forest coverage 
has to be a major goal. Afforestation in catchments is aimed to have long-lasting 
positive effects with respect to flood and erosion control. To be more specific and 
economically efficient priority areas for afforestation in the catchment should be 
defined. The methodology should be based on an integrated model-based analysis 
of runoff formation taking into account relief, geology, and soil properties (e.g. 
Naef et al. 2000; Schüler 2006; Wahren et al. 2007a).

Forest Management

The rotational maintenance of the existing stocks should be in accordance with 
forestry legislation. The multifunctional character of forests can only be controlled 
and sustainably achieved by following a balanced management plan. Thus, flood 
prevention has to be integrated in such forest management plans which may con-
tribute to preserve and even improve the water retention functions of forests within 
structured landscapes. Many synergies to other ecosystem functions and services 
and related protection aims (e.g. soil conservation, water quality protection etc.) 
can be met when establishing flood protection measures. Such include close-to-
nature silviculture with a maximum of horizontal and vertical structure and 
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provision of a continuous vegetation cover; afforestation of extended agricultural 
areas; promoting a stable mixed forest; timber harvesting and logging technologies 
depending on soil moisture regime and structure; forest road density as low as nec-
essary; water drainage from forest roads into adjacent forest areas; avoiding linear 
structures and closing of drainage ditches; implementation and preservation of 
close-to-nature retention basins in forest parts, which are sensitive to generation of 
quick runoff as well as renaturation of forest creeks, flood plains and wetlands 
(Schüler et al. 2007).

River Course

The river course contains the riverbed and the riparian zone. The maintenance lies 
often in governmental responsibility and has to assure amongst others the unhin-
dered discharge of the water. The Water Framework Directive (EC 2000) requires 
a nearly continuous permeability of the river.

During a major flood event the strain of the river banks and the riparian vegetation 
can be extremely high. The above-ground vegetation removes energy from the water 
and retards the flood wave. Thereby, river bank erosion declines. Additionally, the 
riparian soil is stabilized by the vegetation roots. The conservation measures should, 
therefore, assure a high quality. As a consequence, only site-adopted riparian vegeta-
tion which resists the high water levels next to the river should be used for new planta-
tions along river courses. Furthermore, a site- adapted forest in inundation zones 
contributes to a retardation of running water and efficient retention of sediments and 
water.

Limitation and Scales

However, the protection that forest cover provides is naturally limited (FAO 2003). 
This limitation depends on the nature of the catchment as well as on the intensity 
and duration of the rainstorm event. Thus, a maximal retention potential in every 
basin can be defined. To estimate such potentials modeling techniques, that quan-
tify land-use effects on flood formation and retention, have to be refined (Wahren 
et al. 2007a, 2008).

A lack of comprehensive data and the limitations of the rainfall-runoff-model 
systems lead to considerable uncertainties in the quantification of land-use effects 
on floods. In many cases modeling approaches neglect important aspects when 
these models are parameterized. Hence, most models just consider vegetation 
parameters (root depth, leaf area index (LAI), canopy height, etc.). Some more 
advanced spatially distributed models (e.g. AKWA-M® : Münch 2004; Münch et al. 
2007, WASIM-ETH: Schulla and Jasper 2001) also include the pre-event soil water 
storage by calculating land-use specific evapotranspiration and related soil water 
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dynamics. In addition, one should also be aware that changes in the vegetation 
cover (e.g. conversion from arable land into grassland or forest) in the mid- to long-
term will also result in distinct changes in soil hydraulic properties (infiltration, 
percolation, retention). While the descriptions of the vertical water fluxes at the 
point often use approaches with a (measurable) physical background the lateral 
fluxes are calculated with more conceptual algorithms particularly in models for 
larger scales. A reasonable prognosis of the change of lateral pathways especially 
on a larger scale is not feasible although a distinct modification by newly estab-
lished root systems or changed soil hydraulic properties realistically can be 
expected (Wahren et al. 2009). It can be stated that the land-use impact on runoff 
generation at the plot-scale can be modeled much better than the impact on runoff 
concentration in the landscape (Wahren et al. 2008).

It is commonly believed that forests are necessary to regulate stream flow and 
reduce runoff, and to some extent this is true (FAO 2005). However, the value of 
the flood reducing effect of forests compared to other land-uses decreases with the 
increase of the return period of the flood, originating rainstorm event and with 
increasing catchment size (Bronstert et al. 2003). The above-mentioned measures 
can be very effective in small or mesoscale catchments where short convective 
rainstorms with large intensities cause floods. However, in large European river 
basins, floods are caused by huge adjective rainfall events, which have a smaller 
intensity, but affect a very large area and have a high cumulative precipitation sum. 
Thus, the positive ‘forest-effect’ disappears under such circumstances becoming 
the geomorphologic factors predominant.

Finally, it has to be considered that floods are integral parts of the natural regime 
of a river. The ‘good ecological’ status of rivers as pronounced in the EU WFD (EC 
2000) also needs the occasional occurrence of flooding events in order to assure 
intact well-structured aquatic ecosystems. To minimize flood damages the inhabit-
ants should be aware of the occurrence of such events and take the flood risk into 
consideration when settling in such areas. This means that there should be allowed 
sufficient space for rivers, notably in close-to-nature forested floodplains.

With respect to flood protection nature-orientated forestry includes timber har-
vesting techniques following soil conservation standards, adapted forest road build-
ing, high stand stability and biodiversity, revitalization of wetlands and afforestation 
of suitable (‘efficient’) sites. Altogether this might contribute to reestablish the 
original water retention potential in anthropogenically disturbed river basins and 
decreasing the human-made artificial portion of floods. Model tools to quantify the 
impact of such measures on floods should consider land cover changes (vegetation) 
just as changes in soil hydraulic properties and have to be further investigated.

Water Quality

Forests and woodlands are known to produce groundwater and surface water of 
high quality. The complex interactions between rainwater, atmospheric condi-
tions, and plant–soil systems in forests have strong controls on water quality. 
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All processes controlling water quality are closely linked to water fluxes and their 
pathways in the catchment. As a consequence, the modification of water fluxes 
(e.g. by a changed climate and/or vegetation cover) will also be reflected in a 
changed water chemistry. All land-use activities will be reflected in specific 
water chemistry. On the other land-management and notably forestry measure 
can be targeted to optimize water quality. Thus, a multi-functional and sustain-
able forest management should adequately consider the protection, maintenance 
and – where necessary – the restoration of water resources. However, conserva-
tion of water quality represents a highly integrative effort encompassing various 
temporal and spatial scales of forests as components of landscapes.

In many regions of Europe water resources in forests have increasingly become 
necessary to guarantee drinking water standards. In many cases, public drinking 
water supply relies on water from forests. Most of the world‘s 105 biggest cities 
and metropolitan areas rely fully or partly on drinking water from forested catch-
ments (cf. Dudley and Stolton 2003). In general there are two strategies to provide 
urban areas with high quality water from forests: (1) long-distance transport of 
water from remote forest areas (e.g. New York, Vienna); (2) conservation and 
extension of forests in co urban areas (e.g. Mannheim, Hannover, Germany). 
According to a joint World Bank/WWF study (Dudley and Stolton 2003) it might 
economically be better and more sustainable to invest money in the establishment 
and in the target-oriented management of water protection forests rather than in 
water treatment plants. In many regions water from forests is increasingly needed 
in order to dilute water originating from other land-use systems (agriculture, urban-
industrialised areas) affected by specific symptoms of contamination. In addition, 
forest land-use in many ways facilitates aquatic wildlife including recreational and 
commercial fisheries.

With respect to water quality the EU Water Framework Directive (EU-WFD) (EU 
2000) represents an integrated legal instrument fostering the protection and sustain-
able use of water resources on the scale of river catchments and/or large hydrogeo-
logical aquifer units. With the establishment of integrated river basin management 
plans a new water pricing policy will be introduced. This may lead to the formation 
of ‘strategic alliances’ between forestry and water resource management which is 
based on the principle of recovery of costs of water services including environmental 
and resource costs. In the future this may therefore offer some opportunities for for-
est owners to increase their income by managing their forests with respect to an 
optimal water quality rather than to focus exclusively on timber sale. Such a water-
related forest management (Water management through forest management) is a 
challenge not only for practical forestry but also for forest sciences to provide the 
natural data for the necessary socio-economical evaluation processes.

In modern perceptions sustainable forestry also integrates the protection of 
water and soil resources. A crucial role in that context plays the historical use of 
forests by the society. In many regions of Europe the excessive removal of plant 
biomass had led to a severe degradation of forest soils which from their natural 
conditions had been poor before (acidification, decrease in pools of soil organic 
matter) (e.g. Glatzel 1991; Feger 1993). Accordingly the filter, buffer, and transfor-
mation functions of soils have considerably been decreased.
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Since the beginning of industrialization the emission of acidifying compounds 
has accelerated soil acidification with distinct effects on water quality (loss of 
ANC, increased concentrations of Al and heavy metals). However, soils have 
mediated negative effects on the hydrosphere as they retained considerable 
amounts of the atmospheric input (notably S, N, and heavy metals). According to 
the external loads (e.g. acid deposition) soils may have accumulated considerable 
amounts of elements which be released under modified environmental and man-
agement conditions. Armbruster et al. (2003) gave an example for such a memory 
effect (S accumulation) for forested catchments in the Eastern Ore Mountains 
(Saxony, Eastern Germany) which received extremely high S deposition during the 
period 1960 until 1990. Hence, forest management must consider the element 
pools in the soil and their potential mobilization. Since atmospheric N inputs into 
forests are still on a high level the potential ‘N saturation’ of forest ecosystems 
may also negatively affect water quality. Potential risks are elevated concentrations 
of nitrate resulting from increased nitrification even at low pH levels, but also a 
stimulation of humus mineralization (Feger 1997/1998). Notably in sandy soils, 
the buffer and filter functions of soils are mainly linked to the soil humus. With 
respect to an increasing N availability soil liming (which has become a common 
practice to counteract soil acidification) might become critical since liming stimu-
lates microbial transformations in the topsoil. An alternative to liming could be the 
application of base silicate rock materials (Kreutzer 1995, Feger  1997/1998).

The conversion of monospecific stands of even-aged conifers into unevenly-
structured mixed stands is expected to create long-term positive effects also on 
water quality. However, in the transition phase strong thinning in order to favor 
planted deciduous trees in the understorey may bear some risks with respect to 
excess mineralization (e.g. Huber et al. 2004). Therefore, smooth silvicultural tech-
niques should be applied. On the other hand, in most cases the growth of abundant 
ground vegetation has appeared to compensate for excess leaching of nutrients.

The most severe threaten of water quality from forestland may arise from major 
disturbances in the soil-vegetation system (Swank 1988). In most cases such a 
disturbance results from a sudden breakdown or removal of the forest vegetation 
(clear-cut: Likens et al. 1970; Mellert et al. 1996; wind-cast, insect infestations: 
Huber 2005). Therefore, a crucial role to ensure mostly tight nutrient cycles in 
forested watersheds is to assure permanent stand vegetation with a high degree of 
stability. Thinning and timber harvest should be achieved avoiding strong distur-
bances by regular low-intensity thinning and small-scale harvesting notably in a 
femel-type of timber removal.

According to the differing requirements of principal uses of water from forests 
(biomass production, utilization for drinking purposes, aquatic wildlife and recre-
ation) obliging guidelines for a ‘proper’ forest management with respect to water 
resources have to be worked out. Even though forest management is conducted at 
the stand scale water-related questions in forests inherently need to be addressed on 
the catchment scale. Very often there is a gap in scales (Fig. 20.4). In this context, it 
can be helpful to think of water moving through three contiguous zones within a 
catchment: the adjacent land, the riparian zone and the aquatic zone. The riparian 
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zone with it’s highly hydromorphic soils is a crucial interface controlling element 
fluxes from the terrestrial to the aquatic systems (e.g. Armbruster et al. 2000).

Nevertheless, the catchment approach has to be combined with the traditional 
stand-based plot approach in order to obtain a reinforced understanding of underly-
ing processes in water and nutrient cycling. Beside the study of interactions of 
water on its way through various types of forested catchments an experimental 
approach is essential. Short-term forestry operations (harvesting, thinning, road 
construction, fertilisation/liming) have to be studied in model catchments as well as 
effects of changed silvicultural concepts (e.g. conversion of conifer plantations into 
age-structured mixed stands) on various time scales. Long-term silvicultural 
manipulation experiments on the catchment scale appear to be essential in order to 
generate controlled side-conditions for a successful interdisciplinary research.

Modelling of water and element fluxes has to be developed further as a valuable 
tool to link processes on various temporal and spatial scales in catchments. Up-to-
now most models are restricted to the plot scale and need a considerable amount of 
‘point information’. The application of such models on the landscape scale using 
GIS and regionalisation techniques will be a major research challenge.

The following research topics should be integrated in a landscape based research 
strategy (cf. Andersson et al. 2000, 2005):

To define the relationships between natural site conditions, forest management  –
and keeping water quality standards (e.g. for drinking water)
To improve understanding of element cycling (notably on ‘gaps’ such as gaseous  –
losses, lateral flows)
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Fig. 20.4 The scaling diagram; linkage of various spatial dimensions
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Preferential flow and seepage water quality –
To predict potential effects on sink-source conditions at forest sites (climate  –
change and forest management: thinning, forest transformation, afforestation)
To detect ecosystem indicators for water quality –
To establish concepts of nutrition management which integrate forest growth  –
and vitality with soil functioning and water quality
To quantify the contribution of forest management to water quality including  –
aquatic biodiversity as a basis for the implementation of EU-WFD
To estimate the effects of a changing climate on nutrient cycling and associated  –
drainage losses

In conclusion, a multi-functional and sustainable forest management should ade-
quately consider the protection, maintenance and – where necessary – the restora-
tion of soil and water resources. However, conservation of water quality represents 
a highly integrative effort encompassing various temporal and spatial scales of 
forests as components of landscapes. The objective to optimize water quality on a 
landscape scale necessitates a superordinated planning approach which harmonizes 
other forest functions in the landscape.

Conclusions

Forests in good condition on appropriate sites present land use category most •	
suitable for retaining water and reducing discharge. The function of forest to 
reduce runoff is decreasing with top soil compaction, the current saturation sta-
tus and the character of precipitation. Forest gradually loses its capacity to retain 
high runoff when critical amount of precipitation is reached in cases of short and 
intense precipitation events in small areas; long lasting intense precipitation in 
large areas and intense precipitation in large areas, when soil water saturation 
was already reached (mainly in spring and autumn). 

Forest management activities which can influence the water status (quality and •	
quantity) of forests are: Frequency, intensity and technique of harvesting; tree 
species composition; crown density, cover percentage; distribution of growth 
classes; vertical and horizontal stand structure; forest regeneration, ground veg-
etation; coarse woody debris. The efficiency of forest management on forest 
hydrology can be determined through five different indicators: Concentration of 
pollutants in the water; nitrogen concentration in the water; sediment loss/ero-
sion; runoff; water temperature. The best forest managerial practice as close to 
nature forestry is most suited in stable environmental conditions for optimizing 
forest hydrological functions.

By gradual shifting of climate parameters across the European gradient a new •	
demands from forests emerges. Predicted scenarios of global warming required 
determination of two basic limits of forests: what are the limits of forests to 
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reduce runoff and flooding under conditions of more extreme precipitation 
events and what are the thresholds for forests and related biodiversity to survive 
more intensive droughts. The current accelerating changes of hydrologic cycle 
across EU gradient and related uncertainties present new challenge for policy 
makers and scientists to determine most efficient forest adaptation measures in 
cases of droughts and landscape orientated measures to reduce flooding. These 
questions put additional pressure on scaling towards explaining and transposing 
various tree orientated physiologic processes on landscape level to secure timely 
feedback by forest management to reduce ancillary stress.

A multi-functional and sustainable forest management should adequately con-•	
sider the protection, maintenance and – where necessary – the restoration of soil 
and water resources. However, conservation of water quality represents a highly 
integrative effort encompassing various temporal and spatial scales of forests as 
components of landscapes. The objective to optimize water quality on a land-
scape scale necessitates a superordinated planning approach which harmonizes 
other forest functions in the landscape.
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Introduction

Forests occupy about one-third of land area and can be classified according to 
numerous characteristics including geographical location, seasonality and floristic 
composition. They affect the hydrology of watersheds by soil water uptake, transpi-
ration, runoff interception, and through various effects on regional microclimate. 
Water, geomorphology and climate, in turn, strongly influence the structure and 
function of forest ecosystems. Mutual relations between forests and the water cycle 
are thus highly complex and not easy to understand.

Quantitative modelling is an effective approach for characterizing the 
 consequences of forest functions at different spatial and temporal scales. Functional 
relations between independent and dependant variables are often established 
through power laws which are scale invariant. One of the most widely applied scal-
ing relations is the allometric equation, originally introduced by Huxley (1932):

 
0 ,bY Y M=  (21.1)

where Y
0
 is a constant which varies with the type of structural or functional variable, 

M a size measure such as mass, diameter, circumference or length and b is an allo-
metric scaling coefficient.

Scaling is applied in many contexts and commonly refers to quantifications of 
object or process similarities across spatial and temporal dimensions. A scale is 
defined by both grain, the finest level of spatial or temporal resolution, and extent. 
The establishment of scaling rules requires quantitative characterizations of spatial, 
temporal, organizational levels and system boundary conditions. Reciprocal relations 
between system components and their dynamics are quantified by experimental 
observations and mathematical modelling.
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Scaling across different scales involves at least five procedures which will be 
explained in the following sections using different examples: First, the process of 
interest must be defined by quantitative modelling approaches. Second, the spatial 
and temporal dynamics and ranges of the process must be specified. Third, the 
 relative importance of model parameters and variations of driving variables across 
different scales must be understood. Fourth, methods for translating models from 
one scale to another must be explored and declared if this is possible. Fifth, the 
approach must be validated across the defined scaling range and possibly in different 
environmental contexts to assert its universal applicability.

Application of Scaling in Forest Ecohydrology

Allometric relations between tree organ characteristics have been established and 
tested in many ecological studies to determine of tree biometric features and 
consequences for forest–water relations. Stem diameter at breast height is one of 
the most widely applied tree measures in practical forest management. Cermak 
et al. (1998), for example, used this information to calculate tree and crown base 
heights with

 /[1 exp ] ,x b ch a −= −  (21.2)

where x is the tree diameter at breast height and a, b and c are empirical fitting 
parameters. The Raleigh equation was applied in this study for determining vertical 
needle distributions in Scot pine crowns:
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 is the tree top height, h the crown layer height at level i and P
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 are parameters which must be determined in field experiments. Total needle area 

and density distribution were finally determined using either information of tree 
diameter at breast height or basal area, and by applying a second order polynomial 
function. Karlik and McKay (2002) followed a similar procedure for determining 
allometric relationships in an oak stand in the Sierra Nevada. Using data from 45 
tree species of the tropics, Enquist et al. (1999) established a mass-production law 
as a function of basal stem diameter D that is explicitly independent of wood 
density:
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 (21.4)

where M is the tree mass and C
G
, C

B
 and C

G
 are proportionality constants. In spite 

of a wide variation in growth rates they concluded that production within  species 
scales with M 3/4 and relative growth rate (1/M)(dM/dt) with M−1/4. In a strongly 
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discussed paper about a general model for the origin of allometric scaling laws in 
biology, West et al. (1997) postulate that for biological rates, times and dimensions 
the exponent b in Huxley’s equation takes on a limited set of values which are 
multiples of 1/4; they include (West and Brown 2005) metabolic rate (b»3/4), 
lifespan (b»1/4), growth rate (b»-1/4) and tree height (b»1/4). They further pro-
posed a model based on fractal geometry and their quarter power law to quantify 
the structure and allometry of plant vessel-bundle vascular systems and their effects 
on whole plant hydraulic conductance (West et al. 1999). It is based on the assump-
tion that scaling of morphological and anatomical features follows an allometric law 
that is universal for all branches and plant species (Mencuccini 2002). Kozlowski 
and Weiner (1997) cautioned that interspecific allometries per se do not reflect any 
functional relationships and are a result of optimization. Based on extensive studies 
Becker et al. (2000), Meinzer et al. (2005), Mencuccini (2002) and others showed 
that water transport does not necessarily scale universally with tree size, because 
partial buffering of hydraulic resistance from transport path-length effects can occur 
even for moderate tapering. Based on theoretical considerations, Mäkelä and 
Valentine (2006) have even demonstrated that hydraulic resistance is not constant in 
a fractal arrangement of tapering tubes with equal transport properties.

This brief account of a controversy draws the attention to an important question 
which is frequently raised in different contexts: Is scaling useful overall? West et al. 
(1999) view the complexity of plant ecophysiology from a high level of integration 
which facilitates the establishment of simple allometric relations that are universally 
applicable under practical forest management conditions. Kozlowski and Weiner 
(1997) demonstrated that interspecific allometries arise from intraspecific patterns 
which are not necessarily universal applicable. However, both theories assume that 
energy allocation is optimized (Cates and Gittlemen 1997) which is important from 
a methodological point of view since logical connections between top-down and 
bottom-up approaches are established. This example demonstrates that scaling is 
useful in at least four different ways: (1) It supports search for universal relations 
and patters which has practical implications. (2) Theories must be expressed in the 
language of mathematics which eliminates the ambiguities associated with descrip-
tive approaches. (3) Required validations of underlying theories reduce uncertainties 
in model predictions. (4) New research is motivated when theories fail.

Huxley’s law has not only been applied in quantifying allometric relations of 
single trees, but also for characterizing processes and patterns at larger scales. 
Yoda’s law is another widely applied example (Yoda et al. 1963). It relates plant 
density d with average plant biomass w:

 3/2 1/2 ,w k d or B k d− −= =  (21.5)

where k is an intrinsic constant whose value depends on growth form and B the 
shoot biomass per area. The law rests on the assumption that the canopy maintains 
a 100% cover (Yoda et al 1963) or has reached its ceiling LAI (Sackville Hamilton 
et al. 1995). The average interaction between individuals is believed to become 
constant at this stage and hence should result into regular self-thinning (Li et al. 
2000). A controversial discussion similar to the one above revolved around Yoda’s 
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law which has been extensively covered in the literature (Lonsdale 1990; Weller 
1991; White 1981; Roderick and Barnes 2004; Sackville Hamilton et al. 1995). In 
spite of this controversy, relations between sizes, masses and densities can be 
established with reasonable accuracies (Enquist et al. 1998; Pretzsch and Mette 
2008) and provide the basis for practical model applications in forest water 
management.

Canopy architecture influences forest microclimate and water transport into the 
atmosphere in many ways. Under near neutral conditions, vertical distribution and 
variation in wind speed are often quantified with the logarithmic scaling law 
(Kaimal and Finnigan 1994):

 *
( ) ln ,

m

u z d
u z

k z

−
=  (21.6)

where u(z) is the wind speed at height z, u* the friction velocity, d the displacement 
height, z

m
 the roughness length, and k the von Karman constant. The terminology, 

practical application and theory are extensively covered in the literature (Brutasert 
2005, Barenblatt and Chorin 1998, Campbell and Norman 1998). Vertical distribu-
tions of mass, heat and momentum have been inferred from the logarithm law, but 
the underlying theory (e.g. “K”-Theory) has been criticized, particularly in the con-
text of forest studies. Heat transfer becomes strongly ejection dominated under for-
est conditions, while momentum transfer is still related to sweeps or gusts. Such 
countergradient conditions cannot be characterized with the K-theory (see Kaimal 
and Finnigan 1994; Finnigan and Raupach 1987 for a detailed discussion). 
Unfortunately, alternative higher-order closure or Langrangian solutions require 
complicated instrumentation and extensive parameterization which prevent the 
practical implementation of these methods (Langensiepen 2008).

Evapotranspiration is the connecting link between the forest’s water and energy 
balances. A scaling relation must be employed to account for dynamic changes in 
energy and water supply to allow for extrapolations of tree water uptake in space 
and time. Hatton and Wu (1995) suggest that leaf area L is the most appropriate 
covariate of tree water flux T:

 ,f
sT a I L b L= + Ψ  (21.7)

where I is the radiation intercepted by the foliage, y
s
 the soil water potential, f a 

scaling exponent, and a and b are model constants. The equation can be summed 
over all individual trees to obtain stand water use. Another scaling equation has 
been proposed for estimating the effect of forest cover F on water discharge Q from 
a drainage area A (Mosley and McKerchar 1993; Thomas and Benson 1975):

 ,b c d eQ a A P F I=  (21.8)

where P is precipitation, I soil infiltration and a, b, c, d, and e are fitting parameters. 
It is interesting to note that the outputs of both equations depend on the extent of 
forest cover (e.g. L and F) while stomatal control of tree water flux is totally 
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neglected. McNaughton and Jarvis (1991) provide evidence that this approach is 
justified for larger scales where ratios of leaf to boundary-layer and canopy to 
 surface air layer conductances are large. They showed that at each level of scale a 
control system can be treated as a component of a larger scale system. Changes in 
stomatal conductance cause proportional changes in vapour transport at the extremely 
small leaf patch scale. Negative feedback loops at the much greater leaf and canopy 
scales reduce the sensitivity of the system to stomatal control. It becomes com-
pletely dominated by feedbacks through the planetary boundary layer at the regional 
scale when water availability does not limit transpiration. Stomatal control becomes 
important, however, when canopy conductance is small. This case demonstrates that 
the relative importance of small scale processes must be known to allow for simpli-
fications at larger scales. Such certainty can only arise from modelling which is the 
initial and probably most difficult part of scaling analyses (Barenblatt 2003).

Many forest models were developed based on long-tem observations, but 
increasing fluctuations of environmental and societal conditions prevent the future 
application of such models. Kimmis (2008) quotes German growth and yield tables 
in this context which were developed in the late 1700s and based on 50 years of 
observations. They proved to be eventually inadequate as landless peasants had 
reduced soil-fertility.

Reductionist scaling is a measure of our ability to understand the complexity 
of systems. Search for model similarities across different scales enhances our 
understanding of complex forest ecosystems. Models are thus indispensible 
 prerequisites for scaling studies. Different models and scaling examples have 
been outlined in this section. The following section extends the discussion to the 
organismal and molecular levels.

Functional–Structural Plant Models and Systems Biology

There are two concepts, which form a common basis of many models and are suited 
for interfacing adjoining scales, structure and function. Quantifications of  structures 
provide information about how parts of a system are geometrically related to each 
other. Functions are employed for mapping one or several system input variables to 
an output. Interrelations between functions give information about the sequence of 
logical events in a system.

Based on empirical work of the Danish botanist Peter Boysen Jensen (1932), 
Masami Monsi and Toshiro Saeki were the first to formulate a model which 
accounted for the mutual relation between plant canopy structure and one of its 
most important functions, the production of biomass (Monsi and Saeki 1952). It 
provided the theoretical basis for calculating photosynthetic production of plant 
communities based on light–response curves of single leaves. Although the paper 
was written more than 50 years ago it is still a source of inspiration for plant ecolo-
gists (Hirose 2005).
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Today, the characterization of plant architecture is carried out with three alternative 
approaches (Godin 2000): (1) tree graphs, which encode the topography of con-
nected plant organs (Prusinkiewicz and Lindenmayer 1990; Kurth 1994); (2) 
graphical information about the spatial orientation of organs, which must not neces-
sarily be connected with each other; and (3) three-dimensional cells, called voxels, 
which carry statistical information about the plant organs they enclose (leaf area 
density, orientation distribution, etc.). The three methods are applied in quantifying 
the exposures of single plants against their aerial and soil environments, as well as 
for characterizing the geometrical composition and extent of plant canopies.

Using structural information, it is possible to localize and quantify functional 
relations between plant organs and their physical and biological environments at 
different spatial and temporal scales.

At the canopy scale, dynamic changes in boundary layer flow and exchanges of 
mass, energy, and momentum strongly depend on the geometrical exposition of 
leaves against air-movement. Accurately defining flux-profile relations above and 
within vegetation canopies still poses a major challenge (Raupach 2001; Kaimal 
and Finnigan 1994). Since the relations between biological processes at canopy or 
plant scales and external state variables are often non-linear and difficult to quan-
tify, Chelle (2005) recently proposed that microclimate research should be focussed 
more on the physical environments perceived by individual plant organs instead of 
whole plant communities. The novelty of this approach is the implicit use of 3D 
structure for integrating local interactions between organs and their aerial environ-
ments over whole plant communities.

