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ecological processes are changed and the biota can be drastically reduced, though 
species and populations may survive by using refuges. Recovery from drought varies 
in both rates and in degrees of  completeness and may be a function of  both refuge 
availability and connectivity.

For the first time, this book reviews the available rather scattered literature on 
the impacts of  drought on the flora, fauna and ecological processes of  aquatic 
ecosystems ranging from small ponds to lakes and from streams to estuaries.
The effects of  drought on the biota of  standing waters and flowing waters and of  
temporary waters and perennial systems are described and compared. In addition, 
the ways in which human activity can exacerbate droughts are outlined. In many 
parts of  the world especially in the mid latitudes, global warming may result in 
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1

Introduction: the nature
of droughts

Living in Australia, a land of ‘droughts and flooding rains’ and the most

drought-prone continent in the world, it is not surprising that, like many

Australians, I have an acute awareness of the perils of drought. Drought

comes with images of crops wilting, livestock being destroyed, dust storms,

bushfires, dry farm dams, empty reservoirs, dying trees and drastic restric-

tions on water use. As a freshwater ecologist, I have become only too aware

of the damaging and lasting effects of drought on freshwater systems.

Projects planned and premised on the availability of sufficient water have

been compromised, if not halted. Thus, drought has moved from being a

matter of concern for me to becoming a hazard to research, and it has now

grown to become a major research interest of mine. This interest has been

heightened by the realization that of the two major flow-generated hazards

to freshwater ecosystems – floods and droughts – our ecological under-

standing of floods is much more comprehensive and deeper than our

understanding of droughts (Giller, 1996; Lake, 2000, 2003, 2007).

The literature on the ecology of drought and freshwater systems is limited

in quantity in comparison with that on floods and other disturbances (e.g.

pollution). It is also very scattered across different types of publications, is

uneven in quality, and some of it is quite difficult to access (Lake et al., 2008).

Following the international conference on the ‘Role of Drought in the

Ecology of Aquatic Systems’ in Albury, Australia in 2001 (Humphries &

Baldwin, 2003), I read much of the literature on drought and freshwater

ecosystems and produced an interim report (Lake, 2008). This present book

is the culmination of this extended research effort.

Drought is a ubiquitous climatic hazard. It is a recurring climatic

phenomenon and its frequency, duration, intensity, severity and spatial

extent all varywith locality andwith time at any one location. As a hazard, it

is determined relative to the prevailing normal conditions of a locality. Thus,

partly because of this variation, it has been difficult to find a universal
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definition of drought; indeed, ‘a universal definition is an unrealistic ex-

pectation’ (Wilhite, 2000). This lack of generality makes the effects of

drought difficult to evaluate and compare among localities and regions

across the world.

The numerous definitions of drought can be split into two forms: those

that define it as a natural climatic phenomenon and those that define it as a

hazard to human activities (especially agriculture). The latter type of

definition is understandably much more common. Examples of drought

definitions focused on human impacts include:

. ‘a deficiency of rainfall from expected or normal that, when extended

over a season or longer period of time is insufficient to meet the demands

of human activities’ (Tannehill, 1947);
. ‘drought is a persistent and abnormalmoisture deficiency having adverse

impacts on vegetation, animals, or people’ (National Drought Policy

Commission (USA), 2000);
. ‘a drought is a prolonged, abnormally dry period when there is not

enough water for users’ normal needs’ (Bureau of Meteorology,

Australian Government, 2006).

This type of definition leads to an imprecise determination of drought,

as it depends on the nature of human activities that are judged to be

impaired by drought. However, it is nevertheless perfectly understand-

able, as the declaration of drought at a locality can have serious economic

and social implications.

In looking at the effects of drought on freshwater ecosystems, it is above all

necessary to define drought as a natural phenomenon, whilst recognizing

the many interactions between human activities and drought. Following

Druyan (1996b), drought can be defined as ‘an extended period – a season, a

year or several years – of deficient rainfall relative to the statistical multiyear

mean for a region’. It should be noted that ‘rainfall’ is usually themajor form

of precipitation, but other forms such as snow, and even fog, can be

important. This definition relies on the availability of lengthy data sets

(25–30 years) to determine the ‘multiyear mean’. Furthermore, the deter-

mination of the ‘multiyearmean’maybe incorrectwhen there is a long-term

trend in the climate – a move away from the assumption of no significant

change in long-term mean values or stationarity (Milly et al., 2008).

In this work, I will be regarding drought as a phenomenon affecting

ecosystems and their constituents rather than one affecting human activi-

ties. Defining drought this way must, however, recognize that human

activities can either create conditions that increase the likelihood of drought

or may exacerbate natural drought. For example, the clearing of vegetation

may render land more prone to drought (Glantz, 1994), and extraction of
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water for human use from waterways can exacerbate the low flow condi-

tions generated by natural drought (Bond et al., 2008). Thus, there will be

many instances in which the drought affecting biota and ecosystems will be

exacerbated by humanity’s use of water and land.

Drought must be distinguished from aridity. Aridity occurs where it is

normal for rainfall to be below a low threshold for a long and indeterminate

duration, whereas drought occurs when rainfall is below a low threshold for

a fixed duration (Coughlan, 1985). In arid areas, provided there is a good

long-term rainfall record, it is possible to distinguish drought when it occurs

in spite of the prevailing regime of low rainfall. Aridity in a regionmeans that

there is an overall negative water balance due to the potential evapotrans-

piration of water exceeding that supplied by precipitation, with precipitation

being low, usually less than 20 cm per year (Druyan, 1996a) and highly

variable. At some times in arid regions, precipitation may exceed potential

evapotranspiration, but in the long run there is a continual deficit in

precipitation. In drought, precipitation is less than potential evapotranspi-

ration for an extended period, but not permanently. Again, the assumption

of stationarity is challenged if extended droughts are part of the onset of a

drying phase, a climate change or a move toward aridity.

As stressed in Wilhite (2000) and Wilhite et al. (2007), drought is a very

complex phenomenon and it remains a poorly understood climatic hazard.

Bryant (2005) ranked 31 different natural hazards, ranging from drought to

rockfalls, in terms of nine hazard characteristics: degree of severity; length of

event; area extent; loss of life; economic loss; social effect; long-term impact;

suddenness; and occurrence of associated hazards. Drought scored the most

severe on all characteristics except for the last two, and it is the most severe

natural hazard in terms of duration, spatial extent and impact.

Surprisingly, drought did not score as severe in terms of the occurrence of

associated hazards. Droughts in many parts of the world, from North

America to Indonesia, can be associated with severe and very extensive

bushfires. In drier areas, severe dust storms, such as in theGreat Plains of the

USA in the 1930s (Worster, 1979) or in eastern Australia, are produced

during drought. Most other natural hazards are of short duration, of limited

spatial extent, and are due to an excess of forces (e.g. cyclones) or of material

(e.g. floods). However, drought is an unusual hazard as it is generated by a

deficit; out of 31 different types of natural hazard, it only shares this critical

characteristic with subsidence (Bryant, 2005).

1.1 The social and economic damage of drought

The range of impacts of drought on human economic and social activities is

immense. This is perfectly understandable, as water is essential for life and
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for the sustainable operation of natural and human-dominated ecosystems,

both aquatic and terrestrial. Drought can reduce agricultural production,

with direct losses of both crops and livestock, aswell as causing the cessation

of both cultivation and livestock population maintenance. Land may be lost

to future production by dust storms, loss of vegetation and erosion. Forest

production may be damaged both by severe water stress to trees and by

severe and extensive bushfires. Water restrictions may reduce energy

production (e.g. hydro-electricity), industrial production and the availability

of clean water for human consumption. Water loss in rivers may even limit

water transport; for example, in the 1987–1988 drought in the USA, barge

traffic on the Mississippi river was limited by the low depths of the channel

(Riebsame et al., 1991). Economic losses can be incurred across a range of

activities from agricultural and industrial to tourism and recreation. In

addition, costs during drought may rise sharply, as reflected in food prices,

water prices for industry, agriculture and human consumption, and in costs

for drought relief to farmers and rural communities.

Drought is anatural hazard that humans cannotmodifymeteorologically.

However, with forethought it may be possible to modify some of its impacts

on natural ecosystems and on human society. Drought ‘has both a natural

and social dimension’ (Wilhite & Buchanan-Smith, 2005); the human

responses to deal with drought may vary from being hasty and reactive

to being well-planned and proactive.

These responses are encompassed in the concept of vulnerability. The four

essential components of vulnerability to drought are: capacity to predict

drought; effective monitoring of drought with the capacity to provide early

warning of drought attributes (e.g. extent, severity); effectivemitigation and

preparedness; and a readiness in society for the need to have a coordinated

strategy to deal with drought. Various societies in different regions have

different levels of vulnerability to drought, and thus there are ‘drought-

vulnerable’ and ‘drought-resilient’ societies (Wilhite & Buchanan-Smith,

2005). While there are many drought-vulnerable societies, there are very

few examples of drought-resilient societies, though in some regions, such as

the USA and Australia, resilience at the societal level is improving (Wilhite,

2003; Wilhite et al., 2007).

In the south-west of what is now the USA, the Anasazi people in the

Four Corners region developed a complex society, starting about 650 AD,

basedon the cultivationofmaize supported byextensive and intricate systems

of water harvesting, that lasted until the 13th century (Diamond, 2005;

Benson et al., 2007). Two severe and lengthy droughts (megadroughts –

droughts lasting longer than 10 years:Woodhouse & Overpeck, 1998) in the

middle 12th and late 13th centuries greatly reducedmaize yields, causing the

abandonment of settlements (Diamond, 2005; Benson et al., 2006, 2007).
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To the hazard of extended drought, Anasazi society had a high vulnerability

and a very low resilience – little capacity to recover.

In drought-vulnerable societies, drought may be linked with famine,

disease and social upheaval – both now, as in the Sahel region of Africa

(Dai et al., 2004a), and in the past. In the case of colonial India, the two

severe droughts of 1876–1879 and 1896–1902 are estimated to have killed

12.2 to 29.3 million people, and in China the death toll was estimated to be

19.5–30million people (Davis, 2001). Indeed, the failure of the monsoon in

1876–79 that caused drought overmuch ofAsia caused a famine that ‘is the

worst ever to afflict the human species. The death toll cannot be ascertained,

but certainly it exceeded 20 million’ (Hidore, 1996).

The high death toll from the two late Victorian droughts in India was no

doubt linked to the great increase in drought vulnerability in rural India due

to the commodification of village agriculture by Britain. A switch to growing

crops for export swept away traditional and local means of storage and

support to contend with drought (Davis, 2001). Indeed, the catastrophic

impacts of drought on societies high in drought vulnerability and low in

preparedness in India and China at that time (Davis, 2001), and in the

‘Dustbowl’ in the 1930s in the USA (Worster, 1979) can be seen as

significant historical events that had major effects on the futures of the

affected societies.

Economic losses, mainly through reduction of agricultural production,

can be immense; droughts are costly. For example, the drought years of

1980 and 1988 in the USA are estimated to have cost $48.8 billion and

$61.6 billion (2006 dollars) respectively (Riebsame et al., 1991; Cook et al.,

2007), while the very severe drought of 2002–03 in Australia (Nicholls,

2004) is estimated to have cost $A7.4 billion in lost agricultural production

(Australian Bureau of Statistics, 2004).

As droughts usually cover a large spatial extent and are invariably of

considerable duration, they slowly produce ecological, economic and social

deficiencies. These deficiencies, such as high mortality of biota (plant and

animal, natural and domestic) and the poor condition and health of

organisms, including humans, do not allow a rapid recovery once a drought

breaks; there may be a long lag in recovery.

In human societies, the damaging social and economic effects can persist

for a long time. For example, if drought gives rise to famine, children may

become seriously malnourished and the effects of malnutrition on health

and mental well-being may be lifelong (Bryant, 2005). The replenishment

of seed for crops and of livestock numbers from remnant survivors are also

lengthy and costly processes. Moreover fire, dust storms and overgrazing

may severely damage pastures and croplands and even prevent full

recovery (Bryant, 2005).
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1.2 Major characteristics of drought

As suggested by Tannehill (1947), when he labelled droughts ‘creeping

disasters’, it can be difficult to detect the beginning of a drought, as the

deficiency of moisture in a region takes time to emerge (e.g. Changnon,

1987). As drought is a form of disturbance that steadily builds in strength,

Lake (2000, 2003) suggested that it constitutes a ramp type of disturbance,

which steadily builds in severity with time. For the same reason, it can also

be difficult to detect the end of a drought as it gradually fades away (inverse

ramp). However, if the drought is linked with an El Niño event, it may be

broken by severe flooding (Whetton, 1997) – a pulse disturbance.

As a form of disturbance – a hazard – droughts are distinctive in not

causingmajor geomorphological changes or damaging or destroying human

structures. However, droughts may cause some smaller geomorphological

changes, such as those due to accompanying dust storms with consequent

wind erosion and deposition of soil and sand, exemplified by the ‘Dustbowl’

drought in the USA (Worster, 1979). Droughts are distinctive in occurring

over large areas. They differ from floods in usually being drawn-out ramp

disturbances rather than rapid pulses, and in being a type of disturbance from

which ecological recovery can be a long, drawn-out process.

Most droughts consist of abnormal extended periods of hot and dry

weather that inexorably deplete water availability across regions. Such

droughtsmay also have long spells of drywinds, dust storms andwildfires. In

some regions, notably those parts of the world that have severe winters,

there may be winter droughts (e.g. McGowan et al., 2005; Werner &

Rothhaupt, 2008), in which poor seasonal precipitation and freezing con-

ditions greatly reduce runoff, reducing flows in downstream rivers and

depleting levels and volumes in lakes. Such winter droughts may then lead

on to severe supra-seasonal droughts.

Droughts have fourmajor characteristics (Bonacci, 1993;Wilhite, 2000;

see Figure 1.1):

Intensity or magnitude;

Duration;

Severity (water deficiency); and

Spatial extent.

Other important characteristics include probability of recurrence and

time of initiation and termination (Yevjevich, 1967).

Intensity refers to the averagewater deficiency (i.e. severity/duration) and

is a measure of the degree of reduction in expected precipitation (or river

flow) during the drought.
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Duration refers to the length of the drought and is entirely dependent for

its determination on the thresholds used to define the onset and the end of

drought. The duration of a drought is strongly correlated with the severity.

Depending on the indices used to detect drought, it usually takes2–3months

as a minimum for drought to become established.

Severity refers to the cumulative deficiency in precipitation or in water

(Bonacci, 1993).

Spatial extent refers to the area covered by and inmapping the areas, such

as in the continually updated US Drought Monitor (Svoboda et al., 2002).

The areas are delineated in terms of drought intensity, from Do (abnormally

dry) to D4 (exceptional) (see Figure 1.2).

Large-scale droughts of long duration can have within them regional

droughts of shorter duration (Stahle et al., 2007). Droughts occur in some

regions more than others; for example, both severe annual droughts and

pluvials (high rainfall events) in the USA ‘occur more frequently in the

central United States’ (Kangas & Brown, 2007).

1.3 The formation of droughts

Droughts develop almost imperceptibly and insidiously and, depending on

the drought indicator used, it usually takes at least three months of

abnormally low rainfall to detect a drought. The almost imperceptible onset

of drought is sensitively recounted by Barry Lopez: ‘In the years we have

been here I have trained myself to listen to the river, not in the belief that

I could understand what it said, but only from one day to the next know
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Figure 1.1 Depiction of the characteristics of drought as illustrated by hydrological

drought with severity (s) (cumulative water deficit), duration (d) and intensity (i), which

is severity divided by duration.
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its fate . . . It was in this way that I learned before anyone else of the coming

drought. Day after day as the river fell by imperceptible increments its song

changed.’ (Lopez, 1990)

Droughts may gradually finish with the return of normal rainfall.

However, they can also end with heavy rains such as those of tropical

storms (e.g. Churchell & Batzer, 2006) or with sudden and very damaging

floods (Whetton, 1997), such as the floods that ended the 1982–83

drought in south-eastern Australia and the recent floods (2010) that

abruptly ended the long drought in southern Australia.

Droughts arise from a lack of precipitation that is due to the develop-

ment of stationary or slow-moving weather systems – a subsidence of

moisture-depleted, high-pressure air over a region. The development of

slow-moving high-pressure systems has been proposed to occur due to

two different basic causes – changes in solar activity and sea surface

temperature fluctuations.

For a considerable time, droughts were thought to arise from sunspot

activity (e.g. Tannehill, 1947). Sunspots are due to intensemagnetic activity

on the sun reducing convectional activity and causing cooling of the area

affected. Sunspot activity is correlatedwith solar activity and, during periods

of high activity, the production of cosmogenic isotopes (e.g. 14C and 10Be)

decreases. Changes in the concentrations of these isotopes in lake sediments

(e.g. Yu & Ito, 1999) and in the polar icecaps (e.g. Ogurtsov, 2007) may be

D0 Abnormally Dry

D1 Drought - Moderate

D2 Drought - Severe

D3 Drought - Extreme

D4 Drought - Exceptional

Figure 1.2 An example of the output from the Drought Monitor, showing the extent

and severity of drought in central and southern USA on October 9, 2007. (See the colour

version of this figure in Plate 1.2.)
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used to detect changes in solar activity. Low levels of these isotopes fromhigh

solar activity are held possibly to indicate drought (Hodell et al., 2001).

Mensing et al. (2004), in analyzing pollen from cores taken from Pyramid

Lake, Nevada, detected prolonged droughts going back 7,600 years. They

found that the periods of prolonged droughts coincided with periods of

reduced drift ice activity in the north Atlantic Ocean (Bond et al., 2001).

These periods of reduced drift ice activity were correlated with periods of

increasing solar activity as revealed by reduced levels of cosmogenic isotopes

(Bond et al., 2001). In contrast, high levels of the cosmogenic isotope 14C

correlated with low solar activity have been linked with drought and dry

periods in the northern Great Plains of the USA (Yu & Ito, 1999).

Whether solar forcing is a major force producing drought appears

debatable. It is worth noting that the changes in 0.1–0.25% of total

radiation in solar forcing (Crowley, 2000) may appear to be slight, but so

are the oceanic sea surface temperature changes associated with El Niño/La

Niña events (Cook et al., 2007).

Although droughts have been suggested to be caused by various forces,

including sunspot activity (Tannehill, 1947) and solar forcing (Hodell et al.,

2001), recent studies suggest that the primary cause for severe droughts is

small fluctuations in sea surface temperatures over a large area. These

fluctuations, linked with changes in air pressure, alter winds carrying

moisture onto land. A major driving force for marked fluctuations of long

duration in sea surface temperatures, air pressure and onshore moisture-

laden winds is the oceanic oscillation of the El Niño/Southern Oscillation

(ENSO) system. As this system was the first such oscillatory system to be

unravelled, it is worth a brief account of the history of the discovery of the

system and its behaviour.

1.4 El Niño Southern Oscillation (ENSO) and drought

A powerful, worldwide and persistent creator of droughts and floods resides

in the El Niño-Southern Oscillation (ENSO) phenomenon that produces the

El Niño and LaNiña events. ENSO is amajor climatic event, creating not only

year-to-year climate variability (Gergis et al., 2006) but also extreme events

or indeed disasters – floods and droughts (e.g. Dilley & Heyman, 1995;

Bouma et al., 1997; Davis, 2001). This phenomenon is now relatively well

understood (e.g. Allan et al., 1996; Cane, 2005) and is clearly a very

powerful force driving the world’s climate.

The identification of ENSO, and coming to understand how it operates

and the nature and spread of its effects, is a fascinating story involvingmany

investigators in many parts of the world (Allan et al., 1996; Davis, 2001).
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As recounted by Davis (2001), in seeking to explain droughts in India and

China in the late 19th century, meteorologists initially placed a strong

reliance on sunspots, solar activity and air pressure. In 1897, the Swedish

meteorologist Hugo Hildebransson described an inverse relationship in

mean air pressure between Iceland and the Azores and recognized that

this was connected to rainfall. This relationship is now known as the North

Atlantic Oscillation (NAO). He also recognized two other oscillations – one

between Siberia to India and one across the Pacific from Buenos Aires

to Sydney.

Aware of this discovery, Sir Gilbert Walker, director-general of observa-

tories in the India Meteorological Office (1904–1924), embarked on a

programme involving many Indian clerks to identify, through a multitude

of hand-calculated regressions, patterns of air pressure and rainfall relation-

ships from a mountain of data collected around the world. In 1924, he

identified three systems of long-distance atmospheric oscillation – the

Southern Oscillation (SO) across the Pacific, the North Atlantic Oscillation

(NAO) and the North Pacific Oscillation (now called the PDO). The Southern

Oscillation involved an air pressure oscillation linked with rainfall between

India, Indonesia and Australia in the west, and the Pacific including Samoa,

Hawaii, South America and California in the east. Elaborate equations were

used to calculate summer and winter SOI values (Allan et al., 1996).

However, no clear mechanism was identified to account for the Southern

Oscillation. Progressively, the SOIwas refined and simplified, so that now the

SOI refers tomean sea level pressure differences between Darwin and Tahiti.

In the late 1950s and 1960s, the Dutch meteorologist Hendrik Berlage

linked the SOIwith sea surface temperatures (SST) and related an increase in

SST in the tropical eastern Pacific to El Niño events, producing drought

inAustralia and floods inwestern SouthAmerica. From this, Jacob Bjerknes,

in a key paper in 1969, linked the lowpressure andwarmpool of thewestern

Pacific (WPWP) with the cold water and high air pressures of the eastern

Pacific. Sea level winds (easterly Trades) flow from the high pressure system

to the low pressure WPWP. As they flow, these winds are heated and gain

moisture so that the moisture-laden air rises, releasing heat and rain. This

upper level air then moves eastward across the Pacific to descend in the

eastern Pacific. Bjerknes called this circulation the Walker circulation. The

winds from the east Pacific cause theWPWP to gain more warm water and

to increase in level up to 40–60 cm above the east Pacific (Wyrtki, 1977).

This is a positive feedback – the Bjerknes feedback. When the south-east

trade winds fail, the warm water of the WPWP expands eastward and the

upwelling of cold water off Peru weakens. This is reflected in the SOI as

pressures decline in the east Pacific and rise across the west Pacific, centred

on Australia and Indonesia.
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Thus, what happens in an El Niño event was deduced, but the mechan-

isms producing the phenomenon remained uncertain.

In the 1970s, Klaus Wyrtki (1976, 1977) examined the oceanography

of El Nino events. In the Pacific, as in many large bodies of water, there

is stratification, with a warm layer of surface water separated from a

cooler much deeper layer by a boundary layer called the thermocline.

Wyrtki posited that the easterly trade winds build up the waters of the

WPWP, deepening the thermocline. An El Niño event was marked by a

relaxation of the trade winds, or even a pulse of westerly winds, and

consequently the thermocline would decrease in depth and the accumu-

lated water of the WPWP would move eastward across the Pacific. Near

South America, this warm water mass would suppress the Humboldt

Current upwelling.

In turn, thewarmwater off SouthAmerica serves to furtherweaken trade

winds. The winds and the SSTs are closely linked in phase, but it is the

delayed changes in the depth of the thermocline altering the heat content of

the WPWP that serves to create the oscillation (Cane, 2005). ENSO was so

named by Rasmusson and Carpenter in 1982. Furthermore, Wyrtki (1976)

explained why as an El Niño event ceases: there may be an overshoot of

conditions to generate a colderWPWPanda return of theHumboldt Current

upwelling, producing La Niña events (Philander, 1985).

From the work of Walker and others, it was realized that droughts across

the world were linked in time, but the mechanism was unknown. Bjerknes

proposed that forces arising in ENSO events in the tropical Pacific were

transmitted away to interact with other climate systems. These connections

he called teleconnections, a term originally coined by A
�
ngstr€om (1935).

Teleconnections, for example, exist between ENSO and Indian droughts

(Whetton & Rutherfurd, 1994) due to the failure of the Asian monsoon

(Wahl & Morrill, 2010; Cook et al., 2010a, 2010b), and between ENSO and

the North Pacific Oscillation, affecting North China rainfall (Whetton &

Rutherfurd, 1994), and they serve to create floods and droughts in many

parts of the world.

The tropical region of the Pacific Ocean, with its considerable length, the

Humboldt Current upwelling in the east and the warm pool of water in the

west, appears to be a very suitable area for an oscillator with the great

strength of ENSO to be generated and, through teleconnections, to exert

extreme events on sub-tropical and temperate regions. In terms of generat-

ing severe droughts of long duration inNorthAmerica, southern Europe and

south-west Asia, the Pacific has been described as ‘the perfect ocean for

drought’ (Hoerling & Kumar, 2003).

El Niño and La Niña events are closely linked to the Southern Oscillation.

When the Southern Oscillation Index (SOI) is positive, La Niña events occur;
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when it is negative, El Nino events occur. Equatorial sea surface temperature

(SSTs) in the Pacific are used to indicate ENSO events.

There are three major Niño regions: Niño 1þ2 (0–10�S, 80–90�W),

Niño 3 (5�N–5�S, 90–150�W),Niño 4 (5�N–5�S, 160–150�W)with a fourth

Niño 3þ4 (5�N–5�S, 120–170�W) being added in 1997 (Trenberth, 1997).

Initially, the onset of El Niño events was detected by rises in SSTs in Niño

1þ2, but Hanley et al. (2003) found that SSTs in this region were rather

unreliable. Both Allan et al. (1996) and Hanley et al. (2003) suggested

SST readings from Niño 3 were more sensitive and reliable, and today this

region ‘remains the primary area for climate model prediction of ENSO,

(Gergis et al., 2006).

When SOI has high positive values (La Niña) and SSTs are lower than

normal in Niño 3, major flooding may occur in Australia, Indonesia, India,

southern Africa and north-eastern South America, and droughts may occur

in east and north-western Africa, Spain, southern North and South America

(Ropeleweski & Halpert, 1989; Whetton & Rutherfurd, 1994; Allan et al.,

1996; see Figure 1.3a.). When SOI values are strongly negative (El Niño),

with high sea surface temperatures in Niño 3 (Figure 1.3b), drought may

occur in Australia, Indonesia, Oceania, central China, northern India,

northern South America, Central America and southern Africa, while floods

may occur in southern North and South America, southern Europe, east

Africa, central and southern China (Ropeleweski & Halpert, 1987; Whetton

&Rutherfurd, 1994; Allan et al., 1996). El Niño eventsmay be terminated by

the rapid onset of La Niña, sometimes with severe flooding (Whetton, 1997).

Clearly, not all droughts in the world are primarily caused by ENSO events,

but it is also very evident that ENSO events, with the linked teleconnections,

are responsible for many of the severe and damaging droughts.

The age of ENSO is uncertain; biological adaptations to high rainfall

variability suggest that ‘ENSO has been operating and affecting Australia for

millennia’ (Nicholls, 1989b). Evidence from lake deposits from Ecuador

suggest that ENSO is at least 11,000 years old (Moy et al., 2002), and

evidence from fossil coral fromnorthern Indonesia (Hughen et al., 1999) and

from peat sediments covering 45,000 years from Lynch’s Crater in north

Queensland (Turney et al., 2004) suggests that ENSO was active in the last

glacial-interglacial period. Cane (2005) contends that ENSO ‘has been a

feature of earth’s climate for at least 130,000 years’. Such a time spanwould

presumably be sufficient for biota to develop adaptations to deal with the

extremes of ENSO cycle, as suggested by Nicholls (1989b).

The strength of the ENSO cycle has fluctuated in time with data,

suggesting that ENSO events were absent or at least very weak in the early

Holocene (10,000–7,000 years BP (before present)) (Moy et al., 2002).

Donders et al. (2007), in analyzing palynological data across many sites in
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easternAustralia, have produced strong evidence for an increase from5,000

to 3,500 years BP in ENSO activity to current levels. In an analysis of ENSO

signals from the present back to 1525, Gergis & Fowler (2006) identified 37

major El Niño events, including nine extreme events, four of which occurred

in the 20th century, and 46 major La Niña events, including 12 extreme

events, five of which occurred in the 16th to mid-17th centuries. As it

appears that recent ENSO variability is strong and increasing in the

20th–21st centuries, there is cause for concern. Whether this increase is

induced by climate change is quite uncertain (Cane, 2005).

El Niño events cause major changes in rainfall and, consequently, in

surface runoff and streamflow – floods or droughts, depending on the region.

An El Niño signal causing low streamflow and drought occurs in eastern

Australia (e.g. Simpson et al., 1993; Chiew et al., 1998; Chiew &McMahon,

2002). Rainfall and streamflow both have lag correlations with the SOI

(A) El Niño

(B) La Niña

Figure 1.3 (a) Map of the world, indicating regions liable to incur drought conditions

with an El Niño event. (b) Map of the world, indicating regions liable to incur drought

conditions with a La Niña event. (Adapted from Allan et al., 1996.) (See the colour

version of this figure in Plate 1.3.)
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(Chiew&McMahon, 2002). Links between low streamflowand ENSOevents

have been reported for India (Ganges) (Whitaker et al., 2001), New Zealand,

Nepal (Shrestha & Kostaschuk, 2005), north-east South America, central

America, and to a lesser extent northern (e.g. Nile River) (Eltahir, 1996) and

south-eastern Africa (Chiew & McMahon, 2002) (see Figure 1.3A). The

occurrence of La Niña events is associated with low flows and droughts in

south-western North America (Cayan et al., 1999; Cook et al., 2007),

southern South America, Spain and north-east Africa, southern India and

central coastal China (Allan et al., 1996) (see Figure 1.3B).

In summary, it is very evident that El Niño and La Niña events exert a

powerful influence in generating drought conditions around the world.

Droughts linked to ENSO events can occur in mid- and south-western

North America. A closely observed drought was the Dustbowl drought

(1931–1939) that devastated the southern parts of the Great Plains in the

states of Texas, New Mexico, Colorado, Oklahoma and Kansas (Figure 1.4).

This severe drought, which temporally consisted of four droughts (Riebsame

et al., 1991), was driven by below-average sea surface temperatures (SSTs)

in the tropical easternPacific (Schubert et al., 2004; Seager et al., 2005; Cook

Figure 1.4 The spatial extent and severity of the Dustbowl drought in 1934, with

regions in drought depicted by the Palmer Drought Severity Index PDSI (in red with

negative values) and wet regions (positive PDSI and in blue). (Drawn using data from

Cook, E.R., 2000.) (See the colour version of this figure in Plate 1.4.)
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et al., 2007). Such temperature changes are small, being only 0.1–0.4 �C
colder than normal (Cook et al., 2007).

The train of events creating and maintaining drought, like the Dustbowl

drought, appears to follow a sequence (Seager et al., 2005; Cook et al., 2007).

The small sea-surface temperature changes cause the tropical troposphere

(lower portion of the atmosphere) to cool, which subsequently causes the

subtropical jet streams that flow from west to east to move poleward. This

results in causing the weather systems which normally bring rain to the

Great Plains to move poleward, which in turn causes moisture-deficient air

in the upper troposphere to descend on the Great Plains. As long as this

condition persists, there will be reduced rainfall.

Such droughts in NorthAmerica are linkedwith LaNiña events, in which

there is abnormal cooling of the eastern Pacific Ocean. Persistent droughts,

such as the extended drought of the 1950s, and the recent 1999–2002

drought, have been regarded as being due to a persistent ‘La Niña-like state’

(Seager et al., 2005; Seager, 2007; Herweijer et al., 2007; Herweijer &

Seager, 2008). Indeed, extending this idea, Herweijer and Seager (2008)

have suggested that ‘the global pattern of persistent drought appears to be a

low-frequency version of interannual ENSO-forced variability’.

Within some drought-affected regions, such as the Great Plains, there is a

further phenomenon that may serve to maintain the drought. A coupling

between the land and the atmospheremaydevelopwhereby, as precipitation

declines, soil moisture and evapotranspiration also decline and thus less

moisture goes back into the atmosphere to generate precipitation, which

consequently declines evenmore. Oglesby (1991), Forman et al. (2001) and

Schubert et al. (2004, 2008) have suggested that this phenomenon is

important in maintaining the extended droughts of the Great Plains, and

Koster et al. (2004) have suggested that such land-atmosphere coupling

reducing available moisture may occur in ‘hot spots’ in the Great Plains,

central India and the Sahel (Dai et al., 2004a; Foley et al., 2003). Such a

factor exacerbating drought is indicated by the research byCook et al. (2008)

on the Dustbowl drought. Climate model runs driven by east Pacific sea

surface temperature data of the Dustbowl drought resulted in a simulated

drought weaker than that observed in reality. However, the addition of data

estimating the dust aerosol load increased the intensity and spatial extent of

the drought to observed levels (Cook et al., 2008).

1.5 Other important oscillations creating drought

While a major and extended research effort has gone into the discovery and

unravelling of the mechanisms of the El Niño/La Niña oscillation, other
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oscillations have been discovered and have been found to be tied with the

creation of drying conditions and drought.

The issue of clearly identifying the climatic factors generating pro-

longed droughts over North America seems not to be fully resolved. In

addition to the concept that ‘La Niña-like states’ with cool sea surface

temperatures in the east Pacific is a major generator of droughts, it is

likely that two low-frequency oscillations in sea surface temperatures are

also influential in drought generation. These oscillations, linked as

teleconnections, are the Atlantic Multidecadal Oscillation (AMO) (Kerr,

2001) and the Pacific Decadal Oscillation (PDO) (Mantua et al., 1997),

with the AMO being an oscillation in sea surface temperatures of the

north Atlantic Ocean with a recurrence interval of 70–80 years and the

PDO being an oscillation in SST in the Pacific Ocean with a recurrence

interval of 50–70 years.

It is proposed that both of these oscillations are correlatedwith hydrologic

variability and the occurrence of severe droughts in western USA (McCabe

et al., 2004; Hidalgo, 2004). The AMO has been linked with droughts in

central and eastern North America (Enfield et al., 2001) and in western

Africa (Shanahan et al., 2009). In the latter location, the AMO in its current

phase (30 years) has weakened the West African monsoon to possibly

produce the severe and continuing ‘Sahel Drought’ (Foley et al, 2003; Dai

et al., 2004a; Held et al., 2005).

Linked with the Atlantic Multidecadal Oscillation is the North Atlantic

Oscillation (NAO), which operateswith a periodicity of 5–10 years (Stenseth

et al., 2003). This oscillation is indicated by changes in sea level air pressure

between the Azores and Iceland, and it is particularly active in winter.

Changes in the oscillation result in major changes in wind speeds, and

correspondingly in temperatures and precipitation (Hurrell et al., 2003).

Positive NAO index (NAOI) values (high pressure in the Azores) results in

wet winters, with strong westerly moisture-laden winds over northern

Europe but decreased precipitation in southern Europe. Negative NAOI

values lead to weakened westerlies and cold, dry winters over northern

Europe and increased precipitation over southern Europe (Hurrell et al.,

2003; Yiou & Nogaj, 2004).

Accordingly, extended periods of negative NAOI values are linked

with dryness and droughts over northern Europe, and extended positive

NAOI values are linked with drought in Mediterranean Europe (Hurrell

et al., 2003; Straille et al., 2003). Severe drought and extremely low river

flows in northern Europe are linked with negative NAOI values, and in

southern Europe hydrological droughts occur when winters are

dominated by a positive NAO phase (Shorthouse & Arnell, 1997;

Pociask-Karteczka, 2006).
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There is an oscillating sea surface temperature gradient between

Indonesia and central Indian Ocean called the Indian Ocean Dipole (IOD)

(Saji et al., 1999). This oscillation is indicated by changes in sea surface

temperatures between the tropical western Indian Ocean (50–70�E,
10�S–10�N) and the tropical south-eastern Indian Ocean (90–110�E, 10�S
to equator) (Saji et al., 1999; Saji & Yamagata, 2003). In a ‘normal’ year,

south-east trade winds blow from Indonesia into the oceanic tropical

convergence zone, delivering rain to India and Sri Lanka. However, the

dipole oscillation is in the positive phase when there is cooling in the tropical

eastern Indian Ocean off Indonesia, and a warming of the waters of the

north-easternwaters of the IndianOcean offwestern India (Saji et al., 1999).

Under these conditions, Indonesia and south-western Australia undergo

drying andmay be in drought. The dryingmay spread to central and eastern

Australia, even exacerbating the effects of an ENSO-created drought

(Nicholls, 1989a; Dosdrowsky & Chambers, 2001; England et al., 2006;

Barros & Bowden, 2008).

Both around the Arctic and Antarctica, there are annular modes

(Thompson & Wallace, 2000), named the Northern Annual Mode (NAM)

and the Southern Annual Mode (SAM) respectively. These are large systems

that have a strong influence on temperate and subtropical weather systems,

as they modulate the circumpolar westerly systems and strongly influence

the strength and number of rain-bearing frontal systems moving from sub-

Arctic or sub-Antarctic regions into temperate zones. In recent years, the

SAMhas appeared to become stronger andhas beenmoving polewards. This

strengthening may be related to the long-term decline in winter frontal

systems and rainfall across southern Australia (Nicholls, 2010). In exerting

a strong influence on rainfall in temperate and sub-tropical zones, SAM and

NAM may thus interact with phenomena such as the NAO and ENSO to

induce drying and droughts.

Droughts being inducedby thesedynamic oscillationsandmodesmayvary

in their severityand in thewaysof formation.This is illustrated by researchon

three strong Australian droughts (Verdon-Kidd & Kiem, 2009). The

‘Federation’ drought (�1895–1902) appears to have been primarily caused

by ENSOand the PDO (IPO); the ‘WorldWar II’ drought appears to have been

multi-causal, with contributions from the IOD, SAM and PDO (IPO); and the

major contribution to the recent ‘Big Dry’ drought has come from the SAM,

along with ENSO (Verdon-Kidd & Kiem, 2009).

Through access to more accurate and comprehensive meteorological

data concerning droughts, and through the rapid development ofmore and

more sophisticated modelling, it appears that we are now gaining a more

precise understanding of the mechanism(s) that may create, maintain and

terminate droughts.
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1.6 Drought in Australia

Being in themid-latitudes, the flattest of the continents and relatively close to

the warm pool of the western Pacific (WPWP) – the western dipole of the

ENSO phenomenon – it is not surprising that the major part of Australia is

arid and that the continent as a whole is drought-prone (Lindesay, 2003).

For 82 of the 150 years from 1860, when reliable records began, until

2010, Australia has had severe droughts (McKernan, 2005; Bureau of

Meteorology, 2006).

Most droughts, especially those affecting eastern Australia, arise from El

Niño events (Allan et al., 1996). In recent years, there has been considerable

concern at the decline in rainfall in south-western Western Australia

(Allan & Haylock, 1993) and with the possible influence of Indian

Ocean conditions in influencing rainfall (and drought) (Nicholls, 1989a;

Drosdowsky & Chambers, 2001).

Drought has been a force moulding the patterns of land use and abuse in

Australia since European settlement, but this has not been fully recognized

by historians (with some exceptions, e.g. Griffiths (2005) and McKernan

(2005)). Indeed, shortly after the establishment of the first European

settlement in Port Jackson (Sydney) in 1788, there was a severe El Niño

drought from 1791 to 1793 (Nicholls, 1988; Stahle et al., 1998b; Gergis

et al., 2006) which may account for the penal colony suffering a major

setback and severe hardship.

As argued by Heathcote (1969, 1988, 2000), the reality of living in a

drought-prone continent has taken a long time to be fully accepted by

European settlers. If anything, it appears that Australia as a nation has been

locked into the ‘hydro-illogical’ cycle of drought described byWilhite (1992);

(See Figure 1.5). In this cycle, drought arises and there is alarm, but when

the drought breaks, activities return to the pre-drought state without any

anticipatory and pro-active measures to contend with the next drought and

with a firm belief in the existence of wet and dry cycles.

Both Keating (1992) and McKernan (2005) contend that it was the

severe 1982–83 drought that effectively made dealing with drought a

central part of Australia’s politics and economy. Belatedly, planning for

drought and adapting to climate change have become key political and

management issues (Connell, 2007). Australia has had a considerable

number of major droughts, including the Centennial drought (1888)

(Nicholls, 1997), the Federation drought (1895–1903), the droughts of

the two World Wars (1911–16, 1939–45) and the drought of 1982–83

(Keating, 1992; McKernan, 2005).

With drought, severe bushfires tend to occur, such asBlack Friday of 1939

and Ash Wednesday of 1983 (Keating, 1992). Most, but not all, droughts
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are linked with ENSO events (Nicholls, 1985; Whetton, 1997). In drought,

river flows have been very low. For example, in the recent drought, the

Murray River only received an inflow of 770 GL in 2006–2007, compared

with an average annual inflow of 5,400 GL (Cai & Cowan, 2008).

The recent drought (1997–2010) was both severe and long and

‘unprecedented in the historical records’ (Timbal & Jones, 2008). It was

much more severe than the long droughts of 1939–45 and 1946–49

(Watkins, 2005) and the Federation Drought. Nicholls (2004) noted that

during this drought, in 2002, temperatures (and evaporation levels) were

very high, which suggested that the nature of Australian droughts may

be changing, being exacerbated by the enhanced greenhouse effect. This

suggestion is supported by Karoly et al. (2003), Watkins (2005) and

Timbal & Jones (2008).

Rain
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Figure 1.5 The ‘hydro-illogical cycle’ indicating the social reactions to drought.

(Redrawn from Figure 2 in Chapter 1 of Wilhite, 2000.)
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2

Types of drought and their
assessment

There are five recognized forms of drought: meteorological or climatological;

hydrological; agricultural; ecological; and socioeconomic drought or

operational drought (Tate & Gustard, 2000; Wilhite, 2000; Heim, 2002;

NDMC, 2005).

Meteorological drought occurs when there is a deficit between the

actual amount of precipitation received and the amount that may normally

be expected for an extended duration. It is dependent in its determination on

rainfall falling below threshold levels that are determined from long-term

rainfall records. This form of drought is regionally specific and, given the

need for long-term records to define it, it may be difficult to define in regions

with highly variable rainfall (such as arid areas) or in regions with insuffi-

cient long-term rainfall data. Meteorological drought is the primary form of

drought that leads on to the other four –hydrological, agricultural, ecologi-

cal and socioeconomic. It is usually perceived as a shortage of rainfall, but it

also includes precipitation by snow and even possibly fog, as for example in

the case of tropical cloud forests. Snow may accumulate as snowpack and

ice, and drought can become evident when the flows from spring thaw are

abnormally low due to a poor snowpack.