Detailed knowledge about spatial patterns of environmental conditions is an 
important prerequisite for facilitating simulations of fluxes and information in 
plants. A good understanding of the processes that govern water transport is of 
particular importance, because they have a major influence on gas exchange prop-
erties and, ultimately, on the physiological ecology of plants (Mencuccini 2003; 
Schulze 1991). The hydraulic architecture approach unites three often differently 
treated quantitative concepts of characterizing plant–water relations, the Van den 
Honert approach, the cohesion–tension theory, and quantifications of vessel and 
branching anatomies (Cruiziat et al. 2002).

Hydraulic (Meinzer 2002) and chemical (Srivastava 2002) signals propagate 
through the hydraulic system and affect stomatal control of vapour diffusion into 
the atmosphere. The generation, propagation, and perception of these signals are 
interrelated with other plant processes such as carbon and nitrogen metabolisms 
(Stitt 1994). Fluctuations in root zone water availabilities, for example, alter the 
relative rate of nutrient uptake and circulation, which affect the xylem sap pH and, 
in consequence, the partitioning of abscisic acid within the stem circulation system 
(De Boer and Volkov 2003). Changing water availability also affects the pressure 
within the phloem, thereby altering carbon relations and sugar metabolism 
(Schulze 1991; Stitt 1994). Metabolic signalling networks related to nitrogen and 
carbon dynamics (Stitt and Fernie 2003; Stitt et al. 2002) thus interact with hormone 
signalling pathways to control photosynthetic gene expression and primary 
production (Paul and Foyer 2001).
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Systems biology aims at examining and understanding the entire structure of 
cellular and organismal function (Kitano 2002). Three types of information are 
required in such analyses (Minorsky 2003): First, the expression levels of a large 
number of mRNAs, proteins, structural polymers, and metabolites must be simul-
taneously measured. Second, molecular changes must be determined at a high 
temporal resolution. Third, the spatial location of molecular processes in plants 
must be determined at the level of the cell type. The question is, whether this 
reductionist approach does not impede progress in understanding plant func-
tioning at larger scales as there are billions of possibilities how molecular 
components can be fitted together. In light of the extraordinary complexity of 
plant biological systems it seems unlikely that unique solutions to the puzzle can 
be found (Sweetlove and Fernie 2005). There are exciting studies, however, 
which show that even the currently available noisy protein maps can be used for 
exploring the organization of biological networks, and to reveal interconnected 
modules, which control specific biological processes (Uetz and Finley 2005). 
Highly connected molecules, termed as ‘party hubs’, function as central compo-
nents of large complexes, which only become active when the rest of the complex 
components are present. Specific proteins called ‘date hubs’ only become active 
at particular times with different partners (Aloy and Russell 2006). Based on this 
information it is possible to establish the node architectures of cellular networks, 
which seem to be scale-free. The probability that a node has k links can be calcu-
lated with (Barabasi and Oltvai 2004):

 ( ) ,P k k−γ∼  (21.9)

where g is a degree exponent which determines the role of hubs and takes on values 
between 2 and 3 in most biological networks. It is remarkable that such  networks 
share common principles with engineered networks, namely modularity, robustness 
to component tolerances, and use of recurring circuit elements. A detailed intro-
duction to the exiting new area of systems biology can be found in Alon (2007).

The application of the highly formalized syntaxes of mathematics, software 
languages and database standards promote exchange of knowledge across the 
disciplines which have been mentioned so far. It must be cautioned, however, that 
model-based exchange in multidisciplinary research is only effective when model 
components are based on explicit knowledge structures (Boulton et al. 2005; 
Holyoak and Morrison 2005). A model always evolves in certain contexts, such 
as molecular plant biology, soil physics or meteorology that may be inaccessible 
to someone working in a different discipline. It is the joint use of standardized 
languages, mathematics, protocols, formalisms, and data structures which facili-
tates multidisciplinary dialogue and evolution of complex knowledge structures. 
This evolution would be impossible without maintaining disciplinary boundaries 
which ensure that each part of a model is based on firm conceptual knowledge.

The following section provides a brief overview of the model-based reasoning 
process which serves as a starting point of any scaling activity. The subsequent section 
focuses on the process of dimensional model analysis from which scaling laws 
 eventually emerge.
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Model-Based Reasoning: The Connecting Link Between 
Observation and Quantification

Model construction is initialized by the desire to solve problems which are perceived 
through cognitive skills (Holland et al. 1986; Johnson-Laird 2001; Rodgers 2000) 
and then mapped into a hypothetical solution structure which can be expressed in 
linguistic, formulaic, and imagistic informational formats (Nersessian 2002).

Writing an executable model requires the formulation of an abstract logical 
framework, which does not leave room for the ambiguities of everyday language. 
This goal can only be attained by using the symbolic language of mathematics 
(Steiner 2001; Spelke 2005; Dehaene 1997; Thagard and Zhu, 2003). Unlike 
human language, mathematical syntax consists of a very restricted set of symbols 
and rules. In order to transform linguistic statements into a mathematical form, a 
modeller must analyze the inner structure of a problem and use logical reasoning 
for creating alternative theorems that can be proven or falsified (Nersessian 1999; 
Ferrari 2003; Varley and Siegal 2000; Rodgers 2000).

After the logical structure of a mathematical model has been specified, the con-
stants of its equations must be determined for matching simulations with reality. 
This procedure is termed “parameterization” and is accomplished by statistical 
analyses. When parameters cannot be determined precisely, sensitivity and 
 uncertainty analyses (Cacuci 2003) are carried out for quantifying the effects of 
parameter variations on simulation precision. It is also possible that the complexity 
of a biological system prevents the complete identification of a model. Gadkar et al. 
(2005) proposed an iterative solution for this problem based on a parametric 
 sensitivity analysis through the use of the Fisher Information Matrix and applica-
tion of the State Regulator Problem algorithm for estimating the unmeasured quan-
tities of complex biological system models. The results are used for defining 
experimental procedures that generate the most informative measurements for the 
subsequent iteration.

Model validation is a statistical process where systematic and random patterns 
in the experimental and modelled results are quantified and compared against each 
other (Refsgaard and Henriksen 2004). Since it is almost impossible to define the 
boundary conditions of biological systems it is hardly possible, however, to ascer-
tain that plant simulation models provide accurate predictions. The usefulness of 
model validation is thus frequently debated amongst modellers of environmental 
systems (Oreskes 2003). It is a question whether such debates could ever lead to 
fundamental recommendations for the model validation process as there are serious 
doubts about whether reasoning can lead to finding absolute truths at all (Steiner 
2001). Regardless of this philosophical issue there is no doubt, however, that 
modelling is a crucial search instrument for testing alternative research hypothe-
sises and optimizing engineering procedures (Pearl 2000; Passioura 1996).

Search is based on goal-satisfaction constraints which lead to the formulation of 
a particular model whose simulation is tested against a target domain. When initial 
expectations are not met, hypothetical solutions for the unexpected problem sources 
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are added to the model, which is then tested against the target domain and possible 
additional constraints. This procedure is iterated until a converging solution is 
found (Nersessian 2002). As close-formed solutions can seldom be found, numerical 
techniques are often used for approximating the dynamic behaviour of biological 
systems (Press et al. 2007). Various techniques of mathematical optimization can 
be employed for minimizing errors of model predictions (Snyman 2005). Search 
can also be supported by the application of computational intelligence, such as 
artificial neural networks, fuzzy systems, belief networks, and evolutionary compu-
tation (Konar 2005; Pearl 2000).

Scale Identification and Scaling

Scaling and modelling are coupled processes which require an identification of 
relevant spatial, temporal and organizational scales. Scales are observer-dependant 
criteria and must be appropriate for the phenomenon of interest. An experienced 
observer, well informed about the dynamic behaviour of system components, is 
able to make proper choices of scales (Haefner 2005). The application of statistical 
techniques can further support the identification of scales.

Autocorrelation analysis is employed to test whether there is any systematic pattern 
in the spatial distribution of an entity (Dale 1999) or if a variable is significantly 
dependant on a variable at another location (Turner et al. 1989). Spatial patterns of 
two species can be identified with different covariance techniques. The method of 
multiscale ordination is applied in detecting vegetation patterns at different scales 
(Noy-Meir and Anderson 1971; Ver Hoef and Glenn-Lewin 1989) and to relate 
them to underlying gradients such as water availability (Turner et al. 1989). The 
purpose of spectral analysis is to identify characteristic length scales which explain 
variability in data sets. Patterns in these sets are compared against the courses of 
the known forms of sine or cosine waves. The method is related to the Fourier 
transform technique which is applied to simplify complicated periodic functions in 
the same manner. Discrete Fourier Transform (DFT) decomposes a set of values 
into components of different frequencies. The Fast Fourier Transform (FFT) tech-
nique produces the same results but is much faster. Fractal models can be applied 
in analysing landscape structures and functions at multiple scales and for providing 
information about their grain and extent.

Extrapolating ecosystem processes across different scales requires a good 
understanding of the role of spatial heterogeneity in ecosystem processes. Wiens 
(2000) distinguishes between four forms of heterogeneity: spatial variance, pat-
terned variance, compositional variance and locational variance. The degree of 
heterogeneity and responses of organisms are scale-dependant. Inferring mutual 
relations between heterogeneities and responses using spatial data alone would 
violate nearly every requirement for parametric statistical analysis (Meentemeyer 
and Box 1987). The relative importance of model parameters at different scales 
must thus be well understood. Scaling is facilitated when parameters values are 
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determined from self-similar structures. Barenblatt (1996, 2003) provides a general 
guideline how to achieve this goal:

The basic requirement is a model with independent variables, parameters deter-
mined from experimental analyses, as well as specifications of initial and boundary 
conditions. The development of the scaling law is then based on dimensional 
analysis which establishes relationships between quantities which characterize a 
phenomenon of interest:

 
1 1( , , , , , ),k ma f a a b b= … …  (21.10)

where a is the quantity to be determined and b
1
,…,b

m
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The function under study is then expressed in a dimensionless form F (e.g. the 
similarity law)

 1 2( , , ).Π = Φ Π Π…  (21.12)

which has fewer arguments than the original expression:
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The scaling law becomes valid when the function F can be replaced by its finite 
non-zero limit C
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in which the dependant arguments b
1
, b

2
,…b

m
 of the original parameter set disap-

pear and the powers p,…,r are determined through dimensional analysis.
Spatial heterogeneity constraints the application of scaling laws to certain dimen-

sions. Model grain and extent can be manipulated to translate models across specified 
range of scales. King (1991) proposes three different methods for this purpose: 
(1) Lumping where parameter values are varied depending on scale, a procedure 
which is also called calibration. It assumes that the mathematical structure of the 
model does not change with scale. The method produces large scaling errors when 
ecological processes have a non-linear behaviour. (2) Extrapolation by increasing 
model extent either through direct extrapolation or expected value. Grain remains 
constant during both processes. Small-scale models applied to characteristic land-
scape elements are simply summed up with the first approach. The method can 
become impractical however when local models consist of large sets of differential 
equations which must be solved numerically. The second approach assumes that 
larger-scale representations of small-scale processes are the product of the landscape 
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area and the outputs from small-scale models. The frequency distribution of the variables 
describing landscape heterogeneity must be known for this purpose. (3) Upscaling 
through explicit integration is based on the assumption that spatial heterogeneity can 
be quantified by a set of functions of space. Complex, nonlinear models cannot be 
integrated analytically, however, and often prevent the practical application of this 
method (King 1991). Lumping and direct extrapolation are the most common methods 
of spatial scaling (Haefner 2005).

Conclusion

Forestry is the art, practice and science of managing forested landscapes in sustainable 
manners. Disturbances of forest systems by global change and increasing environ-
mental fluctuations require a better understanding of the driving mechanisms to 
achieve this goal. Expressing knowledge by the language of mathematics provides 
the basis for better predictions of environmental and human effects on forest ecology. 
The ability to link models across different scales of forest system organizations is a 
measure of our understanding of forest complexity. The concept of scale is relatively 
old and can be traced back to the early twentieth century. However, the complex, 
interdisciplinary and quantitative nature of scaling and its importance for an 
improved ecological understanding has been recognized only recently (Schneider 
2001). Laws evolving from scaling analyses have a huge practical relevance, because 
they provide practical access to the complexity of interactions between forests and 
their environments. It is amazing that the same mathematical relations can be 
applied in quantifying interactions in protein networks (Barabasi and Oltvai 2004; 
Alon 2007) and self-organization in ecosystems (Sole and Bascompte 2006). 
However, this positive outlook should not deceive us to disregard the division 
between science and management. Humans are the major drivers of forest change 
(Kimmis 2008). A thorough understanding of resulting effects requires fusions of 
ecological and socio-economic concepts which are still rare.
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Introduction

Water cycles and forest growth cycles are co-dependant, in that water movement 
through an ecosystem drives forest growth, and forest growth has fundamental 
influences on water cycling. Neither process can be successfully modeled without 
proper consideration of the other. Water is one of the key factors in determining 
land cover, and in many environments limited precipitation is the determinant of 
whether a forest or non-forest biome will be found. Forest management practices 
may have a substantial impact on how water-related processes are affected by 
interactions with vegetation.

Water enters terrestrial ecosystems from (i) the atmosphere by rainfall, (ii) the 
snowpack by melting, (iii) lateral inflows like flooding, and (iv) the ground water 
table by soil water recharge. Rainfall is partially intercepted by the canopy. If the 
amount of rainfall exceeds the potential canopy interception, it is routed to the soil 
water pool. Water is released from a snow pack and adds to the soil water pool, if 
the energy input from temperature and radiation exceeds the energy of melting. 
Lateral water inflow occurs when water input from rainfall or snowmelt exceeds the 
capacity of standard water discharge routes, e.g. brooks and rivers.

The upper limit for soil water content is the soil porosity, which equals the total 
volume of soil pores. Ground water recharge, of the soil volume accessible by 
plants, occurs only if the soil water content falls below the field capacity. Field 
capacity is equal to the soil water content when the gravitational force is equal to 
the retention force of soil water potential and is lower than soil water saturation. 
Below the field capacity, the upward pressure of the soil water potential exceeds the 
downward pressure from gravitation. The amount of ground water ascent is defined 
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by the net upward force and the soil hydraulic conductivity, which depend on soil 
texture and soil water content (Pietsch et al. 2003).

Water leaves the ecosystem by soil evaporation, snow sublimation, soil water 
outflow and plant transpiration. Evaporation of soil water is governed by the 
 atmospheric vapor pressure deficit and the temperature. Sublimation of snow water 
is determined by the radiation energy input. Soil water outflow includes all water, 
which is above soil water saturation and a proportion of soil water above field capac-
ity (Chang 2003).

Plant transpiration depends on the atmospheric vapor pressure deficit, leaf 
t emperature and water potential, and stomatal conductance to water vapor. 
Stomatal conductance is regulated by the leaf water potential, atmospheric vapor 
pressure deficit and temperature. Wind speed also has a direct effect on canopy 
transpiration and soil water evaporation. Forest management operations (harvest-
ing,  thinning, regeneration etc.) have a direct effect on overall transpiration, and 
are a major  influence on catchment scale water relations. The influence of forest 
health and forest management on catchment scale hydrological processes is such 
that water planning at the catchment scale cannot be complete without consider-
ing the impacts of forests (Zhang et al. 2001). Clearly then there are links and 
co-dependencies between physical, physiological and forest management pro-
cesses at all scales.

Combining processes that operate at the cellular level in short time frames (such 
as stomatal conductance) with others in up to the long-term landscape level (i.e. 
groundwater discharge) is often problematic, and so information must be adapted 
in some way so as to integrate and assess ecosystem processes at the appropriate 
spatial and temporal scale.

Information and understanding of processes is often not available at the temporal 
or spatial scale needed to provide meaningful direct outputs. Mechanistic process 
models ideally apply physically justified algorithms to observed data and 
 relationships to produce validated outputs, thus developing understanding of the 
processes involved and providing a means of testing alternative scenarios. Empirical 
models extrapolate mathematical and statistical relationships found between 
observed data to new circumstances, in an effort to predict outcomes or discover 
inconsistencies. In either case, there is often a mismatch between the temporal or 
spatial scale of the known data, the level of understanding of the processes and 
relationships, the computational power realistically available, and the desired 
outputs.

Scaling may be needed in either (or both) spatial and temporal dimensions. 
Upscaling denotes a change to a coarser, more generalized representation of the 
data, either using larger spatial units or longer temporal periods. Downscaling 
 conversely infers information at a finer resolution or shorter time period than the 
original. Caution should be taken with terminology, as there is some potential for 
confusion in that one upscales to a lower resolution, and downscales to higher 
 levels of detail. Scaling may also describe a conceptual perspective, as either 
 moving from a detailed consideration of elementary processes to a descriptive 
whole (bottom up) or vice versa (top down).
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This chapter will examine the principles of model scaling, and provide a series of 
example studies illustrating some of the means by which climatic, forest and hydro-
logical data at different scales may be adapted and combined to give results at a desired 
final scale. The interdependence of forest management and the water cycle are high-
lighted through the use of four examples drawn from current or recent research.

Scaling Options

Modeling in general may be divided into two broad groups; ‘bottom-up’ and 
‘ top-down’ approaches. Each has their uses and limitations, but issues of scale are 
common to both. Bottom-up modeling is essentially an attempt to assemble data 
and process understanding into a greater whole, while top-down modeling tries to 
disassemble observable results into their component features.

Bottom-up models begin from the point of understanding certain physical 
 processes, and combining these with data to build a representation of a system. 
These models seek to integrate as many as possible of the known factors in determin-
ing the output of a system – in the case of water modeling, issues of different vegeta-
tion types, soils, management factors and detailed climatic information are required. 
Bottom-up models were criticized in the past for excessive error  propagation and a 
resulting lack of predictive power (i.e. Mohren and Burkhart 1994), but recent 
advances have demonstrated the utility of bottom up modeling in forest water rela-
tions in many circumstances (i.e. Pietsch and Hasenauer 2002; Thornton et al. 2002; 
Pietsch et al. 2003; Merganičová et al. 2005; Bond-Lamberty et al. 2007).

Top-down models apply broad scale, often empirical relationships to generally 
easy measured data such as catchment outflow or tree diameter, and infer from this 
more detailed information regarding (for example) water usage or growth rates. 
Although error propagation is less of an issue with these models, they often lack the 
ability to account for impacts at scales finer than those used for the initial 
parameterization.

Approaches combining both bottom up and top down modeling have been 
 suggested (i.e. Zeide 2003; Wang et al. 2006), and this chapter will give examples 
of how this has usefully been applied to water catchment modeling.

Upscaling

The context/situations in which upscaling is generally relevant are (i) predictions 
of some higher level ecosystem states or processes (e.g. runoff from a whole 
 catchment, growth of a forest stand over the whole rotation period or life time), 
which typically include the attempt to generalise measurement results and 
(ii)  scenario analysis, where the ecosystem behaviour in a changing environment is 
addressed. Considering only statistical relationships for upscaling is not enough, 
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because measurements are only snap shots. The ecosystem features and behaviour 
result from multitudinous interactions/processes. Ecosystems are characterised not 
by simple (linear) relationships, but by heterogeneity in space and time.

For the description of a living ecosystem that experiences environmental 
changes, stress and human impact we need biogeochemical mechanistic ecosystem 
modeling. Such models are designed to reproduce, quantify, and describe  ecosystem 
processes explicitly including the water cycle. According to (Pacala et al. 1996) the 
three conflicting interests in modeling – simplicity, observability and biological 
realism – have to be equally addressed. In addition, scaling in space and time is a 
crucial issue for designing a well balanced model. Mechanistic ecosystem model-
ing can be looked at as a step-wise upscaling procedure. Reality, as it can be 
 measured, seen or experienced in any other way, undergoes an abstraction process 
within a model and the integration of results from field research and validation is 
an important aspect. Ecosystem processes are formalised and information on the 
state or the functioning of a system are integrated in a framework that allows 
 predictions beyond the study site or on the system development. This can be viewed 
as an extrapolation in space and time.

In the course of upscaling for modeling ecosystem behaviour, on the one hand it is 
necessary to generalize (i) processes (complex stomata regulation and conductive 
resistance into transpiration, C and N allocation), (ii) states (soil) and (iii) functions 
(species to biome, tracheae and tracheids to sapwood) and knowledge can be more 
easily applied in a broader field. On the other hand spatial and temporal upscaling can 
prompt modellers to see a process (formally believed to be described in  sufficient 
detail) in a broader context and eventually set it in a more complex  system where more 
feedback loops are integrated. What was considered as a state parameter in the smaller 
scale system may have to be considered as a variable – (i) an independent model driver 
or (ii) a component of one or more new feedback loops – in a larger scale system (e.g. 
atmospheric CO

2
 content, soil texture, soil depth – temporal upscaling).

Upscaling will be required or desirable in a wide range of modeling situations. 
In many cases the model drivers are only available at a higher temporal scale than 
the process theoretically is understood and therefore the processes must be  
 simulated at the lower temporal resolution. If the model drivers are available at a 
sufficient temporal resolution, but information on the state parameters is rough 
(typical for simulations beyond the study site), then the processes must be  simulated 
at the lower spatial resolution.

For processes being integrated from a system of sub-processes showing  feedback 
loops upscaling will be necessary if some sub-processes work on higher temporal 
or spatial scales. For a well balanced model the scales of the interfering processes 
should be similar. In other cases a process operates so slowly that it makes no sense 
to deal with it in a very high temporal resolution, or there is no need to gain more 
detailed information/outputs and so computational power and time can be saved 
working at coarser scales. Variations or information created by the more detailed 
description of a process or system may be negligible when seeing it in a broader 
context or integrating it in a larger system, and working at high resolutions may 
introduce unnecessary noise into the system.
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The major challenges and goals in forest ecosystem research are the holistic 
understanding and description of the functioning and behaviour of specific 
 ecosystems. This requires analysis on many different scales and the assembly and 
structuring of the knowledge. Thus, there is a demand for a concept of a system 
representing the real forest ecosystem. This system will comprise a high number  
of interrelated subsystems, depending on where the interests lie (e.g. forest–water 
interactions). A model of the system can be built when mathematical descriptions of 
interactions between and the processes within the subsystems can be found. Knowing 
the model drivers, a description of the functioning of the ecosystem is possible.

The development of a forest ecosystem model represents an upscaling process. 
A good example is the mechanistic model Biome-BGC (Running and Hunt 1993) 
which considers all major essential ecosystem processes and so is able to simulate 
the development and behaviour of a forest stand under specific and changing  
 environmental conditions. In the course of designing this model, the various plant 
parts (cell organelles, cells, small tissues and organs) and other constituents of the 
ecosystem were generalized into a smaller number of key ecosystem  compartments, 
such as sun- and shade-leaves, live and dead-stem, fine and coarse roots, litter and 
coarse woody debris and soil (described by its texture and depth).

The innumerable very fine and coarse scaled natural processes were reduced to 
the amount absolutely necessary for representing the key ecosystem fluxes of 
energy and the most relevant substances (carbon, water and nitrogen). Carbon 
uptake through the stomata, photosynthetic fixation and allocation within the plant, 
litter fall and mineralization, precipitation interception by the canopy, water uptake 
through roots and loss through the leaves, and many other processes more are 
 calculated as functions of several meteorological variables, physical site parameters 
and species specific eco-physiological parameters. A forest stand is regarded as 
homogenous, which means that only the dominating tree species is simulated and 
conditions do not vary within a stand. With all these simplifications fundamental 
upscaling steps have been made.

Downscaling

Downscaling is an effort to derive values at finer spatial scales or shorter temporal 
periods from information at coarser or longer levels. In many cases this is done 
simply by assuming that all values at the smaller scale will be equal to that at the 
large (soil types and depths for example are often represented as being spatially 
constant at fine scales, based on estimates of the broad-scale mean), although more 
sophisticated methods are sometimes used to ‘smooth’ the  transition. An example 
of this is used in some GIS applications when  downscaling elevation data from 
coarse to finer spatial resolutions. Temporal downscaling may assume that short 
scale values change in definable ways, and may thus be inferred from longer scale 
data. For example, if temperature over a 24-h period is assumed to follow a 
 particular sinusoidal pattern, knowledge of maximum and minimum temperatures 
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at a daily scale may be used to infer hourly values. The accuracy of these values 
will be dependant on the accuracy of the assumed pattern.

Interpolation of point data provides some semantic difficulties. In one respect it 
may be considered upscaling (from points to wider areas), but as the aim is to 
 produce more detailed information than that which is initially available it should 
perhaps best be described as a form of downscaling. Several standard interpolation 
methods may be applied to spatial data but these methods fall into one of two 
 categories: deterministic (such as inverse distance weighted methods or spline 
 functions) or geostatistical (i.e. kriging, conditional simulation). Simpler methods 
are more computationally efficient and easily understood, and are appropriate for 
functions that change relatively smoothly between data points such as climatic data, 
i.e. the truncated Gaussian filter IDW interpolations used in DAYMET climate 
interpolations (Thornton et al. 1997). Functions with discrete changes are better 
interpolated with methods that consider a wider range of points, which may have 
relevant similarities less linked to spatial attributes. Soil interpolation is a good 
example of this (Petritsch and Hasenauer 2007).

The greatest risk in downscaling is the assumption that local conditions at the fine 
scale will not appreciably impact the values obtained from the coarse scale. In some 
circumstances this assumption is justified, where conditions are effectively homogenous 
or the main drivers of the system are factors that operate over the broad scale. In other 
cases, particularly in ecological or climate modeling, local conditions have strong 
effects on the system and simply downscaled outputs may have little relationship with 
observable realities. Where coarse scale values are highly dependant on Monte Carlo 
simulations requiring random inputs (such as, for example, ecological effects of forest 
fires or management operations at a landscape scale (McCarthy and Lindenmayer 
1998)), it is dangerous to assume that these  values will hold true at finer scales. These 
simulations inherently amalgamate a large number of partly random finer scale results, 
and it is not valid to then infer information at the original fine scale.

Statistical downscaling is increasingly being applied to develop regional 
 climate scenarios from coarser scale global models, although the accuracy of 
these results is sometimes uncertain as different techniques can give signifi-
cantly different results (reviewed in Wilby et al. 2004). These techniques use 
coarse scale data as ‘predictors’ of small scale results, based on the assumption 
that the statistical relationships between coarse and fine scale values are constant. 
Care should be taken that the errors margins inherent in these relationships are 
not excessive when   considered in combination with the error margins of the 
original coarse scale values. Weather generators based on first-order Markov 
chains can be used to generate fine scale temporal data from coarser series (i.e. 
Wilks 1999; Jones and Thornton 1999).

Dynamic downscaling uses coarse results as inputs into models that operate at 
finer scales (nested models). Some downscaling techniques have been found to 
have too strong a dependence on boundary conditions supplied from the coarse 
scale data (i.e. Beltrán-Przekurat et al. 2008). Dynamic downscaling is 
 computationally expensive. In some cases results from dynamic downscaling 
require statistical readjustments (Oh et al. 2004).
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Mean Values of Fluctuating Processes

A special case of scaling is apparent in methods that infer fixed values for 
 fluctuating processes. This is commonly more complex than simply taking the 
mean of the maximum and minimum, as the relevant desired value may reflect 
processes  following non-linear patterns. Two examples presented here show 
 methods for deriving a single value for daytime temperature, and for daily stomatal 
conductance.

The length of the time step of the recursion in process modeling defines the 
temporal resolution within the model. For large scale models it may range from one 
second (ORCHIDEE, Krinner et al. 2005) to 1 month (TEM, Mellilo et al. 1993), 
but typically it is 1 day (LPJ, Sitch et al. 2003; Biome-BGC, Thornton 1998; MC1, 
Bachelet et al. 2001). Regardless of the chosen time step the model drivers with fast 
dynamics have to be adapted to fit the time step. For meteorological drivers this 
adaptation is achieved by averaging the values over the time step that is  implemented 
in the model. For a daily time step, e.g., daytime air temperature (t

DAY
), which 

affects leaf temperature during photosynthesis, may be estimated from the daily 
minimum and maximum air temperature (t

MIN
 , t

MAX
) as:

 0.45 .
2 2

MIN MAX MIN MAX
DAY MIN

t t t t
t t

− − = − + 
 

 (22.1)

Other meteorological model drivers may be fitted to a daily time step by averaging 
the values over the length of the daylight period. The length of the daylight period 
may be calculated from daily earth-sun geometry and the position on earth (Carbone 
2007). The amount of daily photosynthetic carbon assimilation is then calculated 
using t

day
 for RubisCO limited photosynthesis or mean daytime radiation for elec-

tron transport limited photosynthesis. The minimum of these is then  multiplied with 
the length of the daylight period in order to give an estimate for photosynthetic 
carbon assimilation over the modeled time step (e.g. 1 day). Note that the average 
output value of nonlinear functions (e.g. photosynthesis rate) may not match the 
output value achieved by using average values of variables (e.g. for radiation or 
temperature) in nonlinear equations. For a daily time step, the  calculated value may 
be lower or higher versus the average output value of the non linear  function. It is 
important to check that the averaging procedure does not lead to  differences in the 
mean values of the nonlinear function if calculated over multiple simulation steps.

A similar averaging approach is applied to the ecophysiological parameters 
controlling stomatal conductance (g) to water vapor and CO

2
. Stomatal 

 conductance has an upper limit (g
MAX

) which is down-regulated to actual sto-
matal conductance (g

ACT
) by environmental factors, such as leaf water potential 

(Y), previous minimum air temperature, daytime vapor pressure deficit (VPD) 
and radiation (PHAR):

 ψ= · · · ·ACT MAX TMIN VPD PHARg g m m m m  (22.2)



404 C.S. Eastaugh et al.

The variables m
x
 are multipliers with values between 0 and 1, which are used to 

reduce g
MAX

 to g
ACT

. Since radiation and vapor pressure deficit are mean values for a 
given time step the parameter g

MAX
 also needs to be averaged for the time step. 

Figure 22.1 illustrates this averaging step for daily g
MAX

 of Norway spruce.

Examples

In the following section four examples were, not was selected for demonstrating of 
scaling is an integral part of modeling water relations in forest management. Each 
example shows the relevance of forest management to water relations or vice versa, 
and how issues of scale may be addressed. The four examples examine a diverse 
range of issues regarding groundwater influences on forest growth, water runoff 
from forest roads, catchment water yield modeling and wildfire risk assessments.

Groundwater

The treeline at lower altitudes in many environments is often determined by 
 precipitation limitations. Commonly, regions with precipitation <400 mm/year 
mark the forest/steppe boundary (Zhicheng 1995; Novenko et al. 2009). The  presence 
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Fig. 22.1 Stomatal conductance of Norway spruce in Kreisbach, Austria. Measurements were 
performed every 15 min throughout the growing season 1999. The maximum of the daily average 
stomatal conductance used in a model with a daily time step results from the peak of a Gaussian 
regression as indicated by the dashed line. For Norway spruce the value of the maximum of daily 
average stomatal conductance equals 2 mm s−1
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of forest in areas with less than this level of rainfall indicates the  likelihood of 
other sources of water which must be considered in modeling or management 
scenarios.

Forest productivity is modeled using precipitation as an input, but in some 
 environments groundwater may also be an extremely important source of water for 
growth or a limitation due to flooding and soil saturation. Pietsch et al. (2003) 
studied the observed and modeled growth responses of forests in the floodplains of 
southern Moravia, and developed conclusions regarding growth responses due to 
historical land use change. A major recent change was the construction of a canal 
system in 1971/1972 that prevents spring flooding.

This implementation of the BIOME-BGC model added two daily water flux 
variables, one for flood water flux (fw

in
) and one for ground water flux (gw

in
) into 

the soil water pool, along with one nitrogen flux variable (NDep
fw

) to account for 
flood induced deposition influx to the soil mineral nitrogen pool.

Infiltration of ground water was calculated based on the deviation of soil water 
potential from water potential at field capacity. Soil water potential consists of two 
different forces counteracting on soil ground water movement. The first – gravitation 
– is acting downwards, and the second – soil matric potential given by the deviation 
from the matric potential at field capacity – is directed upwards when soil water 
content is below field capacity or equals zero  otherwise. The sum of both equals the 
amount of energy available for water ascent and drives the infiltration of water from 
the ground water table into the rooting zone (Eq. 22.3), whereby the amount of water 
ascent per day depends on soil hydraulic conductivity (Eq. 22.4)

 ∆Ψ = −Π + Π + −1 2( ) ( ),fc act wg h hr  (22.3)

where ∆Ψ =Water Potential, fcΠ = matric potential at field capacity, actΠ = matric 
potential at actual soil water content, r = soil water density, g = acceleration due to 
gravity, and h

1
 and h

2
 are potential soil water heights.

 , ( ),w ing K= ∆Ψ  (22.4)

where g
w,in

 = groundwater entry to the rootzone, and K is the soil hydraulic conduc-
tivity coefficient (Saxton et al. 1986).

Daily modeling in BIOME-BGC (using upscaled values of fluctuating processes 
described above) of stand transpiration in 6 years between 1972 and 1982 was 
tested against observations by Cermak et al. (1973, 1982). Figure 22.2 shows 
results for 1973.

Figure 22.3 demonstrates the differences in LAI dependent on access to 
 groundwater in the previous season. Catchment-wide data at a broad (annual) 
t emporal scale is used here to inform a daily stand-level model.

Validated daily results allow the construction of long-term (century scale)  
 simulations in BIOME-BGC (Fig. 22.4), illustrating the effects of watershed 
 management and different historical forest management strategies on carbon and 
nitrogen pools at a landscape scale.
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Road Runoff

Forest management operations may impact on water relations through biophysical 
or purely physical means. Forest operations such as road construction can increase 
stream sedimentation, change water runoff pathways and reduce catchment 
response times to precipitation events (Wemple et al. 1996). In this example we 
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Fig. 22.2 Seasonal course of observed and predicted stand transpiration, predicted leaf area index 
(LAI), predicted soil volumetric water content, and observed precipitation for the 1973 growing 
season under the two scenarios with and without ground water access in 1973
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(LAI), predicted soil volumetric water content, and observed precipitation for the 1974 growing 
season under the two scenarios with and without ground water access in 1973
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examine how scaling techniques may be used to reduce uncertainty in overland 
flow modeling and help to inform forest management decisions.

Water quality in forested catchments is largely dependant on the volume of 
sediment-bearing water that enters stream systems. Process models such as WEPP 
(Water Erosion Potential Prediction, Flanagan and Nearing 1995) may be highly 
scale-dependant, and give different results depending on model resolution (Rhee 
et al. 2004). An alternative approach useful in some situation is probabilistic 
modeling.

In some areas one of the main sources of sediment is contained in runoff water 
from forest roads. Eastaugh et al. (2008) studied the likelihood of sediment-bearing 
runoff water from forest roads reaching the stream network in part of Canberra’s 
water supply area. Water that reaches the stream without infiltrating will compose 
of a ‘direct’ component (where water is discharged directly from road to stream) 
and a ‘diffuse’ component where some proportion of the water will infiltrate into 
the soil. Hairsine et al. (2002) had developed probabilistic expectation of the mean 
proportion of runoff water that could be expected to travel more than 5 m from a 
drainage outlet, and the variance around that mean. By measuring the flowpath 
length from each drainage outlet in the study area to the stream network individual 
mean proportions and variances of runoff water reaching the stream (rather than 
infiltrating) was able to be calculated for each drainage outlet. The proportion of 
non-infiltrating runoff water (P) was calculated as

 

67
,out

out

V X
P

V

−
=

 
(22.5)

where V
out

 = the volume of water expected to run off the road segment (road surface 
area * rainfall depth), and X = distance from drainage outlet to stream.
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The variance (s2) of a flow volume (V
X
) reaching a distance (X) was measured 

by Hairsine et al. (2002) as

 

2
2 2*35,600(l ).

25
=

XV

X
σ

 
(22.6)

Statistical methods were then used to sum the variances of each drainage outlet i in 
cases where there was some predicted probability of runoff reaching the stream 
(P > 0) and where there was not (P < 0) (Fig. 22.5). The total proportional variance 
s2

tot
 is then calculated as
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(22.7)

where df

T

A

A
is the ratio of the diffusely connected road area to the total road area,

and z is a factor chosen to reflect the desired degree of confidence in the results.
The total hydrological connectivity (C) of the road network with the stream 

network could then be expressed as the sum of the area of the directly connected 
road segments A

D
, the summed expected proportions from diffusely connected seg-

ment areas and the associated uncertainties

 
2 .= + ±∑ ∑ ∑i iD df i tot dfC A A P z Aσ

 
(22.8)

Although the variance of individual predictions was very high, upscaling from 
the individual drain level to encompass a whole road reach reduced the uncertainty 
to such a level that the results are useful from a road management perspective 
(Fig. 22.6). Upscaling from single sites to a catchment level can increase the signal 
to noise ratio and reduce the uncertainty of the summed predictions.

Catchment Yield Modeling

Catchment level water runoff is an important issue for human water supplies and 
flood control, among other concerns. Forest management has a significant influ-
ence on water yield, but the demonstration of this in a modeling environment 
requires a series of explicit scaling steps.

The influence of forest cover on water balance dynamics was demonstrated by 
Pötzelsberger (2008) through modeling the forest transpiration in the Schmittenbach 
catchment. Evapotranspiration in the Biome-BGC model is calculated as the sum 
of evaporation, transpiration and snow-sublimation and is the main factor that 
determines how much water is potentially left for outflow from the full amount of 
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available water. The free, available water comes primarily from precipitation, but 
also from snowmelt in spring or from soil water that is already present at the stand. 
In this model, precipitation is either intercepted by the canopy or travels into the 
soil. Rainfall interception by the canopy is a function of the leaf area index (LAI). 
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When temperatures are below zero precipitation comes down as snow stored in a 
snowpack over winter. Water can sublimate from the snow but mainly evaporates 
from the soil and from the canopy. Water that does not evaporate from the canopy 
until the evening is also added to the soil water pool. Outflow is calculated as the 
difference between the amount of water that enters the soil and the amount of water 
that can be kept when the soil is fully saturated. In addition, there is slow leakage 
that consists of the difference between the amount of soil water at full saturation 
and the water that can be held at field capacity. The water regime, therefore, is a 
very dynamic system influenced by several stand and site characteristics.

Water use efficiency (WUE) is a plant characteristic that describes how much 
water is transpired to achieve a particular amount of Net Primary Production (NPP). 
The WUE is given in g C m−2 year−1 mm−1. A lower NPP/water transpiration ratio 
can be seen as negative for the plant because it needs more water for achieving the 
same amount of NPP. This has the negative implication that the danger of water 
stress is higher and so water can become a limiting factor earlier. Figure 22.7 shows 
WUE in comparison to other stand and topographic variables.

Outflows are of course strongly dependant on precipitation, which is higly 
 variable at an annual scale. To smooth some of the this variability Pötzelsberger 
(2008) divides annual runoff (summed from daily data) by precipitation. 
Figure 22.8 compares the LAI of two differently managed plots with annual 
runoff/precipitation over a 45-year period.

Figure 22.9 shows the correlation between the modeled and observed catchment 
outflows from the Schmittenbach runoff gauging station from 1981 to 2005. 
Correlation appears reasonable until 1997. Possible causes of error include: artifi-
cial snowmaking with lake water (areal spatial scope issue), deep drainage losses 
(vertical spatial scope issue), incorrect assumptions for outflow coefficients in 
 non-forest areas (downscaling issue) or uncertainties in outflow modeling.
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Fig. 22.7 Water use efficiency (g C m−2 year−1 mm−1) versus Stand age (a), predicted volume (b), 
net primary production (c), LAI (d) and elevation (e) for all plots in 2005
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Modeling from the Schmittenbach study was then applied to a management 
question regarding the protective functions of forest in the Kaprun watershed 
(Fig. 22.10, Pötzelsberger et al. 2009). An additional 3 million litres of outflow was 
modelled for the year 2005 (an extra 8%) due to forest loss from wind throw and 
beetle infestation. This has implications for flood control and slope stability.

In this example daily precipitation was modeled into daily forest growth. Results 
were summed and smoothed to an annual, catchment scale for model validation. The 
validated technique was then applied to a separate catchment for the modelling of one-
time events (wind throw, beetle damage) on longer-term processes (catchment runoff).
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The studies presented in this example demonstrate the impact of vegetation 
cover on the water cycle at the catchment scale, and show how appropriately scaled 
mechanistic modeling may be used to derive important management principles and 
inform management actions. An examination of the sensitivity of catchment 
 vegetation cover to possible disturbance events will allow a better assessment of 
how the protective function of forests may be compromised, thus providing neces-
sary inputs to risk analysis in these areas.

Drought Index

Apart from the direct impact of low precipitation on growth, forest management 
may also be impacted through an increase in fire risk resulting from long periods 
without rainfall. This example shows the use of appropriately scaled climate data 
in informing fire risk assessments.

The risk of an outbreak of wildfire is strongly influenced by fine fuel moisture, 
which may be modeled by the Keetch–Byram Drought Index (KBDI, Keetch and 
Byram 1968; Burgan 1988). Prolonged dryness (high KBDI) influences the intensity of 
a potential fire due to the missing moisture of the fuel. The value of the drought index 
ranges from 0 (no drought) to 800 (extreme drought) and is based on estimates of the 
soil water holding capacity. KBDI is actively used in the Wildland Fire Assessment 
System (WFAS; http://www.wfas.net) of the United States Forest Service (USFS).

In calculating of the index the value of the previous day is on the one side 
decreased by the amount of precipitation and on the other side increased by the 
potential evaporation from the soil. For precipitation a buffer of 0.508 cm (0.2 in.) 
is used. The factor for drying-out (dq

i
) is affected by the index of the previous day 

(Q
i−1

), the maximum temperature (tmax
i
) and the long-time mean of the annual 

precipitation (R
avg

)

 
0.08748 max 6.7448

0.112014

0.000968
(800 ) .

1 10.88

i
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t

i i R

e
dq Q

e

−

−= −
+

 (22.9)

In the above formula temperature and precipitation are used in degree Celcius 
and centimetres as the parameters of the original formula (given in degree 
Fahrenheit and inches) were adjusted, accordingly.

A typically hot summer gives a high fire danger levels in the eastern part of 
Austria whereas during quite cool summers the fire danger (defined here as the 
integer value of KBDI/100) did not exceed level 3 for the whole of Austria. 
Likewise, the extreme drought in summer 2003 is well reproduced with very high 
fire danger levels for large parts of Austria (Fig. 22.11). Between 1960 and 2008, 
915 (~5.1%) days were recorded with fire danger level 6 or higher and 53 (~0.3%) 
with fire danger level 8. Figure 22.12 plots the KBDI for a given point for each day 
of the year in 2003 and 2005, a year more representative of average conditions.

http://www.wfas.net
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Climatic data was sourced from the DAYMET model, which can scale down the 
nation-wide climate station network (roughly 500 km2 resolution) to a 1 km2 regu-
lar grid Petritsch and Hasenauer (2009). Validation of the interpolation process 
showed a mean absolute error nation wide of 1.17° for minimum temperature, 
1.01° for maximum temperature and 3.0 mm for precipitation (Hasenauer et al. 
2003). Respective mean errors however were only 0.00°, −0.01° and 0.1 mm, sug-
gesting that subsequent upscaling of interpolated data can reduce errors to practi-
cally negligible levels.

Modeling was done with a daily time step. The available climate inputs from 
DAYMET match the required inputs for calculating the KBDI, which in turn match 
a useful reporting period. This procedure is not possible with coarse  temporal scale 
data, and accuracy would be greatly reduced with data at a coarser spatial scale.

Fig. 22.11 KBDI at 1 km2 resolution for an August day in 2003
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Fig. 22.12 Comparison of daily KBDI between the abnormally hot and dry 2003 and a more 
average 2005



41522 Up- and Downscaling Model Approaches for Water Relations 

The spatial scale of these results is large compared to the scale of wildfire events 
in Austria, but as a means of informing a daily risk assessment of fire danger across 
regions it is useful. It is however important to realize that this (comparatively) large 
scale modeling must be used in combination with fine scale, site specific local 
details to give locally relevant information. Non-climatic factors such as topogra-
phy, vegetation cover and type and ignition sources must also be considered.

Conclusions

Water relations are fundamental to forest growth, and will influence the develop-
ment of forest structures at all levels from the cellular to the catchment scale, and 
at time scales from the micro to the inter-annual. Similarly, forests have a large 
bearing on water-related processes, and thus forest management issues must be 
considered in water modeling exercises.

This chapter has outlined the links between physiological processes in forest and 
catchment hydrological issues, and demonstrated how appropriate scaling is com-
monly required. Scaling may variously be needed to represent continuously fluctu-
ating processes as discrete values, to include long-scale processes in short time-step 
models, or to develop fine scale, short step data into catchment wide annual results 
and simulate the impact of one-off events.

The examples presented in this chapter have demonstrated the application of 
scaling techniques to groundwater influences on forest growth and processes, water 
runoff from forest roads, catchment level water yield modeling and wildfire risk 
assessments. In each case, processes have been variously upscaled or downscaled 
in order to provide an appropriate and meaningful means of representing each pro-
cess in the modeling environment. Judicious scaling can reduce the error of data 
derived through statistical procedures such as probabilistic modeling or geostatisti-
cal interpolations, increasing the overall confidence in the results.
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Introduction

Quantitative assessment of forest hydrological processes deals with a range of 
 spatial and temporal scales. Mismatch of spatial scales between hydrological 
 modelling, measurements, and processes is well recognized and studied in  literature 
(e.g. Blöschl and Sivapalan 1995). Scaling approaches are introduced, for example, 
to link point measurements to area-specific predictions of hydrological models 
(Western and Blöschl 1999), to identify dependencies between remotely sensed 
information and hydrological variables within a catchment (Oldak et al. 2002; 
Scipal et al. 2005), and to recognize scale-dependencies in the runoff generation 
mechanisms (Vivoni et al. 2007). One of the scale issues is the spatial extent of 
forest management practices and their environmental effects. Forest treatments and 
water protection measures used in forestry cover only small part of the catchment, 
but have hydrological impacts at the catchment level. The question of temporal 
scales becomes important in forested areas, because the short time scales of hydro-
logical processes greatly differ from the long time scale of the tree stand rotation.

Landscape in many regions in Europe is composed of mosaic structured land 
surface elements, including different land use forms, soils of different types, and 
areas with different topographic features and distances to water courses. 
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Classification of landscape patterns is often introduced to identify areas, which 
can be regarded as similar in terms of their geological, hydrological, or ecological 
characteristics (Becker and Braun 1999; Maréchal and Holman 2005; Schröder 
2006). Distribution of soil types, soil depths, and landscape topography form the 
basis for the classification of geological properties (e.g. Klingseisen et al. 2008). 
The concept of hydrological similarity is applied to classify areas, where runoff 
generation mechanisms and hydrological response to rainfall or snowmelt events 
is comparable (e.g. Schneider et al. 2007). Classification of ecological charac-
teristics can be based on the size, shape, and successional stage of communities 
such as forest stands composing of different tree species (e.g. Wu and Levin 
1997). Based on the classification schemes, landscape is disaggregated into a set 
of basic units, which can be called, e.g., as geotopes, hydrotopes, ecotopes, 
patches, hydrologically similar areas, hydrological response units, or character-
istic profiles. Quantification of hydrological processes can be implemented 
separately for each landscape unit using empirical, conceptual, or process-based 
hydrological models.

From the scale viewpoint the use of the classification approach means that 
 integration of the landscape units within the catchment is necessary. Integration of 
the units through a channel network is customary in hydrological modeling (Ott 
et al. 1991; Karvonen et al. 1999; Maréchal and Holman 2005). The hydrological 
response from the landscape units forms runoff input to the network of channels 
and reservoirs, where conventional flow routing and delay procedures can be 
applied. This approach is well suited to boreal conditions, where relatively imper-
meable bedrock is typically covered with shallow layers of organic soil and till, and 
where the longest distance from a point in the landscape to a stream ranges from 
the order of tens of meters up to few thousands of meters. In such landscape the 
hydrological response units (HRU) can be assumed to be independent and the chan-
nel network is the only hydrological pathway connecting the areas within a 
catchment.

While managed forests with different soils, tree species, and succession 
stages form one set of land use types, agricultural areas, urban constructed 
areas,  wetlands, and natural protected areas are additional land use types. The 
high diversity of land use is a challenge for hydrological modelling in densely 
inhabited regions in many parts of Europe. The disaggregation of the landscape 
into HRUs becomes difficult, when the mosaic pattern of the landscape is 
diverse and the patterns are hydrologically interconnected. While the HRU 
approach can be applied for characterizing hydrological processes across vari-
ous land use types, the main focus of this presentation is on managed boreal 
forests.

Managed forests in the boreal region are growing on both peatlands and 
 mineral soils. Hydrology plays an important role in the forest management from 
two different aspects. First, water storage in soil is a factor controlling growth and 
productivity of the tree stand, which is an important practical management issue 
in drained peatland forests. Second, environmental effects of forest management 
are realized in both peatland and upland forests through generation of runoff that 
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carries excess loads of nutrients and sediment from treated forest areas to receiving 
water bodies. The typical forested area in the boreal region is a mosaic of tree 
stands with patches having relatively homogeneous species composition and age. 
Management of sufficiently large areas of well-maintained stands is a pre-requisite 
to economically sustainable forestry. The objective is to treat the entire stand and 
avoid subdivision of the stand into several management units. The forest growth, 
forest management practices, and environmental effects of forest treatments can 
be described in the HRU approach, where the scale of the HRU is matched with 
the scale of the management units.

While the management issues in the boreal region are mainly related to wood 
production and water quality of lakes and streams, forest management in other 
regions of Europe is motivated by different targets that are influenced by local 
interests and climatic conditions. For example, optimisation of water resources 
availability is a key objective of forest management in many dry areas in southern 
Europe (Callegari et al. 2003), restoration and conservation of riverine forests and 
peatlands are widely applied to improve microclimate, biodiversity, and biogeo-
chemical cycles in floodplains (Naiman et al. 1998), and protection forests are 
introduced to prevent snow avalanches and rock falls in mountainous areas (e.g. 
Teich and Bebi 2009).

This section demonstrates how a forest growing on peatland or mineral soil in 
the boreal region can be parameterized as HRU, and how water cycle and envi-
ronmental effects of forestry can be described. Specifically in peat soils both 
forest productivity and environmental impacts are directly regulated by changes 
in hydrology, which needs to be addressed in sustainable forest management. The 
aim is to outline a model structure that allows for computation of main hydrological 
variables in a scale comparable with the scale of the hydrological observations. 
Discussion is given on issues related to merging hydrological models and forest 
management models, which describe the forest growth over the stand rotation and 
the management impacts on forest development. The modeling approach intro-
duced in this section is implemented in FEMMA, which is a hydrological and 
nitrogen transport model (Laurén et al. 2005; Koivusalo et al. 2006). The forest 
stand development is simulated with MOTTI, which is a stand simulator charac-
terizing forest management impacts on forest development over the full rotation 
of the stand (Salminen et al. 2005; Hynynen et al. 2002).

Catchment Disaggregation in Hydrological Models

Hydrological models can be categorized on the basis of their process description or 
on the basis of their spatial description (Refsgaard 1997). Hydrological processes 
inherent in the water cycle include, e.g., precipitation, interception, evaporation, 
transpiration, snow accumulation and melt, soil and ground water movement, 
 overland flow, and channel flow. The importance of each process depends on the 
catchment and climatic characteristics, as well as on the spatial and temporal scales. 
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In simulation models, the processes are always more or less simplified compared 
with the reality, and individual processes become often ignored or embedded with 
others. Differences in these choices lead to hydrological models that are different in 
their process description. From the process description viewpoint the models can be 
loosely classified as metric, conceptual, or physics-based (e.g. Koivusalo 2002).

Hydrological models are often categorized from the spatial description point of 
view as lumped or distributed models. Lumped models describe a catchment as a 
single unit, produce an average water balance of the catchment, and ignore spatial 
variability of hydrological processes. Distributed models account for spatial variability 
of hydrological state variables and fluxes, and are predominantly physics-based. In 
distributed models the spatial variability of hydrological processes can be described 
within the resolution of a finite grid, where the parameter values must be known in all 
grid cells. Such an extensive parameterization over a catchment is demanding in terms 
of computational burden and data acquisition (Grayson et al. 1992; Woolhiser 
1996). When a gridded modelling domain is applied, the values of the model 
parameters and state variables depend on the grid resolution, which easily leads to 
a mismatch between modelling and observation scales.

Semi-distributed modelling approaches are introduced to account for spatial 
variability of hydrological processes and at the same time, alleviate the burden of 
the distributed models. The semi-distributed models share the assumption that spa-
tial variability in key hydrologic properties can be described in a condensed form. 
Once the key hydrological properties and their drivers are identified, a catchment 
can be classified into sub-areas or units as introduced in earlier studies (e.g. Becker 
and Braun 1999; Flügel 1995; Kite and Kouwen 1992). In such a framework, a 
water balance model is implemented for each identified unit.

Ott et al. (1991) outlined a hydrological model that consisted of two compo-
nents: the flood routing model of the stream network up to the subcatchment level, 
and a water balance model producing runoff that enters the stream network from each 
subcatchment. Gridded data at the subcatchment level was exploited to aggregate grid 
cells together to form ‘hydrologically similar units’ (HSU). The classification was 
based on physical subcatchment characteristics, such as vegetation cover, soil type, 
meteorological zone, elevation, slope, and exposition. In the methodology of Ott 
et al. (1991) a HSU can be non-contiguous, i.e., grid cells belonging to a certain 
HSU can be located in different unconnected parts of a subcatchment. The spatial 
disaggregation of a catchment has two steps: (1) from the catchment level to sub-
catchment level and (2) from subctachment level to the HSU level. Flügel (1995), 
Krysanova et al. (1998), and Karvonen et al. (1999) adopted a similar approach in 
their models.

The disaggregation of a catchment into subcatcments can be conducted on the 
basis of river network properties derived from a digital elevation model. Zhang 
and Savenije (2005) outlined a concept of Representative Elementary Watershed 
(REW), where the catchment subdivision was based on the Strahler stream order 
system. A hydrological model was formulated in each REW, and the REWs 
characterising subcatchments were allowed to be interconnected through both 
ground water aquifer and stream network.



42323 A Small Catchment Scale Approach for Modeling Effects of Forest Management 

The identification of patches, HRUs, or hydrotopes from gridded data within a 
subcatchment depends on the scale of the input data as pointed out by Lin et al. (2008). 
They studied the scaling effects on simulated land use patterns and hydrological com-
ponents and their results demonstrated that changes in the grain size (resolution) of 
spatial input data were reflected to simulated hydrological components.

While the issue of scale is an important aspect in hydrological applications, the scal-
ing between different metrics, processes, and levels remains a great challenge. Kummu 
(2008) presented hydrological impact assessments in large river basin of Mekong across 
different scales and noted that a multi-scale approach, where the processes and areas are 
concurrently explored in different scales, can often be a fruitful approach even without 
attempts to fully describe the linkages between different scales.

HRU for the Peatland Forest

Physics-based models have long been available for simulating water and energy 
exchange in a vertical one-dimensional soil column covered with vegetation (e.g. 
Feddes et al. 1978; Jansson and Halldin 1979; Karvonen 1988; Jansson and Karlberg 
2001). A separate description of the tree canopy is embedded in these types of mod-
els, and it allows for quantification of canopy effects on main hydrometeorological 
processes such as radiation transfer, wind dissipation, evapotranspiration, and snow 
accumulation and melt (Wigmosta et al. 1994; Gustafsson 2002; Koivusalo 2002). 
The illustration in Fig. 23.1a depicts a soil column, which is subdivided into compu-
tation layers and overlain by overstorey vegetation (tree stand) and understorey 
vegetation (ground vegetation and field layer) or seasonal snow cover. The main vertical 
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Fig. 23.1 Hydrological response unit (HRU) characterising ditch-drained tree stand management 
unit (a) and subdivision of ditch network area into stand management units (b). Arrows in HRU 
(a) characterise water fluxes and storages in drained peatland covered with overstorey (tree stand) 
and understorey, which can be covered with snow during winter. Ditch network area in (b) has two 
stand management units and each unit is represented with its own HRU
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hydrological processes described are canopy interception and evapotranspiration in two 
vegetation layers, snow accumulation and melt, i nfiltration, and percolation in soil. 
The lateral soil water movement out of the soil column occurs in the saturated part 
of the soil and surface runoff out of the modelling domain is generated in situations 
when the soil column is fully saturated with water.

The vertical one-dimensional model can be coupled with a drainage flow 
scheme that accounts for the loss of water from the soil profile to the drainage ditch 
(see Fig. 23.1a). The lateral water flow to the drainage ditches is treated as a sink 
in the soil layers that are located in the saturated part of the soil column. In the 
parameterization depicted in Fig. 23.1a the hydrological model idealises the 
 processes in a domain between two drainage ditches and forms the HRU for a 
homogenous forested patch located in a ditch-drained area with a flat topography 
(Fig. 23.1b). Each patch that is classified to have different soil and/or stand 
 properties is assigned with its own HRU. Drainage flow and surface runoff into the 
ditch network are the two runoff components that form an input to a channel net-
work routine characterizing the flow delay in the ditch/stream network.