Hydrological drought occurs when the amount of precipitation in a

region is insufficient to maintain surface water:

1 for normally expected flows in streams/rivers (lotic systems); or

2 for normally expected levels or volumes in lakes/wetlands/reservoirs

(lentic systems) (Tate & Gustard, 2000; Wilhite & Buchanan-Smith,

2005); and

3 to maintain subsurface water volumes.

It is usually defined at the basin or catchment level.

Drought and Aquatic Ecosystems: Effects and Responses, First Edition. P. Sam Lake.
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In the natural state, hydrological drought is induced by shortfalls in

precipitation affecting surface runoff and groundwater storage of water.

However, it may be induced not only by precipitation deficits, but also by

water deficits created by human land use and water storage (NDMC, 2005;

Wilhite & Buchanan-Smith, 2005). The state of the catchment in terms of

such factors as dryness, plant cover and soil porosity may strongly influence

the onset of hydrological drought.

Agricultural drought ‘is typically defined as a period when soil

moisture is inadequate to meet evapotranspirative demands so as to initiate

and sustain crop growth’ (Changnon, 1987). As such, it focuses on ‘soil

moisture deficits and differences between actual and potential

evapotranspiration’ (Tate & Gustard, 2002) and is primarily centred on

the availability of soil moisture in the root zone of crops, though it may also

refer to lack of water for plant growth to meet the needs of livestock

(Changnon, 1987). Agricultural drought is concerned with soil moisture

so, while it dependent on rainfall, it is also strongly influenced by factors

that govern water infiltration and soil water-holding capacity (Wilhite &

Buchanan-Smith, 2005).

As agricultural drought is primarily concernedwith crop growth, drought

related to non-agricultural terrestrial biota is not covered by indices for

agricultural drought. One could expect the terrestrial biota native to an

area to be better able to deal with drought than exotic and domestic plants

and animals.

Ecological drought has been recognized only recently. It has been

defined as ‘a shortage of water causing stress on ecosystems, adversely

affecting the life of plants and animals’ (Tallaksen & van Lanen, 2004).

However, unlike agricultural drought, ecological drought currently lacks

specific indices to quantify it.

Socioeconomic or operational drought depends basically on the

availability of water for human activities, so this form of drought varies

greatly with locality, human demand andwith the level of infrastructure for

water capture, storage and delivery (Mawdsley et al., 1994). For example,

socioeconomic drought in Australia is regarded politically as an exceptional

circumstance that is defined economically in terms of a ‘severe downturn in

farm income over a prolonged period’ (Botterill, 2003).

In this account, the major concern will be with meteorological and,

especially, hydrological drought, though indices developed for agricultural

drought may be relevant at times. In many parts of the world, there are

seasonal dry periods that are both normally expected and predictable. As

they are the outcome of normal climatic variation, these dry periods or

‘seasonal droughts’ (Lake, 2003), are not unusual in terms of expected

patterns of precipitation and hydrology. Such seasonal droughts occur, for
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example, in those areas with a Mediterranean climate (e.g. Towns, 1985;

Resh et al., 1990; Gasith & Resh, 1999; Mesquita et al., 2006) and in those

tropical/subtropical areas with distinct wet and dry seasons (Kushlan,

1976a; Rincon & Cressa, 2000; Douglas et al., 2003). While such dry

periods do have ecological effects, because they occur predictably they may

not be regarded as a damaging disturbance.

The droughts which are the major focus of this account are defined as

those events that occur across seasons, and are ‘supra-seasonal droughts’

(Lake, 2003). Thus, even in areas with normal dry seasons or ‘summer

droughts’, supra-seasonal droughts can occur due to the failure of normally

expectedwet seasons (e.g. Boulton & Lake, 1992b; Bravo et al., 2001; Power

et al., 2008; see Figure 2.1).

In the literature, there is some confusion about the definition of drought

that affects hydrological systems. As most studies on drought in fresh-

water ecosystems do not give comprehensive details of the drought(s)

studied, distinguishing dry periods and seasonal droughts from supra-

seasonal droughts can be difficult. Even in the case of studies on supra-

seasonal droughts, characterizing the nature of the drought(s) may be
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Figure 2.1 Seasonal droughts in comparison with a supra-seasonal drought.
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difficult, because drought indices and characteristics of the drought – suchas

duration, intensity and spatial extent – are rarely given. This makes

informed comparisons between different studies difficult.

Hydrological drought has mostly been defined in terms of availability of

surface water, especially in terms of streamflow, but it is critical to note that

groundwater levels may also undergo drought. Groundwater drought can

be defined as occurring when there is a deficit in groundwater storages or

heads in relation to normally expected storage levels or heads (van Lanen &

Peters, 2000). In the natural state, drought is due to a reduction in

groundwater recharge in relation to discharge. In the human-impacted

state, groundwater drought can be created by extraction, andwith excessive

extraction groundwater droughts may be created independent of surface

hydrological conditions (Scanlon et al., 2006).

In any one region, as droughts develop, the form may change. Meteoro-

logical drought is the initial form of drought. In any one catchment,

meteorological drought can be correlated with hydrological drought, which

is indicated by cumulativewater deficit. However, in some instances, such as

in long periods of meteorological droughts, this correlationmayweaken (see

Figure 2.2). Dependent on soil properties and the type of agriculture,

meteorological drought may lead on to agricultural drought.

Hydrological drought, which depends on precipitation, evapotranspira-

tion and human land and water uses, usually takes time to set in. If the

drought is relatively short, groundwater drought may not occur. However,

when a surface water deficit persists for an extended period, groundwater

drought sets in (Peters et al., 2005), and its onset and severity may be

accelerated by human groundwater extraction (van Lanen & Peters, 2000;

Scanlon et al., 2006; see Figure 2.3).

Year

Comparison of discharge cumulative residual deficits at Joyces Creek from 1964 to 2009. Shading
indicates periods of meteorlogical drought as defined by BOM indices. Zero is the long-term average.
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Figure 2.2 Comparison at a local catchment level between meteorological drought (as

determined by the rainfall deciles method) and the cumulative water deficit (severity),

which is determined as a deficit from the long-termmean. The locality is Joyce’s Creek in

central Victoria, Australia. This severe drought was broken by flooding in mid-2010.
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When meteorological drought breaks with increased precipitation, agri-

cultural droughtmay end shortly afterwards, dependent on the soilmoisture

deficits and the infiltration rate. The end of a hydrological drought usually

takes time, due to considerable lags to recover as the deficits inwater volume

in catchments may be very substantial. The soil conditions of the catchment

may take up the runoff to such extent that little may end up in running or

standing waters. If the drought, aided by overgrazing, has created a hard,

impermeable soil surface, precipitation inputs may be lost as surface runoff.

This also occurs in urbanized areas, with their large areas of impermeable

surfaces. Groundwater droughts usually have long lags in recovery.

Socioeconomic (operational) drought is the most difficult to define objec-

tively as it arises from the interaction between meteorological, agricultural

and hydrological drought with social and economic drivers of water use in a

region. It occurs when water demands for economic goods exceeds the

available supply, due to a weather-related shortfall in water supply. The

announcement of this type of drought may be strongly influenced by

political pressures (Heathcote, 2000).
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Figure 2.3 The progressive development of a supra-seasonal drought in a region from

meteorological drought, to hydrological drought in surface water, and finally in

groundwater.
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2.1 Drought monitoring and indices

The World Meteorological Organization (1992) defined a drought index as

‘an index which is related to some of the cumulative effects of a prolonged

and abnormal moisture deficiency’. There are numerous drought indices,

many of which are designed to meet particular needs or purposes. In fact, as

with definitions of drought, the number of drought indices is immense. Their

common theme is that they all ‘originate from a deficiency of precipitation

which results in awater shortage for some activity or some group’ (Wilhite &

Glantz, 1985). If there were standard drought indices, it would make

the comparative study of the impacts of drought much more reliable and

more comprehensive.

In their review, Tate & Gustard (2000) outline 12 different indices and list

25 different definitions of meteorological drought. Heim (2002) provides

a detailed history of the development of numerous drought indices in

USA, along with an evaluation of 13 of these indices, from Munger

(1916) to the Drought Monitor (Svoboda, 2000). Given the difficulty in

producing a universal definition of drought, there has been a proliferation of

drought indices.

In an idealworld, drought indices could be used to compare droughts from

region to region, to compare current droughts with those of the past, to

identify drought-prone areas and to determine whether there are trends in

droughts with time. The lack of consistent indices to characterize drought

remains a major impediment to such comparative studies of the effects

of drought.

In a study of the impacts of drought on aquatic ecosystems, the

important indices are those used for detecting and assessing meteorological

drought and hydrological drought (surface water and groundwater).

Rather than review a wide range of indices, I will deal with several widely

used indices.

2.2 Meteorological drought

There are two basic types of meteorological drought indices: those that

address rainfall and precipitation deficits, and those that relate to moisture

or water availability, with the latter addressing agricultural impacts

of drought.

As indicated by Heim (2002) and Tate & Gustard (2000), there are

many indices addressing rainfall deficiencies, many of them place-specific.

For example, an early definition (1887) of absolute drought in Britain was

‘a period of at least fifteen days without a daily total of 0.25mm or more of
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rain’ (Rodda, 2000). This definition persisted into the 1930s (Tate &

Gustard, 2000).

The precipitation-based indices that are used include Rainfall Deciles

(Gibbs & Maher, 1967) and the Standardized Precipitation Index (SPI)

(McKee et al., 1993). TheRainfall Decilesmethod overcame amajor problem

in earlier indices of drought that were based on percentage deviation from

normal rainfall, which was usually based onmonthly medians or means. As

rainfall is not normally distributed, there could be significant differences

between the median and the mean for each month.

Gibbs & Maher (1967) overcame this problem by dividing the frequen-

cy of rainfall occurrences into tenths or deciles of the overall frequency

distribution. Thus, the first decile covers the rainfall total (e.g. for three

months) that is not exceeded by the lowest ten per cent of rainfall

occurrences. The median value is the 5th decile – that amount of rainfall

not exceeded by 50 per cent of rainfall occurrences. The onset of drought

is indicated if the total of precipitation over three preceding consecutive

months is in the lowest decile (Kininmonth et al., 2000). The end of a

drought occurs when either the rainfall of the past month already places

the rainfall for the three-month period in or above the fourth decile, or the

rainfall for the past three months is above the average for that period

(Kininmonth et al., 2000; Keyantash & Dracup, 2002). The Rainfall

Deciles method is used in Australia, but it is greatly limited by its

dependence on long-term rainfall records for the localities of interest.

The index is rated highly by Keyantash & Dracup (2002) in their

evaluation of meteorological drought indices, just above the Standardized

Precipitation Index (SPI).

The Standardized Precipitation Index (SPI) was devised by McKee et al.

(1993) to indicate the strength of drought over a range of time periods. Short

time periods may indicate soil moisture deficits resulting from low precipi-

tation, while the longer time periods indicate rainfall deficits affecting

streamflow, reservoir storages and even groundwater (Hayes, 2006). Like

theRainfall Deciles Index, the SPI requires a lengthy period of rainfall records

(> 50 years of data (Guttman, 1999)), so that the long-term record after

fitting it to a probability distribution can then be normalized. The mean SPI

for a location is zero; if the normalized deficit reaches a level of –1 or less, a

drought may have begun. SPI values of –2 or less indicate severe drought

for the period under examination. The usual time intervals are 1, 3, 6, 9 and

12 months.

The SPI is valuable as it can clearly indicate the beginning, the end and

the severity of a drought (Hayes, 2006; Keyantash & Dracup, 2002). It has

proven to be a very useful index and is gaining increased support. For

example, to assess the predictability of droughts in theMurray-Darling Basin
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in Australia, Barros and Bowden (2008) calculated the 12-month SPI for

345 gauge sites for the period from 1973 to 2002.

The Palmer Drought Severity Index (PDSI) was originally developed by

Palmer (1965) to monitor meteorological drought as it affects soil moisture

levels and hence agricultural production. The soil moisture levels are divided

into two layers – the top layer (the ‘plough layer’) and the bottom layer (the

‘root zone’). As it depends on the soil properties of any location, considerable

knowledge of soil types is required for the index to be applicable, and this

requirement limits its application. At any one location, long-term records

(usually monthly averages of precipitation, evapotranspiration, soil mois-

ture loss and recharge and surface runoff) are required to make calculations

of coefficients of evapotranspiration, recharge, loss and runoff. These coeffi-

cients are standardized to determine the amount of precipitation required to

maintain normal soil moisture levels for each month. The values for normal

soil moisture are the Climatologically Appropriate for Existing Conditions

(CAFEC) quantities and the deviation each month between the recorded

precipitation and CAFEC precipitation produce amoisture anomaly index or

Palmer Z index (Heim, 2002). The beginning and the end of a drought are

then determined, given that the Z index for any one month depends on the

moisture condition for that month and that of previous months. The value

for a single month is called the Palmer Hydrological Drought Index (PHDI),

as it is basically a measure of the likelihood of surface runoff, whereas the

value for three months is the Palmer Drought Severity Index (PDSI).

The PDSI is available in theUSA formany locations, due to the availability

of good records of soil moisture properties across many different soil types.

The PDSI for drought ranges from –1 to –2 for a mild drought to< –4 for an

extreme drought (Hayes, 2006). In the USA. it has been standardized so that

an extreme drought in Michigan may also be equivalent to an extreme

drought in Utah.

The Palmer Index is applied widely across North America, but its

application is limited in many parts of the world that, for a variety of

reasons, do not have the required set of long-term records. As the PDSI is a

measure indicating the potential for plant growth, dendrochronological

records can be used to calculate past PDSI values, allowing reconstruction of

droughts (Cook et al., 1999) and ‘megadroughts’ (droughts lasting more

than ten years) across the continental USA (Stahle et al., 2007), and also of

droughts across the entirety of North America (Cook et al., 2007).

However, given the complexity of the calculations and the data require-

ments, it is not surprising that the PDSI has attracted considerable criticism.

Such criticisms include the arbitrary basis of selecting the beginning and

the end of a drought, the lack of consideration of forms of precipitation

other than rainfall, the assumption that runoff only occurs when the soil
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layers are full of moisture, and also the fact that the PDSI does not reflect the

state of hydrology in long droughts. The PDSI is thus poorly suited to portray

droughts in places such as Australia, where there is extreme variability of

precipitation and runoff (Hayes, 2006).

The PDSI does not effectively operate in regions that have snowpacks as a

significant component of the regional water input. Thus, in Colorado, where

much of the water supply is derived from snow in the Rocky Mountains, the

Surface Water Supply Index was developed (Shafer & Dezman, 1982) to

complement the PDSI. This index requires four inputs: snowpack; stream-

flow; precipitation; and reservoir storage, with streamflow replacing snow-

pack in summer. Thus, this is actually a hydrological drought index

developed for particular winter conditions in which the PDSI does not

operate effectively.

In an evaluation of six meteorological drought indices, Keyantash &

Dracup (2002) used six different criteria: robustness; tractability; transpar-

ency; sophistication; extendability; and dimensionality. They rated the PDSI

the lowest, while the Rainfall Deciles index rated highest. However, a

shortcoming of the Rainfall Deciles index is that it does not indicate

hydrological conditions, whilst the PDSI can provide a soil moisture index

as well as provide the PHDI.

2.3 Hydrological drought

Hydrological drought occurs when there are abnormally low discharges in

flowing waters, low volumes of water in lakes and reservoirs and little or no

water in wetlands and ponds. While surface water or streamflow droughts

usually arise and end after meteorological drought, the lag between them

means that they are not necessarily well correlated. Hydrological drought

also covers groundwater drought, which usually lags well behind surface

water drought (e.g. Changnon, 1987). Groundwater drought is indicated by

the lowering of water yields from wells or bores, lower flows in springs and

streams and ‘even the drying-up of wells, brooks and rivers’ (van Lanen &

Peters, 2000). In the case of short or mild droughts, groundwater drought

may not eventuate.

The study of surface water drought has focused almost exclusively on

flow in running waters, though the volume of water in storages for human

use is a form of surface water drought. The latter is also a form of

socioeconomic drought, as it directly affects human economic activities.

Hydrological drought is part of a continuum of low flow conditions. Thus, in

detecting drought using streamflow records, the detection of the abnormal

flow conditions of drought relies upon discriminating between normal low
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flows (or base flows) and abnormally low flows (Smakhtin, 2001; Hisdal

et al., 2004).

Low flows may be defined as those that occur in streams during the dry

weather of seasonal low rainfall period (Smakhtin, 2001). The development

of low flow conditions in a catchment or region depends on climatic factors

(precipitation, temperature, evapotranspiration), catchment morphometry

(area, length and slope, drainage density, elevation), catchmentmorphology

(relief, orientation, standing waters), catchment geology and soil types, and

patterns and types of human land use (Nathan & Weinmann, 1993;

Smakhtin, 2001; van Lanen et al., 2004).

In most situations, the low flows are base flow, which is defined as that

‘part of discharge which enters a stream channel from groundwater and

other stores, such as large lakes and glaciers’ (van Lanen et al., 2004). In

regions where, in winter, most of the available water becomes frozen,

underneath the ice of frozen waterways there may be low flows, producing

a seasonal low flow period. In most cases, base flow consists of water from

groundwater storage.

Flows from the catchment into its stream consist of basically three forms:

overland flow or surface runoff, throughflow or interflow that moves

downslope above the water table, and groundwater discharge (Gordon

et al., 2004). In catchments with highly variable rainfall, steep slopes and

impermeable surfaces (e.g. rock, lateritic soils, shallow soils), drainage may

be rapid; thus,with a rainfall event, there is characteristically a rapid rise and

fall in streamflow – the flashy condition (van Lanen. et al., 2004). Such

streams due to low catchment water storage may be intermittent.

The flashy condition also occurs in urban areas with greater than 30 per

cent of their catchments consisting of impervious surfaces and rapid

drainage systems (Walsh et al., 2005). For these system, it may be difficult

to define base flow, so droughts may be frequent and relatively short-lived

(van Lanen et al., 2004). In the case of streams in arid and semi-arid places, it

may be difficult, using streamflow, to discriminate drought from the normal

prevailing dry conditions.

Converse to the flashy type of catchment and stream, there are flowing

waters that are more predictable and receive a significant component of

their flow from groundwater storages. These rivers and streams make up

the majority of the watercourses used by humans. Such streams develop in

size as catchment area increases, and there is a fusion of the effect of both

intermittent and perennial streams.

In stream systems with considerable levels of groundwater storage, even

in dry spells of considerable duration, surface water drought may be slow

to emerge. However, once a drought emerges in these systems, it may be

of considerable duration. Streams may have predictable low flow periods
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and be buffered from drought if they are draining wetland systems or if they

flowout of large permanent lakes or are fed by flows frommelting glaciers. In

regions with Mediterranean or monsoonal climates, the groundwater

recharge in the wet season is critical to the maintenance of the extended

base flow of summer/dry season. Failure of winter or wet season rain may

lead to supra-seasonal drought, where the flows drop below the long-term

base flow.

Hydrological droughts are events in which the flows are abnormal low

flows or inwhichwater in lentic systems falls to abnormal levels. In trying to

define a drought, the available hydrological time series (months, seasons,

years) needs to be analyzed to set a threshold below which drought flows

occur. Furthermore, there is a need to standardize the observations to

describe the spatial extent of the drought (Dracup et al., 1980b). Droughts

may then be described in terms of duration, severity (cumulative

water deficiency), magnitude or intensity (severity/duration), time of

occurrence and spatial extent (Dracup et al., 1980a, b; Bonacci, 1993;

Hisdal et al., 2004).

Smakhtin (2001) and Hisdal et al. (2004) envisage two ways to charac-

terize droughts in terms of thresholds, namely by constructing either flow

duration curves or low flow frequency curves. A flow duration curve can be

based on daily, monthly or any arbitrary time interval (Figure 2.4) and

usually depicts flow levels and their exceedance frequencies as percentages

of time. The median flow or Q50 is a measure of average flow, although, as

flow data are usually positively skewed, the mean usually exceeds the

median. The Q90 or Q95 may indicate base flow in perennial streams and

be set as a threshold of flows, below which drought flows occur (e.g.

Tallaksen et al., 1997). In intermittent streams, Q80 or Q90 may be zero,

and thus values such as Q50 or much lower may have to be used.

20 1008060400

Log 
Discharge

Q50

Q90

Exceedance Frequency

Figure 2.4 A flow duration curve illustrating the Q50 and Q90 thresholds.
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For example, with ephemeral rivers in Nigeria,Woo & Tarhule (1994) set

Q values ranging from Q5 to Q20. For such intermittent systems to arrive

at a reasonable Q value, signifying low flow or drought flow, a long record

is required. Flows below the set threshold can be measured as a total

or cumulative water deficit (Keyantash & Dracup, 2002). Different

streams near to each other, with similar precipitation inputs but different

catchment geology or catchment land use, may have quite different flow

duration curves.

Low flow frequency curves show the proportion of time (months, years)

when a low flow is exceeded or ‘equivalently the average interval (months,

years) that the flow is below a threshold discharge’ (Smakhtin, 2001). The

curves can be compiled from series of annual flow minima, encompassing

time series of annual minima averaged over durations. The curves show

the annual minimum n-consecutive day discharges, and for drought detec-

tion it is the very low values bounded by zero that are important.