Hydrological measurements conducted in isolated artificial catchments inside 
the ditch network can be exploited to calibrate and validate the peatland HRU 
(Fig. 23.2) (Koivusalo et al. 2008). Some hydrological measurements can be 
 compared with the model results as such. For example, runoff aggregates the 
response of the total catchment area, whereas point measurements, such as through-
fall gauge observations, snow cover observations, and sap flow readings need to  
be scaled to the level of the area between two ditches, which corresponds to the 
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Fig. 23.2 Layout (a) and cross-section (b) of ditch-delineated artificial catchment for measuring 
water balance components in HRU of a ditch-drained forested area. The drained peatland forest in 
(a) is isolated with outer ditches from the surrounding area to collect and measure runoff from the 
stand area. Terrestrial hydrological variables, such as snow depth, throughfall and transpiration 
can be measured within the stand (Koivusalo et al. 2008)
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HRU scale. The application of a process-based hydrological model binds point and 
catchment scale field measurements together and provides quantitative understand-
ing of the hydrological processes at the level of the landscape unit.

The presented approach for simulating hydrological processes in drained areas 
has been applied in agricultural areas (e.g. Singh et al. 2007). Open ditches or sub-
surface drains and their impact on water table levels, soil moisture conditions, and 
runoff generation are processes occurring in the distance scale corresponding to the 
drain spacing. To some extent the ideas of peatland HRUs can be exploited in the 
models for peat extraction areas and urban areas, where sewage systems are applied 
to convey water and drain constructed sites. HRU for the drained area is less appli-
cable to undrained areas, such as natural peatland areas, restored peatlands, and 
wetlands.

Water Cycle and Forest Management in Boreal Peatlands

Due to the climatic conditions in the boreal region, much of the practical  management 
methods in peatland forests aim at reducing excessively high levels of soil moisture 
by improving tree growth with ditching and site preparation. Altering the site 
hydrological conditions by ditching has three long-term consequences: (1) 
decrease of water table in soil increases stand growth rate (e.g. Seppälä 1969), (2) 
improved soil aeration increases the rate of organic matter decomposition and 
changes the nutrient cycle in soil, and (3) ditching operations expose ditch  sidewalls 
and bottom, as well as excavator tracks to erosion and detachment of soil particles 
and organic material.

The effect of ditching and ditch cleaning on tree growth is described in forest 
stand simulator MOTTI (Hynynen et al. 2002), which can be applied to simulate 
the production of stand-scale stem volume under a variety of forest management 
scenarios. MOTTI describes the stand growth responses to management practices – 
such as thinning and ditch cleaning – using relationships identified from  empirical 
field inventory data. No feedback mechanisms between the actual hydrological 
conditions of a site and tree growth are included in the model (Hökkä and Salminen 
2006).

Growth of trees in drained peatland may decrease or even increase without active 
management of site hydrology. Decreased growth may take place during a short 
period of time, e.g., when drainage network becomes blocked, or during a longer 
time span when ditches gradually deteriorate. In addition to runoff, evapotranspira-
tion is an important loss term in the water balance especially during the growing 
season (Ahti and Hökkä 2006). Evapotranspiration as such alleviates wet soil mois-
ture conditions and can therefore enhance tree growth if the evaporating biomass is 
large enough (Hökkä et al. 2008). These complex effects are not well accounted for 
in the present parameterisation of MOTTI (Hökkä and Salminen 2006).

Better understanding of peatland tree stand water use in the growth simulation 
models would permit segregation of sites and stands that need ditching operations 
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to support their further development from those in which natural water use by the 
tree stand is sufficient to compensate for the deterioration of ditches. Conversely, 
the ditch cleaning operation may be unnecessary in highly stocked stands in spite 
of the poor condition of ditches. When unnecessary ditch cleaning is avoided, the 
impacts on the water environment become minimised. Joensuu (2002) notes that 
the sediment load caused by the maintenance of ditch networks is one of the main 
harmful environmental effects of forestry. The sediment loads primarily originate 
from the ditch network especially in the case when the ditches in peatlands reach 
the mineral soil beneath the surface peat layer. In the hydrological modelling 
 framework, erosion, sediment transport, and deposition are processes related to the 
ditch network routing model, and not to HRU. The generation of nutrient loads that 
are induced by the changed soil moisture conditions after ditching, need to be mod-
elled at the HRU level.

Since environmental loads from forestry are directly linked to the transport of 
water, understanding of water cycle is crucial in developing environmentally 
 sustainable management practices in boreal peatlands. One step in achieving this 
goal is to combine models that describe the hydrological processes with models 
describing the stand growth process and effects of management on growth. This 
link can be built up at forest HRU levels and thus accounted for in catchment level 
calculations. Ultimately, improved description of within-stand water fluxes 
improves the predictions of hydrological models that are used to estimate the 
 environmental consequences of forest management in peatlands.

Pristine peatlands are no longer drained for forestry in northern Europe. 
Presently, the impact of ditch network maintenance on tree stand and environment 
is an important management question in forestry. Apart from the drained peatlands 
there are different management issues arising in the restoration of unproductive 
forested peatlands, conservation areas, and isolated peatland areas used as treat-
ment buffers between the managed forest and the water course. The peatland HRU 
presented in this section is not suited for characterising hydrology of these land use 
types. The distance to stream in undrained areas is longer than the typical scale of 
the ditch spacing, and therefore, HRU needs to account for lateral flow processes 
through longer distances and different site characteristics. HRU approach for char-
acterising such areas is presented in the next section.

HRU for the Upland Forest

The one-dimensional model (Fig. 23.1a) is suitable for describing hydrological pro-
cesses in an area where the distance to the closest surface water pathway (ditch or 
stream) is relatively short (in the order of 10–100 m). However, the one-dimensional 
system is not sufficient for simulation in a small catchment-scale, where the mean 
distance to a receiving water body is far higher than in the drained area (up to several 
1,000 m) and where the topography of the terrain may vary. The simplest domain 
that accounts for lateral distance to a receiving water body is a hillslope that extends 
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from a water divide to a stream. Kirkby (1985) outlined the concept of a hillslope 
for describing runoff generation mechanisms at different distances from a stream. 
A vertical two-dimensional hillslope can be used as a HRU for modeling a subcatch-
ment area, where the hydrological characteristics primarily change as a function of 
distance to the stream (see Fig. 23.3b). The hillslope is subdivided laterally into 
computational columns (Fig. 23.3a), which are similar to the HRU for the drained 
area in Fig. 23.1a. Each predefined subarea within the catchment can be described 
as one HRU (Fig. 23.3c). Surface and subsurface runoff components discharged out 
of the HRUs form an input to the stream network, which separately accounts for the 
channel flow delays.

Kokkonen et al. (2001) and Laurén et al. (2005) outlined a methodology for 
identifying the shape of a hillslope from the spatial catchment data on elevation and 
stream network location. The identification of a typical hillslope was based on 
analysing digital elevation data and producing flowpaths from each grid cell to a 
receiving stream cell. The receiving grid cell (stream) was found by following the 
flow accumulation along the path with the steepest slope. The elevation of the grid 
cells above the receiving stream cell was averaged at different distances to the 
stream cell and the average elevation as a function of distance defined the topo-
graphic shape of the hillslope (see Fig. 23.4a).

Hydrological measurements conducted in small catchments can be exploited 
to calibrate and validate HRU. Measured runoff from a small catchment can 
be  compared against the total runoff from the identified typical hillslope. 
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Fig. 23.3 Model column characterising tree stand and soil on upland site (a), hydrological response 
unit (HRU) characterising typical hillslope from water divide to stream (b), and subdivision of catch-
ment into typical hillslopes that describe stand management units (c). Arrows in (a) and (b) charac-
terise water fluxes in tree stand growing on upland mineral soil. The management unit in (c) is 
assumed to have soil and vegetation properties that vary as a function of distance to stream
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The  measurements conducted at different distances to a stream, such as observation 
of water table level, can be compared to the model predictions, when the hillslope 
is parameterised according to the dimensions of an existing hillslope (see Fig. 23.4) 
where the measurements are conducted (e.g. Koivusalo and Kokkonen 2003). State 
variables and fluxes, such as snow water equivalent, throughfall, and transpiration, 
computed at the hillslope columns can be aggregated at the HRU level and com-
pared against averaged measurements from small catchment.
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Fig. 23.4 Catchment grid data points prescribing elevation of a grid cell above a receiving stream 
cell as a function of the distance along the flow path to the receiving stream cell (a), relative 
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The hillslope HRU can be applied to characterise natural and restored peatlands, 
where the distance to the receiving stream is longer than the ditch spacing in 
drained areas. The divergence of flow toward the stream can be described by using 
a hillslope parameterisation, where the width of the hillslope changes as a function 
of distance from stream (Fig. 23.4b). The buffer zones between the receiving 
stream and managed area need to be included in the HRU parameterisation. The 
columns next to the stream are assigned with soil and vegetation properties charac-
terising the buffer area, and then the water discharged from the upslope area flows 
through the buffer zone (e.g. Laurén et al. 2005).

The key assumption in the hillslope HRU is that the catchment properties vary as a 
function of flow path distance to the stream. This assumption is often violated in catch-
ments with large heterogeneity in soil properties, topography, and vegetation species. 
Kokkonen et al. (2006) studied how the simplifications made when representing the 
entire catchment by a single hillslope affected modelled water and nitrogen fluxes. The 
share of subsurface runoff from total runoff showed a non-linear relationship to changes 
in the hillslope length and slope, which suggested that representation of the entire catch-
ment with a single profile leads to distortion of the computed runoff components and, as 
a result, nitrogen loads, when a catchment has sub-areas producing a large fraction of 
subsurface runoff and sub-areas generating low volumes of subsurface runoff.

Water Cycle and Forest Management in Boreal Upland Areas

Most productive forests in the boreal region are located in the upland mineral soil 
areas. In the humid boreal zone hydrological condition of upland site is typically 
not the main factor controlling the stand growth, although it may be important in 
the regeneration phase and thus influence the selection of site preparation method 
(Mäkitalo 2009). From the forest management viewpoint, hydrology is important 
in the transport of dissolved nutrients, such as nitrogen (N) and phosphorus (P), as 
well as sediments to lakes and rivers after forest treatments. Typical treatment 
 practices in the upland forests include cuttings and soil preparation. Cuttings have 
hydrological impacts in terms of increased runoff and decreased evapotranspira-
tion, and the main environmental impact is the increased nutrient transport to water 
courses. The N and P transport is caused by the decreased nutrient uptake by 
v egetation and increased release of nutrients from the decomposing logging 
 residues. Site preparation changes the distribution and species composition of 
ground  vegetation (Palviainen et al. 2007) and it exposes the soil surface to erosion. 
The environmental effects of forest management in upland areas need to be described 
at the HRU level.

The excess N and P loads from forestry areas are typically low, because the nutrient 
cycle in boreal forest ecosystem is nearly closed with minor leakage into receiving 
water bodies. Currently, new forest management practices including whole tree harvesting 
and stump removal can have more intensive environmental effects compared with the 
traditional practices of cuttings and site preparation. The management guidelines 
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address the need to use water protection measures to reduce the impacts of forest 
treatments on lakes and rivers. The two-dimensional hillslope approach allows for the 
description of forest treatments as a function of distance to the receiving water body 
(e.g. Kokkonen et al. 2006). This is useful when the aim is to quantify how water protec-
tion methods, such as buffer zone near the streams, control the hillslope response to the 
upslope forest treatments. Laurén et al. (2005, 2007) used the HRU approach to describe 
a forested catchment as a typical hillslope and to model how the length of the buffer 
zone affects nitrogen export after clear-cutting. The model results were applied to make 
a reflection between the nitrogen load and the value of the tree stand left in the buffer 
zone. The study of Laurén et al. (2007) demonstrates how information on hydrological 
processes can be applied to support forest management decision making.

Remarks

Stream network and terrestrial domains in catchments are the two systems that can 
logically be separated from each other. The properties of the streams and tributaries 
can be exploited to disaggregate large catchments into small subcatchments. The 
concept of hydrological similarity can be then applied in the subcatchment level, 
where areas exhibiting similar runoff response to rainfall and snowmelt events can be 
grouped together. The grouped areas are the domains, which are referred to as HRUs, 
HSUs, hydrotopes, etc., and where hydrological models are parameterised to simulate 
the processes characteristic for the grouped domain. The HRU scale coincides with 
the mosaic pattern of forest management units found in the boreal region.

The HRU approach is well-suited to situations when HRUs are independent and 
not strongly affected by regional processes outside the HRU. The HRUs can be 
interlinked through a return flow occurring from stream network to the terrestrial 
domain or through lateral flow in a large groundwater aquifer. Recent studies have 
introduced schemes to simulate regional linkages between HRUs. The HRU param-
eterisation usually includes discretisation in the scale of the grouped terrestrial area 
and therefore, the scale mismatch between the model and observations remains an 
issue in the model analysis.

Blöschl and Sivapalan (1995) note that the characteristic water flow velocity 
increases when moving from the plot and hillslope scale to the catchment scale. 
This is due to the higher flow velocity in the stream network compared to the porous 
soil domain. The streamflow processes will ultimately dominate the hydrological 
response of a large catchment and then the main influence of land-surface processes 
is seen as a loss function through evapotranspiration. In a large catchment, the 
detailed HRU-scale process description easily becomes unnecessarily complex, 
whereas more detail is needed to simulate the routing of water in main streams and 
reservoirs.

There is a need to further develop present forest management practices to 
account for the link between stand development and water cycle specifically in 
sites where water has a crucial role. Integration of hydrological and forest 
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 management models provide several benefits in the silviculture of boreal forests: 
improvements in forecasting future stand development, improved long-term 
prediction of  hydrological fluxes, and eventually better forest management. 
Good management practices can be achieved through identification of areas that 
are optimal for intensive treatments and areas that pose element load risks to 
surface waters. HRU approach provides an avenue for integrated modelling of 
hydrological processes, stand growth, and environmental impacts of forest man-
agement. The use of HRU for linking hydrology, management, and land-use is 
not merely bound to forests and boreal conditions. When data are available from 
small catchments dominated by different land use practices, HRU can be param-
eterised and calibrated to simulate hydrological behaviour of, e.g., agricultural 
and urban areas under different  management scenarios.
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Introduction

The larger the scale the more the sciences of the causes of floods admit uncertainty 
and imprecision on the prediction of land use impacts on the flood regime. It is also 
a well-known narrative that forests protect the groundwater quality. But forest man-
agement and a changing environment, such as global heating and air pollution may 
diminish the protection functions of forests with regard to the groundwater quality. 
The prediction of management and environmental impacts on the groundwater 
quality is a big challenge, not least because the scales of groundwater landscapes 
differ from the scale of forest – and land use - diversity. The interactions between 
forests and water as well as the impacts of forestry on groundwater quality and 
runoff remain a particular “grey” area in our knowledge. Getting better understand-
ing of the interactions between forest, soil and water as well as of impacts of dif-
ferent management on floods remains an important scientific task.
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Dealing with Ecohydrological Processes on Larger Scales

Precipitation, Soil Water and Discharge at Different Scales  
in Dependency upon Forestry and Land Cover Dynamics

Discussions – how to collect data and develop water budget models or runoff 
models -highlight the problem of scale (Calder 2005; Calder and Aylward 2006). 
The interactions between forests, soils and water can easily be detected at small 
spatial scale but the forest induced changes will range at a large temporal scale from 
years to thousands of years how soil properties will change with the development 
of vegetation cover and influence, e.g. by the root development and its soil pore 
generating impacts. Whereas, at small spatial scales increased water and sediment 
runoff due to deforestation can be identified and incorporated into hydrological 
models, increases in flood flows at larger scales are not clear at all due to the cumu-
lative effects from an entire watershed of which only a specific percentage may 
have been affected by deforestation and due to hydraulic processes. Downstream 
flood peaks on larger scales are also the result of coincident peaks of different dis-
charge flows. In addition discharge on larger scales is not only dependent upon 
forest or vegetation cover, it depends additionally on forestry management (e.g. 
forest road network, drainage, cultivation etc.) but also on competing land use and 
most important on the dominating physical site properties and on the particular 
meteorological situation (e.g. water saturation, frost, smelting snow etc.).

Approach of Hydrological Processes in Dependency of Forests 
and Forest Site Properties on Larger Scales

Water cycle components are influenced by a plethora of factors such as topography, 
geology, pedology, land use and climate conditions, the latter acting as an overarch-
ing external forcing. All these factors and forcings are characterized by a consider-
able spatial variability, causing in the end streamflow regimes to be proper to each 
individual catchment (Dunne 1978; Buttle 1998; Beven 2001). As a consequence 
of this complexity, contemporary hydrology is still investigating the same questions 
about the origin and fate of water that had already been phrased by Leonardo Da 
Vinci approximately 500 years ago (Pfister and Savenije 2006). Some 4 decades 
ago, Penman (1963), as well as Hewlett and Hibbert (1967), have formulated ques-
tions on where the water goes when it rains, the flowpaths it takes to the stream, as 
well as its residence times in a catchment. It appears that progress has been seri-
ously hampered in hydrology as applied to real world problems since it is a highly 
uncertain (Beven 2006) and a difficult science, dealing with open systems that are 
very difficult to observe (Beven 2008).

Catchment hydrology thus experiences tremendous difficulties in providing 
unequivocal concepts for the description of the driving mechanisms behind first 
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order controls of runoff generation. This situation has been summarized by Kirchner 
(2003) through the double paradox in catchment hydrology and geochemistry, where 
(a) the rapid hydrological response of catchments to precipitation during storm 
events, (b) produces storm runoff which is dominated by “old” pre-event water-like 
baseflows, (c) and exhibits different geochemical characteristics to baseflow.

As an ultimate consequence of these difficulties, hillslope models often turn out 
to “work”, but unfortunately for the wrong process reasons (Seibert and McDonnell 
2002). This leads in the end to the somewhat fatalist conclusion that each catchment 
is unique (Beven 2001), which consequently limits our ability to create generaliz-
able or regionalizable hypotheses (Beven 2000).

The role of rainfall interception and evaporation is yet another example of a 
significant process in the water cycle which remains very difficult to grasp. This 
certainly is largely related to the fact that it is a process that is particularly difficult 
to measure (Lundberg et al. 1997; Llorens and Gallart 2000). It is still often con-
sidered as a minor flux in hydrological modelling, that can be disregarded or taken 
as a fixed percentage of incoming precipitations (Gerrits et al. 2007) and in the end 
compensated by another process after model calibration (Savenije 2004).

Despite these many difficulties, there has been in recent literature a considerable 
number of ideas and concepts that have tried to reconcile the variety of the some-
times equivocal insights that have been gained through the literally countless field 
studies. These attempts range from classification schemes for meaningful distinc-
tions between catchments (McDonnell and Woods 2004), virtual experimental 
frameworks focusing on the quantification of first-order controls on flow pathways 
at hillslope scale (Weiler and McDonnell 2004), to calls for more catchments stud-
ies intercomparisons, as to better identify and define first order controls (Seibert 
and McGlynn 2007).

In this context, certain studies have highlighted the role of lithology, appearing 
as a major source of discrepancy in hydrological behaviour. This insight was then 
used to characterize and conceptualize each individual lithological substratum’s 
hydrological behaviour into a parsimonious model structure (Van den Bos et al. 
2006). Since data of high spatial and temporal resolution on the dominant runoff 
generating processes is often lacking at larger spatial scales, certain approaches 
attempt to simplify the process representations by relying mainly on substratum 
permeability and topography. The ultimate goal then consists in generating GIS-
based maps of dominant runoff processes, providing the basis for rainfall-runoff 
modelling (Hellebrand et al. 2007a,b, c). Integrating the dominant transpiration and 
infiltration capacities of the forest cover allows to model the catchment scale effects 
using an upscaling procedure based on meta-modelling (Marshall et al. 2007).

However, so far none of the above ideas and concepts have been identified as 
being suited for tackling most of the remaining challenges. Recently nonetheless, 
Troch et al. (2008) have identified a clear paradigm shift in watershed hydrology, 
with the introduction of a more holistic view, which explicitly accepts landscape 
heterogeneity as a dominant control, rather than relying on the traditional view 
where catchment-scale processes can be modelled and understood from small-scale 
process understanding.
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Hydrological System Behaviour at Catchment Scale

The first mainstream theories that had been formulated upon experience gained 
from experimentations in research catchments clearly underestimated the tremen-
dous spatio-temporal variability of the processes taking place in the hydrological 
cycle. Horton’s (1933) concept of a catchment averaged infiltration capacity, being 
constant both in space and time, with storm runoff being a fraction of those precipi-
tations that are falling at intensities exceeding the soil’s infiltration capacity, was 
questioned only three decades later by Betson (1964). Dunne and Black (1970) 
finally introduced the partial area contribution concept that would dominate in 
hydrological sciences for decades, guiding storm runoff and relying on restricted 
areas of the watershed concerned by saturation excess overland flow.

Despite the considerable progress that has been made over the past 3 decades in 
experimental hydrology, it remains tremendously difficult to generate generalizable 
hypotheses from the insights gained through small catchment studies. Until now, 
this situation has led quite systematically to a so-called one-model-fits-all view 
dominating hydrological model concepts (McDonnell 2003).

The introduction of chemical and isotope tracers (e.g. Pinder and Jones 1969; 
Sklash and Farvolden 1979) helped to eventually grasp some of the spatial and 
temporal variability of the origin of water in stream discharge. As a consequence, 
a major paradigm shift took place in hydrology, recognising the dominating role of 
pre-event water in storm runoff generation (McDonnell 2003).

Progress in experimental hydrology certainly suffered from the fact that for 
many decades, studies were rather focusing on temporal patterns of stream flow, 
rather than on spatial patterns as it is the case in other disciplines of earth sciences, 
such as geology or geomorphology (Grayson and Blöschl 2000). Here again, the 
tremendous complexity of combinations of physiographical basin characteristics is 
likely to have hampered investigations. Nonetheless, presumed non-random pat-
terns in hydrological processes necessarily have to rely on some kind of underlying 
form of organisation.

Recent studies on first order controls on hydrological flow paths configurations, 
water storage, as well as residence time distributions, have helped to identify the 
dominating role of soils, via their integration of the catchment’s physical character-
istics (Uhlenbrook et al. 2004; Soulsby et al. 2004). While Soulsby et al. (2006) have 
highlighted the role of soil characteristics as first order control on flow path parti-
tioning and residence time in seven nested sub-catchment of various sizes (10–230 km2) 
of the Feshie catchment (Scotland), Pfister et al. (2002) and Hellebrand et al. (2008) 
have demonstrated the strong link existing between stormflow coefficients and geol-
ogy in 18 sub-catchments of the Alzette river basin in Luxembourg.

Climate variability, both in time and space, acts as an overarching external forc-
ing factor on most physiogeographical basin characteristics. Pfister et al. (2004) have 
shown the considerable influence of the spatial variability in rainfall trends over five 
decades on the trends that have affected winter peak discharge in several catchments 
located in the Grand-Duchy of Luxembourg. Likewise, Hellebrand et al. (2008) have 
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documented the spatio-temporal variability of rainfall-runoff behavioral patterns in 
various meso-scale basins of the Rhineland Palatinate. In the same context, mean 
residence time estimates have been shown to be strongly sensitive to climate differ-
ences and variability (Tetzlaff et al. 2007; Hrachowitz et al. 2009).

As previously stated, despite tremendous progress made in investigative techniques 
in recent years, it still remains extremely difficult to generate generalizable concepts 
of first order controls in catchment hydrology. The non-linearity of hydrological 
systems stands as one of the major limiting factors with respect to hydrological pre-
dictability, causing Blöschl and Zehe (2005) to call for modesty when discussing the 
degree to which hydrological system behaviour can be represented.

Contribution of Remote Sensing Techniques to Assess Water  
and Forests Interactions at the Meso- and Macroscale

Due to a series of earth observation satellites launched during the last decades, 
remote sensing techniques are nowadays in the position to offer a broad repertory 
of spatial variables across different spatial scales. Systematic land surface observa-
tions provided by remote sensing, improved retrieval algorithms, and sensor 
advancements have enforced studies that use multi-sensor measurements in an 
integrated framework of data and models to quantify the terrestrial water cycle 
states and fluxes (Pan et al. 2008).

Classical approaches in this field are the mapping of different land use and forest 
stand types, or the detection of deforestation or afforestation respectively. Within 
the last decades marked success has been achieved in the field of land use mapping 
and change detection based on remote sensing imagery (Rogan and Chen 2004). 
Hydrological effects of large scale afforestation were assessed, e.g. by Archer 
(2003), Gimona and Van der Horst (2007) or Fenicia et al. (2008). Within transna-
tional initiatives like SMOS (Grant et al. 2008) or HYDROPTIMET (Lacava et al. 
2005), passive microwave data was used to derive the moisture content of landscape 
compartments with mixed land use including also forested areas. Moreover, micro-
wave remote sensing techniques allow a direct quantification of dew (De Jeu et al. 
2004) or intercepted water (De Jong 2001). Land use or, more specifically, forest 
stand parameters (e.g. tree composition, age class, leaf area index or biomass) are 
coupled with the magnitude of water balance components, and thus may be used 
for the parameterization of hydrological models; e.g., the leaf area index strongly 
determines the actual interception storage capacity or may be used to quantify 
canopy coefficients for the assessment of evapotranspiration terms (Andersen et al. 
2002; Vohland 2003).

Based on spatial datasets as inputs, hydrological models may provide spatially 
distributed simulations of hydrological processes like ground water recharge, dis-
charge or evapotranspiration (e.g. Andersen et al. 2002; Hochschild 1998; Seeling 
and Ahrends 2004). Nevertheless, validation of hydrological models is usually 
based on discharge measurements at the outlet of catchments, but this kind of validation 
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with a lumped variable does not provide any information about an appropriate 
reproduction of the hydrologic cycle’s spatial differentiation. Here, remote sensing 
can partly fill the gap, as thermal satellite imagery allows the assessment of spatial 
variations of surface temperature and therefore provides a key for evaluating heat 
flux partitioning. Thus, when combined with ancillary meteorological data, remote 
sensing data can be used to asses daily rates of evapotranspiration at pixel scale, 
and retrieved spatial patterns of this essential hydrological process variable allows 
the outputs of hydrological models to be evaluated (e.g. Casper and Vohland 
2008). Existing methods to assess evapotranspiration from remote sensing data 
may be classified into two broad categories (Su 2002): (1) indices that can be 
defined in the scatter plot of vegetation indices versus land surface temperatures 
to estimate the relative evapotranspiration, and (2) approaches that calculate sen-
sible heat flux first and then obtain the latent heat flux as the residual of the energy 
balance equation. Nonetheless, remote sensing approaches are restricted at the 
mesoscale due to the limited number of operating thermal satellite sensors with 
high to medium spatial resolution (e.g. Landsat TM, Aster) and their low repeti-
tion rates. At the macro- to global scale, e.g. MODIS or NOAA-AVHRR provide 
close time-series of reflective and thermal data which even allows for the calibra-
tion of hydrological models by remote sensing-based evapotranspiration estimates 
(e.g. Immerzeel and Droogers 2008).

A major difficulty in estimating water budget components is the complex inter-
action between the governing variables, which inter alia prevents a linear spatial 
up- or downscaling. With a view to evapotranspiration, El Maayar and Chen (2006) 
have shown for a forested study area, that distributed calculations that are based on 
a fine spatial resolution of all input data differ from lumped calculations with broad 
spatial units or large pixels. This limitation at the macroscale can partly be compen-
sated by using corrective algorithm using sub-pixel information on land surface 
heterogeneity (El Maayar and Chen 2006). Thus, multi-sensor approaches and the 
application of downscaling techniques for remote sensing data with a coarse spatial 
resolution are important issues for a precise large scale assessment of water budget 
components. In this field, some studies already exist that deal with labeling tech-
niques to derive sub-pixel fractions of land surface properties (e.g. Canters et al. 
2002; De Fries et al. 1997).

Hydrochemical Interactions of Forest and Water and Its Impacts 
on Larger Scales

The functions of forests with regard to the groundwater and spring water quality are 
closely associated with element cycles, and they depend also on the amount and 
intensity of precipitation, on the site conditions as soil properties, buffer capacity 
and mineral composition of the soil series and geology, and also on the land cover 
at all including adjacent land-use types. It is expected that forests are the source of 
clean or at least less burdened groundwater and spring water. But the water quality 
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is also influenced by the atmospheric input load of the seepage-water. Since the 
beginning of the industrialisation the increased atmospheric nitrogen and acid 
deposition continuously worsened the seepage water quality in forest soils (Wilpert 
2007; Sucker et al. 2009). These depositions are concentrated in forests, caused by 
the filter effects of the tree canopies.

Large scale groundwater maps based upon investigations of drinking water resources 
showed a clear relation of nitrogen to agricultural land-use and of acidification, Al- and 
Mn-content to forested landscapes (Landesamt für Wasserwirtschaft 1993).

Additionally forest soils often have less buffer capacity than agricultural 
soils because forests were traditionally concentrated on the poorer soil substrates. 
v. Wilpert and Zirlewagen (2001) showed a significant acidification of the stream 
water discharge in forested catchments. Besides the acidification effects they 
pointed to an increasing charge of nitrate in the groundwater also in forested catch-
ments. This threatens the quality of raw water for drinking water supply, but also 
the maintenance and diversity of hydro-biological biocoenosis. Stabilization mea-
sures as forest liming may improve biological cycle systems (Schüler 2002) and by 
this, they strengthen the filter function of forest soils for a good groundwater and 
spring water quality (Wilpert 2007). In consequence Wilpert et al. (2007) proved 
the positive effects of forest liming on the alkalinity of stream water discharge. The 
predominant topography of a catchment may have an important influence on the 
liming effects. Flat slopes reduce the runoff velocity and improve the liming effects, 
whereas the lime on steeper slopes had reduced effects due to an accelerated wash-
out (Wilpert et al. 2007). Of course for qualifying the chemical characteristics of 
groundwater and spring water differences in hydrology must also be taken into 
consideration because flow path and retention time have significant influence on 
the chemical composition (Nebe and Abiy 2002). So, hydrologic flow paths exert a 
strong control on discharge chemistry. Water from soils and bedrock zones influ-
ence the dynamics of stream water quality but also depending on the differences in 
land-use and size in the catchments. (Martinez-Carreras et al. 2007).

Integrated Land and Water Management at Larger Scale

The Effects of an Integrated Forest and Watershed Management 
at Larger Scales – Myths and Realities

Reconciling an integrated forest and watershed management there is the confronta-
tion between two broad narratives (Calder 2005): On the one hand there is the 
“engineering watershed management” narrative and in some advanced countries 
there is a strong movement towards engineering solutions especially in the field of 
flood management. On the other hand there is the “nature leads to an ideal world” 
narrative and often it is forgotten that, e.g. flooding is the natural way to discharge 
the water arising from an occasional large rainfall event. Floods caused no problems 
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until people decided to use the natural flood plains for their own use. So, these 
narratives must be brought back to the last 50 years’ results of scientific research.

Land cover and land-use impacts, particularly the impacts of forestry manage-
ment on discharge peaks will be well percept at a small scale, because the initiated 
individual processes can be measured and modelled at plot scale and site scale. But 
at larger scales increases in discharge and in flood flows are not so easily discerned 
or modelled. This may be due to the integration of cumulative effects from an entire 
watershed, of which only a relatively small percentage my have been affected. 
Additionally the interacting processes of water, land-use and landscape morphology 
are very complex. The increase in scale reduces the likelihood of coincident flow 
peaks far downstream. Hence, the net effect downstream becomes increasingly dif-
ficult to predict at larger spatial scales (Calder and Aylward 2006). This hydraulic 
attenuation leads to the working hypotheses that as the scale and as the size of 
hydrological events, such as big floods, increase the effects of land-use would 
become less important. La Marche and Lettenmair (2001) showed after comprehen-
sive field experiments in a 149 km2 catchment that forest removal increases the 
mean annual flood by about 10%. And even the road effect could be quantified to 
an intensification of the mean annual flood about other 10%. The effect of exten-
sively logging on the discharge decreased more and more for floods of greater 
magnitude with a longer return period. Grant (2005) discussed also the effects of 
forests on flood events. He found that forest harvesting and deforestation has only 
limited effects on big flood events at larger scales. Summarizing the results of a 
number of American studies on the effects of forestry on the watershed behaviour 
the USDA Forest Service (2000) stated that the effect of roads on the basin stream 
flow is generally smaller that the effect of forest cutting and that damaging floods 
increase less than 10% after forest clearance and less again the larger the spatial 
scales. Studies in Wales, UK (Robinson and Dupeyrat 2005) showed that forest 
cuttings increased annual flows and that peak flows were often attributed to soil 
compaction and soil disturbance reducing infiltration. Hence modern forest man-
agement guidelines should care to reduce soil damages by the use of brash mats on 
forest machine lanes. Thus, also the efficiency of precautionary water retention 
measures in forests must be discussed in the context of the observed scale, but also 
in the context of the magnitude and intensity of the rain fall. Forests tend to dimin-
ish flood peaks by interception, by supporting the infiltration in relatively high 
porous soils and by retarding overland flow with branches, fallen leaves and organic 
layers. But forests are not unlimited flood protectors. Just like sponges they will 
saturate more and more due to the crown interception capacity, to the antecedent 
soil moisture content, to the water storage and infiltration capacity of forest soils. 
Forest soils can affect its flow only so long as they have not taken up all the water 
they can hold. Water which falls after the forest and its floor is saturated runs into 
the basin streams almost as fast as it would run over bare ground. But the interac-
tions between forests and soils and how they co-evolved over different time periods 
ranging from years to thousands of years and how soil properties will ultimately 
change with changes of the vegetation cover and forest management practices are 
still not clear in the scientific knowledge (Calder and Aylward 2006).
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It is beyond controversy, that each additional flood precautionary measure 
reduces or delays runoff, and by this making the flood discharge curves diverge from 
their starting points and meet on the flood frequency curve at a higher flood return 
period (Schüler 2006; Fig. 24.1). Land use and land management can tighten the 
runoff situation, if it doesn’t consider runoff generation processes, e.g. by a precau-
tionary forestry management in small scaled headwater catchments (Bredemeier and 
Schüler 2004; Schüler et al. 2007). A sustainable managed vegetation cover however 
levels runoff peaks. But it has to be considered, that the effects of reafforestation 
appear after a time lag. The soils beneath former grassland or agricultural use may 
take centuries to evolve after reforestation as well as the natural restoration of forest 
soils after compaction by heavy forest machinery my take so long time (Schneider 
and Schüler 2007). Hence, above a certain threshold of flood return period and at 
larger spatial scales only an integrated land and water resource management is effec-
tive. This threshold is defined by the point of intersection, when the reduced dis-
charge curve meets the “normal” flood frequency curve. It depends strongly on the 
magnitude of the climatic event, and on the site, soil, geology, land-use and land-
scape characteristics. It should be the objective of spatial flood-protection planning 
to predict the particular threshold of danger, depending on the damage potential in 
catchment areas. The location where forestry makes a net positive contribution to 
flood control is in the actual floodplain itself (Nisbet 2002).

So, flood precaution measures should not only be restricted to forestry manage-
ment concepts. Flood precautions require the cooperation of water, agriculture and 

Fig. 24.1 Effects for discharge reduction by precautionary forestry management are shown in this 
unscaled graph. Different discharge curves vary according to the site and landscape structures. 
Intersection points and their assignment to a certain flood return period depend on the particular 
site conditions and on the site-dependent efficiency of precautionary land management measures 
(Schüler 2006)
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viticulture sectors as well as land and infrastructural planning management in residential 
area and traffic systems, combined with spatial planning and domestic policy, all to 
be integrated into a truly eco-hydrological approach. All precautionary measures 
that effectively enhance water retention in small watersheds are suitable. So, if all 
small catchments in a larger watershed are managed with a view to water retention, 
the occurrence of damaging floods may be reduced (Schüler 2006). The keyword 
is reduced, because large scale climatic situations are responsible for the generation 
of infrequent, damaging floods.

The integrated land and water resource management includes (in extension to 
Calder and Aylward 2006):

Precautionary land-use and forestry measures.•	
Structural measures aiming at keeping floodwaters away from the people (dams, •	
polder etc.).
Land-use planning measures aiming at keeping people away from the floodwa-•	
ters (legal regulation of the most hazardous areas of floodplains).
Flood preparedness measures aiming at getting people ready for floods before •	
they come (flood forecasting systems).
Flood emergency measures helping affected people to cope with floods.•	

Incorporating socio-economic developments to land-use and water management 
needs larger scaled models based on geographic information system linkages. 
Floods are natural processes in landscapes to discharge the water arising from one 
or several large and/or sustaining rainfall events. The generation of floods depends 
mainly on the storing capacity of landscapes and on their actual saturation. For 
example, forest cover depletes the soil water stores and it supports the infiltration 
of water into the soils. Hence, the forest soils remain longer capacious, but only as 
long as they are not saturated with water. The depletion by evapotranspiration of 
forests is not as fast as intensive rainfall can fill the soil pore system. Furthermore 
heavy rainfall exceeds the rate of evapotranspiration of forests. The larger the scale 
the more saturating processes may overlay and the danger of flood generation 
increases.

Land-Use and Water Management Governance: the European 
Water Framework Directive and the European Floods Directive

Land-use has considerably effects on the quality and structure of surface water and 
groundwater. Land-use contributes also to mitigate the effects of floods and 
droughts. Water management by precautionary land-use and forestry can support-
protective objectives as well as promote the great variety and abundance of the 
water fauna and flora. An integrated land and water management has to consider 
the range of political, social, economic and administrative systems.

In Europe the core challenge in an integrated land and watershed management 
is that of land and water governance in relation to the political and societal founda-
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tions (Calder 2005). Recognition of the land-use and water services objectives at 
different levels in society and governance challenges they face at the different levels, 
may assist the task of identifying the correct entry points on which to initiate 
actions (Fig. 24.2).

Even if water management starts on a local level, it is a cross-border task. 
Precautionary land-use measures can be part of a good practice.

Recognition that the administrative boundaries of governance systems do not 
match spatially and identically with the physical boundaries of land and water sys-
tems is another issue that must be taken into account within an integrated land and 
water management (Calder 2005; Fig. 24.3).

The EU Water Framework Directive (2000/60/EC) establishes a legal frame-
work to prevent further deterioration, to protect and enhance the status of inland 
surface water, transitional water, coastal water and groundwater on a large scale 
across Europe and ensure its long-term sustainable use. The directive approaches to 
a water and river basin management based on large scales, especially on the natural 
geographical and hydrological units.

To protect all water resources the Member States of the EU shall ensure that a 
river basin management plan is made for each river basin district lying entirely 
within their territory or in the case of an international river basin district falling 
entirely within the Community, the Member States shall ensure the coordination 
with the aim of producing a single international river basin management plan.  

Water management objectives

Source: BATCHELOR 2005
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They are also responsible for the coordination of all programmes of measures in the 
river basin district. For international river basin districts the Member States con-
cerned shall together ensure this coordination.

Besides other objectives the directive should

Contribute to mitigating the effects of floods and droughts (art. 1d)•	
Protect, enhance and restore all bodies of surface water (art. 4, 1a - i and ii, as •	
well as art. 4, 5b)

The EU Water Framework Directive should be implemented by protecting, 
enhancing and restoring and by preventing the deterioration of the status of all bod-
ies of surface water and groundwater (art. 4) and by monitoring of the surface water 
and groundwater status as well as protected areas (art. 8). The implementation of 
river basin management can be realized by “supplementary” measures (art. 11, 3) 
as codes of good forestry practice or as restoration of wetland areas.

In principle the entirety of a river basin is concerned (art. 4, 4 and art. 13), but 
especially those areas which are explicitly specified in the EU Water Framework 
Directive:

Terrestrial ecosystems and wetlands directly depending on the aquatic ecosys-•	
tems (art. 1a).
Protected areas (art. 6 and annex IV), which are registered within each river •	
basin district, and which have been designated as requiring special protection 
under specific Community legislation for the protection of their surface water 
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Fig. 24.3 Governance systems need to recognize the disjuncts that exist between hydrological 
and administrative boundaries (Calder 2005)
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and groundwater or for the conservation of habitats and species directly depending 
on water.
Surface water bodies (art. 4) as rivers, creeks and lakes, including the surrounding •	
plains as far as the water morphology can be influenced.

Big European regions which are characterized by highlands and low mountain 
range structures are marked by two types of flood events. On a large scale, the flood-
ing of larger rivers have always given rise to troubles, e.g. for the rivers Rhine, 
Moselle and Saar the last times in 1993 and 1995. In addition, flash floods of smaller 
and medium-sized tributaries are also of considerable significance. This was drasti-
cally demonstrated by the recent flood disasters in 2002, 2003 and even in 2005 in 
Bavaria and the Switzerland. These damages, summed up for several catchments, 
can exceed the flood damages caused on major streams. The warning times are short, 
as flooding occurs often unexpectedly. Protection measures in flood plains of 
smaller rivers, in particular the technical flood protection, are less optimized.

Flood protection knows no boundaries. The prevention of flood damages by 
precautionary measures is a transnational task that can only be adequately real-
ized, if all abutting states of a river basin co-operate. In the Declaration of Arles 
in 1995 the competent EU environment ministers for Rhine, Moselle, Saar and 
Maas underlined, that not only measures of water management, but also measures 
in the field of spatial planning and land use are necessary for flood protection with 
regard to agriculture and forestry, the development of urban areas and the use of 
recreation. The EU Floods Directive (2007/60/EC) requires taking adequate and 
coordinated measures to reduce flood risks. This Directive shall be carried out in 
coordination with the Water Framework Directive, notably by flood risk manage-
ment plans and river basin management plans. The flood risk management prac-
tices shall also be coordinated in large scale river basins and they shall in take into 
consideration long term developments, including climate change, as well as sus-
tainable land use practices.

The Commission of the European Communities has stated in its communication 
to flood risk management (com. 2004, 472), that the way, how agricultural and 
forestry areas are used, is important for flood prevention and protection and that it 
is decisive for the capacity of soil and plants to retain water. One of the principles 
of flood risk management plans is an interdisciplinary approach: all relevant aspects 
of water management, physical planning, land use, agriculture, transport and urban 
development, nature conservation need to be considered at all levels (national, 
regional and local). To promote sustainable flood risk management measures it is 
necessary to have a list of cost-effective flood risk management measures which 
will be possible to support the objectives of water retention.

The political promotion of precautionary flood risk management by appropriate 
and efficient forestry measures must start at a local level. But flood prevention is 
a cross-border task. This task can be realized efficiently with the help of transna-
tional management plans. The acceptance of precautionary forestry measures for 
flood prevention, especially if those “water services” exceed not only a duly land 
management but also measures of good practice, will be increased enormously if 
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the recovery of costs will be regulated. This is possible with the help of the existing 
EU water directives.

Conclusions

At larger spatial scales, certain approaches to quantify the threat of bad groundwater 
quality, of drought or flood generation attempt to simplify the relevant processes by 
generating relevant GIS-based maps of dominating ecohydrological processes. 
There is a clear paradigm shift in watershed hydrology with the introduction of a 
more holistic view, which explicitly accepts landscape heterogeneity as a dominant 
control, rather than relying on the traditional view where catchment-scale processes 
can be modelled and understood from small-scale process understanding. Systematic 
land surface observations by satellites improved quantifying the terrestrial water 
cycle states, fluxes and processes.

Forests are often seen as the source of clean or at least less burdened groundwa-
ter. The groundwater and its aquifers at larger scales will be influenced by the 
diversity of plot-scaled seepage water qualities, whereas the seepage water quality 
is a result of the atmospheric nitrogen and acid deposition and micro-scaled ecohy-
drological processes in forests and forest soils.

Downstream flood peaks are the result of coincident peaks of different discharge 
flows. The larger scaled discharge depends on competing land use, on forestry 
management, on the very special forest or vegetation cover, and most important on 
the dominating physical site properties on plot scale as well as on the particular 
micro-scaled meteorological situation. That means, the big floods are developing in 
large spatial scale of big river basins. Forests and Forestry can tighten the runoff 
situation. A sustainable managed vegetation cover levels runoff peaks. But above a 
certain threshold of flood return period and only the integration of technical struc-
tural measures and other land and water resource management at larger spatial scale 
has effective impacts on floods and flood development.

The political promotion of precautionary water management by forestry starts in 
management scales, which means at a local level. But water management exceeds 
this local and even a regional level. It is a cross-border task. This task can only be 
realized within transnational activities. The acceptance of precautionary forestry 
measures for “water services” exceeds a duly land management. So, it needs the help 
of the existing European water and flood directives, but also of a “new” European 
management directive for sustainable and multifunctional forestry in Europe.
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Introduction

The European Flood-Directive points out the need of flood risk ma-ps. Such maps 
will be the basis of flood risk management plans focusing on prevention, protection, 
and preparedness. This effort has to be done river-basin-oriented and directly linked 
to the EU-Water-Framework-Directive. Thus, emphasis has to be put on the detec-
tion of synergy effects between a good ecological status (e.g. minimize technical 
impacts) of the water bodies and flood protection. As a result of the disastrous floods 
during recent years, especially the Elbe River flood in Saxony (East Germany) in 
August of 2002, the novel water law of Saxony (SächsWG) contains regulations 
concerning flood originating areas (German: Hochwasserentstehungsgebiete). Such 
areas were defined by the flood protection authority. For the flash flood areas in 
Saxony, which are mostly located in the Northeastern Ore Mountains, the novel law 
addresses the conservation and improvement of the natural water retention. The soils 
should be unsealed or afforested if possible. In case of an unavoidable loss or reduc-
tion of the natural water retention in these areas a suitable compensation is required 
(e.g. afforestation).

In comparison to other low mountain range areas the Ore Mountains especially 
the eastern part have a very low percentage of forest cover (partially <20%). A main 
reason for this landscape characteristic is the mining history of the area. 
Afforestation has been promoted in order to increase decentralized flood retention, 
in addition, e.g. the demographic change background and increasing demand for 
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wood energy stress out that an increase in the percentage of forest cover may be 
necessary in the future. Moreover, the catchments in the Ore Mountains also 
 traditionally provide drinking water from reservoirs and are known for the lower 
specific runoff under forest. Competitive goals of future land-use planning like 
flood protection, profitable food/wood production, water supply, water protection 
show the conflicts dealing with land-use change and the fundamental difficulty of 
making decisions which affect an uncertain future (land-use change, climate 
change, demographic change etc.).

Reliable integrated model calculations are essential for successful implementa-
tion of measures. In FLOODsite (IP 6th EU-FP) the impact of land-use on runoff 
generation and runoff concentration was investigated on different scales. One 
should be aware that the soil plays a key role as an interface that compartmentalizes 
the runoff in the different runoff types (surface, subsurface, base flow, and deep 
seepage). A portion of the water is stored in the soil. The soil water fluxes and 
related runoff formation depend on the soil hydraulic properties which are highly 
related to the land cover and the type of land management. In one study the change 
of soil hydraulic properties caused by an afforestation measure was investigated. 
This work was done by analyzing a ‘false chronosequence’ – different aged tree 
stands with comparable initial pedogeological conditions (Wahren et al. 2009).

To quantify the impact of land-use changes on the behavior of flood generation 
in river basins spatially-distributed rainfall-runoff-models were used. To scale-up the 
results of the plot investigations and to show potentials and limitations of afforesta-
tion measures for the 129 km² large catchment of the Schwarze Pockau River (cen-
tral part of the Ore Mountains) a complete afforestation scenario (potential natural 
vegetation) was compared with the present land-use for different flood events.

However, a scenario of total afforestation of the catchment is not realistic. 
Therefore, based on the results of the spatially-distributed rainfall-runoff-model 
(AKWA-M®), the possible consequences of socio-economically founded afforesta-
tion scenarios on the specific runoff and water retention in changing climatic condi-
tions were simulated and discussed. Thus, the objective was (1) to describe 
scenarios that reflect a close-to-reality future development with different boundary 
conditions which could be guided by political authorities; (2) to consider climate 
change in general and especially assessing the site conditions before a flood gener-
ating rainfall event. Our approach combines socio-economic methods with state-of-
the-art hydrological modeling and the available information about climate-change.

Soil Properties

The revitalization and increase of natural water retention potentials – notably in head-
water catchments – is a major component of sustainable flood prevention strategies. 
It is logical that changes in land-use patterns (e.g. expansion of settlements including 
road-construction, deforestation, distinct practices in arable and grassland manage-
ment) contribute to an increased frequency and severity of flood generation. For forest 
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land-use, it has been stated that afforestation and the promotion of  close-to-nature 
silviculture will considerably increase the water retention in landscapes. However, 
there is a controversial debate on the quantitative role of such non-structural flood risk 
management measures with respect to event size and scale-based physical conditions. 
Modeling approaches very often neglect important aspects when rainfall-runoff-
models are parameterized. Hence, many models just consider vegetation parameters 
(root depth, leaf area index (LAI), canopy height, etc.). Some more advanced models 
(AKWA-M®, WASIM-ETH, etc.) also include pre-event soil water content by calcu-
lating land-use specific evapotranspiration. In addition, one should also be aware that 
changes in the vegetation cover (e.g. conversion from arable land into grassland or 
forest) in the mid- to long-term will also result in distinct changes in soil hydraulic 
properties (infiltration, percolation, retention).

Our investigation in the catchment of the upper Mulde River, a pilot-area of the 
EU-IP FLOODsite) explored the impact of afforestation measures on the soil hydraulic 
properties. ‘False chronosequences’ were used to quantify the time-dependent dynam-
ical character of such changes. Four plots were identified at a test area with comparable 
pedological start conditions and relief situation. There, a set of tree stands of different 
age: (1) arable field (initial state); (2) 6-year-old afforestation; (3) 50-year-old affores-
tation; (4) ancient natural forest (‘target’ stocking) were investigated.

Hood infiltrometer field tests, in conjunction with time-domain reflectometry 
(TDR) measurements, were carried out to measure the effect of afforestation on soil 
hydraulic properties. For this purpose, the UGT infiltrometer was used. This hood 
infiltrometer enables the measurement of hydraulic properties from saturation up to 
the bubble point of the soil. Detailed information on the instrumental method and 
data analysis is given by Schwärzel and Punzel (2007). The target is to describe the 
saturated matrix flow as well as the macropore flow. For every land-use plot 5 repli-
cate measurements were performed.

Upon completion of the infiltration experiments, undisturbed soil cores were 
extracted from the centre of every infiltration site to enable the measurement of 
bulk density and unsaturated hydraulic properties (i.e. the water retention curve and 
the conductivity curve using the multistep outflow method). The unsaturated soil 
hydraulic properties were determined in the laboratory during transient conditions 
using the evaporation method (Wendroth et al. 1993) and during steady-state condi-
tions using the hanging water column method and a pressure apparatus (Dane and 
Topp 2002). Hydraulic conductivities were calculated using the approach of Wind 
(1968). For every soil horizon three undisturbed samples for soil physical lab mea-
surements were taken.

Distinct differences were detected. Especially the top soil layers revealed an 
increased conductivity and a higher portion of coarse/middle pores causing an 
increased infiltration and soil water retention potential (Table 25.1).

Hydraulic conductivities measured in the field are presented in Table 25.2. 
Distinct differences between the four land-uses in parallel to the pore size distribu-
tion (cf. Table 25.1) were observed.

Table 25.3 shows an example from sites in the Mulde catchment (area: Zellwald). 
The model (AKWA-M®) simulates the runoff behavior influenced by afforestation for 
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different pre-event soil moisture conditions. The runoff peaks were calculated comparing 
two model parameterizations (‘soil properties unchanged’ and ‘soil properties changed’) 
for two flood generating rainfall events. If the ‘changed soil’ the hydraulic behavior is 
neglected, the peak reduction for HQ (25) and HQ (100) is smaller (4–8%) than in the 
other case (with HQ(25) – flood event with a return period of 25 years). The reason for 
that difference is the increased conductivity causing a higher infiltration, and the 
increased field capacity which enables the soil to store more water.

Our study underlines that rainfall-runoff models should consider changes both 
in vegetation and soil properties. Only such a combined approach ensures to 
address land-use effects in an appropriate way. The lack of relevant data on changes 
in soil properties should not lead to the conclusion, that land-use measures are inef-
fective. It is quite clear that their impact is limited, but the sustainability and the 
synergy effects to nature protection and soil conservation should keep the consid-
erations about that non-structural measures vital.

Targeted measures to improve the natural retention in the watershed are long-
term challenges and, thus, the appearance of the benefits may comprise a time 
period of several decades. As a consequence, reliable model calculations are 
imperative to estimate the actual potential of land-use strategies and their limita-
tions. Beside the use of state-of-the-art models to predict effects for the present 
planning and building of flood protection measures, also tools to predict key param-
eters should be improved continuously in order to minimize the uncertainties.

Upscaling

Two different land-use parameterizations have been modelled in order to show the 
potential impact of land-use on the hydrological response of local subareas and the 
total catchment, respectively. Especially the soil water budget is considered in this 

Table 25.1 Pore distribution (vol%), related field capacity (mm) and unsaturated hydraulic con-
ductivity cm day−1 in the top layers (30 cm)

Land-use Horizon

Pore diameter, mm
Field 
capacity

Hydraulic 
conductivity cm day−1 
at pF 2.5>50 50–10 10–0.2

Arable land Ap 6  5  3 106 0.011 ± 0.02
Young afforestation Ah 6  9  7 149 0.026 ± 0.05
Old afforestation Ah 5 14 10 179 0.043 ± 0.10
Ancient forest Ah 5 11  8 129 0.032 ± 0.10

Table 25.2 Saturated 
hydraulic conductivity (cm 
day−1) at in the top layers

Land-use Horizon Saturated hydraulic conductivity

Arable land Ap 360 ± 180
Young afforestation Ah 710 ± 300
Old afforestation Ah 1,100 ± 400
Ancient forest Ah 1 200 ± 450
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investigation (change of storage, conductivity, etc.). The catchment of the Schwarze 
Pockau River as a subcatchment of the Mulde River basin was chosen to compute 
land-use effects (Fig. 25.1). This mountainous catchment is a ‘flash flood area’ 
(according to SächsWG) and belongs to basin of the Elbe River, where the most 
serious flood damages ever in Europe occurred in August 2002. The choice of the 
two parameterizations (Fig. 25.2) should represent afforestation to demonstrate the 
maximum forest caused change in water retention like the novel water law of 
Saxony advises. The used rainfall-runoff model AKWA-M® is based on the water 
budget model AKWA-M (Golf and Luckner 1991; Münch 1994). The model was 
advanced by Dittrich & Partner Hydro-Consult GmbH (Münch 2004). This water 
balance and rainfall-runoff model simulates the water balance and flood runoff in 
watersheds and transforms the different processes from a site to a larger area. It 
contains physically based components as well as a conceptual background. As a big 
advantage AKWA-M® allows to calculate the pre-event situation with the water 
budget model (time step 1d) and then to increase the time discretization for the 
flood event using actual conditions (storage, water contents, etc.) as initial state.

Two events were calculated in order to estimate the effects of land-use changes 
in their spatial distribution a more frequent event (~60 mm day−1) and the highly 
infrequent event from August 2002 (~230 mm within 2 days).

Fig. 25.1 Catchment of the Schwarze Pockau River with gauging station Zöblitz (Mulde catch-
ment, Ore Mountains-Elbe basin)
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Figure 25.3 shows for these two events the change in flood effective rainfall. The 
flood effective rainfall is the portion of the storm rainfall which is neither retained 
on the land surface nor which infiltrates into the soil – it is that part of the rainfall 
which is transformed into fast runoff components. It is obvious that there is nearly 
no change for the very seldom flood event because the storage capacity is limited. 
It appears that the role of land-use during such heavy rain events is negligible. 
However, for the more frequent event the afforested areas yield a decrease in flood 
effective rainfall from 5% up to 20%. Thus, the impact of the land-use on flood 
formation decreases with the increase of rainfall intensity. Figure 25.4 depicts the 
corresponding runoff hydrographs for both events. The peak discharge for the very 
infrequent event from August 2002 is nearly unchanged. For the more frequent 
event the decrease of the peak flow is ~20%.

Integrated Modeling

The historical as well as the present-day vegetation pattern has always been affected by 
human activities. Today’s land-use in the Ore Mountains is the outcome of hundreds (or 
even thousands) of years of natural and man-made landscape conversion. Therefore, 

Fig. 25.2 Land-use parameterizations: (a) present land-use given by CIR-data (LfUG  2004): 41% 
forest; 47% grassland; 7% farm land – calibration; (b) potential natural vegetation (PNV) except 
urban areas given by PNV-data (Schmidt et al. 2002): 97% forest predominant oak–beech mixed 
forest and spruce forest
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Fig. 25.3 Difference of flood effective rainfall scenario (b) – scenario (a) (percent) (cf. Fig. 25.2) 
for two rainfall events: left − 59 mm day−1, right − 229 mm 2 day−1
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Fig. 25.4 Changed peak flow (Qs) and runoff hydrograph due to changed land-use (blue – scenario 
(a) – CIR, green – scenario (b) – PNV) for two different rainfall situations; P = precipitation
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integrated model approaches are needed to forecast the spatial land-use pattern considering 
socio-economic changes as well as climate change. The effects of such changes on 
water budget and flood generation were also calculated with the spatially-distributed 
rainfall-runoff model AKWA-M® and are based on the investigations above.