In plotting annualminima series against probability of exceedance, Velz &

Gannon (1953) and the Institute of Hydrology UK (1980) detected a break

point in the curve at which normal low flows separated from drought flows.

They indicated that the break point occurred at an exceedance probability of

�65 per cent. In south-east Australia, Nathan & McMahon (1990, 1992)

suggested that the break point was closer to 80 per cent. For intermittent or

ephemeral streamswith long periods of zero flow, low flow frequency curves

and flowduration curvesmay not verymeaningful. Instead, the durations of

zero flows may provide an indication of drought.

Both flow duration curves and low flow frequency curves can be used to

set threshold or truncation levels, below which drought sets in. Droughts

may occur as single events of long duration, or they may also occur as

events interspersed with high flow events, in which case the drought in

terms of cumulative water deficit may not be broken. Yevjevich (1967,

1972) applied the theory of runs or general crossing theory to the

description of droughts. If a threshold is set, below which the low flows

are deemed to be drought flows, there may be periods of sub-threshold

flow punctuated by periods of above-threshold flow. Hence, for each

deficit flow, the beginning and the end can be set. The low flows may be

deemed to characterize the period of drought, so that ‘the negative run-

length represents the duration of a drought’ (Yevjevich, 1967, 1972).

Depending on the value of the set threshold, droughts that are dependent

may emerge (Hisdal et al., 2004). In this way, predictable seasonal

droughts may be separated from the much more serious supra-seasonal

droughts, which may themselves consist of dependent droughts as the

water deficiency of a prior drought is not eliminated before the next

drought sets in (Figure 2.5).
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A further way to characterize drought is the determination of the shape of

the water deficit (Yevjevich, 1967). Streamflow deficits with drought can

have an ‘early steep deficit’ and a ‘slow decrease’ (shape 2 of Yevjevich,

1967), and/or a slow increase in the deficit with a ‘late maximum deficit’

(shape 3 of Yevjevich, 1967). The total volume of the negative run-length,

or the drought deficit volume, measures the severity, while the ratio

between the drought deficit volume and the drought duration measures

the drought intensity (Yevjevich, 1967; Hisdal et al., 2004).

Applying the theory of runs to characterizing hydrological drought for a

stream can produce the total water deficit (Dracup et al., 1980b; Keyantash

& Dracup, 2002). The drought is broken when the water deficit set by

the selected threshold returns to zero. In the evaluation of hydrological

drought indices by Keyantash & Dracup (2002), total water deficit was

rated highly.

Groundwater drought usually sets in some time after hydrological

drought has been established. It is difficult to characterize groundwater

droughts effectively (van Lanen & Peters, 2000; Peters et al., 2005), because

it is difficult to assess groundwater storage volumes. Under natural condi-

tions, groundwater droughts may be characterized by a reduction in

groundwater recharge, with a consequent lower groundwater head which

can be readily measured. As drought sets in, groundwater recharge initially

decreases, followed by decreases in groundwater levels and groundwater
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volume for the second dependent drought. Independent droughts start with no deficit in

water volumes.
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discharge. If there is human extraction of groundwater, drought may be

difficult to characterize, depending on the levels of extraction. Groundwater

droughts can have lasting deleterious effects on springs, streamflow, wet-

lands and riparian condition.

As droughts invariably occur over a large area, characterizing the spatial

extent of the drought is an important component to determine. Droughts

with large spatial extents occur with long durations, and embedded in the

region affected there may be localities with different levels of drought

indicators (e.g. severity, magnitude, etc.).

Dracup et al. (1980b) suggest three procedures for regionalization of

droughts, with the first option being not to do it. The second option suggests

regionalization based on the similarity of meteorological characteristics and

similarity in geology and physical geography. The assumption is that where

there is similarity in the above attributes, the hydrological responses to

drought would be similar. The third option involves standardization, in that

the grouping of sites depends on the similarity of the statistical properties of

drought. In an ideal configuration, there should be a concordance between

the climate-geographical regionalization and the standardization.

In relation to the ecology of drought in aquatic ecosystems, it is unfortu-

nate that hydrological drought indicators are very rarely used to character-

ize the drought under investigation. In many cases, seasonal droughts are

treated as if the droughts were legitimate hydrological droughts. Thus, as a

note of warning, it must be pointed out that as the droughts studied

ecologically are very poorly defined, it is difficult to make firm comparisons

between droughts in different localities, or even between different droughts

occurring at different times at the same locality.

In assessing hydrologic droughts using streamflow records, it appears that

the usual assumption is that the stream systems are unregulated and that

water extraction and diversion are negligible. In many, if not most, stream

systems with human settlements, agriculture, and irrigation on their

catchments, such an assumption is unwarranted. Water extraction and

diversion serve to reduce flows and to exacerbate the effects of low flow and

drought. In some cases where irrigation water is delivered downstream

from dams, released flowsmay serve to lessen or prevent drought – the ‘anti-

droughts’ of McMahon & Finlayson (2003).

Of the drought indices used, it appears that only some (e.g. PDSI, PHDI

and SWSI) allow direct links to be made between precipitation and hydro-

logic drought. The Drought Monitor for the USA (Svoboda et al., 2002)

incorporates many indices, such as the PDSI, Standardized Precipitation

Index SPI, Percentage of Normal Precipitation, CPC Soil Moisture Model

Percentiles, Daily StreamflowPercentiles and the Satellite VegetationHealth

Index, alongwith some ancillary indicators, to produce aweekly depiction of
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drought type, spatial extent and severity across the USA (Svoboda et al.,

2002). Such a system, giving multiple indicators, is clearly a highly useful

and comprehensive way to depict the spatial and temporal dynamics

of drought. Hopefully, in time, this could be applied to parts of the world

beyond the USA.
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3

The perturbation of
hydrological drought

For clarity in examining disturbances and their impacts, it is necessary to

discriminate between the event of the disturbance and the responses by the

abiotic and biotic components of ecosystems to the disturbance (Bender et al.,

1984; Glasby & Underwood, 1996; Lake, 2000). Together, the disturbance

and the responses to it comprise a perturbation (Bender et al., 1984).

Different types of disturbances include pulses, which are sharp, rapid events,

and presses, which start sharply and then maintain their pressure. Pulse

disturbances are common in nature (e.g. hurricanes, bushfires, tsunamis),

whereas press disturbances are quite rare in nature and are usually

generated by human activities (e.g. pollution, land clearing). The third type

of disturbance is a ramp, a disturbance that steadily builds in strength.

Droughts, especially supra-seasonal droughts, can be considered to be ramps

(Lake, 2000), in that their initiation is difficult to determine precisely and

their nature is to build steadily in strength and in spatial extent. Prior to this

determination, droughts, rather surprisingly, were regarded as pulse dis-

turbances (e.g. Detenbeck et al., 1992).

As the drought builds and water availability declines, in some systems

there may be sharp step-like events (thresholds), such as when a stream

ceases to flow. The termination of droughts may be a slow process or, as

mentioned earlier, it may be very sharp – marked by a pulse of severe

flooding. Indeed, overall, the time taken for a supra-seasonal drought to

become established is mostly longer than the time taken for the same

drought to be broken. The ecological responses to drought are mainly ramp

responses, although, as pointed out by Boulton (2003), there may be step

changes in the biota and ecological processes, such as when a stream or a

lake water level drops away from its vegetated shoreline.

Droughts are a distinctive type of hazard, as they are a disturbance

of deficiency rather than one of excess. They may be characterized by

their severity, intensity, duration, spatial extent, frequency (probability of
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recurrence) and timing (initiation and termination in calendar time).

Ideally, droughts should be described by these characteristics in the same

way that other types of disturbance, such as fires and floods, have been.

Unfortunately, in many cases, droughts have instead been characterized by

their effects. Inmost studies of hydrological drought and its ecological effects,

the drought itself has been poorly characterized, making it difficult to

undertake rigorous quantifiable comparisons between different studies and

between different droughts occurring at the same place.

Droughts are dynamic events with constant changes in time and spatial

extent. An indication of this dynamic nature can be seen in comparing the

weekly drought maps in the USA, available on the website of the Drought

Monitor (Svoboda et al., 2002). In general, the more severe the drought, the

greater will be the spatial extent. Within the extent of a large drought, there

can be areas where the drought is most severe.

As mentioned before, in studying the impacts of drought, a distinction

must be made between seasonal droughts and supra-seasonal drought that

arises from an abnormal deficiency of precipitation and, hence, water

availability (Lake, 2003). Supra-seasonal droughts of long duration include

megadroughts (droughts lasting longer than a decade), which are regarded

as ‘large infrequent disturbances’ or LIDS (Turner & Dale, 1998). LIDS are

defined as disturbances that are not only infrequent but are extreme in terms

of duration and severity (Turner & Dale, 1998). Such droughts can have

drastic ecological effectswith incomplete recovery, such that theymay leave

a lasting impact on affected ecosystems (Romme et al., 1998). Their effects

may be exacerbated by their interactions with other disturbances, including

those of anthropogenic origin. In this situation, the combined effects of other

attendant disturbances with LIDS, such as drought, may create ‘ecological

surprises’ – ecosystem or community configurations that were not antici-

pated (Paine et al., 1998).

Many studies do not distinguish between seasonal and supra-seasonal

droughts. In some cases, a particularly severe seasonal droughtmay lead to a

supra-seasonal drought. For example, Boulton and Lake (1992a, 1992b)

studied two rivers that normally ceased to flow over summer (i.e. seasonal

drought). Due to failure of winter rains in 1982–83, the streams suffered

from an intense El Niño-driven supra-seasonal drought, which had an

average SOI value of –21.7 – the most severe value in the period of

1900–2002 (Barros & Bowden, 2008).

As hydrological drought sets in, there is a reduction in available water;

streamflow may go below base flow, shallow wetlands may dry and lake

levels may drop. In wetlands, lakes and flowing waters, the water level may

recede from the shore, the littoral vegetation and the riparian zone,

producing a step function in the ramp trajectory (Boulton & Lake, 2008).
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With further drying, longitudinal connectivity in stream channels can be

severed, causing the channel to break up into a series of pools and

eliminating habitat areas with flowing water, such as riffles and runs –

another step in the ramp trajectory. Wetlands may also be broken up into

pools, and lakes normally linked by streams may become isolated.

As the drought continues, habitat reduction and compression become

severe and are accompanied by changes in water quality. Intra-specific and

inter-specific interactions may intensify or even develop de novo. In streams,

severe and lasting droughtmay produce a dry streambed, whereaswetlands

may become completely dry and lakes greatly diminished in extent. Some

time after hydrological drought starts to take its toll, groundwater drought

may set in, with a lowering of the water table and a reduction in ground-

water springs.

All of these threatening events aremarked by changes in both abiotic and

biotic ecosystem components. In the case of the biota, the impacts of drought

may be countered by two basic and interlinked properties – resistance and

resilience (Webster et al., 1983; White & Pickett, 1985; Fisher & Grimm,

1991; Giller, 1996).

. Resistance refers to the capacity of the biota to withstand the stresses of

a disturbance. High resistance may be difficult to detect, as it means that

with a drought there are few changes in the populations or community

structure or ecological processes.
. Resilience refers to the capacity to recover from the disturbance, even

though, in some instances, the biota and ecological processes have been

greatly diminished.

For most aquatic biota, the response to drought involves both resistance

and resilience. As a drought persists, resistance may weaken and resilience

strategies of various capacities become increasingly important. Unfortu-

nately, while there is considerable information on the drought-resistant

capacities of biota, there is a lack of information on resilience, due to

many studies not being long enough to assess recovery – a function

of resilience.

As a generalization, it appears that for the biota of stream ecosystems

impacted by floods, the resistance is low but the resilience is high, with

substantial recovery of macroinvertebrates in many instances being faster

than the average generation time (Giller, 1996; Lake, 2007). Unfortunately,

we cannot make such an assessment for droughts in freshwater systems, as

few studies have evaluated the impacts of drought combined with any

subsequent recovery (Lake et al., 2008). Clearly, different biotic components

differ substantially in their capacity to deal with drought.

The perturbation of hydrological drought 37



Through the efforts of the Resilience Alliance (Walker & Salt, 2006), the

understanding and scope of resilience, especially as applied to ecosystems,

has expanded considerably. Ecosystem resilience refers to the capacity

of an ecosystem to tolerate disturbance without collapsing into a

qualitatively different state that is controlled by a different set of processes

(Resilience Alliance, 2008). A resilient ecosystem can withstand shocks

and rebuild itself when necessary and the concept of resilience may also be

applied to social (human) systems. Resilience as applied to ecosystems, or

to integrated systems of people and the natural environment, has three

defining characteristics:

. The amount of change the system can undergo and still retain the same

controls on function and structure.
. The degree to which the system is capable of self-organization.
. The ability to build and increase the capacity for learning and adaptation.

Two important issues arise from such a definition. First, disturbed eco-

systemsmaynot recover to their original state, butmay cross thresholds and

move into a new state that may or may not be stable. The ecosystem

structure and function are no longer reversible (Palumbi et al., 2008) and,

even with extended time, recovery may not be possible. The second key

component is the realization that most ecosystems are not free of human

intervention and are better regarded as socio-ecological systems (SESs),

where human actions may have significant and lasting effects that may

reduce or strengthen ecosystem resilience (see Chapter 11).

In assessing the effects of drought and other disturbances, it may be

insightful to examine some ecosystem properties that relate positively to

resistance and resilience. Though the evidence is not conclusive in fresh-

water systems, diversity and ecological functions can be positively cor-

related. Disturbances such as drought, in depleting or eliminating species in

functional trophic groups of a community, may reduce the efficiency of

resource utilization and productivity (Cardinale & Palmer, 2002; Covich

et al., 2004; Cardinale et al., 2006). This reduction appears to be dependent

on the identity of the species that are lost.

Complementarity between species occurs when species in a community

display niche partitioning that allows the processing of similar resources, or

when interspecific interactions increases the effectiveness of resource

utilization by species (e.g. mutualism, facilitation) when they co-occur

(Cardinale et al., 2007). Changes in complementarity may add to the loss

in ecosystem processing. In flowing waters, it appears that mutualism is

quite rare, whereas there are many examples of facilitation. Thus, in

streams, species of shredders, by breaking down intact leaves to leaf
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fragments, may facilitate resources for filter feeders and collectors. There-

fore, the reduction of species such as shredders, as drought persists, may

weaken complementarity.

Linked with complementarity is the concept of redundancy, which refers

to the situation where, in a community, there are ecologically equivalent

species in terms of function that differ in their responses to environmental

factors (Walker, 1995). Redundancy in a community may strengthen both

resistance and resilience in drought; although species are lost, ecological

function remains, albeit reduced. In the case of drought, that is usually a

large-scale, long-duration disturbance, and both redundancy and comple-

mentarity may be spatially distributed across an ecosystem. For example, if

drought ismore severe on headwater streams, some streamsmay be reduced

in ecosystem functions, whereas others feeding into the same river system

may maintain their ecosystem functions through either redundancy

or complementarity.

Aquatic ecosystems marked by high productivity may be able to recover

more effectively from drought than ecosystems that have a low productivity.

Productivity in highly productive systems may return rapidly when the

drought breaks, as there may not be a shortage of nutrients to fuel primary

production and, with drought, there may be a build-up of detritus that

becomes availablewith the return ofwater. In the case of some systems, such

as temporary pools, the detritus on the bottom of the poolsmay,with drying,

increase in nutritional quality (B€arlocher et al., 1978; Colburn, 2004); when

the drought breaks, this detritus may fuel a spell of high production,

relatively free of predation (Lake et al., 1989).

Both resistance and resilience to a drought may be shaped by the legacies

of past events. Ecological memory refers to the capacity of past states and

disturbances to influence contemporary or future states, and has been

applied to populations (Golinski et al., 2008), communities (Padis�ak,
1992) and places/landscapes (Whillans, 1996; Peterson, 2002). In the

case of a freshwater community, past disturbances (e.g. floods, droughts)

may shape species composition, such that the responses to a current drought

in terms of immediate impacts (resistance) and subsequent recovery (resil-

ience) are strongly influenced by ecological memory – the species pool

shaped by past events. A severe drought, for instance, could exert a strong

influence on the responses to later droughts. Alternatively, a series of short

but frequent droughts could produce a very different memory or legacy to

that produced by a severe drought.

Resilience, or the capacity to recovery after drought, can take a number

of trajectories. Reversibility is regarded as a key component of resilience

(Palumbi et al., 2008), and it may be achieved after a drought, depending

on the time required. It can also, of course, be thwarted by the occurrence
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of another drought or another type of disturbance. In many stream

ecosystems, with their dynamic communities, the goal for reversibility

may be hard to determine. Reversibility may not be achieved after drought,

but a functional community or ecosystem does return, with most, but not

all, of the original species and with different configurations of relative

abundance. This situation is similar to that envisaged in ecosystem

restoration, whereby reversibility is thwarted and a different state is

achieved in restoration –referred to as the ‘Humpty-Dumpty’ model (Sarr,

2002; Lake et al., 2007). Conceivably, drought may push a freshwater

ecosystem across a threshold so that it becomes an alternative state, stable

or otherwise.

As a disturbance, drought could conceivably act as a major force for

regulating species diversity, by altering species diversity either directly

through disturbance or indirectly by altering the availability of resources,

in particular food and nutrients. In streams, it is floods, as a type of

natural disturbance, that have been studied in relation to diversity. Thus,

at highly disturbed stream localities, species diversity may be reduced, and

with decreasing disturbance at different localities within the same region,

species diversity may increase. Such a pattern has been found (e.g. Death &

Winterbourn, 1995), though it may be also influenced by productivity

(Death, 2002).

Alternatively, the intermediate disturbance hypothesis (Connell, 1978)

may apply to stream communities. In this theory, a unimodal curve is

produced, with low disturbance giving rise to low diversity, due to intense

competition. High disturbance also produces a low diversity of hardy

opportunistic species and intermediate levels of disturbance, having higher

diversity with a blend of species. Evidence for this theory was indicated by

Townsend et al. (1997) in New Zealand streams and by Reynolds et al.

(1993) in phytoplankton in lakes.

As floods are rather frequent pulse disturbances, it is feasible to derive

evidence for their effects on community structure. However, as droughts are

ramp disturbances, usually of long duration and at large spatial extents, it

can be difficult to acquire evidence for their effects on community structure,

especially if data are needed from a series of droughts. Alternatively,

experimental droughts in micro- or mesocosms may be insightful (e.g.

Chase, 2007), but their applicability to the large spatial extents which are

typical of natural droughts requires considerable caution. Droughts vary in

severity and spatial extent, and a very severe drought (intense and of long

duration) may be an extreme event that can reduce many populations and

species and can drastically alter ecological processes. For example, Thibault

and Brown (2008) found that an extreme flood, a ‘punctuational

perturbation’ caused lasting and major changes to a desert rodent
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‘community’. Evidence that droughts may cause major reconfiguration of

aquatic communities is sparse.

3.1 Refuges and drought

To resist the stresses of drought and to strengthen resilience, biota may use

refuges. In this book, the Latinized terms ‘refugium’ and ‘refugia’ will not be

employed, and instead refuge and refuges will be used. This step is taken to

distinguish refugia in a palaeoecological and evolutionary sense (e.g.,

Bennett et al., 1991; Stewart & Lister, 2001) – such as in places where

biota survived ice ages – from refuges in a more immediate ecological sense,

such as places where biota have survived floods, droughts and wildfires.

Refuges from disturbances were originally defined as ‘habitats or envi-

ronmental factors that convey spatial and temporal resistance and/or

resilience to biotic communities impacted by biophysical disturbances’

(Sedell et al., 1990), and were initially seen in freshwater ecology in the

context of dealing with floods (e.g. Lancaster & Hildrew, 1993; Giller, 1996;

Lancaster & Belyea, 1997). The type and availability of refuges are part of an

organism’s environment and their use is a function of the adaptations of

individual species.

Axes of adaptation influencing the use of refuges include: mobility and

dispersal capacity; life history type; generation duration; reproductive

capacity; and physiological capacity to withstand stress. Lancaster & Belyea

(1997) outline four different types of mechanism of refuge use. Two types

operate between generations, with one involving movement between

similar habitats and the other involvingmovement betweendifferent habitat

types (e.g. aquatic/terrestrial). The other two types operate within a

generation and either involve movement between different habitats or

remaining within a habitat patch, but with changes in behaviour ‘habitude’

(Lancaster & Belyea, 1997). In terms of dealing with drought, all four types

appear to be in operation.

Refuge use differs considerably between biota. For example, fish cannot

survive without water, whereas many invertebrates can seek and use

refuges without any free water. Stream fish that become confined to

pools may differ considerably in their tolerances to high temperatures,

low oxygen concentrations and high concentrations of polyphenols

(Magoulick & Kobza, 2003; McMaster & Bond, 2008). Fauna moving into

refuges to survive during drought may, however, lead to increased densi-

ties that in turn could increase intra- and interspecific competition, within-

refuge predation and predation by terrestrial predators, notably birds

(Magoulick & Kobza, 2003).
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Depending on the biota seeking refuges and the setting and type of water

body, the variety and abundance of potential refuges can vary considerably.