The investigated area for this research is a subcatchment of the Schwarze 
Pockau River (Mulde catchment) called ‘Schlettenbach’. It is located in the central 
part of the Saxon Ore Mountains in the south of the town Marienberg. The catchment 
covers an area of 6.8 km² from which 52% consists of grassland. The forest portion 
is ~35%, the arable land covers 7%. A portion of 6 % of the catchment area is sealed 
(urban and traffic areas). The soils are dominated by Cambisols (sandy loam – Ls3) 
and Stagnic Cambisols (Ls3). Along the rivers Gleysols were mapped.

In cooperation with socio-economic researchers the generally accepted Foresight 
approach (EVANS et al. 2004) was chosen to develop future scenarios. These socio-
economic scenarios are intended to suggest possible long-term futures, exploring 
alternative directions in which social, economic, and technological changes may 
evolve within coming decades. Under the Foresight Futures, one future axis depicts 
the scale of governance from global to local, while the other reflects values from 
those that are community orientated to individual consumerism (Table 25.4).

Thus, five land-use scenarios were developed for the investigation area. A far-reaching 
afforestation or tree species adaptation (considering the scenario boundary conditions) 
and the maintenance of the village ‘Wüstenschlette’ was valid for all scenarios. The 
potential natural vegetation – PNV (Schmidt et al. 2002) – a nearly complete forest cover 
with oak-beech-stands in the lower altitudes and spruce/fir-beech mixed stand in the 
higher regions is used as a “maximum retention scenario” (Tables 25.5 and 25.6).

The climate future scenarios are outcomes from an investigation by the 
Umweltbundesamt (Enke et al. 2006). The results base on the climate model run 
ECHAM 5 which takes into account two different changes CO

2
 concentration until 

2100. The ECHAM 5 results were downscaled with the WETTREG-model, which 
produces daily climate data for every meteorological observation station in 
Germany. The feedback between the socio-economic future and the climate future 
was neglected in this investigation.

The climate prognosis forecast for the research area (station Marienberg, 50°39 
00 N, 13°09 30 E) a precipitation reduction between 1% (IPCC scenario B1) and 
7% (IPCC scenario A2) and a temperature increase between 1.8°C (B1) and 2.5°C 
(A2). Table 25.7 shows the results from the present water budget simulation 
(16 years: 1985–2001) for socio-economic scenarios. It is obvious, that the increase 
of the forest percentage leads to higher simulated evapotranspiration especially by 
increasing the interception storage but also by a higher transpiration. The runoff 
decreases with the growth of the forest area. Scenario SZ1 demonstrates, that a forest 
management, that deals with clear cuts and monocultural plantations can lead to a 
loss of water retention although the portion of forest area in the catchment was 
increased. Table 25.8 summarizes the water budget components under the changed 
climate situation (IPCC Scenario B1). The increase of the evapotranspiration due 
to an increased temperature leads to a distinct reduction of the runoff. It is logical, 
that the average soil storage decreases as well under these changed conditions.
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If these changes are going to happen in the catchment of a drinking water reser-
voir serious gaps in water supply could be caused by the changed land-use pattern. 
It is evident from the different soil storage distribution functions (empirical non-
exceedance probability) for the present weather situation (1984–2001) with respect 
to flood protection, that the effect of the land-use increases with decrease of the soil 
moisture (Fig. 25.5). If the weather situation before a heavy rain event has been dry 
the difference between the land-use types (interception, evapotranspiration, root 
depth) leads to different water consumption. In the case of a wet pre-event situation 
the limited refillable porosity is filled.

It can be stated that the climate change will influence the provided storage much 
more than the infiltration behavior. Figure 25.6 shows for the present land-use and 
scenario 4 (LS) the empirical non-exceedance probability of soil storage for both 

Table 25.4 Summary of foresight futures according to Evans et al. (2004)

Scenario Aims Consequences

1 – World markets Globalization; personal 
independence; material 
richness;

Multinational trusts, 
high productivity 
and mobility, rural 
migration, income 
differentials increase

Policy: Minimal, enabling markets

2 – National enterprise Personal independence and material 
richness influenced by a national 
identity

Decline of small and 
medium-sized 
enterprises slower 
than in Scenario 1; 
growth in service 
sector; specialisation on 
products for the regional 
market and luxury 
goods; agriculture 
subsidized

Policy: State-centered, market 
 regulation to protect key sectors

3 – Global sustainability Common welfare, equal opportunities 
and intact environment realized by 
communities of values

World-wide regulation of 
economical growth; 
international trade 
with high social and 
ecological standards; 
agriculture balances 
yield, biodiversity 
and sustainability; 
renewable energy; 
income decreases

Policy: Corporatist, political, social  
and environmental goals

4 – Local stewardship Sustainable standards of common 
welfare on a local scale, shelter  
of local markets

Increment of small 
and medium-sized 
enterprises; high social, 
ecological and quality 
standards; production 
site specific fragmented; 
agriculture for self-
sufficiency; mobility 
and income differentials 
decrease

Policy: Interventionist, social and 
environmental
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the present weather conditions (1984–2005) and the future conditions (2100) given 
from the more moderate B1 scenario. There, it is assumed that in Saxony (southern 
part of East Germany) it becomes drier and warmer, but the abundance of heavy 
rain events will increase. The differences in water storage at different forms of land-
use will become more pronounced as the number of drier days will increase. 
Therefore, it should be placed greater importance on land-use considering water 
retention.

For a number of rain events between 1984 and 2001 the runoff was simulated. 
Three of these rainfall-runoff calculations of analyzed events are shown here with 
different precipitation sums and different pre-event soil moisture conditions. 
Figure 25.7 shows the average pre-event soil moisture situation (present land-use) 
(Table 25.9).

However, not only the additional storage in the soil provided by different forms 
of land-use is important. Another dominant factor is the ability of the soil to con-
duct the water from the surface into deeper layers. The infiltration routes water to 
free storage in the deeper soil or brings it to subsurface pathway which normally 
decelerate the runoff. The superposition of these processes causes the intended peak 
reduction. The peak reduction for the event with the highest pre-event soil moisture 
(1996) is very small in each scenario. The runoff for the 1995 event shows an 
observable peak reduction in scenario 3 and 4 and a notable reduction for the PNV 

Table 25.5 Applied foresight futures

Scenario Consequences for the investigation area

World markets (WM): Agriculture unprofitable. Multinational timber trust use nearly 
the whole catchment for spruce production.

Landscape shows an alternation of clear-cut areas, spruce stands 
of different ages (10, 30, and 70 years) and grassland around 
the buildings at ‘Wüstenschlette’.

National enterprise (NE): Private agriculture focuses on intensive pasture production.
The woodside areas, which are difficult to till, are afforested with 

spruce.
The other forested areas maintain.
Around the village ‘Wüstenschlette’ fish and fruit production is 

established.
All activities are considering national or “home-” production 

aspects.
Global sustainability (GS): Natural water retention is a general European interest.

Afforestation and soil conserving agriculture is subsidised  
by the EU.

Crops for energy production are planted.
Forestry develops species-appropriate mixed stands.
Connected forest stripes along riverside forests are established.
Products are exploited with “according to flood protection”-sign.

Local stewardship (LS): Small sized and site specific soil conservation tillage (pasture, 
crops).

Close-to-nature forestry and afforestation.
Continuous riverside forests are established.
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scenario. The rainfall characteristics in 2002 cause pronounced two-peak behavior. 
The resulting runoff points out the effects of the lateral components and the limited 
soil storage. There is a high reduction of the first peak especially in scenario 3 and 
4 the peak is reduced by of more than 40% of the IST-runoff. The second peaks do 
not show such strong reductions. PNV-runoff for the second peak of this event 
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Fig. 25.5 Empirical non-exceedance probability of average soil storage content for all scenarios

Table 25.7 Water budget components for all socio-economic future scenarios (mm), where 
IST…present land-use, SZ 1, SZ 2, SZ 3, SZ 4…land-use scenarios (cf. Tables 25.5 and 25.6 
and PNV…potential natural vegetation

1985–2001 IST SZ 1 SZ 2 SZ 3 SZ 4 PNV

Precipitation 972 972 972 972 972 972
Actual evapotranspiration (ETR) 472 480 505 509 534 593
Transpiration 193 178 212 212 222 244
Interception 190 238 227 221 252 296
Runoff 507 501 476 473 448 386
Runoff-difference to present 

land-use (IST), (%)
– −1 −6 −7 −12 −24

Table 25.8 Water budget components for all socio-economic future scenarios under future 
climate conditions IPCC scenario B1 mm, IST…present land-use, SZ 1, SZ 2, SZ 3, SZ 4…land-
use scenarios (cf. Tables 25.5 and 25.6) and PNV…potential natural vegetation

B1 Scenario (2100) IST SZ 1 SZ 2 SZ 3 SZ 4 PNV

Precipitation 964 964 964 964 964 964
Actual Evapotranspiration (ETR) 501 512 532 550 581 653
ETR-Difference to present  

climate (mm) and (%) (Table 25.7)
+29 +32 +27 +41 +47 +60
+6% +7% +5% +8% +9% +10%

Runoff 481 472 439 414 387 349
Runoff-Difference to present climate (%) 

(Table 25.7) (Runoff IST = 507 mm)
−5% −7% −13% −18% −24% −31%
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(70% reduction for the first peak) is even higher than in scenarios 3 and 4 because 
the retained runoff from the first peak is still part off the runoff when the second 
peak reaches catchments outlet. Accordingly, the second peak equals a flood event 
with high pre-event soil moisture. Table 25.10 summarizes the peak reductions. The 
results demonstrate that the different afforestation scenarios combined with con-
serving and improving the hydraulic functions of the soil also by non-intensive 
pasturing, preservative tillage and depaving measures can provide a distinct contri-
bution to flood prevention. But especially forest cover results in an increased water 
consumption due to higher interception and transpiration rates and in case of conifers 
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Fig. 25.7 Calculated soil storage and initial points for the rainfall-runoff calculation
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with an all-year high LAI. In sum, all these forest effects lead to situations of a 
lower pre-event soil moisture. However, effects are limited by the available soil 
storage. As a consequence, the ‘forest effect’ on floods can be split into two general 
parts: retention by additional provided storage (1) and decelerating runoff by shifting 
water into slower pathways (2).

Land-use change measures are mostly long-term challenges and the appearance 
of the benefits may take decades. Another major restriction of adopted land-use as 
a component in an integrated flood risk management results from the fact that benefits 
of water retention in the landscape are mostly not directly noticeable at the point a 
measure is implemented. In the investigated region of Saxony the local authorities 
and the land owners are convinced that they do the possible according to their finan-
cial situation. Therefore, societal/legal constraints to improve the situation are indis-
pensable. It has been shown that the more community-oriented scenarios are able to 
establish conditions for land-use types that consider water retention in conjunction 
with other targets of a sustainable development. That means that flood protection 
in the field (blanket coverage of the entire catchment area) as announced in the 
European Flood Directive must find its way to both the law and the subsidy policy. 
In that context it makes sense to identify synergy effects addressed in EU-Water 
Framework Directive.

Table 25.10 Calculated runoff peaks (p, mm/h) and percent differences for all scenarios (pRed, %)

Scenario

1995 1996 2002 Peak 1 2002 Peak 2 Peak 
reduction for 
all 
investigated 
rainfall 
events, %p pRed p pRed p pRed p pRed

IST 1.95  – 0.84  – 4.0  – 3.3  – –
1 (WM) 1.92  1 0.84  0 3.0 23 3.3  0 From 1 to 23
2 (NE) 1.90  2 0.84  0 3.6  9 3.1  5 From 0 to 15
3 (GS) 1.85  5 0.76  9 2.4 40 2.8 14 From 2 to 40
4 (LS) 1.74 11 0.76  9 2.2 46 2.8 17 From 9 to 46
PNV 1.41 26 0.74 11 1.2 70 3.0  8 From 11 to 70

Table 25.9 Rain events and their statistical placement (Barthels et al. 1997) with precipitation 
(P, mm), duration (D, h) and return period (T, years)

Date

D

1 4 24 72

P T P T P T P T

31.08.95–
1.09.95

 8 <0.5 27 0.5 108 ~100 124 ~20

P = 155 mm
7.07.96–11.07.96  6 <0.5 15 <0.5  67 5–10  77 2–5
P = 77 mm
11.08.02–15.8.02 22 1–2 50 ~10 173 >100 198 >100
P = 200 mm
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Conclusions and Outlook

The land-use pattern in a landscape is complex, socio-economic driven, and long-term. 
Therefore, simple approaches (e.g. PNV, total afforestation) are not realistic since 
they only show general tendencies. Socio-economic methods have to be combined 
with state-of-the-art hydrological modelling approaches.

Integrated model approaches should deal with all competitive requirements of 
futures land-use and the prognosticated climate change. Consequently, synergies 
and feedbacks have to be detected and defined.

Benefits of land-use for an optimized flood protection are (mostly) not directly 
noticeable at the point a measure is implemented.

EU subsidy policy regarding land-use changes focuses on agricultural policy 
(CAP) followed by structure and cohesion policy. Hence, flood protection is at the 
best an additional benefit, but not a target!

Flood protection as announced in the EU Flood Directive must find its way to 
existing legal provisions and policies on subsidies. Therefore, synergy effects to the 
EU-Water Framework Directive have to be identified.
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Introduction

About 5% (i.e. 292,700 km2) of Europe is covered by peat and peat-topped soils 
(0–30 cm) with a threshold of >25% organic carbon, and they have a strong northern 
bias in their distribution (Montanarella et al. 2006). Based on the national level 
estimations (Vasander et al. 2003; Oleszczuk et al. 2008; Finnish statistical 2006; 
Hånell and Magnusson 2005; Forest Service 2007; Paavilainen and Päivänen 
1995a; Adermann 2007) it could be concluded that about 29%, or 82,310 km2, of 
the peat-covered areas of the eight European peat rich countries (Finland, Sweden, 
UK, Norway, Ireland, Estonia, Germany) have been drained for forestry. Already 
since 1773 the lowering of the groundwater level, via a man-made drainage system, 
was the main approach to improve forest growth on waterlogged peatlands  
(Paavilainen and Päivänen 1995b), and this method reached the highest level in 
northern and eastern Europe, the British Isles, and some parts of North America 
during the 1960s and 1970s (Laine et al. 2006). The long term practice of peatland 
forest drainage has shown that the necessary depth of the groundwater (GW) level 
for peatland forest growth is 35–55 cm below the soil surface (Heikurainen 1967; 
Toth and Gillard 1988), which traditionally is achieved with average distances of 

E. Lode (*) 
Tallinn University, Institute of Ecology, Uus Sadama 5, 10120 Tallinn, Estonia  
and
Department of Soil and Environment, Swedish University of Agricultural Sciences,  
SE-75007 Uppsala, Sweden 
e-mail: elve.lode@tlu.ee

J. Roosaare 
Institute of Ecology and Earth Sciences, University of Tartu, Vanemuise St 46, 51014  
Tartu, Estonia 
e-mail: juri.roosaare@ut.ee

M. Pensa 
Tallinn University, Institute of Ecology, Uus Sadama 5, 10120 Tallinn, Estonia
e-mail: margus.pensa@tlu.ee

Chapter 26
Typological Up-Scaling of Wooded Peatlands

Elve Lode, Jüri Roosaare, and Margus Pensa 

M. Bredemeier et al. (eds.), Forest Management and the Water Cycle: An Ecosystem-Based 
Approach, Ecological Studies 212, DOI 10.1007/978-90-481-9834-4_26, 
© Springer Science+Business Media B.V. 2011



472 E. Lode et al.

25 or 50 m between ditches in drainage systems (Valk 2005). From this, it could be 
estimated that for growing forest on 29% of European peat and peat-topped soils 
the total length of ditches to be created would be between 1.6–3.3 × 106 km (!).

Several recent study results of mire surface dynamics show a widespread “natural” 
forest expansion on the Boreal peatlands due to the complex interactions of human-
induced drainage, climate change, fire events and isolation of peatlands within an 
agricultural plain. In Pellerin and Lavoie (2003) it was summarised that even the 
peatlands which were known to be resistant to disturbances may overgrow rapidly, 
and experience major changes when they are subjected to multiple disturbances, 
and especially to human influences.

Plant macrofossil analyses of Canadian peatlands show that, prior to European 
colonization (ca. eighteenth century), the peatlands of Canada were predominantly 
open landscapes, dominated by Sphagnum mosses which subsequently became 
forested with little or no Sphagnum. Analysis of aerial photographs over the south 
Quebec region indicated that widespread forest expansion occurred in all mires 
between 1948 and 1995, and the percentage of the total peatland area occupied by 
the forest increased from 22.5% to 56.5% (Pellerin and Lavoie 2003).

The study of Sphagnum-dominated mire ecosystems in southern and central 
Sweden show a high degree of 40-year plant dynamics on natural peatlands, and 
increment of tree coverage (mainly Pinus sylvestris) on virgin mires in east Sweden, 
at least for the last 50 years (Åberg 1992, and Gunnarsson and Rydin 1998 ct. in: 
Gunnarsson et al. 2002). An increment of tree cover and hummock-type microforms 
over the Åkhultmyren mire (southern Sweden) was studied from aerial photographs 
from the period 1947 to 1977 (Ihse et al. 1992 ct. in: Gunnarsson et al. 2002).

By 1953 it had already been stated that the structural studies of peatland or mire sur-
faces, which were based on recognition of the plant cover and/or micro-topographical 
features on aerial photographs, was an important approach for the identification of water 
dynamics and mire hydrology on water-saturated landscapes (Ivanov 1953).

Modern spatial monitoring has opened up several possibilities to investigate 
both the peatland surface topography and the plant cover via aerial photographs and 
satellite images. Data quality improvement has been achieved by producing high 
quality multiple spectral images via the use of multispectral sensors for land sur-
face scanning. Different sets of spectral images have been adapted for recognition 
of certain types of surface patterns on the ground, where the near infrared (NIR) 
and red spectral regions were used for interpretation of the plant cover.

Improvement of image resolutions, increment of number of used colour chan-
nels (e.g. hyperspectral images) or number of sensors used – these are the continuing 
contemporary technical progress toward improvement of quality and quantity of 
remote sensing databases (Lillesand et al. 2008).

Aerial photography is the oldest method of remote sensing. In the course of time 
the first panchromatic (black-and-white) photos, sensitive to visible light, were 
replaced by colour photographs, – with stereo pairs and colour infrared (CIR) 
images. Analogue cameras have been increasingly superseded by digital cameras. 
In CIR images the NIR, red, and green channels have been applied in forestry, agri-
culture and other environmental fields.
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In several cases the ortophoto shadows (i.e. tree shadows) were used for the 
determination of tree species, their heights and other forest parameters (Groom 
et al. 2006; Ihse 2007). The shadows of Landsat TM images are often blurred, and 
indirect database calculations have to be used for their extraction from the image 
datasets (Liira et al. 2006). In high resolution imagery a single tree crown contrib-
utes several pixels with varying illumination across the crown, and therefore sepa-
ration of individual tree crowns is possible (Brandtberg and Walter 1998; Gong 
et al. 1999; Quackenbush et al. 2000; Leckie et al. 2003). In this case the quality of 
quantified tree cover interpretation is forest type and land level calibration depen-
dent (Leckie et al. 2003), and the image based interpretation results could be almost 
equivalent to the ground level surveyed results (Brandtberg and Walter 1998).

The aim of this chapter is to introduce the GIS-based case study results of the 
small wooded Selisoo mire, located in the Eastern part of Estonia and belonging to 
the Ramsar’s Muraka mire complex. This has been formulated as follows:

 1. To summarise the principles of scale-dependent mire surface pattern mapping
 2. To study the reflection of different mire disturbances on ortophoto-delimited 

mire ecotopes
 3. To study the reflection of different mire disturbances on the tree stands
 4. To introduce the GIS based typological up-scaling of remote sensing datasets to 

the wooded peatland ecotopes

Features of Aerial Photo Mapping of the Peatlands

Features of Peatland Mapping

There are three important features of peatland mapping which can be identified: 
(a) the mire boundaries (i.e. “zero” depth of the peat soil limits; in: Ivanov 1975); 
(b) the surface water bodies (i.e. streams, ditches, pools and lakes; in: Eggelsmann 
et al. 1993), and (c) the horizontal and vertical structure of the patterned mire sur-
faces (Masing 1982). While the horizontal structure of the mire surfaces is formed 
by the positive (e.g. hummocks, ridges) and negative (e.g. lawns, carpets, mud-
bottoms) microrelief elements called microforms (e.g. Ivanov 1975) then the verti-
cal stratification depends on the mire plant cover, which could be described either 
by the vegetation layers i.e. tree, shrub, field and moss layer or vegetation horizons 
i.e. tree canopy, tree stem, shrub canopy, herb leaves, moss surface horizon (Masing 
1982). In the latter case the peat layer below the vegetation horizon forms a litter 
peat horizon (Malmer 1988).

Distinct patterns of peatlands are often formed by the ridges and depressions that 
alternate in ladder-like or net patterns, and they can be found on bogs, fens, or a 
combination of the two (Rydin et al. 2006). The bogs with patterned tree cover were 
divided into (a) completely opened bogs, (b) wooded on the margin and open in the 
centre, (c) completely wooded, and (d) wooded in the centre and opened on the margin. 
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The bogs with opened centres might be centre wet (dominated by the Sphagnum 
lawns) or centre dry (dominated by dwarf shrubs of Cladonia, and Sphagnum 
hummocks). Wooded centre bogs could be formed into wheel spoke bogs 
(patterned trees with radiating lines like spokes in a wheel) and feather bogs (pat-
terned trees with a linear crest of trees with lines coming off like veins of a feather) 
(Ibid).

Both the climate and anthropogenic drainage increase the plant cover changes 
on peatlands, and the extension of forests to these. Tree growth on peatlands causes 
profound changes in peatland ecosystems via altering the hydrological conditions 
(Ohlson et al. 2001). Wooded conditions on peatlands influence the amount of 
water stored in the soil by intercepting rain fall, withdrawing water from peat, and 
influencing evapotranspiration rates (Anderson et al. 2000; Frankl and Schmeidl 
2000; Van Seters and Price 2001) together with changes to the hydro-physical 
properties in the underlying peat column (Eggelsmann et al. 1993; Paavilainen and 
Päivänen 1995a).

In general a patterned surface of peatlands is a reflection of integrated ecologi-
cal processes of mire living plant production, peat accumulation, and water dynam-
ics (Rydin et al. 2006). It takes place due to comparably shallow aquifers of the 
mires, called acrotelm (Ivanov 1975, 1981; Van der Schaaf 1998, 1999).

In the course of mire ecology research development the structure for mire map-
ping scale levels were formed and demonstrated in many studies (Table 26.1). In 
ecohydrological studies the macro, meso and micro scale spatial levels were defined 
for different mire research areas (e.g. restoration or protection of mire ecology), 
where the mire biotic and abiotic factors were equally lionised (Van der Schaaf 
2002). Since the difference in scales between the meso-level and the micro-level is 
substantial (km2 vs dm2 m2) intermediate levels, i.e. ecotope and community-
complex levels were introduced, whereby the ecotope-scale level was defined as a 
compromise between the larger plant cover zone (biotic conditions) with a certain 
uniformity in abiotic conditions, i.e. a specific range in mean groundwater levels, a 
specific range of water table fluctuations or a specific water type e.g. atmospheric, 
lithospheric or mixed (Ibid).

Table 26.1 Generalised levels and scales for empirical mire research and mapping 
(Adapted from Masing 1998, Rydin et al. 2006)

Masing (1998) Rydin et al. (2006)

Levels Scales Scales

Clonal and population –
Ceonotic 1:10–1:100
Microstructural 1:100–1:1,000 0.25–100 m2

Microtope or coenocomplex 1:1,000–1:10,000 100 m2 to few km2

Mesotope or mesostructural 1:10,000–1:100,000 0.5–20 km2

Macrotope or macrostrucutural 1:100,000–1:10,000,000 Few km2 to >20 km2

Regional 1:10,000,000–1:100,000,000 Thousands of km2
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Aerial Photo Mapping of Peatlands

In remote sensing, peatlands were easily distinguishable in near-infrared satellite 
images with wave length of 0.75–0.9 mm of the Landsat TM (Aaviksoo et al. 2008). 
High spatial resolution of remotely sensed data (4 m pixel size) has been shown to 
be ideal for the study of bog landscapes (Milton et al. 2005), whereas the short-
wave infra-red region of 1.55–1.75 mm had a good resolution for the study of wet-
ness index distribution over the peatlands (Hardisky et al. 1983).

Aaviksoo et al. (2008) stated that the aerial photos as well, from Ikonos and 
QuickBird images, were suitable for mapping mire microforms (with a spatial reso-
lution of 0.6–4 m pixel size in images), and SPOT HRV, Landsat 5 TM and Landsat 
5 ETM+ (pixel size of 10–30 m) – for mapping of mire microtopes and mire com-
plexes. The AVHRR sensor data with a ground resolution of »1.1 km (NESDIS 
2009) was useful for mapping individual mire massifs or entire mire landscapes. In 
this way, from historically established seven mire mapping ground levels 
(Table 26.1), the five lower levels were covered by the remotely gained data sys-
tems named above (Aaviksoo et al. 2008).

Advanced technologies enabled the production of remote sensing data for the 
first two mire mapping levels, whereas the different airborne laser scanners (e.g. 
LIDAR – LIght Detection And Ranging) were used for the identification of different 
vertical and horizontal peatland tree parameters, such as the tree density and 
changes in their height and growth (Genc et al. 2004; Hopkinson et al. 2004; Waser 
et al. 2006).While the Landsat images were the most suitable for the European 
landscape ecology study (Groom et al. 2006) the structural studies of the peatland 
surfaces were still favourable from the aerial photos (Langanke et al. 2007) and/or 
QuickBird images (Milton et al. 2005).

Aerial photos have been used for reconstruction of temporal changes in bog 
forests (Cameron et al. 2000; Gunnarsson et al. 2002; Linderholm and Leine 2004) 
and they are still used in temporal studies of peatland vegetation changes (Ihse 
2007; Langanke et al. 2007). In Jauhiainen et al. (2007), the study of the tone and 
texture values, extracted from the aerial photographs of Finnish peatlands, were 
stated to be useful for differentiation of forested site types of drained peatland from 
undrained and open site types. Using canonical correspondence analysis, some 
correlations were found between tone values and peatland site types, but they were 
not identified at an accurate level from aerial photographs for the mosaic like struc-
ture of vegetation inside the site type.

From the peatland forestry management point of view it is important to know 
that many gullies and channels can be clearly identified, measured, and mapped 
onto aerial photographs in open areas. The LIDAR technique can be used to locate 
and map gully systems (down to approximately 3 m top width) that lie beneath 
thick canopy (James et al. 2007). This mapping capability is important for gully 
inventories for hydrological modelling (e.g. flow accumulation models), determina-
tion of land use treatments, and estimation of soil erosion and sedimentation vol-
umes (Ibid).
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Linderholm and Leine (2004) summarised that aerial photographs are a powerful 
tool for detecting spatial and temporal changes in vegetation coverage of peatlands, 
and especially at the regional/country level, but there were difficulties for separa-
tion of the climatological causes of vegetation changes from anthropogenic causes, 
especially if signs of ditches or logging are not visible on analysed images. Using 
information from aerial photographs was limited also by the gap between the real 
beginning of the forest expansion and its photographic evidence, since samplings 
have to reach a minimal height before being detectable on aerial photographs. In 
that sense land survey dendrochronology was an excellence tool to determine 
significant changes in the growth environment and reflection of these to the tree 
growth rates, magnitude of tree coverage, and timing of crucial changes in peatland 
conditions (Ibid). However in Waser et al. (2007) the combination of remote sens-
ing data with regression analysis and fractional cover approaches was shown to be 
appropriate for fractional tree/shrub cover mapping and assessing changes of forest 
area in a peatland biotope. Both the accuracy of the forest masks and the fractional 
tree/shrub covers strongly depend on the accuracy of digital surface model (DSM) 
data. It was stressed by Waser et al. (2007) that the usage of a dense and accurate 
DSM and digital terrain model (DTM) were absolute prerequisites for the deriva-
tion of accurate topographic parameters, which in turn were used to derive the for-
est masks and the fractional tree/shrub covers.

An object-based image analysis (OBIA), using eCognition software, also gave 
promising results for the highly patterned, but less tree covered, peatland surfaces 
(Burnett et al. 2003), which in principle was called the multi-scale segmentation/
object relationship modelling approach (Burnett and Blaschke 2003).