In two temporary streams in south-eastern Australia, for example, Boulton

(1989) identified six types of refuge that were used in seasonal droughts and

in one severe supra-seasonal drought, whereas in an intermittent stream in

Arizona, Boulton et al. (1992) identified only three types of drought refuge.

In a review, Robson et al. (2008b) define a refuge as a secure place

persisting through a disturbance with the critical criterion being that after

the disturbance the refuge provides colonists to allowpopulations to recover.

Robson et al. (2008b) define five distinct types of refuges, based on the

composition of the refuge users and the mode of their formation. In the case

of the latter point, they identify ‘anthropogenic refuges’ (e.g. farm dams,

reservoirs, etc.) as a distinct type. Three types of refuges depend on the

composition of the occupants: ‘ark-type’ refuges contain species represen-

tative of the surrounding land/waterscape; ‘polo-club’ type refuges contain

species specialized to use them; and ‘casino-type’ refuges are areas not

subject to disturbance and harbouring a biota lucky enough to be there

before the disturbance. ‘Stepping-stone refuges’ are those vital to the

dispersal of critical life history stages of certain biota.

Asregardsdrought,Robsonetal. (2008b)seemanyof therefuges thatbiota

use as being ‘ark-type’ refuges, with specialized places such as riparian zones

and crayfish burrows being ‘polo-club’ type refuges. Inter-specific interac-

tions, suchaspredationandparasitism,maywithtime, indrought,changean

ark-type refuge into one more resembling a ‘polo-club’ type refuge.

The critical importance of refuge use is the capacity to weather the

drought, and for populations to recover after the drought. For invertebrate

taxa that withstand drying within a locality, either as tolerant adults or as

drought-resistant eggs and cysts, recovery depends on becoming active,

feeding and rapid reproduction. For fish that are restricted to refuges with

free water, there is the need for connectivity with the breaking of the

drought, to allow migration into new localities. In lakes and wetlands, this

may not be possible, and in streams, even with water flowing, riffles and

shallow sections may act as migration barriers for some species. Man-made

barriers such as fords, weirs and dams may reduce connectivity and impair

recovery after drought as migration out of refuges is restricted (Magoulick &

Kobza, 2003; Matthews & Marsh-Matthews, 2003).

3.2 Traits and adaptations to drought

Linked with refuge use is the range of adaptations or traits that organisms

have evolved to deal with drought. Adaptation to predictable seasonal
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drought may be feasible, as would the development of adaptations to be

active when water is available, as shown by the fauna of temporary ponds

and streams (Colburn, 2004; Williams, 2006). However, adaptations or

traits to contend with supra-seasonal droughts, which are unpredictable,

severe, and mostly of long duration, may be more difficult to achieve.

Nevertheless, it is clear that many organisms have traits that allow them

to resist and/or recover from supra-seasonal drought, and traits to contend

with seasonal drought may aid in survival through supra-seasonal drought.

However, the above speculations are poorly supported by any evidence, as

the analysis of traits in freshwater biota to contend with disturbance has

largely concentrated on floods (Lytle & Poff, 2004).

Traits to contend with seasonal drought in the fauna of Mediterranean

climate streams may also be suitable for supra-seasonal drought. Bonada

et al. (2007) analyzed traits of macroinvertebrates in perennial, intermittent

and ephemeral streams. They did not find any significant traits for the

perennial streams, but they did find significant traits for the fauna of

intermittent and ephemeral streams. Fauna at both these latter stream

types may possess traits for supra-seasonal drought, such as active aerial

dispersal, tegumental and aerial respiration, diapause and dormancy.

It is clear from the literature that there is awide array of traits/adaptations

across an array of taxa, from algae to fish, that assist in resisting and

recovering fromdrought. The array of environments ranges from temporary

ponds and streams to large lakes and perennial rivers. While no statistical

analysis has been applied to traits for contending with drought, lists

of observed traits for both lentic and lotic biota can be compiled from

the literature.

3.3 The nature of studies on drought in aquatic ecosystems

Our understanding of the effects of seasonal droughts is far more advanced

than our knowledge of supra-seasonal droughts. Those studying seasonal

droughts have the advantage that they are predictable and are short-lived

(months compared with years). Our knowledge of supra-seasonal droughts

is incomplete and patchy, which is not surprising, given the low predict-

ability of their onset and of their termination, along with their large spatial

extent. Another hurdle to understanding the effects of drought is that in

most studies, the parameters of the drought investigated are rarely given.

Unlikemanyother types of disturbance, such as fire, earthquakes, floods, this

lack of characterization of the drought makes comparisons between

droughts, either at the same locality or between localities, difficult.

The perturbation of hydrological drought 43



In a survey of 129 papers on drought in freshwater ecosystems, Lake et al.

(2008) found that there were 51 studies on seasonal droughts, 67 on supra-

seasonal droughts and 12 on both types of drought. Of these studies, 29 dealt

with standingwater bodies, eight focused on floodplainwetland systems and

the remaining92were on flowingwater systems.With the latter, therewere

two groups: small streamswith a stream order of 3 or less, and rivers of order

4 or above. Only 23 of the studies were on rivers, whereas 69 were on the

small streams. There were 36 studies on intermittent streams, with 32

dealing with seasonal drought and only four studying both seasonal and

supra-seasonal droughts. For the 56 perennial stream studies, 47 were on

supra-seasonal droughts, five on seasonal drought and four addressing both

types of drought.

Droughts, even seasonal ones, usually are large-scale phenomena. The

studies were divided into three spatial categories:

. site for studies carried out at one or two proximate sites;

. local for studies atmultiple sites across awetland systemorwithin a river

system;
. regional for studies at multiple sites across large river basins, or regions.

Only 22 studies were at the site level, 27 were at the regional level and

most studies (80)were at the local level. Thus, there is a dearth of studies that

have been carried out at the large spatial extent, the scale at which droughts

are manifest.

Of the biota of concern in drought studies, two studies used microbes, ten

used algae, six centred on macrophytes, seven on zooplankton, 59 on

macroinvertebrates and 56 on fish. There were only seven studies on

ecological processes, principally decomposition. Very few studies dealt with

more one biotic group, and there was only one comprehensive study,

combining physico-chemical data depicting the drought with the responses

of omnivorous, herbivorous and carnivorous infaunal and epibenthic

invertebrates and fish in a Florida estuary to a two-year drought (Livingston

et al., 1997).

Supra-seasonal droughts canhave a long duration, but this is not reflected

in the time span of drought studies. Of the 129 drought studies, 110 studies

were for three years or less, with 37 being for only one year. Therewere very

few long-term studies,with those of Elliott et al. (1997) and Elliott (2006), for

30 and 34 years respectively on drought and trout populations in streams in

the English Lake District, being exemplary studies.

After examining studies as to whether data were gathered before the

drought, during the drought or after the drought, the studies were divided

into six different categories. There were, surprisingly, 83 studies that fitted

44 Chapter 3



the before-during-after category, but of these 52 covered three years or less

in duration and were thus dealing with short supra-seasonal droughts or

seasonal droughts. There were 15 before-during studies, 19 during-after,

three before-after, seven during and one after.

All of this indicates that although valuable information has been gathered

from all of these studies, very few complete studies, either in duration or in

design, have been executed. This is, no doubt, due to the unpredictability of

drought (especially supra-seasonal ones), the great difficulty in performing

experimental studies on drought, and to the general neglect of long-term

studies in ecology, and in freshwater ecology in particular.Whereaswehave

some understanding of the impacts of drought, the short duration of most

studiesmeans that we have a poor understanding of recovery and of the lags

(ecological memory) and long-term changes that drought may leave in

populations, communities and ecosystems. A particular weakness of the

studies of supra-seasonal drought is that the observations of post-drought

recovery rarely exceed one year.
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4

Droughts of the past:
dendrochronology
and lake sediments

Droughts, like other disturbances, are singular events. They vary in fre-

quency, intensity, and spatial distribution. While individual drought events

directly impact on organisms in natural communities, it is the underlying

drought regime that shapes populations, communities and ecosystems.

Characterizing the influence of drought on ecological systems depends on

understanding the nature of drought regime and its inherent variability. The

relatively short record of direct observations on drought limits inference

about this variability and its ecological, economic and social impacts. To

understand drought and drought regimes, one must consider longer time

frames. This requires examining a variety of biological and geological proxy

climate records, such as tree-rings, lake sediments, corals and speleothems.

Proxy records of drought have provided unique insights into drought at

centennial and millennial timescales and regional and continental spatial

scales. However, proxy climate records also have their limitations, which

must be accounted for in considering their interpretation. In this chapter, I

briefly describe the proxy indicators that are commonly used to reconstruct

historical droughts, consider reconstructed drought records over the Holo-

cene (�10,000 years ago to the present) and the ecological inferences

derived from them, and outline their limitations.

Descriptions of the duration and severity of past droughts are valuable for

two main reasons:

. First, they provide an understanding of droughts and dry periods in past

climates that have influenced past environments (especially aquatic

ones) and produced selection pressures that have shaped the contempo-

rary biota and have reduced and eliminated past biota.

Drought and Aquatic Ecosystems: Effects and Responses, First Edition. P. Sam Lake.
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. Second, they may serve as a warning to consider in the formulation of

current water resource planning, especially as, in the past, changes to

drought conditions and drought regimes have been abrupt, not gradual

(Overpeck & Cole, 2006). Also, recent droughts may not reflect the

magnitudes of past droughts – droughts the like of which may lie in

the future.

The focus of this chapter, as with the book as a whole, is on sustained

hydrological droughts. These are droughts for which there is evidence of

hydrological changes, be they changes in lake levels and volumes, shorelines

or streamflows. Different proxy records of drought cover varying time spans

and have varying accuracies and resolutions. In most cases, seasonal and

short droughts do not leave a discernible signal in the proxy records.

As such, many of the droughts detected in the proxy record are relatively

long ones – in some cases, megadroughts (>10 years long; Woodhouse &

Overpeck, 1998).

The proxy records for drought are geographically biased. In most cases,

drought reconstructions are inferred from changes in lake sediments and

tree-rings. The most extensive and comprehensive records for these come

fromNorthAmerica, although important and steadily increasing records are

also available from east Africa, east Asia and South and Central America.

4.1 Indicators of past droughts

Records of past droughts vary in resolution and length. At one extreme,

networks of meteorological stations can provide sub-daily measurements of

temperature, precipitation, relative humidity and insolation across a variety

of spatial scales. These data, which are available for the past �100 years,

may then be used to assess drought situations at sub-annual conditions.

Beyond the contemporary record, proxy indicators can be used to indicate

supra-seasonal droughts over varying time periods and levels of temporal

resolution. For example, archaeological records may provide indirect evi-

dence of drought in the past 3,000 years or so. Dendrochronology, the study

of tree rings, can provide a sensitive signal of drought (annual), extending

back for around 2,000 years at most. Lake sediments provide a less sensitive

indication of drought, but they do offer a wide range of signals, from stable

isotopes to biotic remains (e.g. diatoms, pollen), that may provide a record of

past droughts extending back into the early Holocene and even the Pleisto-

cene (10,000 – 1.8 million years ago) (Cohen, 2003). In analyzing lake

sediments, it is usual for a number of indicators to be used; a procedure that

increases the capacity to detect droughts. Indicators from lake sediments
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may, however, only provide aggregate signals of extended droughts and

drying periods. Across the range of different proxy records, tree-rings and

lake sediments used together are particularly helpful in studying past

drought, because they provide a useful compromise between the resolution

and length of record.

4.1.1 Dendrochronology

The study of tree-rings (dendrochronology) has been fundamental to the

study of past climates because trees are sensitive to changes in soil moisture

and evaporative stress and are widely distributed across the terrestrial

surface of the earth (Cook et al., 2007). The tree-ring record of drought is

best developed for North America (Canada, USA, Mexico), where reliable,

large-scale drought records date back as far as 800 AD (Cook et al., 2007,

2010). Dendrochronological drought reconstructions typically use the

Palmer Drought Severity Index (PDSI), a metric of soil moisture available

to trees, to identify periods (droughts) in which tree-growth may be water-

limited. Tree-ring values can be calibrated and verified against PDSI values

calculated directly from instrumental data over a common period, using

standard statistical modelling techniques (e.g. ‘point-by point regression’

Cook et al., 1996). The statistical model can then be used to estimate

historical PDSI values from the tree-ring values that pre-date the instru-

mental data, and this reconstructed record can be used to identify past

drought events (Cook et al., 1999, 2007, 2010; Stahle et al., 2007).

The most significant dendrochronological reconstruction of drought

covering a continent is the Living Blended Drought Atlas (LBDA), a recent

extension of the North American Drought Atlas (NADA), which is still being

progressively developed (Cook et al., 2010a). The LBDA is based on 5,638

temperature stations and 7,848 precipitation stations from the US, Canada,

and Mexico, and it uses 1,845 tree-ring chronologies to reconstruct histori-

cal drought over 11,396 0.5� �0.5� grid cells. Depending on the region of

the grid, the reconstructions are several centuries to more than a millenni-

um, with the majority of the longest records occurring in the West.

Recently and using evidence from tree rings, corals, ice cores, spe-

leothems, ocean sediments and recorded history, it has been possible to

reconstruct the severity and spatial extent ofmegadroughts acrossAsia back

to mid-Mediaeval times (Cook et al., 2010b). The megadroughts resulted

from failures of the Asian monsoon – failures which may have been

substantially due to changes in tropical sea surface temperatures in the

Indo-Pacific Oceanic region (Cook et al., 2010b).

Tree-ring chronologies can be used to reconstruct terrestrial drought con-

ditions that produce hydrological droughts. For example, modern tree-ring
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records collected from trees in river catchments can be calibrated and

verified with natural river flows or estimated natural flows that take in

consideration water storage, extraction rates and diversions. The relation-

ship between the tree-ring chronologies within the catchment and flow of

the catchment’s river can then be used to derive an estimate of past flow

patterns, especially flows during drought. Such investigations have been

largely confined to major rivers in the western North America, such as

the Colorado (e.g. Tarboton, 1995; Timilsena et al., 2007; Meko et al.,

2007; see Figure 4.1), the Sacramento (e.g. Meko et al., 2001; Meko &

Woodhouse, 2005) and the Columbia (Gedalof et al., 2004) in the USA and

three rivers of the Canadian Prairies (Case &MacDonald, 2003). In aworld

sense, estimates of past flows during drought in rivers are few, and

unfortunately it is difficult to reconstruct the ecological impacts.

4.1.2 Indicators from lakes: tree stumps and sediments

In lakes,water levelsmaydropconsiderably in severely sustaineddroughts.As

the shoreline recedes, trees may colonize the newly exposed sites and grow

throughtheextendeddrought.Subsequentrises in the lakelevelas thedrought

breaks may lead to the invading trees being inundated and dying, becoming

submerged stumps in the lake. Such stumps can be carbon-14 dated to

determine the dates of establishment andmortality, thus providing an indica-

tion of both the timingand length of drought periods (Lindstr€om, 1990, 1997;

Stine, 1994). For example, submerged stumps in Mono Lake in California’s

Sierra Nevada mountains provide evidence for two severe megadroughts

from �AD 892 to �1112 and from �AD 1209 to �1350 (Stine, 1994).
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Figure 4.1 Flows of the Colorado River reconstructed from 11 tree-ring chronologies

determined in the Colorado River basin. The time-series plot is a 25-year running mean

and indicates the severe and lengthy mediaeval megadrought from 1143 to 1155.

(Redrawn from Figure 2 of Meko et al., 2007.)
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Lake sediments taken in cores from lake bottoms do not have the fine

resolution of tree-rings, but they can provide a much longer record. Lakes

may be open, in which there are both inflows and outflows, or they may be

closed, with endorheic basins which have inflows but no outflows. From the

perspective of obtaining relatively interpretable sediment cores, closed lakes

are preferable because in open lakes, temporal variability in inflows and

outflows may make the estimation of lake levels difficult (Cohen, 2003).

However, even in closed lakes, there may be problems in interpretation of

cores – for example, if the lake receives groundwater flows (Fritz, 2008).

Lake levels, volumes and areas change with changes in climate (e.g.

Mason et al., 1994) and thus, with particularly prolonged droughts, lake

levels and volumes will drop and conductivity (salinity) and possibly

temperature will rise, inducing chemical and biotic changes that are

reflected in the lake sediments. The dating of sediments is usually done

using two stable isotopes, carbon-14 (14C) and lead-210 (210Pb). Carbon-14

can be used to date sediments as old as 50,000 year, while lead-210 can be

used to date recent sediments from 1 to 150 years old (Cohen, 2003).

Varves are annually formed laminae or layers in sediments derived from

seasonal glacier melting, or from seasonal events such as high primary

production. Their layering and variations in their contents can be used to

estimate past climatic conditions. A notable example is provided by the study

of varves from Elk Lake, Minnesota, USA. Recently formed varves consist

largely of biogenic material produced within the lake, but material in mid-

Holocene varves (8,000–4,000 years ago) is enriched with allochthonous

material of aeolian origin –material blown into the lake indicating persistent

dry periods (Dean, 1997).

Magnetic susceptibility is a measure of ‘how easily a material can be

magnetized’ (Sandgren & Snowball, 2001) and can bemeasured in the field.

It isoftencorrelatedwiththe levelofmagneticminerals,principallymagnetite

(Cohen, 2003). High susceptibility may be associated with high lake levels

and catchment inflows, while low susceptibility may indicate low lake levels

and limited inflows, as occurs in extended droughts or drying periods.

The chemicals in lake sediments have been studied for many different

purposes (Cohen, 2003), and thus here the concentration will be on

chemical signals that may indicate drought. Indicators in drought are

proxies which may reflect changes in lake level and volume and which,

in turn, through changes in salinity, alter chemical concentrations in

materials, both authigenic (produced within lakes) and allogenic (originat-

ing from outside lakes) (Boyle, 2001).

Concentrations of total inorganic carbon (TIC) in sediments have been

used to indicate changes in lake levels with low lake levels being indicated

by high levels of TIC in a sedimentary record (e.g. Benson et al., 2002;
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Haberzettl et al., 2003, 2005; see Figure 4.2). The TIC may be produced

either by inorganically or biologically-induced precipitation to form carbo-

nates, principally calcium carbonate, which can exist in a variety of forms –

principally calcite and aragonite – depending on the chemical conditions in

the water at the time of precipitation (Cohen, 2003).

Analysis of elemental ratios in carbonates may provide indications of

changes in lake levels. For example, in sediments from an Indonesian lake

(Crausbay et al., 2006) and from Lake Edward in central Africa (Russell &
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Figure 4.2 Changes in the levels of total inorganic carbon (TIC) in the sediments and

changes in depth of Laguna Potrok Aike, southern Argentina. Increased levels of TIC,

along with drops in the lake level from 1230 to 1410 AD, may be a drought signal of the

Medieval Climate Anomaly. (Redrawn from Figure 7 of Haberzettl et al., 2005.)
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Johnson, 2007), the magnesium (Mg) to calcium (Ca) ratio in carbonates

was a sensitive indicator of lake levels. Increases in Mg/Ca and in strontium

(Sr)/Ca ratios may indicate an increase in salinity (Cohen, 2003). In lakes

with sulphate as a major cation, evaporation and consequent drop in water

levels may cause the precipitation of gypsum (CaSO4). Lake Chichancanab

on the Yucatan Peninsula of Mexico is one such lake. In sediment

cores taken from this lake, there were gypsum layers indicating dry con-

ditions, along with organic-rich layers indicating wet conditions (Hodell

et al., 2005).

Ostracods are a diverse group of crustaceanswith a range of species across

the gradient from fresh to highly saline water. Their taxonomy is relatively

well established, and the presence of certain species and species groupings in

sediments can indicate past conditions. Thus, changes in species in a lake

may indicate changes in salinity that, in turn, can reflect changes in lake

level. Even in a single lake, different species can live in different habitats, for

example littoral habitats versus deep benthic habitats. Changes in species

can thus indicate habitat availability linked with changes in lake levels.

In growing to become adults, ostracods moult eight times, shedding the

moulted valves and growing new ones. Moulting is rapid, and the valves

mineralogically consist of calcite low in magnesium (Chivas, 1986). As in

the case of abiotically-formed calcite, the chemicals incorporated into the

valves may reflect lake water conditions at the time of moulting (Cohen,

2003). Changes in Mg/Ca, and especially in Sr/Ca, may reflect changes in

water chemistry and salinity, and hence lake level (De Deckker & Forester,

1988; Cohen, 2003).

Stable isotopes can be taken up from lake water and incorporated into

insoluble inorganic or organic material. Of particular importance for stable

isotope analysis are carbonates, either abiotically precipitated as aragonite

or calcite, or biologically deposited in the shells or exoskeletons of animals

such as crustaceans (especially ostracods) andmolluscs – snails and bivalves

(Ito, 2001; Leng et al., 2006). Ostracod valves are a very important source of

carbonates in lake sediments. Because chemical constituents of ostracods

may vary between species, valves from a single species are preferred (Leng

et al., 2006).

Mollusc shells may be also used as a source of carbonate for stable isotope

analysis (Ito, 2001). A key isotope from carbonates in lake sediments is

oxygen-18 (18O). This is expressed in a ratio between 18O and 16O.

Evaporation in a lake causes enrichment of 18O relative to 16O, especially

in closed lakes (Cohen, 2003, Leng et al., 2006). The key assumption is that

the 18O concentration in a shell or valve or abiotically formed carbonate

reflects the 18O concentration at the time of deposition or precipitation (Ito,

2001; Yu et al., 2002; Cohen, 2003; Leng et al., 2006). If evaporation such
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as in a drought increases the salinity of a lake and lowers the volume, this

should result in an increase in 18O concentrations. Apart fromanalyzing 18O

from carbonates, for lakes that are acidic and/or dystrophic and hence lack

insoluble carbonates, 18O from the silica in diatom frustulesmay be analyzed

(Cohen, 2003).

Particular groups of aquatic biota can leave lasting remains in lake

sediments. These remains may be used to identify the taxa to family and

even to species. In turn, for many of these groups, there is considerable

contemporary knowledge on the habitats and requirements of particular

taxa. Such knowledgemay involve lacustrine habitats (e.g. benthos, littoral,

profundal) and abiotic requirements or tolerances such as salinity, temper-

ature, pH and chemical composition. Thus, past conditions can be ascer-

tained (Cohen, 2003).

Ostracods can be identified by their valves to species, and past conditions

that indicate drying and droughts can be estimated (De Deckker and

Forester, 1988; Smith, 1993; Curry, 1999). To elucidate the changes in

lake levels in the late Holocene from sediments in Lake Tanganyika in east

Africa, Alin and Cohen (2003) initially determined from contemporary

samples the changes in ostracod species representation with water depth.

These data, in the formof ostracod-based lake-level curves,were thenused to

assess past lake levels and their changes with time, revealing five periods of

‘lowstands’ (droughts) and three important wet periods over the late

Holocene.

Diatoms, with their siliceous frustules, are ‘probably the single most

valuable group of fossils for palaeolimnological reconstruction’ (Cohen,

2003). Species occur abundantly across a wide range of physico-chemical

conditions. Their fossil record extends back to the late Cretaceous, but it is

their presence in late Quaternary (Holocene) sediments that has been the

major focus of research (Cohen, 2003). Diatom species composition can

change markedly with changes in salinity, which consequently may indi-

cate changes in precipitation inflows and evaporation of standing waters.

Contemporary records from lakes andwetlands of various salinities and their

diatomflora allow the construction of diatom-salinity transfer functions that

can then be used to determine past salinities and lake levels (Verschuren

et al., 2000; Fritz et al., 2000; Laird et al., 2003; Tibby et al., 2007).

In Lake Naivasha, east Africa, Verschuren et al. (2000) examined fossil

diatom assemblages to reconstruct conductivity, and thus past lake levels,

which revealed that over the period from 900 AD until 1993, the lake had

suffered five extended periods of drought. From six lakes on the northern

prairies of North America, dramatic shifts in sediment diatom assemblages

indicating changes in salinity and lake levels were detected by Laird et al.,

(2003). The changes occurred between�500 AD to�800 AD in the three
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Canadian lakes and between �1000 AD and �1300 AD in the Northern

US lakes.

Insect fossils can be preserved in lake sediments, with the head capsules of

chironomidmidges being of particular interest (Cohen, 2003). From knowl-

edge of the distribution of modern chironomids in relation to conductivity

(salinity), changes in conductivity indicating changes in lake level can be

deduced from fossil head capsules in lake sediments.

Pollen of both terrestrial and aquatic plants can be preserved in lake

sediments, with terrestrial plant pollen being much better preserved than

that from aquatic plants. Pollenmay be swept into a lake from its catchment

andmay subsequently be entrained into sediments (Cohen, 2003). Analysis

of pollen in sediments can indicate changes in vegetation at the local and

regional level. As changes in plants due to changes in drying and wetting

occur over a number of years (decades ormore), pollen depositsmay indicate

lengthy periods of drought, but they do not readily allow the discrimination

of distinct droughts, in contrast to such indicators as tree-rings, diatoms and

ostracods. However, using pollen from particular species may reflect

changes in lake level indicative of distinct droughts. In the Great Basin of

the western USA, the presence of pollen from plants in the family Cheno-

podiaceae (its level designated C) indicates dry conditions and a decline in

lake levels, whereas pollen from sagebrush (Artemisia) (designated A) may

indicate wetter conditions (Mensing et al., 2004). Thus, in sediments from

Pyramid Lake, Nevada, the ratio A/C reflects changes in lake levels and has

proven to be a relatively sensitive indicator of droughts in comparison to

such indicators as d18O (Benson et al., 2002; Mensing et al., 2004).

As outlined above, there is a range of indicators that may be used to

detect droughts of the past. Tree-rings provide a sensitive signal of drought,

but dendrochronological records only extend back for around 1,000 years.

Lake sediments provide a wide range of signals, from stable isotopes to

faunal remains, that may indicate past droughts and indicators in lake

sediments that can extend back into the Pleistocene (10,000 – 1.8 million

years ago) (Cohen, 2003). In analyzing lake sediments, it is usual for a

number of indicators to be used – a procedure that increases the capacity to

detect droughts.

Indicators from lakes provide information fromdroughts that occur across

the catchments of the lakes. However, as droughts occur at a large spatial

extent, it may be difficult to assess the spatial extent and overall severity of

droughts. Where there is a group of lakes, a lake district, from which

sediments have been sampled and analysed, the occurrence of lengthy

droughts and an indication of their spatial extent can be revealed. Such

regions with multiple sampled lakes examined include the northern prairies

of North America (e.g. Fritz et al., 2000; Yu et al., 2002; Laird et al., 2003;
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Michels et al., 2007), the Yucatan Peninsula in central America (e.g. Hodell

et al., 2005, 2007) and tropical east Africa (e.g. Verschuren et al., 2000;

Alin & Cohen, 2003; Russell & Johnson, 2005).With tree rings, it is possible,

through correlation, to derive Palmer Drought Severity Index values.

However, to date, values from lakes – such as salinity and lake level – have

not been correlated with PDSI values. This may be because of the lack of

contemporary records (lake indicators against meteorological records) to

build the necessary correlation, or simply because, in many cases, lake

records indicate past droughts of much greater severity (intensity, duration)

than contemporary droughts.

4.2 Impacts of past drought on lakes

In severe droughts, shallow lakes may dry out, as described in Chapter 8 in

the case of Lake Chilwa in Malawi, which is an endorheic and shallow lake

that in ‘normal times’ is slightly saline. With drought, salinity rises as lake

volume and shore levels decline, alkalinity rises and both calcium and

magnesium salts are precipitated. As the lake recedes with drought, there

are major changes in the phytoplankton (diatoms, cyanobacteria),

zooplankton (copepods, cladocerans, ostracods, rotifers), zoobenthos (chir-

onomids) and fish. Dramatic changes occur in shallow lakes, and have

presumably occurred in the past in lakes as droughts developed. The changes

are reflected in lake sediments (e.g. Verschuren, 2000; Laird et al., 2003;

Michels et al., 2007).

In examining sediment cores from shallow prairie lakes, diatom species

richness (frustules) has been found to correlate negatively with diatom

production, at least over the past 2,000 years (Rusak et al., 2004). This

relationship would only have applied when the lakes had fresh water, but

would have been disrupted when there were increased salinities, such as

occurs in these systems with drought. In brackish salinities (such as in

drought), production was maintained even though species richness was

reduced. Droughtmay thus diminish diatomspecies richness, but not diatom

production levels. As mentioned before, as the volumes of shallow lakes

decline in drought and water temperatures rise, blooms of cyanobacteria

occur, potentially depleting oxygen levels and altering secondary production

due to their resistance to herbivores. Thus, there is both fossil and contem-

porary evidence that drought alters species richness, primary production

and trophic structure; however, at this stage there is no integrated diversity-

function account of the impacts of and responses to drought in lakes.

In deep lakes, severe droughts may cause water levels to drop and salinity

to rise slightly, but the lakes do not dry up. Furthermore, in deep lakes,
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stratification may be strengthened and may occur for long durations. For

example, Lake Titicaca in South America has a ‘normal’ maximum depth of

107m. In about 1100AD, a severemegadrought dropped thewater level by

an estimated 12–17 m (Binford et al., 1997), while a megadrought in the

mid-Holocene dropped the lake level by 29–44 m (Theissen et al., 2008; see

Figure 4.3) and very significantly increased salinity and lake stratification.

In Pyramid Lake, Nevada, with a natural normal depth of 123 m, mid-

Holocenemegadrought reduced the lake level to 88m (Benson et al., 2002).

Even though severe droughts do not cause deep lakes to dry out, they can

induce major changes in the lake ecosystem. Changes in conditions in deep

lakes due to drought are reflected in reduced littoral production and a

strengthening in terms of both gradient and duration of thermal stratifica-

tion (e.g. Theissen et al., 2008), accompanied by high production in the

epilimnetic region of the lake (e.g. Hodell et al., 2007). Changes in water

level, and in the availability of habitat at various depths, can be reflected in

changes in the ostracod fauna detected in sediments (Alin&Cohen, 2003). If

the lake levelwere to drop to shallow levels, salinity levelswould behighand,

as envisaged by Benson et al., (2007), the hypolimnionwould disappear and

destratification would set in during summer, increasing nutrient concen-

trations in the water column and increasing primary production. As

mentionedabove, highphytoplanktonproduction anddecompositionwould

increase the risk of periodic deoxygenation, thus eliminating fish and other

fully aquatic fauna.

7250 7000 6750 6500 6250 6000 5750 5500
90

70

50

30

14C calibrated age (yr BP)

D
ep

th
 b

el
ow

 m
od

er
n 

la
ke

 le
ve

l

Figure 4.3 Reconstructed lake levels of Lake Titicaca in comparison with contempo-

rary levels. The plot indicates three periods of lengthy megadroughts in the mid-

Holocene, with the lowest lake level occurring at �6,179 years before present (BP).

(Redrawn from Figure 7 of Theissen et al., 2008.)
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It is rather surprising that, in dealing with past droughts, the emphasis in

many papers has been on the effects of past droughts on human populations

and civilizations. Studies of past droughts, which invariably focus on lakes,

rarely provide much information, let alone speculation, on the effects that

the droughts had on the structure and functioning of lake ecosystems.

4.3 Droughts of the Holocene

4.3.1 Early and mid-Holocene droughts

The Holocene, after the terminal Pleistocene deglaciation, was originally

viewed as an extended period of relative climatic stability (Cohen, 2003).

However, evidence from lake sediments now strongly indicate that the

Holocenewas a period of abrupt changes in climate (Mayewski et al., 2004;

Overpeck & Cole, 2006) and hence in lake levels (e.g. Cohen, 2003; Laird

et al., 2003; Michels et al., 2007). Abrupt climate change has been defined

as occurring where there is a ‘transition in the climate system whose

duration is fast relative to the duration of the preceding or subsequent state’

(Overpeck &Cole, 2006), with the transitions fromwet to dry periods being

consistently abrupt.

After analyzing a wide range of palaeoclimate records, Mayewski et al.,

(2004) concluded that during the Holocene there have been six periods of

abrupt climate change in the periods of 9,000–8,000, 6,000–5,000,

4,200–3,800, 3,500–2,500, 1,200–1,000 and 600–150 years ago. These

rapid changes may be associated with the abrupt onset of drought and

drought regimes, with the development of ‘prolonged droughts being almost

always abrupt’ (Overpeck & Cole, 2006).

In western and central North America, as revealed in lake sediments,

during the earlyHolocene (11,600 to 8,000 years BP) therewas a transition

fromwet todrier conditions (e.g. Laird et al., 1996a;Benson et al., 2002),with

periods of cyclic droughts (Stone & Fritz, 2006). In this period, Moon Lake,

NorthDakota,moved frombeinga freshwater lake toa shallowsaline system,

and the surrounding vegetation changed from spruce forest to prairie

grassland (Laird et al., 1996a). In Pyramid (Nevada) and Owens (California)

Lakes, from8,000 to6,500yearsBP,highlyvariabledryconditionsprevailed

that gave way to severe drought conditions from 6,500 to 3,800 years BP

(Benson et al., 2002).Radio-carbondated tree stumps fromprevious shoresof

Lake Tahoe, near to Pyramid Lake, indicate severe drought-dominated

conditions between 6,290 to 4,840 years BP (Lindstr€om, 1990).

Black, organic, matter-rich mats are formed around springs in the

southern Great Basin of the western USA and harbour a distinctive fauna

(Quade et al., 1998). Carbon-14 dating of thesemats indicate that theywere
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present from 11,800 to 6,300 years BP and from 2,300 years BP until now,

but that they were absent in the intervening period, indicating dry condi-

tions over this time. The severe drought-dominated conditions of the mid-

Holocene in central North America are also reflected in evidence of strong

activity in dune fields over the period from7,500 to 5,000 years BP (Forman

et al., 2001).

In South America, in Lake Titicaca from 7,200 BP to 6,200 years BP, due

to prolonged dry conditions, the level of the lake dropped substantially

(29–44m) (Theissen et al., 2008; see Figure 4.3), whereas in Lake Edward in

east equatorial Africa, mid-Holocene aridity began at�5,200 years BP and

the lake dropped 14metres to reach its lowest level between 4,000 to 2,000

years BP (Russell et al., 2003). Evidence from lake sediments of the dry

conditions of the middle Holocene are indicative of a widespread global

phenomenon – a drought-dominated period of severe drying that ‘was

probably not synchronous’ (Cohen, 2003).

A dramatic large-scale change from awet climate to a dry climate appears

to have occurred across the Sahara region around 5,500 years BP. From

being a region with lakes, wetlands and widespread vegetation cover, the

Sahara became stricken with drying and droughts and rapidly turned to

desert (Foley et al., 2003). The causes for this dramatic shift from a ‘green

Sahara’ to a ‘desert Sahara’ (Foley et al., 2003) appear to be twofold: slowly-

acting changes in solar radiation due to changes in the Earth’s orbit

(Milankovitch variations), combined with fluctuating feedback interactions

between vegetation cover and water availability (Claussen, 1998). This

dramatic shift has been posited as a prime example of an environmental

system having two alternative stable states – the wet and the dry Sahara

(Foley et al., 2003; Lenton et al., 2008).

Severe and extended droughts appear to have greatly affected very early

civilizations (deMenocal, 2001). Two ancient civilizations, the Akkadian

in the Middle East and the Indus civilization in west Asia, appear to have

declined, if not collapsed, due to abrupt climate change with extended

megadroughts (deMenocal, 2001; Weiss & Bradley, 2001; Staubwasser &

Weiss, 2006). The Akkadian civilization occupied the fertile plain between

the Tigris and Euphrates rivers from �4,350 to �4,170 years BP and was

based on irrigation agriculture. Its main city, Akkad, later became

Babylon. Abrupt climate change due to the onset of an extended mega-

drought was a major force in the collapse of this civilization (Kerr, 1998;

deMenocal, 2001). The Indus civilization flourished between 5,500 to

4,200 BP and then rapidly declined. Its waning appears to have been

caused by a climate change event that caused decline of the south-west

monsoon and the onset of severe extended drought (Staubwasser &

Weiss, 2006).
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4.3.2 Late Holocene droughts

Following the warmer and dry conditions of the middle Holocene, in the late

Holocene, at around 3,000 years BP, modern wetter conditions – albeit with

rather unpredictable droughts – started to prevail in central North America

(Laird et al., 1996a;Benson et al., 2002;Overpeck&Cole,2006). IneastAfrica,

the transition to milder and wetter conditions in the late Holocene appears to

differ in time at a regional level. Sediments from Lake Tanganyika (Alin &

Cohen, 2003) indicate that arid conditions with extended droughts persisted

until recently, whereas in Lake Edward, to the north, although the late

Holocene began with arid conditions, wetter conditions caused the lake level

toreachitscontemporarylevelby1,700yearsBP(Russelletal.,2003).InSouth

America, the level of LakeTiticaca rose at around3,900years BP (Mourguiart

et al., 1998) or 3,500 years BP (Abbott et al., 1997), to be followed by four

significant drought-dominated periods (Abbott et al., 1997). Thus, the late

Holocenewas a period withmilder conditions than those that prevailed in the

middle Holocene, but severe and extended droughts unpredictably occurred.

As for ancient civilizations, the past 2,000 years have seen civilizations

being forced to retreat due to the ravages of severe droughts. The Mayan

civilization of Central America was a complex and creative society, with

remarkable buildings in populous cities, intricate agricultural schemes and a

written language (Diamond, 2005, 2009). Maize productionwith irrigation

was very important as the supplier of the staple diet. The ‘Early Classic

Period’ of Mayan civilization began about 250 AD, with major increases in

population, in buildings andmonuments. From about 770 AD, an extensive

dry period commenced, with severe droughts in �810, 860 and 910 AD

(Haug et al., 2003),with interveningwetter periods (Hodell et al., 2005). The

droughts in this period, the ‘Terminal Classic Period’, appear to have played a

major role in the decline of the Mayan civilization by greatly reducing water

availability and hence agricultural production (deMenocal, 2001; Diamond,

2005; Hodell et al., 2007).

Evidence for climatic conditions during the Mayan civilization has come

substantially from the analysis of sediment cores from two lakes on the

northern Yucatan Peninsula – Lakes Chichancanab and Punta Laguna

(Hodell et al., 2005, 2007) as well as from anoxic marine sediments off

Venezuela (Haug et al., 2003). While other factors associated with resource

depletion, such as warfare, were significant in the collapse, the vulnerability

of the complex Mayan society to drought appears to have been high

(Diamond, 2005; Haug et al., 2003). The cause of the severe droughts may

have resulted from variation in solar radiation (Hodell et al., 2001; Brenner

et al., 2002), though this suggestion has been questioned (Me-Bar & Valdez,

2003; Hunt & Elliott, 2005).
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Lake Titicaca at the altitude of 3,812m in the Altiplano basin, straddles

the border betweenPeru andBolivia. It is an endorheic lake,with an average

depth of 107m, and which is fed by rainfall, glacial meltwater, five major

rivers and 20 smaller rivers. The lake is made up of two basins – the Lago

Grande and Lago Huiñaimarca – joined by the Strait of Tiquina. Analysis of

sediment cores from the lake indicate that, after a wet early Holocene period

(Mourguiart et al., 1998), during the mid Holocene from about 7,200 years

BP, the lake level started to drop, reaching its lower level, �44m below the

modern level, at � 6,179 years BP, with three periods of severe mega-

droughts from 7,000 years BP to 6,200 years BP (Theissen et al., 2008; see

Figure 4.3). From this low level, and with fluctuations till 3,350 years BP,

the lake level rose (Abbott et al., 1997). This was followed by four late

Holocene periods of drying, with extended droughts from 2,900–2,800,

2,400–2,200, 2,000–1,700 and 900–500 years BP (Abbott et al., 1997).

Beginning around 300 BC, human settlements with agriculture became

established around the lake (Binford et al., 1997), which led to the flowering

of the Tiwanaku civilization. The agricultural productionwasmarked by the

construction and maintenance of raised fields in wetlands verging the lake

and in river valleys. These raised fields served to foster high production, to

protect the crops from winter frosts, to retain nutrients and to control

salinization (Binford et al., 1997; deMenocal, 2001). The golden age of the

Tiwanaku was from 600 to 1,100 AD, with extensive construction activity

and increases in population supported by the raised field agriculture.

However, as revealed in lake sediments (Binford et al., 1997; Abbott

et al., 1997), severe droughts reducing water availability appear to have

halted the use of the raised fields, leading to sharply declining agricultural

production and the collapse of the Tiwanaku civilization (Binford et al.,

1997; de Menocal, 2001).

To gain an understanding of past droughts that may relate to contempo-

rary conditions, climate conditions for the last 2,000 years are relevant. For

this late period of the late Holocene, there are numerous records from

sediments, and more precise records from tree-rings. With tree-rings, in

particular, a clear depiction of the spatial extent and of severity of droughts

can be produced. Such information can also be used to gain an understand-

ing of the weather conditions that produced past droughts.

In North America, especially in central andwestern regions, over the past

2,000 years droughts of considerable severity and large spatial extent have

occurred. Records from lake sediments of Pyramid Lake indicate that

hydrologic droughts over the last 2,000 years have occurred, with intervals

between them from 80 to 230 years (Benson et al., 2002). Tree-ring records

can go back 2,000 years or so, though records of this age are very few. For

example, in reconstructing the past droughts of North America in the North
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American Drought Atlas (NADA), Cook et al. (2007) had a few records

stretching back for about 2,000 years, but to gain statistical reliability and

adequate spatial coverage, the reconstruction started at 951 AD. Tree-ring

records have three advantages over lake sediment records in that they allow

more precise dating of the initiation and termination of droughts, they can

provide a measure of the severity of droughts and they allow a reconstruc-

tion of the spatial extents of droughts.

During the period from the 9th to the 14th century, there is comprehen-

sive evidence of awidespread increase in temperature (Lamb, 1977, 1995) –

a period called the Mediaeval Warm Period or Mediaeval Climate Anomaly

(MCA) (Stine, 1994). The warming was not tightly synchronous across

localities, with considerable differences in the times of warming and subse-

quent cooling. It also does not appear to have been global, with some

regions showing no or very little warming (Hughes & Diaz, 1994). Thus, for

example, there was warming in this period in northern Europe, China,

south-east Asia, western North America and even Tasmania (Cook et al.,

1992), but not in southern Europe or southeastern North America (Hughes

& Diaz, 1994).