Analyses of Wooded Peatlands

Ortophoto and Ground Level Parameterisation  
of Wooded Peatlands

Ortophoto-based identification of mire ecotopes for mire landscape in forestry 
management conditions were carried out on the small Estonian Selisoo mire. The 
digital ortophoto of the Estonian Land Board that was used is a processed aerial 
photograph with distortions caused by terrain relief and camera tilt relative to the 
ground at the moment of exposure and camera central projection removed. The 
Selisoo mire ortophotos were produced with an analogue camera (Rc20) during a 
routine remote land survey flight period from 14th May 2005 to 25th August 2005. 
Digital ortophotos in Estonia are for regular use, and they are available as true 
colour images in MrSID format with a pixel size of 0.5 m.

Manual delimitation of the mire ecotopes took place in the MapInfo environ-
ment, based on clear differentiation of the microforms in the ortophoto, their orien-
tation pattern and relationship to tree coverage (Fig. 26.1). Each of the ecotopes 
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was facilitated with the ecotope ID (ID
ecot

), the surface pattern descriptions (incl. the 
tree coverage) and visually estimated total tree coverage on the ecotope (Tables 26.2 
and 26.3). Beside the ecotope layer the digitised pool layer was created and the 
MapInfo Query of Calculate Statistics was used for calculation of the ecotope 
areas, their coverage with the pools and for calculation of the length and density of 
linear elements on ecotopes (i.e. ditches and roads).

In parallel to mire ecotope identification, the survey of the ground level tree 
stands was associated with some environmental parameter measurements that were 
carried out on 20 tree plots during the growing periods of 2007–2008 (Fig. 26.1 and 
Table 26.4).

Tree cover parameterisation was the main objective of the field survey. It was 
conducted within the circular plots of 100 m2 (i.e. radius of plots of 5.6 m), where 
the total number of trees was counted and the stem diameter of the trees with tree 
heights of h > 1.3 m were measured at a stem height of 1.3 m. Trees with tree heights 
of h > 1.3 m and stem diameters of d > 5 cm were cored for tree ring analysis.

After the tree stem diameter measurements, the basal area of the trees (BA
1.3

) 
was measured and expressed in cm2 per 100 m2. Tree ring analysis (i.e. the width 
of the tree rings formed in a given year) was carried out using the measurement 
system of WinDENDRO (Regent Instruments of Canada Inc., Nepean, Ontario).

Fig. 26.1 Ecotopes of Estonian Selisoo mire, manually identified from the standard ortophoto of 
the Estonian Land Board 2005, where roads, streams and ditches were identified from the 
Estonian Basic Map and mire borders from the Estonian Soil Map (a) together with excerpts from 
the same ortophoto layer: (b) oriented pool-ridge surface pattern on the bog marginal slope 
(marked PA2 in a), (c) hollow-ridge surface pattern beside the self-recovering peat pit surface 
pattern with treed peat beds between (marked PA19 in a), (d) mineral soil covered forest transition 
toward the mire lagg on the fen peat extension (close to PA17 in a), and (e) oriented treed ridge 
pattern beside the forest band (marked PA14 in a)
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Table 26.2 Description of Estonian Selisoo mire ecotopes, manually delimited from the ortophotos, 
where: ID

ecot
 = code for the ecotope type; n = number of the ecotope polygons

aID
ecot

n

Pools in 
ecotope

Tree/forest coverage in ecotope

%

Total 
coverage

Pattern description, %

%
Single 
trees,

Trees in 
groups

Trees  
on ridges

Scattered 
trees Forest

 2 1 7.2 20 70 30
10 2 b0.2;c5.2 b10;c5 50  50
13 1 2.1 50  65  35
 9 1 31.6 20 10 10  80
12 2 b12.0;c11.2 40  50  50
 4 2 b1.5;c0.4 15 80  20
 3¢ 4 50 100
 7 7 95 100
 6 1 30 100
 3″ 2 50 100
99 1 95 100
 5 1 3.4 50  1  99
14 3 b0.6;c0.3;d0.3 50 100
 8 2 b7.4;c7.3 75  10  90
15 3 b1.8;c0.2 b5;c20 10  90
11 1 3.5 20 50 50
 1 4 75 100
77 1 0.1 30 50  10  40
aEcotope surface pattern description seen in Table 26.3  b, c, dCorresponding values, if more than one 
ecotope under the certain ecotope type

Table 26.3 Ecotope surface pattern description for the Table 26.2

ID
ecot

Surface pattern description

 2 Open bog with weir-oriented hollows and some pools
10 Hollow oriented, hollow-lawn microtope with some trees
13 Hollow-lawn microtope with some pools
 9 Pool-ridge microtope with well oriented ridges
12 Pool-lawn-ridge microtope with trees
 4 Lawn type open bog
 3¢ Terminated peat cutting, trees in ridges
 7 Edge drained bog forest
 6 Managed open peat field
 3″ Terminated peat cutting, scattered trees
99 Drained peatland forest
 5 Lawn-ridge microtope with pools and well oriented ridges
14 Lawn-ridge microtope with well oriented ridges
 8 Forested pool-ridge microtope
15 Hollow microtope with some tree covered ridges
11 Hollow-ridge microtope with some pools
 1 Lawn type microtope with scattered tree growth
77 Edge-drained bog with scattered trees, some in ridges and groups
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Results of the tree ring measurements were standardised by using the negative 
exponential or linear function. The means of the series of indexed height increment 
were calculated for all collected tree rings over the Selisoo mire area, as well as for 
each ecotype separately, by dividing the measured radial increment with the results 
from exponential or linear function. Standardisation of the tree-ring time series was 
made with ARSTAN software.

During the tree stand survey the mire site type and the depth of the peat deposit 
were determined and the mire groundwater (GW) level was measured in the plot 
location. The mire site type for the studied plots was determined according to the 
classification of Estonian bog sites proposed by Paal et al. (1998).

GIS Based Analysis of Wooded Peatland Ecotopes

Ortophoto polygons of manually delimited ecotopes formed the framework for a 
subsequent GIS based Selisoo mire data analysis. Performing this at the ecotope 
level, instead of pixel-by-pixel calculations overall mire extension, enabled the 

Table 26.4 Results of the ground level tree survey of the Selisoo mire ecotopes during the 
growing periods of 2007 and 2008, where: ID

ecot
 = code for the ecotope; ID

tree
 = code for 

the tree plot; D
trees

 (Nr
all

/Nr
h>1.3 m

 per 100 m2) = density of the trees, where Nr
all

 = count 
of all trees; Nr

h>1.3 m
 = count of trees with the tree height of h > 1.3 m; BA

1.3
 (cm2/100 m2) 

= tree basal area, A
mean

 (years) = mean tree age; H
peat

 (m) = mean peat depth

ID
ecot

ID
tree

Mire site type D
trees

, BA
1.3

A
mean

H
peat

 2 PA1 Wooded lawn-ridge 20/6  15.6 22 5.55
 9 PA2 Wooded pool-ridge 38/8  28.9 69 5.50
12 PA13 Ridge-hollow 25/0   0.0 35 5.80

PA6 (Wooded) ridge-hollow 60/6  38.9 36 6.89
PA11 Ridge-hollow 41/1  38.5 5.80

 4 PA5 (Wooded) lawn-ridge 37/2  60.5 37 6.53
 3¢ PA18 Wooded ridge - terminated  

peat cutting
36/27  57.0 74 3.10

 3¢ PA19 Wooded ridge - terminated  
peat cutting

24/9 161.0 43 3.05

PA20 Wooded ridge - terminated  
peat cutting

86/8   3.9 41 3.60

 7 PA12 Drained peatland forest 36/28  28.6 83 1.20
 7 PA16 Drained peatland forest 32/26  40.9 59 2.76

PA4 Drained peatland forest 34/21  92.3 56 3.43
 6 PA15 Wooded hummock 61/19   8.4 18 4.71
 3″ PA3 Wooded hummock –  

terminated peat cutting
33/16  26.5 41 3.91

99 PA9 Drained peatland forest 13/13 121.5 55 2.87
14 PA14 Bog forest 79/33  19.9 29 6.41
 8 PA7 Bog forest 64/48  21.1 41 4.69
11 PA10 Hollow-ridge 49/2   4.41 94 4.27
 1 PA8 Wooded hummock 40/6  18.3 26 4.10

PA17 Bog forest 30/22  36.0 3.38
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limitation of the size of the analysed data sets and calculation time, following a 
general principle of object-based image analysis (Burnett et al. 2003; Blaschke 
et al. 2008).

The main objectives of the GIS based analyses of remote sensed ecotope data-
sets in the current case study were:

 1. To study the best classification schemas for the Selisoo mire ecotopes by scaling 
up procedure in wooded bog condition

 2. To establish possible GIS based relationships between the land surveyed tree 
plots with pixel-based classification schemes

There are two classification approaches for the interpretation of remote sensed 
images – supervised and unsupervised classification of pixels, or their associations 
(segments). In the case of supervised classification the land truth statistical etalons 
should be used for the desired pixel classes. The aim of data processing in this case 
is to sort each spatial-unit to the most suitable land-truth class. In the unsupervised-
classification the set of the land truth pixel classes are not predefined, but will be 
chosen subsequently from a series of corresponding software iteration runs by man 
examination afterward. Cluster analysis is the most frequently used method of 
unsupervised classification. The main goal of this approach is to calculate the series 
of clustered or classified datasets, together with corresponding functional relation-
ships of analysed images, suitable for mapping the land truth coverage pattern 
(Lillesand et al. 2008; Eastman 2006).

Cluster analysis of the Selisoo mire spatial datasets started from the decomposi-
tion of true-colour spaced RGB ortophoto into seven-colour channel images, 
namely blue (B), green (G), red (R), yellow (Y), hue (H), lightness (L) and satura-
tion (S) colour channel images (later here and after – channel image(s)). In fact, the 
RGB ortophotos are already presented by the red, green and blue coloured channel 
images, but the HLS (Hue-Lightness-Saturation) colour system may uncover addi-
tional qualities of the high resolution aerial or satellite images (Komura et al. 2005). 
This was demonstrated with the Selisoo mire ecotope images by the high linear 
correlations of r > 0.9 between datasets of R, G, and B channel images and much 
lower r values between the H, S, and L channel datasets (e.g. r

SH
 = 0.34).

The channel image transformations for the Selisoo mire were performed by the 
ESRI’s ArcGIS and Clark Lab’s Idrisi Andes edition (IAe) software, and the pro-
gramme LSTATS (2009). The IAe was used for the spatial data analysis of the mire 
ecotope images and the ArcGIS software – for the integration of spatial datasets, 
including visualization and metadata documentation.

The size of each channel image throughout the bog extension in Selisoo mire 
was 10,000 × 20,000 pixels and transformed ecotope channel images (extracted 
from the ortophotos) varied from 500 × 600 to 3,700 × 7,500 pixels (see in 
Fig. 26.2a). All land surveyed 20 tree plots (PA’s in Table 26.4) were also subjected 
to the channel image transformation. The size of each of the tree plot images was 
400 pixels (see Fig. 26.2b and c). From all the images the descriptive statistical 
parameters (minimum, maximum, mean, range, and standard deviation of the pixel 
values) were extracted by the IAe spatial queries, and they were used for the 
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constructing of correlation relationships in Excel environment with the field data 
from the tree plots survey. All decomposed channel images of surveyed tree plots 
constituted the empirical GIS database of the tree plots for the following cluster 
analyses performed by the IAe.

As a first step of cluster analysis a “broad classification” (Eastman 2006) was 
performed. A meaningful number of clusters/classes for the following cluster 
analysis was defined by the histogram peak technique. Thereafter the Maximum 
Likelihood procedure of an iterative self-organizing module of ISOCLUST (Eastman 
2006) was used to find the best clustering combination for a predefined number of 
classes (C

k
). The runs of the ISOCLUST were repeated independently for the each 

set of ecotope channel images with the class number changing from the range C
10

 
to C

3
 included. The class number decreasing procedure from the C

max
 downward 

C
min

 in the sequence of the ISOCLUST runs can be regarded as a typological up-
scaling of remote sensed datasets of mire ecotopes and tree plots. The final proce-
dure of classified images was interpretation of the derived formal classes and their 
renaming according to expert knowledge and corresponding ortophoto land cover 
conditions.

The ISOCLUST runs with different numbers of iterations and C sets resulting in 
a number of different image clustering schemas for clustered image formation, the 
so-called clustering hierarchy. The strength of the clustered schemas in the cluster-
ing hierarchy (e.g. classes of the C

6
 and C

4
 images) was estimated by the cross-

tabulated Cramer’s V values between the chosen clustering schemas, where V 
values closer to “1” indicate strong cluster associations, and vice versa for V values 
closer to “0” (Bishop et al. 1975).

Fig. 26.2 Example of (a) delimited ecotope polygon on the ortophoto, where the ecotope is with 
semi-natural or secondary disturbances following by the scattered tree coverage on low oriented 
microforms (ID

ecot
=1 in Table 26.2); (b and c) corresponding land surveyed tree plot images (PA8 

and PA17 in Table 26.4)
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Results

Ortophoto and Ground Level Parameterisation  
of Wooded Peatlands

Ortophoto-based ecotope identification of Selisoo mire resulted in 18 types of •	
ecotopes with 39 polygons (Fig. 26.1a, Table 26.2) and they were classified as 
follows:

1. Ecotopes with natural microforms, where
(a) Microforms were oriented (ID

ecot
 = 2; 10; 13; 9; 12)

(b) No orientation in microforms (ID
ecot

 = 4)
2. Ecotopes with man-made disturbances, where

(a) Microforms were oriented (ID
ecot

 = 3¢)
(b) No orientation in microforms (ID

ecot
 = 7; 6; 3; 99)

3. Ecotopes with semi-natural or secondary disturbances, where
(a) Microforms were oriented (ID

ecot
 = 5; 14; 8)

(b) No orientation in microforms (ID
ecot

 = 15; 11; 1; 77)

Results of the MapInfo based ecotope datasets of the 2,051 ha Selisoo mire showed 
that at the current stage more than half of the mire (i.e. 65% or 1,333 ha) is covered 
by the drained forest. Wooded tree coverage constituted 15% (i.e. 308 ha) of the 
mire extension, mainly on the bog part of the mire, and only about 19% (i.e. 396 
ha) of the total mire extension remains, probably, in its natural state. Almost 90% 
(100 km) of the ditches and 100% (8 km) of the roads were located on the drained-
for-forestry fen and transitional fen peat extension, where the mean density of the 
line objects were about 100 m/ha.

The areal coverage of ecotopes with oriented microforms constituted about 
90 % of the presumed natural part of the bog area (Table 26.5), where the visu-
ally well distinguishable microform orientations accompanied with comparably 
large numbers of pools (about 1,700 pools on 11% of the ecotope areal cover-
age, Table 26.5) and low tree coverage (between 10–25% of the ecotope areal 
coverage, Table 26.2). Ecotopes with no microform orientation constituted 95% 
of the ecotope areal coverage with man-made disturbances. Usually these eco-
topes were accompanied with high tree coverage (between 50% and 95% of the 
ecotope areal coverage, Table 26.2). Ecotopes with well oriented and wooded 
ridge microforms constituted 44% of the semi-natural or secondary-disturbed 
mire ecotopes, where the tree coverage were estimated to be 50–70% of the 
ecotope area. Other semi-natural ecotopes had visibly no distinguishable micro-
forms orientation and usually they were covered with no oriented single trees, 
or trees in groups (Tables 26.5 and 26.2). During the last 50 years the open 
water area of the mire lake been decreased by 67% (Table 26.5).

The ground level tree layer density and the basal areas of the trees (BA
1.3

) 
showed a great variation across the study plots over the whole Selisoo mire area 
(Table 26.4), partly following the mire GW levels measured on the days of the tree 
survey (Fig. 26.3).
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The time span of the series of all analysed raw tree-ring data was from the years 
1872 to 2008, with a radial increment ranging from 0.2 to 2.0 cm (Fig. 26.4). The 
high peak of the radial increment of the trees from the terminated peat cutting plots 
was in the 1940s, indicating with a high probability the influence of the lowered mire 
GW level, due to peat-cutting activity. The increase in radial growth in all tree study 
plots since the 1970s indicates improved tree growth conditions on the plots, and 
improved possibilities for the establishment of a new generation of trees, presumably 
due to a high level of alkaline air pollution transported from the oil-shale industry 
(Liblik et al. 2003), and also a lowered and stabilized GW level on the mire.

The correlation results of the standardized chronologies of the tree radial 
increments across the whole Selisoo mire indicate that the growth of the trees 

Table 26.5 Areal distribution of classified ecotopes (F
ecot

) and pools (F
pools

) 
identified on Selisoo mire ortophoto (see also Table 26.4)

Ecotope class

F
ecot

F
pools

, haha %

1. Ecotopes with natural microforms
(a) Microforms were oriented 355.5 17.3 39.2
(b) No orientation in microforms 40.3  2.0 0.5

2. Ecotopes with man-made disturbances
(a) Microforms were oriented 56.4  2.8 –
(b) No orientation in microforms 1,123.1 54.8 –

3. Ecotopes with semi-natural or secondary disturbances
(a) Microforms were oriented 138.3  6.7 4.7
(b) No orientation in microforms 173.5  8.5 1.2

Lake 8.9a/2.9b  0.4
Non forested lagg area 155  7.6 –
Total 2,051 100 45.6
aLake with open water area in 1950
bCurrent lake with open water area
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Fig. 26.3 Relationship between stem basal area and mire groundwater, measured during the 
Selisoo mire land survey in June–Sept 2008
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over all time span between 1872 and 2008 was independent of tree plots. The 
highest correlation of the tree radial increment was between the trees which were 
sampled on the bog forest and the wooded hummock site types (Table 26.6). 
However, there were some years that indicated increased tree growth in all the 
studied ecotopes (e.g. 1986 in Fig. 26.4). The highlighted chronologies of the tree 
radial increment of the ecotope trees at terminated peat pit cutting (“ortophoto” 
in Fig. 26.5), pool-ridge (“ortophoto” in Fig. 26.6) and lawn type (Fig. 26.2a) 
mire sites showed a clear improvement of tree growth conditions since the 1950 
when the beds/ridges of the pit type peat cutting area were especially suitable for 
tree growth following peat cutting termination (Fig. 26.7). It should be stressed 
that the tree density of the young trees of PA20 were higher due to overgrowing 
of the neighbouring peat pit while it was comparably low on PA19 plot on the pit 
bed (Table 26.4).

In general, the number of young trees was comparably low in older drained forest 
areas, but there was a significantly higher number of the young trees classified in 
this study as ecotopes with semi-natural or secondary disturbances, which is 
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Fig. 26.4 Radial increment chronology of Scots pine tree stems from all land surveyed tree plots 
on Selisoo mire, where the plots were classified according to the mire site type of the tree plot, i.e. 
treed ridge and treed hummock, bog forest and terminated peat cutting (Table 26.4, see also 
Fig. 26.1)

Table 26.6 Results of the cross-tabulated Pearson’s correlations between the 
tree radial increments measured in all of the plots of the Selisoo mire, where the 
plots were classified according to the mire site types (Table 26.4); significant 
correlation (p = 0.05) is marked with an asterisk

Mire site type Wooded ridge Wooded hummock Bog forest

Wooded hummock 0.16
Bog forest 0.21 0.45*
Peat cutting −0.15 0.29 0.28
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reflected in the stem radial increment of the PA7 and PA17 tree plots and especially 
those of PA8 (Table 26.4, Fig. 26.7). Thus, the radial increment of Scots pine may 
reveal important changes of environmental conditions in mire landscapes general, 
and particularly in bogs.

Fig. 26.5 Visualized typological up-scaling results of the Selisoo mire ecotope with well oriented 
and wooded ridges on terminated peat cutting pit (ID

ecot
= 3¢ in Table 26.2), where the up-scaling 

was made from the C
max

 = 8 toward the C
min

 = 3 included. Ground level surveyed tree plots (PA19 
and PA20 in Table 26.4) are visualised on a delimited ecotope ortophoto image
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Fig. 26.6 Visualized typological up-scaling results of the Selisoo mire ecotope with well oriented 
wooded ridges on pool-ridge microtope (ID

ecot
 = 8 in Table 26.2), where the up-scaling were made 

from the maximum number of the clustered classes C
max

 = 8 toward the C
min

 = 3 included. Ground 
level surveyed tree plot (PA7 in Table 26.4) is visualised on a delimited ecotope ortophoto 
image



48726 Typological Up-Scaling of Wooded Peatlands

There is a promising relationship between surveyed tree basal areas and mire 
GW levels on the tree plots (Fig. 26.3), although with a low correlation (R2 = 0.4) 
in our case, – probably influenced by a very high precipitation growth period in 
2007 and correspondingly high GW levels over the whole mire landscape. The 
10–20 cm lower GW levels recorded in the summer of 2007 (Table 26.2) show a 
need for longer period GW level recordings on ecotopes.

GIS Based Analysis of the Wooded Mire Ecotopes

Multiple iterative and independent ISOCLUST runs were performed and cross-
tabulation correlations between results were analysed. Typological up-scaling 
results of Selisoo bog ecotopes revealed visibly better results for a distinct mire 
micro-topographical surface pattern with different wooded conditions in compari-
son with no distinct pattern. However, the best match of up-scaled images with the 
ortophoto took place in different scales i.e. in different clustered C levels (Figs. 26.5, 
26.6 and 26.8). The biggest clustering mismatch with ortophoto images was pro-
duced by the shadows of the trees with different heights and crown densities and, 
in several cases, some shadowed areas coincided with the field and moss layer of 
the specified wetness conditions, named wet, moderate, or dry – in the case of the 
Selisoo mire (“Clustering legend” in Figs. 26.9 and 26.1b–e).

As an example, the clustered scheme of the C = 8 classes of the ecotope of wooded 
ridges on terminated peat pit cutting conditions classified well for the tree layer and 
shadowed tree layer classes, but the scheme of the C = 6 classes classified well for 
the tree layer and enlightened tree layer classes (Figs. 26.5 and 26.9a). At the same 
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Fig. 26.8 Visualized typological up-scaling results of the Selisoo mire ecotope with scattered, 
low oriented and increased tree coverage on lawn type microtope (ID

ecot
 = 1 in Table 26.2), where 

up-scalings were made from the maximum number of the clustered classes C
max

 = 10 toward the 
C

min
 = 3 included. Ground level surveyed tree plots (PA8 and PA17 in Table 26.4) are visualised 

on the delimited ecotope ortophoto image in Fig. 26.2
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time the clustered scheme of the C = 6 classes of the ecotope of well-oriented wooded 
ridges on pool-ridge microtope enabled to the easy discernment of the field and moss 
layer classes under different moisture conditions (Figs. 26.6 and 26.9b). The most 
complicated clustered results were gained from the ecotope of the lawn type microtope 
with prevailing scattered tree coverage where, from the whole clustered hierarchy in 
four clustered schemes one class was named mixed class, meaning that the ortophoto 

Clustering legend
background
pools
shadows and pools
shadowed tree layer
tree layer
enlightened tree layer
shrub, field, moss layers

shrub and field layers

field and moss layers, very wet

field and moss layers, moderately wet

field and moss layers, dry

herb and moss layers 1

herb and moss layers 2

litter peat layer

noise

mixed

6 5 4 3

8 6 5 4 3

6 5 4 3

c  Ecotope with semi-natural disturbances -
non-oriented microforms

Clustering class, C
10

a  Ecotope with man-made
disturbances – oriented microforms

Clustering classes, C
8

b  Ecotope with semi-natural
disturbances – oriented microforms

Clustering classes, C
8

Fig. 26.9 Hierarchies of typological up-scaling of Selisoo mire ecotopes (i.e. ISOCLUST runs from 
the level of C

max
 toward the C

min
 = 3 included) according to identified and renamed classes in gen-

eralised clustering legend (Clustering legend in fig.), where: (a) hierarchy of ecotope of man-made 
disturbances with oriented microforms (Fig. 26.5), (b) and (c) hierarchies of ecotopes of semi-natu-
ral disturbances with oriented and non-oriented microforms respectively (Figs. 26.6 and 26.8)
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based tree layer were clustered together with the field or moss layer, which was 
impossible to identify from the ortophoto (Fig. 26.8 and 26.9c). In the latter case 
the clustered scheme of the C = 5 and C = 4 classes were more robust and the 
meaningful interpretation was lost totally for the C = 3 classes.

Since the different clustered schemes for the ecotope were calculated indepen-
dently, a strong association between them (Cramer V value) was regarded as 
evidence for existing hierarchical relationships between the described classes of 
clustered datasets. Results of typological transitions of hierarchical clustered 
schemes of analysed ecotopes (Figs. 26.5, 26.6 and 26.8) are depicted in Fig. 26.8a–c 
with corresponding Cramer’s V values in Table 26.7. The Cramer’s V values of 
hierarchical relationships of wooded ridges on terminated peat pit cutting ecotope 
ranged from 0.69 to 0.81, whereas it was lowest (V = 0.46) between the lower C

4
 

and C
3
 levels. The range of the Cramer’s V value of the well-oriented wooded 

ridges on pool-ridge microtope ecotope was from 0.56 to 0.81, whereas it was low-
est (V = 0.53) between the higher C

8
 and C

6
 levels. The hierarchical relationships 

for the lawn type microtope with prevailing scattered tree coverage were low at 
almost all C levels (V = 0.17–0.53).

In spite of the small datasets, the high linear relationship between up-scaled tree 
layer coverage with surveyed tree basal areas (R2 = 0.95; p = 0.005) showed the 
correct clustered schemes choice for the areal quantification of the tree plot land 
cover (Fig. 26.10d). Hence it could be summarised that the most tree covered tree plot 

Table 26.7 Results of cross-tabulated Cramer V values between clustered 
classes schemas within the topologically up-scaled ecotope hierarchy (Fig. 26.9)

Clustering classes, C

Cramer V

8 6 5 4 3

(a) Ecotope with man-made disturbances-oriented microforms
(Wooded ridges on terminated peat pit cutting)
10 0.81
8 0.69
6 0.75
5 0.80
4 0.46
(b) Ecotope with semi-natural disturbances-oriented microforms
(Well-oriented wooded ridges on pool-ridge microtope)
8 0.56
6 0.70
5 0.81
4 0.81
(c) Ecotope with semi-natural disturbances – non-oriented microforms
(Lawn type microtope with prevailing scattered tree coverage)
10 0.53 0.48
8 0.40
6 0.21
5 0.17
4 0.26
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was located on the wooded ridges of the terminated peat cutting pits (i.e. PA19 = 94 m2) 
followed by the bog forest plot (PA17 = 48 m2) on the lawn type microtope of the 
semi-naturally disturbed ecotope. The least tree coverage was found for the bog 
forest PA7 plot (24 m2) on the well-oriented pool-ridge microtope of semi-naturally 
disturbed ecotope and wooded ridge plot (PA20 = 25 m2) on terminate peat cutting, 
and wooded hummock plot (PA8 = 35 m2) of lawn type microtope of semi-naturally 
disturbed ecotope (Fig. 26.10).

The relationships between the calculated GIS statistics of the tree plot images 
with parameterised tree plot values surveyed throughout the mire area confirmed a 
reservation about GIS analysis limitations derived from the so-called universal 
approach of up-scaling of spatial datasets for the whole Selisoo bog area (graph – 
Fig. 26.11a). In this case the highest linear correlation of r = −0.5 was found 
between the range of pixels’ values of the hue channel (H) images, and the mean 
age of the trees. Much stronger relationships were found in relation to the ecotope 
images, although the datasets were too small to achieve statistical significance 
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generalised legend (“Clustering legend” in Fig. 26.9), and the highest C level schemas from the C 
pairs with the highest Cramer V values was chosen for compiling of linear relationship of 
(d) graph in figure
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(graphs – Fig. 26.11b–d). It should also be stressed here that the high correlation 
values were gained between different image statistical parameters with different 
land surveyed tree parameters of different ecotopes.

Conclusions

Although modern spatial monitoring has opened up several possibilities to investi-
gate both the vertical and horizontal structure of wooded peatlands or mire land-
scapes, the spatial datasets derived from ortophotos are still favourable due to: (a) 
the technical progress of dataset quality and quantity improvement, and (b) user-
friendly availability both from the technical and the financial point of view.
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Fig. 26.11 Examples of identified stronger relationships between different tree plot image statistics 
with different land surveyed tree plot parameters subdivided into ecotope classes (Table 26.5), 
where: (a) universal linear relationship between the range of pixels’ values of G channel and the 
density of the trees with heights of h > 1.3 m from the land surveyed tree plots over the whole of 
the Selisoo bog extension (i.e. PA1…PA20 in Table 26.5); (b) linear relation between the range of 
pixels’ values of G channel and the tree basal area from natural mire ecotopes; (c) linear relation-
ship between the standard deviation of pixels’ values of the S channel and the tree basal area from 
the ecotopes with man-made disturbances, (d) linear relationship between the range of pixels’ 
values of the R channel and tree density from the ecotopes with secondary disturbances
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However, the results of mire ecotope spatial datasets showed that in spite of 
delimitation of the mire landscape to the different eco-hydrologically influenced 
ecotopes, the surface structure reflection in ortophotos caused different up-scaling 
quality at different levels. In general, the visibly well oriented and wooded micro-
form patterns in ecotope ortophoto images reflected reasonably well in different 
clustered schemas, and a clustered hierarchy formed from them was characterised 
with comparably strong associations between different clustered levels. In that 
sense there were no great differences between the surface pattern reflections in 
ortophotos from the natural or anthropogenically formed ecotopes. Due to the clear 
horizontal surface pattern, and following that the wooded coverage, it was com-
paratively easy to choose the most “land truth” classification scheme for estimating 
the tree areal coverage from the up-scaled hierarchical schemas.

The complicated boundary lines of limited ecotopes showed slow but visibly 
significant changes of the mire surface pattern related to the different surface trans-
forming factors in peatland. Comparatively well distinguished tree pattern, visible 
both from the ortophotos and typologically modelled from the spatial databases, 
gave promising results for the development of tree expansion studies to mire land-
scapes from the spatial datasets. However there is no doubt about a need for a 
ground level parameterisation.

The ecotope scale level also seems to be a reasonable unit for continuing study 
of mire landscapes under different natural and anthropogenical conditions. These 
units are also important from the GIS based 3D ecohydrological modelling point of 
view where the mire surface fragmentation ought to be generalised into hydrologi-
cally unified parts, and the surface pattern classification might be a key for model-
ling of water movement for a whole landscape.

Typologically up-scaled results of the current study also developed a reliable 
database or strategic base for following field studies, pointing out the “bottlenecks” 
both with modelling and ground level surveys.
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Introduction

In recent decades scientists and policy makers have been intensively focused on 
adapting new strategies both at national and international level to diminish the 
negative effects of climate change and unconventional weather conditions. Growing 
environmental degradation and health problems have also accelerated to take urgent 
policy and management measures to keep the natural resources and environment in 
balance. In this respect concerns in understanding the interrelationships between 
water and forest have come into the forefront.

The sustainable management of forests has a key role to play in protecting global 
water supplies. Forests help maintain healthy aquatic ecosystems and provide reli-
able supplies of clean freshwater. But not only do they filter and clean water forests 
also help prevent soil erosion, reduce sedimentation in reservoirs and mitigate the 
risks of mudslides and floods, all problems that can threaten downstream water 
supplies. And while forests themselves consume water, they also improve infiltra-
tion rates, thereby helping recharge underground aquifers (FAO 2008).

In many countries, forest and water policies, legislation and administration have 
long been shaping forest rehabilitation programs; this has been the case in European 
countries such as France, Italy and Switzerland since the eighteenth century. Only 
in the past few decades, however, has the emphasis on theory and practice of 
hydrology been replaced by a more comprehensive approach embracing environ-
mental issues, land use and watersheds (Zingari and Achouri 2007).

S. Bekiroglu (*) 
Forest Engineering Division, Department of Forestry Economics, İstanbul University, 
34473 Bahçeköy, İstanbul, Turkey 
e-mail: sulbekir@istanbul.edu.tr

Ö. Eker  
Forest Engineering Division, Department of Forest Economics, Kahramanmaraş Sütçü İmam 
University, Bahçelievler Yerleşkesi, 46060 Kahramanmaraş, Turkey 
e-mail: omereker@ksu.edu.tr

Chapter 27
Difficulties of Scaling in Forest and Water 
Management in Urban Areas: Social  
and Institutional Dimension

Sultan Bekiroglu and Ömer Eker 

M. Bredemeier et al. (eds.), Forest Management and the Water Cycle: An Ecosystem-Based 
Approach, Ecological Studies 212, DOI 10.1007/978-90-481-9834-4_27, 
© Springer Science+Business Media B.V. 2011



498 S. Bekiroglu and Ö. Eker

The Shiga Expert Meeting on forest and water which was held in Japan, in 2002 
identified the following key issues: Promoting the development and the wider adop-
tion of holistic approaches to forest and water management that integrate the needs 
of people and the environment; improving understanding of the bio-physical interaction 
between forests and water; improving understanding of the cultural and socio-
economic impacts of different forest and water policies and management practices; 
developing better mechanisms for managing upstream/downstream linkages and inter-
actions; and enhancing knowledge and information sharing (Anonymous 2002).

The European Union Water Framework Directive (EU WFD), adopted in 2000, 
is designed to take an integrated approach to water management. The directive’s 
overall objective is to achieve good water status for all waters in Europe by 2015 
(Nilsson 2006). However the implementation of the WFD is at the beginning phase 
in Europe. One possible explanation is connected to problems of spatial fit and 
institutional interplay. In short, spatial fit refers to the overlap between the territo-
rial borders of political and management institutions, and the biogeophysical 
resource to be managed (Nilsson 2006). The idea is that creating better fit between 
responsible institutions and the resource to be managed reduces spatial externalities, 
which otherwise may benefit free riders and harm others beyond the spatial extent 
of the management institution. Institutional interplay, on the other hand, refers to 
the idea that the success or effectiveness of institutions is dependent not only on 
their own performance, but also to a large degree on their interactions with other 
institutions (Nilsson 2006).

Such points are important in establishing a successful water management system 
at different scales (watershed, river basin, basin) under the integrated water man-
agement umbrella. That also requires coordination and cooperation between water 
management and other sectors in achieving other environmental goals.

This study is mainly aimed at determining the effects of social, institutional, 
political and physical factors on water and forest management in urban areas and 
describes how these factors affect scaling and management decisions in watershed 
and basin areas.

Urban Growth and Industrialization

Half the world’s population today lives in urban landscapes and it is estimated that 
the urban population will increase to five billion by 2030 (United Nations (UN) 
2004). The level of urbanization in Europe is estimated to be 74.6% with an 
expected annual growth of 0.3% per year between 2000 and 2015 (United Nations 
Centre for Human Settlements (UNCHS) 2002). As was represented in Fig. 27.1 
the level of urban population in Western Europe is high and it is expected that 
Europe will stabilize at an urbanization level of about 82%. Currently, one-half of 
the population of Europe lives in small towns of 1,000–50,000 people, one-quarter 
in medium-sized towns of 50,000–250,000 people and one-quarter in cities of more 
than 250,000 people (UNCHS 2002). Many parts of Europe do not have as much 
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water as they need. In 60% of European urban and industrial areas, water resources 
are overexploited. The problems of urban development and industrialization and 
their impacts on the environment have been challenging for European policy-
makers. They also affect the management of water and forest resources in a nega-
tive manner at different scales. Land degradation, green space loss, decrease in water 
amount and quality are the major impacts of urban growth and industrialization.

As in the Seine River Case a high level of industrialization and urbanization has 
a major impact on water quality in the watershed, especially in its centre where 
analyzed results range between ‘bad’ and ‘adequate’ ratings. Water quality is directly 
altered by intensive agriculture, water treatment plant effluents and the presence of 
one of the biggest mega cities of Europe (25% of the French population lives here 
on 12% of the national territory) (Anonymous 2007). The diversion of waters from 
the Seine River Basin for economic development and local flooding protection has 
negatively impacted the river’s water level and quality. During years with low 
precipitation the river runs dry and river habitat and fish populations suffer. The 
diversion of water largely takes place outside of the city, beyond the jurisdiction of 
the municipal government. Efforts to change existing diversions require support 
from the provincial government and need to be pursued if the water conditions in 
the river are to be further improved (GPPArthitecture 2007).

The Volga River Basin, which covers 10% of the total territory of the Russian 
Federation, has a population of over 60 million. The biggest environmental problems 
stem from major industrial complexes, big dams, large cities and maintaining 
navigability. Just three percent of the surface water in the Volga River Basin is 
considered an environmentally safe source of drinking water. Some 42 million tons 
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of toxic waste pile up each year in the Basin, causing immense health problems 
(UNEP 2004). 4.7 Million residents are estimated to be vulnerable to floods and 
pollution challenges in the region. Although an integrated water management system 
was put into practice in Russia the priorities in water usage were given to the 
development of growing regional agriculture and industries without any attention 
being paid to the needs of the environmental flows and forest ecosystems. The 
growing concern over environmental aspects of watershed management has been 
difficult to feed into practical water management plans due to, among other reasons, 
lack of transboundary cooperation. Many countries of the former Soviet Union 
do not have agreements on transboundary water management. Though some 
agreements do exist, they are of a superficial character and not fully implemented 
(Lagutov 2008).

In the case of the Tagus River which rises in east-central Spain and flows 
through Portugal, the main environmental pressures are pollution from industrial 
and municipal point sources and diffuse sources. The water demand in the river 
basin has doubled in 24 years to 500 million cubic meters due to the increasing 
requirements for irrigation and tourism. The increase in irrigated land and tourist 
activities has led to the destruction of thousands of hectares of protected natural 
areas. Water uses are partially uncontrolled. More than 100 million cubic meters of 
transferred water “disappears” illegally to supply tourist resorts and golf courses. 
Social imbalances have increased as the transfers mainly benefit big agro-businesses 
and construction companies, marginalizing traditional farmers. Illegal immigration 
and exploitation of immigrants are increasing with about 30% being undeclared 
labour (UNEP 2004).

As has been mentioned earlier, by the end of 2000 The European Commission 
and Parliament approved and published the Water Framework Directive (WFD: 
2000/60/EC) which intended to provide a framework for a common approach to the 
management of water in all European Union member states (UNEP 2002). The 
aims of the WFD are to prevent deterioration and enhance the status of aquatic 
ecosystems, including groundwater; to promote sustainable water use; to reduce 
pollution and to contribute to the mitigation of floods and droughts. However, 
implementation of the directive is quite difficult in terms of social and ecological 
flexibility limitations in many highly urbanized and industrialized European land-
scapes. It requires adaptation of multi-scale management approaches among physical, 
ecological, social and institutional characteristics of regions at different scales.

Transboundary Waters

The pressure on transboundary water (and land) resources can lead to potential 
conflicts between users and states sharing the same river, lake, sea or groundwater 
basin (UNDP 2008). There are 150 major transboundary rivers in Europe that form 
or cross borders between two or more countries, some 25 major transboundary 
lakes, and some 100 transboundary aquifers. The numbers of international basins 
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and the nations which they traverse change over time in response to alterations in 
the political situation. For example, the break-up of the Soviet Union in 1991 led to 
the internationalization of several basins (e.g. Dnieper, Don and Volga) and to a 
change in the political composition of existing international basins. Although most 
of the shared water resources in Europe are covered by numerous transboundary 
agreements, some tensions and disputes still exist. These include water shortage 
problems during the summer, dam construction, pollution and boundary problems, 
as water bodies are often used as international boundaries (UNEP 2004). In some 
cases agreements have not yet been established between countries. If there are 
agreements, these are not always fully implemented and may not be effective tools 
to tackle the relevant issues, nor address social, economic and environmental 
aspects in a holistic way (EUWI 2008).

In transboundary river basins the mismatch between political boundaries and 
natural river basins and aquifer systems also creates conflicts in scaling. This 
requires tailoring water management to the specific conditions of the many trans-
boundary catchment areas in the region; establishment of joint bodies such as river 
commissions that would provide coordination among various governmental entities 
and determination of actors such as local institutions, non-governmental organiza-
tions (NGO’s) and stakeholders which are involved in cooperation on transboundary 
waters.

Institutional and Organizational Framework

In addition to technical and ecological considerations, social, economic and institutional 
issues are also important preconditions for sustainable water management at the 
national and transboundary levels. However, incomplete knowledge of ecosystem 
dynamics and institutional constraints often leads to institutional management 
frameworks that do not match the scale of ecological patterns and processes 
(Borgström et al. 2006). Another issue of major importance is the inclusion of 
stakeholder groups and the public at large in the development and implementation 
of water resource management schemes. This explicitly requires the involvement of 
the public in the development of a river basin management plan. The complexity 
and uncertainty of current water and river realities urge for new forms of gover-
nance. These new forms should replace the traditional hierarchical systems, 
oriented to control, by participatory and flexible systems, based on experimenting 
between multiple actors (Wolters et al. 2006). Nilsson (2006), for instance, empha-
sizes that all countries have established river basin districts according to Article 3 
of the WFD in Europe. However, no country has radically changed their administra-
tive water management structures to better fit these new spatial management units. 
Instead all countries have – to a greater or lesser extent – chosen to manage the 
districts by coordinating the work among “old” administrative water management 
organizations. In none of the countries are the geographical borders of the estab-
lished river basin districts exactly the same as the geographical borders of the 
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competent authorities appointed as responsible for the management of the districts. 
Only in Estonia and Sweden can the competent authorities be regarded as – at least 
partly – coincident with river basin district/sub-basin borders. In these countries, 
one county environmental department (Estonia) and one county administrative 
board (Sweden) have been specifically designated as competent authority for a river 
basin district/sub-basin, taking an overall responsibility for the whole district/basin.

In best-practice examples, the institutional framework is focused on the local 
level, with clear arrangements for integration within permanent agencies and for 
interagency collaboration, as seen in the Turkey Eastern Anatolia Project. 
Government commitment to the program and simplicity and clarity of responsibilities 
are also important factors in success: the interface between local government, tech-
nical agencies, and community organizations needs to be carefully defined and 
managed, and capacity building at all levels is essential (Darghaut et al. 2008).

However, adaptation of this approach in urban lands is affected by social pres-
sures and political priorities, as seen in the Istanbul case.

It is well known that expanding human settlement areas restrict and endanger 
water and forest resources. In Istanbul investigations show that the 158,000 illegal 
constructions counted in watershed areas in 2003 had grown to 200,000 by 2007. 
As was shown in Fig. 27.2 the most dramatic example of green space loss has 
occurred with the illegal establishment of a settlement area called Sultanbeyli 
District in Istanbul.

In 5 years (1985–1990) its population increased 2100%. This district expanded by 
exploiting natural resources on its periphery and has become one of most crowded 
regions in Istanbul. In this region forested areas were considerably reduced and some 
watersheds were polluted. Historically politicians have tolerated these illegal settle-
ments for political expediency and eventually introduced legislation to legalize these 
illegal settlements. Amnesties have been declared for illegal forest area occupations 

Fig. 27.2 Sultanbeyli District in Ömerli Watershed, Istanbul
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four times through laws prepared by the government. A proposed fifth amnesty for 
forestland squatters has been an important subject of debate on the political agenda for 
the last 5 years. These facts are continuously encouraging illegal settlement activities 
on forest and watershed lands. The government has failed to make the link between the 
laws they propose and the resulting severe effects on forest and water lands.

In Turkey, with regard to the development, management and conservation of water 
resources a great number of institutions with governmental and non-governmental 
organizations such as The Ministry of Environment and Forest, The Ministry of 
Tourism and Culture, The Ministry of Energy and Natural Resources: The General 
Directorate of State Hydraulic Works and General Directorate of Electrical Power 
Resources Survey and Development Administration, The Ministry of Agriculture and 
Rural Affairs: General Directorate of Rural Services, The Ministry of Public Works 
and Inhabitance: The General Directorate of Agrarian Reform and the water and sewage 
administrations connected to the various metropolitan municipalities have responsi-
bilities and duties. Although these institutions work well in their own fields of exper-
tise uncertainties concerning the distribution of responsibilities and gaps in the 
institutional framework cause waste of time and financial sources as well as irrational 
use of water resources. The application of laws such as Groundwater Law Code No: 
167, for example, may be confusing or incomplete in terms of what level it is performed 
at. According to Law all groundwater works come under the authorization of The 
General Directorate of State Hydraulic Works but in practice The Ministry of 
Environment and Forest, The General Directorate of Rural Services and The General 
Directorate of Bank of Provinces also undertake some work as well.

In some forested areas there may be more than one organization responsible for 
the protection of water resources on the same piece of land. In Istanbul, for example, 
The General Directorate of Forests has reserved some areas of water production 
with a steady protected land status. The General Directorate of Nature Conservation 
and National Parks is responsible for protecting these areas while Istanbul Water 
and Sewage Works is responsible for the management of dams and lakes on these 
protected forestlands. As a rule these two organizations must be in collaboration. 
However, there is no agreement between these organizations on water production 
and water protection. The identification of these problems and rearrangement of 
water institutions and regulations are important measures that would form a better 
and more effective water resource management. The severity of these problems in 
Turkey is likely to increase if the need for a collaborative approach among the vari-
ous institutions and organizations and the need for new management approaches 
are neglected.

Jurisdictional Boundaries

The boundaries of administrative entities (communities, municipalities, districts, 
provinces, regions, or countries) normally do not coincide with the natural limits of 
basins. In such cases, water management platforms require the collaboration of 
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entities from different political and administrative zones, the coordination of which 
generates problems of competence and jurisdiction. There is often jurisdictional 
interference among local institutions, national agencies, and international assis-
tance or investment programs. Many water use actions in basin areas are taken 
without consulting local authorities, especially if there are no visible basin-level 
water management bodies (Bruns et al. 2005). Many river basins in Europe are 
located in more than one municipality’s border. In this case decisions concerning 
the same river basin require involvement of all water related municipalities, stake-
holders and other interest groups. This will entail adoption of different scale 
approaches in the watershed management areas. According to Lovell et al. (2002) 
specifying jurisdictional zones is, nevertheless, easier said than done, not least 
because administrative boundaries, infrastructural links, community limits, and 
informal networks seldom correspond with physical resource boundaries, to the 
extent that these can be agreed upon. To complicate matters further, integrated 
natural resource management involves the integrated management of a multitude 
of common-property, open-access, and privately owned resources such as cropland, 
pastures, forests, and water. Each has an associated complex of often-conflicting 
interests held by stakeholders both inside and outside the particular resource 
boundary.

Discussion

The social and institutional dimensions of water management in urban lands force 
governments to find new management options and policies incorporating related 
national sectors while also supplying demand for water in Europe. Although each 
nation has developed its own water laws and policies according to their national 
program these laws and policies need to be reformulated and harmonized by taking 
collective common interests and environmental protection measures into consider-
ation. The biggest challange related to water management in European countries 
arises from efforts to keep water resources clean.

As seen in the Seine, Volga, Tagus and Ömerli river basins a high level of indus-
trialization and urbanization are the most important threats accelerating water and 
environmental pollution. The Tagus and Ömerli river basin cases have similarities 
in terms of being open to illegal settlements by immigrants. Therefore the starting 
point to find the best water management options needs to focus on strict national 
policy plans and measures first. The new water management plans should consider 
the long term impacts of human activities on water and should be harmonious with 
the EU-WFD. Although some individual provisions were made in past decades, 
coordinated efforts are still required to ensure safe and clean water for Europe’s 
population.

The incorporation of forest hydrology knowledge in water policies and inclusion 
of forest-sector contributions in integrated water resource management policies are 
key elements in resolving water related problems.
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Adapting successful water management experiences from various regions is of 
course an important tool in finding solutions to problems and at the same time 
speeding up the process. However, social, political and institutional framework 
need to be rearranged before the required modifications are fulfilled. Without these 
innovations problems among the hydrological boundaries and institutional and 
social aspects of water management will continue.

Conclusion

In conclusion hydrological boundaries have mismatches with institutional and 
socio-political issues. Water management is affected by urban growth and industri-
alization; the transboundary state of water resources, institutional and organiza-
tional frameworks and the jurisdictional boundaries of municipalities and districts 
in many European Regions. During the application of water management practices 
at micro-watershed and local levels the range of difficulties and bottlenecks (such 
as stakeholder participation and collaboration among organizations) may be small. 
However when it comes to larger landscapes with river basins the dimension of 
problems increases with the necessity of international involvement and the priori-
ties and expectations of each country about the water resources. These issues 
require developing new management strategies with cross-scale approaches among 
the social, ecological, economic and institutional parameters at local, national and 
international levels.
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Introduction

A popular paradigm for understanding fine art photography is that photographs are 
“Mirrors and Windows”. It turns out that how the photographer looks through his 
lens can teach us about how we look at the world around us. The dichotomy 
between an anthropocentric-utilitarian view of nature and a holistic naturalist view 
is especially relevant when we talk about forests. Do forests have their own lives or 
do they exist only for our use? Sometimes it is hard to separate the views, since ours 
is tainted by a little silver, which turns our lenses into mirrors, and at other times 
our viewpoint results from having experienced the powers of nature in a tragedy 
(e.g. a flood or forest fire) that might have been prevented by appropriate forest 
management. Documents that discuss forests and water usually focus initially on 
the increasing demand for good quality water by the increasing population of the 
earth and the role that forests play in supplying that water. Forests in Europe are 
almost exclusively managed by man. Yet they can still be seen as “near natural” 
systems and we would argue that they have their own lives independent of our 
requirements for their services.

In the European context of forests and water, how much are we concerned for 
the forest and its wellbeing or are we only interested in forest services? But we 
would contend that sustainability of those services depends on continuity of the 
forest and its hydrological system. Put another way, it’s clear that whatever our 
viewpoint vis-à-vis the forest, our challenge is to maintain forest ecosystem health 
and integrity (however nebulous those terms may be), which is the best path to 
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sustainability, while ensuring the quality and quantity of hydrological and other 
forest services. Forest degradation can then be viewed as a ‘disease’ of the forest 
ecosystem which can be ‘healed’ by proper management. Forest degradation will 
most certainly lead to a deterioration of forest water resources, forest services and 
forest–water related risks (Hamilton 2008). We will most certainly incur consider-
able real or latent costs as forests are degraded. In the face of future climate risks 
and environmental challenges, it is important to understand these costs, but more 
important to be prepared to sustain our ecosystem resources. And we contend that 
one key to sustainability is scientific investigation.

Forest Management and Science

The utter existence of some of the forests, e.g. in arid regions, and the sustainability 
of forests in other regions, depends on how they are managed. This in turn depends 
on scientific input in understanding the processes that hold the forest systems 
together and monitoring these processes in the forest.

Forest management, including that related to the water cycle, depends on actions 
at several levels. These might be seen as:

Scientific understanding of forests, the water cycle and their interactions with  –
management
Monitoring of forest health, integrity and processes, and of related water supply  –
and quality
Government policy decisions, directives at the political level and ongoing  –
governance
Forest management by forestry organizations –

This volume focuses on the scientific side of the issues and is heavily weighted 
toward the first aspect listed above. Little attention has been given here to monitor-
ing issues and even less to government policy. The importance of science in 
 understanding forest systems is basic, although its monetary value cannot be 
 quantified from the chapters in this volume since the economic importance of the 
 science is not included. The monetary value of forests and ecosystem services is a 
relatively new topic that demands more attention (Costanza et al. 1997). Obviously, 
the  omission of these aspects in the current book indicates that in the context of 
 scientific study of forests and water in Europe, inclusion of these aspects is rare to 
non-existent. This is not an oversight, and may call for action. As capitalism 
 overtakes our economies, it is vital to build a widespread awareness of the  economic 
benefits of forests before the axe of thriftiness falls on their trees. This may require 
more economists in forest science departments.

The book deals with many aspects of forests and water from a wide range of 
viewpoints, e.g. that of the physiologists and atmospheric scientists studying trace 
gas exchanges between forest and atmosphere, soil scientists studying chemical and 
physical composition of forest soils and water infiltration and runoff, forest 
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 geo-botanists studying genetic diversity and modellers trying to integrate our 
understanding of forests in order to make management decisions. It is not easy at 
first sight to find the common denominator between the different chapters other 
than that they are a representative sample of the range and breadth of forest and 
forest-hydrology science in Europe today.

However, if we consider forest services and costs, it is clear that they together 
make a considerable contribution to the category of ecological services within the 
domain of overall ecosystem services.

Forest Services and Costs

Lindberg et al. (1997) identified four categories of forest services: ecological, 
 economic, socio-cultural and ‘scenic and landscape’. Forest ecological services 
(after Sousson et al. 1995 and the World Bank 1997) can be separated into the fol-
lowing headings:

 1. The regulation of water regimes and water quality by intercepting rainfall and 
regulating its flow through the hydrological system. This service provides drink-
ing water to much of our population.

 2. The maintenance of soil quality and the provision of organic materials through 
leaf and branch fall.

 3. The limiting of erosion and protection of soil from the direct impact of rainfall. 
The soil conservation function of forests cannot be over-valued, since the pro-
ductivity of future agricultural systems may depend on these soils, since our 
current agricultural land will be degraded to the point of marginality.

 4. Modulating climate and air quality through direct and indirect interactions with 
the atmosphere. This aspect includes the considerable role that forests have in 
the global climate system and mitigation of future climate change.

 5. Comprising key components of biodiversity both in themselves and as a habitat 
for other species.

Economic services of forest comprise the long list of goods that we take out of 
the forest, which range from wood and wood products (e.g. paper, corks and fuel), 
rubber and fruits to game, fuel, medicine and herbs. Additional economic services 
are derived from grazing and agro-forestry. The socio-cultural services of the forest 
are more nebulous and depend on the particular religious or cultural beliefs of a 
given society. But the ‘scenic and landscape’ services of the forest are obvious to 
city-dwellers who search out to the forests for their recreational value at various 
levels.

Many of the services listed above depend on or are intertwined with forest man-
agement and the water cycle. Several have been dealt with directly and indirectly 
in this book.

Forests costs, on the other hand, include the price that we pay to maintain the 
forest. These costs might include the cost of forestry organizations, forest research, 
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and, in arid regions, the cost of water used by the forest as compared to that of 
 fallow land. In regions prone to forest fires, the cost includes the cost of these 
destructive events, although proper forest management should minimize the 
 incidence of fires and their cost.

Holism and Reductionism in Forest Management  
and the Water Cycle

The topic of forest and water or forest management and the water cycle turns 
out to be so large that we are confronted with several levels of abstraction in 
this book. The first section looks into forest and forest–water processes at the 
molecular to organism level. The second section sees the forest as a collection 
of individuals and services. The third section includes several chapters on the 
concept and approaches to scaling our knowledge to the scale (or level) at 
which most forest and forest–water management decisions are made, i.e. com-
munity, region and national scales. Some of the chapters of the third section 
may echo previous ones, but a careful reading shows that they each constitute 
a specific viewpoint to the scaling issue. The resulting emphasis on approaches 
to scaling our understanding of forest  processes to the level of whole forests, 
watersheds and beyond is the main  challenge facing us today in forest hydrol-
ogy (Anonymous 2008).

In holistic thinking the whole is more than the sum of its parts and therefore 
the whole cannot be fully described by its component parts alone. Reductionism, 
which is sometimes considered to be the opposite of holism, contends that the 
whole can be explained by a reduction of the systems to their component parts 
and understanding those parts (Wikipedia). Although many of us might have a 
holistic view of the forest and its many aspects, the current volume is certainly 
reductionist in its approach to understanding forests, their management and the 
water cycle. The book builds from the basic tree and leaf processes in the first 
section to whole tree, species level in the second section, and finally uses these 
building blocks to scale up to the landscape level – to arrive at problems and 
solutions usually encountered in many high level forest management 
decisions.

An example of the reductionist approach is seen in Fig. 28.1. In order to deal 
with the landscape level issues of water supplies (services) and water risks (e.g. 
floods) we must integrate our understanding of the forest and its components from 
the basic level and up. This bottom-up approach is a thread that leads from the 
chapters on below ground and above ground processes in the first section through 
species and stand structure issues in the second section and finally to the scaling 
issues discussed extensively in the third section.

More holistic scientific investigation of forest–water interactions is difficult 
because of the large scale of the problem, which requires catchment and larger scale 
experimentation. An example of more holistic study is the classic Hubbard–Brook 
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project in the US (http://www.hubbardbrook.org/). Holistically oriented, large scale 
studies in the European context are discussed here by several of the contributions 
in Part III (e.g. Chapters 20 and 24). Hopefully upscaling of the reductionist studies 
and comparison with the more holistic studies will show where there are gaps in 
our understanding of the forest–water system.

Conclusion

In conclusion, the current volume began as a collection of papers from the COST 
FORMAN action participants, who each present their own views and research 
reviews on their particular subject. As the project developed, the three sections of 
the text, which came from each of the three working groups of the project took 
shape. These as a whole give a good overview of the state of scientific research on 
forest hydrology and related management today in Europe. We hope that the 
 readers will appreciate this addition to the literature.
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