The increase in temperatures in affected regions was accompanied by

droughts (Bradley et al., 2003). Over central and western North America,

this period was marked by the occurrence of droughts of long duration

(20–40 years – megadroughts), as detected in tree-rings (e.g. Cook et al.,

2004, 2007, 2010; Herweijer et al., 2007), lake sediments (e.g. Laird et al.,

1996b, 2003; Laird and Cumming, 1998; Benson et al., 2002) and from

submerged tree stumps (e.g. Stine, 1994). Herweijer et al. 2007) depict the

PDSI values and spatial extent of four of these droughts (1021–1051,

1130–1170, 1240–1265 and 1360–1382 AD), emphasizing the point

that, while the PDSI and the spatial extent are similar to modern droughts,

the durations were much longer. These droughts would have had major

hydrological consequences, such as marked drops in lake levels and

in streamflows.

In reconstructing the streamflows of the Sacramento River, Meko et al.

(2001) identified severe 20-year low flows (droughts) from 1139 to

1158 AD and from 1291 to 1311 AD for the Upper Colorado River, and

also an ‘epic’ drought from 1130 to 1154 which was the most extreme

drought between 762 AD and 2005 AD (Meko et al., 2007). These

mediaeval droughts appear to have been widespread over western North

America, as dendrochronological evidence indicates low flow conditions

between 900 and 1300 AD in rivers of the Canadian Prairies (Case &

MacDonald, 2003).

In the Four Corners region of south-western USA, between 850 to 1300

AD, the Anasazi people developed complex settlements based on maize
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agriculture that was supported by extensive and intricate systems of water

capture and storage (Diamond, 2005; Benson et al., 2007). The development

of the settlements was accompanied by deforestation of the surrounding

hinterlands. The viability of the settlementswas very dependent on sufficient

rainfall to growmaize. However, twomegadroughts in the middle 12th and

late13th centuries greatly reduced maize yields, leading to abandonment of

the settlements (Axtell et al., 2002; Diamond, 2005; Benson et al., 2006,

2007), with the megadrought from 1276–1297 AD being particularly

severe (Cook et al., 2007). In short, the Anasazi society was highly vulnera-

ble to the hazard of intense, prolonged droughts and was not sufficiently

resilient to endure such droughts. The Anasazi population was greatly

diminished, with the survivors abandoning the region.

The Cahokian culture in the mid-Mississippi region flourished from�900

to 1300 AD and depended on horticulture, hunting and gathering (Benson

et al., 2007; Cook et al., 2007). At Cahokia, the centre of the culture, over

120 large pyramidalmountswere constructed.However, it appears that two

severe and prolonged droughts in the 14th century (1344–1353 AD,

1379–1388 AD) overwhelmed the Cahokian culture causing it to collapse

(Benson et al., 2007; Cook et al., 2007).

In southern South America, prolonged droughts associated with the

Mediaeval Climate Anomaly (MCA) occurred in Patagonia, Argentina, at

the same time as those occurring in California (Stine, 1994). The evidence

comes from drowned stumps in two lakes and a river gorge in California, and

also from drowned stumps of Nothofagus around two lakes in Patagonia. In

Patagonia, analysis of sediment cores from Laguna Potrok Aike, a deep lake

in a cold semi-desert, indicates an extended period of lowered lake level from

1230 to 1410 AD, with droughts of ‘varying durations and intensities’

(Haberzettl et al., 2005) occurring late in the MCA.

In east Africa, data from the analysis of sediment cores from five lakes –

Lake Turkana (Halfman et al., 1994), Lake Naivasha (Verschuren et al.,

2000), Lake Tanganyika (Alin & Cohen, 2003), Lake Victoria (Stager et al.,

2003) and Lake Edward (Russell & Johnson, 2005) – indicate that major

droughts occurred between 900 and 1400 AD. It thus appears that in east

Africa, the MCA with droughts commenced at least 100 years before its

onset in Europe and North America (Russell & Johnson, 2005; see

Figure 4.4). Sediment cores fromRanu Lamongan, a lake in Java, Indonesia,

indicate some evidence of the MCA, with two severe dry periods with severe

droughts from 1275–1325 AD and from 1450–1650 AD, with the severity

of the latter period occurring in the ‘Little Ice Age’ and possibly correlated

with a change in the nature of the ENSO system (Crausbay et al., 2006).

Evidence from tree rings (a 759-year record) indicate that in southeast

Asia, notably in southwestern Thailand, Cambodia and Vietnam, severe
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droughts occurred in the 14th and 15th century (late MCA), with an El

Niño-linked weakening of the summer Asian monsoon (Buckley et al.,

2010). These droughts appear to have led to the demise of the Angkor

society, which was dependent on a vast and complex water distribution

system and was thus highly vulnerable to extended periods of drought

coupled with short intervening periods of heavy flooding (Buckley

et al., 2010).

The ‘Little Ice Age’ was a period of intense cooling, advancement of

glaciers and severe winters, stretching from the 16th to the 19th century.

There were three periods of extreme low temperatures in about 1650, 1770

and 1850. In some regions, this was also a period in which prolonged and

severe droughts occurred. The most severe megadrought in North America

in the past 500 years lasted 24 years, from1559 to 1582 (Stahle et al., 2000,

2007), and occurred in an extended wet period from �1500 to 1800 AD

(Herweijer et al., 2007). This megadrought contained within it shorter,

regional droughts that ranged across North America from northern Mexico

to Canada and from the southwest to the southeast of USA (Stahle et al.,

2000, 2007; Woodhouse, 2004).

Reconstructions of streamflow in the upper Colorado river (above Lees

Ferry) reveal severe drought over the period 1580–1604 AD (Timilsena

et al., 2007), with the ten-year moving average reconstructed flow at Lees

Ferry being extremely low (Woodhouse et al., 2006). This drought elevated

salinities (lowered shore levels) in lakes of the Northern Plains, albeit with

some variability between lakes (Fritz et al., 2000; Yu et al., 2002; Shapley

et al., 2005), and increased the levels of wind-borne dust (Dean, 1997).

Cores fromChesapeake Bay in the eastern USAwere analyzed for changes

in salinity using benthic foraminiferans and ostracods (Cronin et al., 2000).

Elevated salinities indicated ‘sustained droughts during the middle to

late sixteenth and early seventeenth century’ that were considerably

more severe than 20th century droughts (Cronin et al., 2000). These severe

droughts have been linked to the failure of the English colony of Roanoke

Island (North Carolina, 1587–1589) and the near demise of the colony at

Jamestown, Virginia (1606–1612) (Stahle et al., 1998a).

In east Africa, during the Little Ice Age, droughts were not uniformly

spread across the region. High Mg/Ca ratios in authigenic calcite showed

that low lake levels and drought conditions occurred in Lake Edward from

1400 to 1750 AD (Russell and Johnson, 2007) (see Figure 4.4). Similarly

low lake levels indicating drought occurred in Lake Tanganyika from

�1550 to 1850 (Alin & Cohen, 2003) and in Lake Malawi from 1400 to

1780AD (Brown & Johnson, 2005). However, in Lake Naivasha, to the east

of these lakes, diatoms and chironomid fossils suggest a wet Little Ice Age

with only three short dry periods (Verschuren et al., 2000). The reasons for
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this discrepancy in the proxy climate records from the region remain

unclear.

Similarly, in other parts of theworld, the evidence for droughts in the Little

Ice Age differs. For example, in Lake Titicaca and Patagonia in South

America, there is no evidence for droughts over this period (Abbott et al.,

1997; Haberzettl et al., 2005), while in Indonesia, Crausbay et al. (2006)

found evidence of prolonged drought during the Little Ice Age. Thus,

whereas droughts during the MCA appear to have been a global phenome-

non, droughts associated with the Little Ice Age were spatially variable.

After the Little Ice Age, severe and persistent droughts occurred in the

Upper Colorado from �1644 to 1681 AD and from �1877 to 1909 AD

(Timilsena et al., 2007). In examining correlations in flow between the

Sacramento and the Blue River in the upper Colorado River basin, Meko &

Woodhouse (2005) noted that during drought periods, the flow correlations

between two systems were stronger than at other times in the 538-year

reconstruction period. A reconstruction of the Columbia River back to 1750

by Gedalof et al. (2004) revealed that the worst drought period was in the

1840s, a time of severe drought in the Sacramento River (Meko et al., 2001).

The next most severe period of drought was the ‘Dustbowl’ drought of the

1930s.

For many years, there has been little available scientific evidence of major

droughts in Asia, although there have been historical accounts, such as the

vivid account of the Victorian Great Drought by Davis (2001). The summer
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Figure 4.4 Ratios of magnesium to calcium in calcite from the sediments covering the

past 1,400 years of Lake Edward, Uganda. High values of the magnesium to calcium

ratios are reliable indicators of drought conditions, and thus they indicate persistent

droughts from �540 to 890 AD, droughts in the Medieval Climate Anomaly from

1000–1200 and further persistent droughts in the Little Ice Age from 1400–1750 AD.

(Redrawn from Figure 3A of Russell & Johnson, 2007.)
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Asian monsoon system is crucial to the agricultural economies of Asia, and

failures of the monsoon can result in crop failures, civil unrest and famine.

Recently, using tree-ring data from sites across monsoonal Asia, Cook et al.

(2010b) have produced a gridded reconstruction of wet and dry events and

periods (Palmer Drought Severity Index (PDSI) and Drought Area Index

(DAI)) over Asia for the past millennium, which is called the Monsoon Asia

Drought Atlas (MADA).

Four major droughts in the past 400 years have been reconstructed in

terms of their severity and spatial extent. The ‘Ming Dynasty Drought’

(1638–1641) occurred in the Little Ice Age and was at its greatest intensity

in north-eastern China; the resulting food shortages and civil unrest may

have contributed to the fall of the Ming Dynasty. A major drought

(1756–1768) called the ‘Strange Parallels Drought’ was focused on India

and south-eastern Asia, and the short but very severe ‘East India Drought’

(1792–1796) focused on northern and central Asia with outliers in south-

ern India and Burma. The late Victorian ‘Great Drought’ was both severe

and widespread, occurring across southeastern Asia, northern and central

Asia and India. It ‘ranks as the worst of the four historical droughts’ (Cook

et al., 2010b), and as described by Davis (2001), it resulted in millions of

people dying. As more tree data are accumulated, the MADA will grow in

precision and coverage, and will undoubtedly serve to elucidate the climatic

patterns which produce severe, widespread droughts.

Over the past 150 years, there have been four prolonged North American

droughts (1855–1865, 1889–1896, 1931–1940, 1950–1957), which

have spanned the continent longitudinally, extending from Canada to

Central America. While the Dustbowl drought is perhaps the best known

of these, all were economically and ecologically damaging. However, none

was as severe and prolonged as the megadroughts from 1000 to 1400 AD

(Laird et al., 1996b; Herweijer et al., 2007).

Since record-keeping began in Australia, there have been six prolonged

droughts: 1880–1886, 1895–1903, 1911–1916, 1939–1945, 1958–1968

and the recent drought of 1997–2010.

From North America, with the recent supra-seasonal droughts, there

have beenmany valuable ecological studies, but corresponding studies have

been few in Australia or Europe. From Europe there has been a considerable

number of studies on seasonal droughts or dry seasons, and some regional

studies of past supra-seasonal droughts (e.g. Masson-Delmotte et al., 2005;

Planchon et al., 2008), but somewhat surprisingly there appear to be very

few reconstructions of past droughts covering Europe as a whole. In an

exception, Lloyd-Hughes & Saunders (2002), using precipitation records

across Europe for the period 1901–1999, showed that some regions,

especially Mediterranean ones, were more prone to have droughts than
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regions in the northern temperate zone, but that there was no significant

change in the proportional area of Europe affected by drought.

The south-western USA is currently in a severe drought that has lasted

for more than 10 years and is placing great strains on water supplies within

the region (Seager et al., 2007). The LBDA demonstrates that the current

drought is not exceptional – two droughts of similar severity occurred in the

20th Century. More worryingly, the LBDA shows that, over the past

millennium, there have been numerous droughts of significantly greater

duration and intensity. Several of these droughts occurred during a multi-

century period of elevated aridity in the Medieval Climate Anomaly (MCA).

The LBDA (Living Blended Drought Atlas) provides an excellent repre-

sentation of the temporal and spatial variability of regional droughts. For the

western USA, the region with the longest reconstruction, the LBDA shows

dramatic high-frequency (i.e. year-to-year) variability in area subjected to

drought, with some periods showing interannual changes in drought

occurrence of as much as 60 per cent of the region. There is also significant

medium-frequency (i.e. decadal) variability, with most centuries experienc-

ing at least one or two periods of alternating low and high drought

conditions. Finally, as noted above with respect to the MCA, there is also

low-frequency (i.e. century-scale) variability, in which multiple century

runs of above- or below-average drought conditions dominate within the

region. Understanding the low-frequency context of high- and medium-

frequency events is critical to understanding the regional ecological systems

that are shaped by drought. For example, the severe droughts of the 20th

Century both occurred during the 500þ year period of relatively lowaridity

that followed the MCA.

The LBDA demonstrates how droughts vary spatially across North

America (Cook et al., 2010a). The most obvious spatial feature of the

droughts represented in the LBDA is that each severe drought has a unique

spatial signature. While there may be some overlap in core areas, the shape

of the drought-affected area is highly irregular over time. As a consequence,

the long-term frequency of droughts in any given region may vary consid-

erably from point to point. Another important spatial feature of the LBDA is

that areas which are not typically associated with arid conditions and

drought, such as the south-eastern USA, have experienced intense, long-

lasting droughts over the past 800 years.

The drought atlases (e.g. NADA, LBDA, MADA), though difficult to

compile, do produce highly interesting spatio-temporal patterns of droughts,

which in themselves may provide valuable clues as to the meteorological/

climatic forces that created and maintained severe droughts and mega-

droughts. For example, the extended droughts of the MCA in western North

America may have been induced by cool La Niña-like conditions, while the
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megadroughts of the MCA in the Mississippi region may have been linked

with the North Atlantic Oscillation (NAO) (Cook et al., 2000a). This

development of an understanding of the operation of drought-creating

forces may greatly help in making projections of the large-scale effects of

global climate change (Cook et al., 2010a).
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5

Water bodies, catchments
and the abiotic effects
of drought

This chapter is concerned with the types of water bodies exposed to drought

andtheabioticeffects thatdroughtexertsonwaterbodies, theirriparianzones

andtheircatchments.Theeffectsoccurasdroughttightensitsgrip,duringthe

drought and when it breaks. Effects generated by drought may produce lag

effects with long-term consequences. In many cases, the effects of natural

drought may be mixed with, or even greatly heightened, by human inter-

ventionssuchasriver regulation,waterextractionandcatchmentclearance.

In this and the following chapters, we are dealing with supra-seasonal

droughts rather than seasonal droughts. The latter are clearly normal in

manyplaces, but supra-seasonal droughts are extreme events that can cause

serious ecological effects. In quite a few studies, it is difficult to determine the

nature of the drought and, in some cases, the drought may be a seasonal

drought of great severity and/or of abnormal duration.

5.1 Water body types

Drought can affect both standing (lentic) and flowing (lotic) water body

types. Thesewater bodiesmay be either temporary or perennial/permanent.

Temporary systems cover those that are:

. ephemeral – ones which receive water for a short period very occasion-

ally and highly unpredictably;
. episodic – those that fill occasionally and which may last months even

years; and
. intermittent – which receive water quite frequently either unpredictably

or predictably (Boulton & Brock, 1999; Williams, 2006).
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Although perennial systems always contain water, such systemsmay dry

out in severe droughts, with major consequences for the biota (Wellborn

et al., 1996). Chase (2003) called perennial systemswhichmay occasionally

dryup ‘semi-permanent’. In ephemeral and episodic, systems the occurrence

of hydrological drought as an abnormal period of drying may not be

readily detectable.

Lentic systems cover a great array of different water body types. They

range in existence frombeing permanent to ephemeral andmay range in size

from being very small water bodies such as pockets of water in trees

(phytotelmata) to large permanent lakes such as the African rift lakes and

the North American Great Lakes. Over this size range, there are gnamas

(rock pools), small permanent and temporary pools, puddles and ponds,

swamps, bogs, mires, marshes, and immense floodplain wetlands with

lagoons. Lentic water bodies made by humans include reservoirs, farm

ponds, moats, ditches, cisterns, bomb craters and water-filled car tyres.

Water bodies vary in their extent of openness towater inputs and outputs.

Many systems are endorheic in that they receive water from their catch-

ments but, apart, from water loss by evaporation, transpiration or to

groundwater, there is no flow out of the water body to other surface water

systems. Endorheic systems can become highly saline due to salt accumu-

lating over long periods of time in their basinswithout being exported. Open,

or exorheic systems, receive water from their catchments and export water

out of them to go ultimately into the sea (Wetzel, 2001).

During floods, floodplain ponds and lagoons become part of the flowing

water system of their rivers and are then exorheic systems. As the floods

recede, they become standing waters and endorheic systems. The effects of

drought on thesewater bodiesmainly occurwhen they are isolated from the

river channel, and the major way that drought occurs is through the failure

of normal floods.

Flowing waters cover an immense array of water body types and include

systems that are either perennial or temporary. Lotic systems range from

small springs to large rivers with immense floodplains. Natural flowing

waters include springs, bournes, runnels, brooks, burns, becks, creeks,

rivulets, streams and rivers. Humans, in implementing various forms of

water use, can create flowing water systems such as canals, drainage

channels, sloughs and diversions. Humans have also reduced natural

connectivity with the construction of many barriers, principally dams with

reservoirs – creating in-stream lentic ecosystems. Connectivity may be

also created by humans through the construction of pipelines, canals and

channels which can create avenues of inter-basin transfer.

Most rivers flow into the sea and, as estuaries are formed and maintained

by rivers, drought due to reducing freshwater inputs may greatly change
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estuarine ecosystems. Streams whose channels are horizontally connected

to their water table, or in which the channel is impervious (e.g. rock, clay),

are called gaining or effluent streams. Streams inwhich the channel water is

above the prevailing water table may lose water (depending on the perme-

ability of the channel) to the water table, in which case they are called

losing or influent streams (Allan & Castillo, 2007). In any one stream there

may be gaining and losing sections, and this pattern may become obvious

during drought.

5.2 Aquatic ecosystems, their catchments and drought

Both lotic and lentic systems derive water, sediment and many chemicals,

including nutrients and organic matter, from their catchments or drainage

basins. Streams receive their water from a variety of paths. A small amount

(throughfall) may enter directly as precipitation, while the major paths are

surface runoff and sub-surface flow, as interflow which flows through the

soil but above the water table, and as groundwater linked with the water

table. The harvesting of water by a stream is usually carried out in the upper

parts of the catchment – in the headwaters.

The permeability of the catchment surface largely controls the paths by

which a stream receives its water. If the surface is pervious, groundwater is

the major contributor to streamflow, whereas if the surface is relatively

impervious, surface runoff may be a major contributor, producing a stream

with a ‘flashy’ hydrograph and little water storage in the catchment. Lentic

systems may receive water from throughfall, which can be an important

source for small systems, such as phytotelmata. However, by far the major

contribution for most standing waters comes from their catchments as

surface runoff that includes inflowing streams. Some may also be derived

from groundwater. In the case of many lentic systems, the filling phase may

be relatively brief, such as occurs in the floodingof floodplain lagoons – a brief

period which is followed by a long period of low water inputs.

Within a catchment, water is lost to the atmosphere by evaporation and

by transpiration from the vegetation. In forested catchments, evapotranspi-

ration can exert a strong influence on streamflow. However, in urbanized

catchments, transpiration, and even evaporation, may not be important in

influencing streamflow, since rapid drainage and short residence time of flow

are the usual management goals. Water from the catchment may also go

into deep groundwater and be lost, in the short term, to streamflow. This is a

notable aspect of streams in karstic catchments (e.g. Meyer et al., 2003).

Drought effects on freshwater ecosystems are largely mediated via their

catchments, through decreases and changes in surface runoff, interflow and
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groundwater flows which affect linked aquatic systems. As drought persists,

it exerts direct effects on the catchment, including decline in soil moisture,

the lowering of the water table and the loss of vegetation. The drying of land

surfaces may precipitate major biogeochemical changes in soils of such

substances as organic compounds, nutrients and heavy metals. With the

breaking of the drought, chemical compounds (e.g. sulphate, nitrate)

produced in the soil or added to it by human activities can enter the

downslope aquatic system.

In regions with cold winters, droughts may be due to failure for the

snowpack to reach normal levels. Drought arises from the lack of normal

precipitation – rain and/or snow – falling on the catchments of streams. The

lack of precipitation in the snow/rainy seasons, combinedwith high levels of

evapotranspiration in the dry seasons (late spring and summer), serves to

lower water levels and water tables and create or maintain hydrological

drought. If this condition persists after a considerable time, in most cases,

groundwater drought sets in.

A drought usually encompasses lengthy periods of high temperatures,

often accompanied by winds and, in many places, dust storms and wild-

fires. At first, evapotranspiration levels are high, but they may drop as

surface water volumes and soil moisture levels are depleted and high soil

moisture deficits are created. Streamflow is reduced and water quality may

be substantially altered, due to processes both in the catchment and in the

water bodies. Changes in water quality in both standing and flowing

systems may stress the biota.

5.3 Drought and effects on catchments

With drought, catchment plant covermay be steadily reduced and littermay

accumulate on the ground. Inputs of water, ions, nutrients and dissolved

organic carbon to streams and standing waters decline. As soils dry, their

surfaces may crack, especially in peaty and clay soils, and air (and oxygen)

can penetrate much deeper than normal, increasing the aerobic decompo-

sition of detritus and the oxidation of chemicals such as nitrogen com-

pounds. Nitrates from natural sources, such as from plant decomposition

and nitrification, can accumulate in sediments. Furthermore, nitrates from

human sources, such as atmospheric pollution (generated by automobile

exhausts) and from fertilizers, may also accumulate in soils, especially those

of wetlands (Reynolds & Edwards, 1995; Watmough et al., 2004).

Sulphur dioxide generated by smelters and the burning of low grade coal

forms acid rain that delivers sulphur to catchments andwetlands downwind

of the polluters. Normally, in the high water tables and oxygen-deficient
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reducing conditions of wetlands, sulphur is stored as sulphides (Dillon et al.,

1997; Schindler, 1998). However, under drought conditions, with the

lowering of the water table, the reduced sulphur is oxidized to sulphates

(e.g. Hughes et al., 1997; Dillon et al., 1997; Warren et al., 2001) and, with

the outflow from the wetland restricted or stopped, these sulphates may

accumulate, with subsequent formation of sulphuric acid. The water in the

wetlands thus becomes acidic (pH �4) (Adamson et al., 2001; Clark et al.,

2006), and this may serve to increase the concentration of dissolvedmetals,

in particular aluminium, zinc, lead, copper and nickel (Tipping et al., 2003).

Similarly, as described later in this book in the case of floodplain wetlands

(see Chapter 7), the drastic lowering of water levels in floodplain lagoons

during drought can give rise to the oxidation of sulphides and the production

of highly acidic conditions when water levels rise.

In catchment soils during drought, especially those with large amounts of

particulate organic carbon, such as peat bogs, dissolved organic carbon

(DOC) can build up. Under normal climate conditions the DOC is delivered to

downstream water bodies, but in drought this delivery can be reduced. The

accumulation favoured by aeration, the decline of the water table and

increased soil temperatures is largely the result of increased phenol oxidase

activity (Freeman et al., 2001a, b). Consequently, in the reduced volume of

water in wetlands, the concentration of DOC can rise during drought

(Worrall et al., 2006; Eimers et al., 2008). This increase may be tempered

in wetlands with high sulphur concentrations that are oxidized to sulphates

during drought. Under these circumstances, the sulphates, in increasing the

acidity by forming sulphuric acid,may serve to inhibit the production of DOC

(Clark et al., 2006). However, as Eimers et al. (2008) have suggested, the

strong inverse relationship between sulphates and DOC concentrations

may be more a function of hydrology, with low drought flows reducing

DOC export from wetlands.

While most readers will be familiar with the importance of primary

production in water bodies, it is increasingly being recognized that DOC,

both allochthonous (from the catchment) and autochthonous (produced in

the water body) can be a major driver of aquatic metabolism in both lentic

and lotic ecosystems:

. Lentic systems can contain such amounts of DOC that it is their most

significant carbon component (Wetzel, 2001).
. It has come to be accepted that DOC is the ‘major modulator of the

structure and function of lake ecosystems’ (Sobek et al., 2007).
. Its humic compounds impart colour to lakes, and thus DOC increases

heat absorption and influences photosynthesis by absorbing PAR (photo-

synthetically available radiation).
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. The radiation-absorptive capacity of DOC can also moderate inputs of

damaging UV radiation (Scully & Lean, 1994).
. DOC contributes to the food web of lakes as it is metabolized by bacteria,

which in turn may be consumed by protozoans (Wetzel, 2001).
. It is also of metabolic importance in lotic systems and even estuaries

(Battin et al., 2008).
. In streams, DOC is a major fuel for organisms, predominantly bacteria,

living in biofilms on surfaces.

Changes caused by drought in catchments and their soils, such as those

outlined above, constitute a prelude to the abiotic events that occur when

drought breaks, water tables rise and downslope flows return. However,

these changes illustrate the widespread effects of drought across ecosystems

and indicate that drought can serve to generate other disturbances besides

those encompassed in the drying of aquatic ecosystems.

5.4 Riparian zones and drought

Between the terrestrial hinterland of a catchment and thewater body lies the

riparian zone. This zone is found around standingwater bodies, but it has not

received anywhere near the same scientific attention as the riparian zone of

lotic systems. It is usually identified by its distinctive vegetation, and it serves

as a critical ecotone or boundary ecosystem (Naiman & D�ecamps, 1997). In

steep erosional streams, riparian zones can be narrow, but along large

meandering lowland rivers, riparian zones comprise the floodplain (Mac

Nally et al., 2008). The large scale of the floodplain as the riparian zone may

worry some, but it is the floodplain that is periodically flooded and which

interacts with the river channel.

The riparian zone is crucially important as a mediator in the transactions

of energy, sediment, nutrients and biota between the river and its catch-

ment. From the catchment, in both periodic surface runoff and in ground-

water, riparian zones receive inputs of soluble chemicals –inorganic ions and

nutrients and organic dissolved organic matter (DOM) or carbon (DOC)

(Naiman & D�ecamps, 1997; Fisher et al., 2004). Riparian zones also receive

sediments from their catchments. These sediments are captured and che-

micals may be arrested, transformed (e.g. denitrification) or taken up by the

vegetation (Naiman & D�ecamps, 1997; Naiman et al., 2005; Jacobs et al.,

2007). Depending on the strength of inputs (e.g. sudden heavy storms),

matter from the catchments may move through the riparian zone

largely unaltered, and this particularly occurs when the riparian zone has

been degraded.
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The riparian zone vegetation provides both fine (FPOM) and coarse

(CPOM) particulate organic matter to streams, which may be the basic

feedstock for the trophic web of streams (e.g. Reid et al., 2008). In addition, it

provides wood in the form of logs and branches to water bodies, which then

becomes valuable habitat. Invertebrates of the riparian zone may form an

important prey subsidy for the fauna, notably fish, of the water body, and

conversely hatching insects may be a prey subsidy for riparian invertebrates

(e.g. spiders) and birds (Ballinger & Lake, 2006).

In drought, the inputs of water, sediments and chemicals to the riparian

zone are greatly reduced (e.g. Jacobs et al., 2007). With the loss of water

and drying of the soil, decomposition may slow, and there is a reduction

in the rates of nutrient processing (although, as in the case of nitrogen,

dry periods may allow the breakdown of organic nitrogen complexes

(Pinay et al., 2002)).

The water table of a riparian zone may be maintained from three sources:

water from the adjoining hinterland, water from the stream channel and

water from aquifers. The effects of drought on the zone may take time to

become evident, as declines in groundwater levels are likely to set in long

after hydrological drought affecting surface waters has become firmly

established. Water from the hinterland, and from the channel in particular,

may be greatly reduced, resulting in a lowering of the water table which, in

long droughts, may take it below the level of the root zone of riparian trees.

For example, in the 1997–2010 drought in south-eastern Australia, the

water table of a riparian floodplain of theMurrayRiver dropped tomore than

15m –much deeper than the effective root zone (9 m) of the dominant tree,

river red gum Eucalyptus camadulensis (Horner et al., 2009). In this situation,

with time, tree death occurs.

Most of the available information on the impacts of drought and other

forces which reduce streamflow and lower groundwater tables on riparian

vegetation comes from studies carried out in western North America,

especially the south-west (e.g. Scott et al., 1999; Lite & Stromberg, 2005;

Stromberg et al., 1996, 2005), with cottonwoods (Populus spp.) being a

major focus. For these trees, there is a considerable amount of information

on physiological and morphological drought-stress responses (Rood et al.,

2003), induced mostly by river regulation and water extraction and not by

natural droughts. Physiological responses to drought include stomatal

closure, reduction in transpiration and photosynthesis and xylem cavita-

tion, while morphological responses include reduced shoot growth, branch

sacrifice and crown die-back (Rood et al., 2003).

Cottonwoods in alluvial sand riparian zones were subjected to manipu-

lated water table declines similar to those produced by drought (e.g. Scott

et al., 1999; Amlin & Rood, 2003). Such declines produced extensive leaf
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senescence, leaf desiccation, branch dieback and abscission (Scott et al.,

1999; Amlin & Rood, 2003) in the short term, and decreases in live crown

volume and stem growth, with high (88 per cent) mortality in three years

(Scott et al., 1999).

In a model of riparian cottonwood forest condition and hydrological flow

regimes developed by Lytle &Merritt (2004), the flood frequencywas critical

to recruitment and stand development, and ‘multiple drought years’ could

greatly reduce, if not eliminate, cottonwood populations and thus create

vacant habitat. Into such vacant habitat, the drought-tolerant saltcedar

Tamarix ramosissima may invade, especially along rivers with flow regula-

tion and riparian zones occupied by the Fremont cottonwood (Populus

fremonti) and Goodding’s willow (Salix gooddingii) (Stromberg, 1998; Lite

& Stromberg, 2005). Tamarix is well adapted to deal with droughts (Nippert

et al., 2010) and the high salinities which may occur in the groundwater of

streams in semi-arid and arid environments (Vandersande et al., 2001).

The effects of drought on riparian trees is to reduce productivity, transpi-

ration and photosynthesis, shoot growth and leaf area, and to induce branch

sacrifice and crown die-back, all of which reduces both the quality and

quantity of food resources available to consumers (both terrestrial and

aquatic). Thinning of the canopy may reduce shading and expose the water

body to greater light and heat. Seedling recruitment ofmany riparian trees is

dependent on the provision of floods, and there is likely to be highmortality if

there is a drought in their first few years, (e.g. Lytle & Merritt, 2004).

Drought not only affects the dominant riparian trees, but also the ground

cover of herbs and grasses. In extended drought, the riparian zone may be

invaded by drought-tolerant plants from the surrounding hinterland (Jacobs

et al., 2007). In riparian zones with normal perennial flow, there may be a

high diversity of hydric perennials and annuals (Katz et al., 2009), whereas

in riparian zones with intermittent flow (Stromberg et al., 2005), and

when exposed to a supra-seasonal drought, the cover is lower in species

richness and is dominated by mesic annuals. During drought, the riparian

zone in many places is increasingly occupied by large wild or domestic

herbivores (e.g. Jacobs et al., 2007; Strauch et al., 2009) which can destroy

vegetation, cause erosion and increase nutrients by their excretion.

In drought, along lowland streams in pastoral areas in south-eastern

Australia, there is a steady increase in both litter and in bare ground (Lake

(personal observation)). These changes lower the retentive capacity of the

riparian zone when surface runoff returns with the breaking of the drought.

This degradation serves to increase erosion, sediment entrainment and

nutrient loads in streams, and it is a clear example of how the effects of

drought can be greatly exacerbated by other disturbances, such as over-

grazing by large herbivores.
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5.5 Sequence of changes in water bodies with drying

In all types ofwater bodies, drought reduces the volumeofwater (Figures 5.1

and 5.2). In standing water bodies, the morphology of the basin strongly

determines the spatial pattern of drying.

The rate of water loss with evaporation is related to both surface area and

volume of exposed water bodies. In any one region, small bodies of water,

such as phytotelmata and shallow pools, usually dry out long before

nearby lakes. In many water bodies, such as shallow lakes and ponds,

volumes can decrease more slowly than surface areas. For example, in large

moorland pools subjected to drought, a 1mdrop in depth resulted in losses of

3 per cent in volume and of�15 per cent in surface area (Van Dam, 1988).

In ponds and shallow lakes, with their small volumes, relatively larger

surface areas and increased turbidity (from suspended sediments

and phytoplankton), temperatures, especially in surface layers, can rise

(Williams, 2006). If the water body is clear, heat may be absorbed in the
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Figure 5.1 General changes in selected abiotic variables (water temperature, dissolved

oxygen concentration, conductivity, turbidity, nitrogen and phosphorus) with declines

in volume in lentic systems through drought andwith re-wetting and re-filling in drought

recovery. The trends may differ considerably between different lentic systems.
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bottom sediments, which also raises water temperatures. The relatively

large surface area to volume ratios in ponds and shallow lakes means that

temperatures may be high in the day and can drop rapidly at night, further

taxing the biota. The increase in temperature, especially at the surface, may

serve to create stratification, albeit transiently in small water bodies (e.g.

Eriksen, 1966).

With the loss in water volume in both lentic and lotic systems, in terms of

biota the initial phase is dominated by the loss of habitat, for example the loss

of riparian and littoral habitats (see Figures 5.1 and 5.2). This not only

reduces biodiversity but also may produce severe declines in both primary

and secondary production. In the second phase of drying, the decline in

water quality becomes a key force challenging the biota, while habitat

availability continues to shrink.

With the drawdown of natural lentic systems, the highly productive and

habitat-rich littoral zone becomes disconnected from the waters and ex-

posed, with damaging effects on the aquatic biota – especially the sedentary
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Figure 5.2 General changes in selected abiotic variables (water temperature, dissolved

oxygen concentration, conductivity, turbidity, nitrogen and phosphorus) with declines

in volume in flowing waters through drought and with the recovery to normal flow

volumes. These trends are a guide andmay be quite different under different conditions in

various streams.
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components (Figure 5.1). The morphology of lakes will have a strong

influence on the effects of this drawdown. Those with extensive shallow

littoral zones and wetlands (e.g. Lake Chad – see Carmouze & Lemoalle,

1983; Dumont, 1992) may, with a small drop in depth, lose a large amount

of important littoral habitat and surface area. In contrast, deep lakes which

have steep shores (e.g. Lake Baikal) may lose their narrow littoral zone but

only a little of their surface area (Wantzen et al., 2008). Many lakes have

shallow and extensive littoral zones and a deep basin, and thus droughtmay

expose extensive areas of the shallows, but not greatly affect the volume of

the deep basin(s) (e.g. Lake Constance and Lake Titicaca).

Droughts are often associated with an increase in the duration of windy

periods, further increasing evaporativewater loss and increasing the erosive

power of waves and turbidity around their shores. With the shoreline of

shallow lakes retreating away from the littoral zone, fine sediments can be

exposed to the wave zone and be re-suspended (L�evêque et al., 1983;

Søndergaard et al., 1992; Hofmann et al., 2008), increasing turbidity,

releasing nutrients, reducing light availability and potentially increasing

water temperature (Figure 5.1).

As the water level declines along lake shores, groundwater seeps may

become very evident (Wantzen et al., 2008). Such seepages can enrich the

adjoining lake water, creating patches of high algal and bacterial growth.

Similarly, nutrients from groundwater seeping into drying streams may

stimulate autotrophic production (Dahm et al., 2003).

Lentic water bodies may suffer from droughts that begin to become

evident in summer or the dry season. The drought may be due to the failure

of winter or wet season rains. However, droughts can occur in winter due to

previous failures in normal precipitation, such as may occur for lakes of the

North American Great Plains region (McGowan et al., 2005) and for lakes in

central Europe (e.g. Lake Constance – see Werner & Rothhaupt, 2008;

Baumg€artner et al., 2008). In this case, with antecedent low precipitation,

lake levels drop, exposing the littoral zones and their biota to freezing and

ice scouring. Such freezing may kill littoral benthos such as mussels

(e.g. Werner & Rothhaupt, 2008) and, with ice completely covering the

lake, oxygen levels may so decline as to induce fish kills (Gaboury & Patalas,

1984).

As a lake is drawn down in drought, then, depending on the morphology

of the basin, a hitherto continuous volume ofwatermay become divided into

isolated pools or even basins. For example, in Lake Chad in central Africa, a

long drought started in 1973. As the drought developed, the lake started to

contract (Carmouze & Lemoalle, 1983), separating the northern basin from

the southern (Figure 5.3). In the northern basin, as drying set in, turbidity

rose sharply and oxygen concentrations varied greatly, ‘with frequent

periods of anoxia’ (Carmouze et al., 1983). Later, the northern basin dried
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out, while the southern basin retained water, albeit with a great drop in

surface area (Carmouze et al., 1983).

In shallow lakes, and to a much lesser extent in deep lakes, significant

changes in abiotic variables occur with drying (Figure 5.1). As volume

declines and the lake shallows, major changes can occur in water tempera-

ture, dissolved oxygen, conductivity (salinity), turbidity andmajor nutrients

(e.g. nitrogen and phosphorus). The re-wetting and filling of shallow lakes

tends to be more rapid than the drying. In the initial stages of re-wetting,

many abiotic variables undergo major changes as indicated by sharp

increases. Thus, dissolved oxygen concentration, conductivity, turbidity

and macro-nutrient concentrations may reach peak values, from which, as

water volume increases, there are progressive declines to the normal long-

term values (Figure 5.1).

As a stream enters drought, water volume and depth drop and areas

of high velocities decrease in area. (Figure 5.2). Normal shallow sections

(e.g. riffles) can be so reduced in depth that they become barriers to the

movement of fauna, especially fish (e.g. Schaefer, 2001). This step may

occur shortly after the stream level drops away from the littoral edge or the

toiche zone (Everard, 1996; Figure 5.2). As volume declines further, breaks

can start to occur in longitudinal connectivity as shallow patches such as

riffles and runs dry up, leaving pools. Some pools, especially deep ones, may

be maintained by groundwater flows, whereas others steadily shrink

through evaporation.

With the creation of lentic conditions, water quality may steadily or even

rapidly deteriorate. Pools persisting in drought and unshadedmay gain heat
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Figure 5.3 The parting of the basins (northern and southern) of Lake Chad in August

1973 as droughts set in. The southern basin maintained water all year, but water

was only present in the northern basin during each annual wet season. (Redrawn from

Figure 10, page 329 of Carmouze et al., 1983a.)
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and become too hot for much of the fauna (e.g. Mundahl, 1990). Due to

decomposition of organic matter and respiration by the pool inhabitants,

combined with high temperatures, pools may reach very low oxygen

concentrations that can kill most aquatic animals (e.g. Tramer, 1977).

Frequently, hypoxia andhyperthermiamay occur together. Pools in streams

and on floodplains can contain large amounts of particulate organic matter,

the decomposition of which can create ‘blackwater’ conditions, with

high DOC levels accompanied by low oxygen and high carbon dioxide

concentrations (e.g. Slack, 1955; Paloumpis, 1957; Larimore et al.,

1959; McMaster & Bond, 2008). Finally, pools dry, leaving moist sediments

that, with time, become dry sediments.

The changes that occur in stream pools with drought are similar to those

that occur in pools and ponds of lentic systems. Although drought is a ramp

disturbance, the eco-hydrological response occurs as a series of steps or

thresholds are crossed in both lentic and lotic systems, isolating or removing

habitats with their associated biota (Boulton, 2003; Boulton & Lake, 2008).

Again, as in lakes, in streams with drying there are distinct trajectories in

the levels of abiotic variables. In the early stages of drying, habitat loss is

paramount, while in the later stages, habitat space continues to decline but

water quality emerges as a decisive force (Figure 5.2). Major changes occur

in water temperature and in the levels of dissolved oxygen when flow ceases

and pools form. In flowing waters, with pool formation, the levels of

particulate organic matter (POM), and especially dissolved organic matter

(DOM) can rise substantially. Indeed, as described above, the combination of

increased water temperatures, high levels of dissolved organic and low

oxygen levels can be toxic.

The breaking of droughts in streams tends to be far more rapid than the

onset of drought. In many cases, floods may break the drought, especially in

streams with relatively impervious catchments. With channel re-wetting,

and in the initial stages of recovery, there may be early peaks in both POM

and DOM, and in nitrogen and phosphorus, when pools start to be filled

(Figure 5.2). Conductivity may rapidly drop from a high value to return

to normal expected levels. Dissolved oxygen levels may be lowered by the

sharp increase in metabolism as pools are filled, but may then stabilize as

flow returns.

In supra-seasonal drought in floodplain rivers, water in the channel may

recede from the littoral edge. More seriously, lateral connectivity with the

river’s floodplain may be cut for years. If this happens, floodplain wetlands

may dry up, but in thosewetlands that persist, severewater quality problems

can occur, such as stratification, high temperatures and deoxygenation.

Streams, particularly low-order ones, can dry in four basic spatial pat-

terns. The most common form occurs when the headwaters of a stream dry
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and flow continues downstream. This pattern is common and means that

the biota of headwater streams may be adapted to periods of intermittent

flow, to which downstream biota are never exposed. In some cases, the

downstream part of a stream dries, but the upper sections may continue to

hold water due to springs, or to the fact that the stream flows out of a

relativelywell-watered section to a lower section onpervious substrate, such

as streams flowing out from mountains into deserts.

In some unusual cases, a streammay become dry in its middle sections.

For example, creeks in central Victoria, Australia, have their middle

sections filledwith sand slugs created by severe erosion in their headwaters

(Davis & Finlayson, 1999). In drought, the upstream and the downstream

sections hold water, but the middle sections consist of channels full of dry

sand (Bond & Lake, 2005). In some streams, especially those of low

gradient and with intricate channels, drought may leave pools with water

interspersed with dry stretches. For example, in a low gradient, lowland

creek, drought gave rise to a series of pools with variable durations (Perry &

Bond, 2009). The likelihood of a river drying into sections and longitudinal

connectivity being severed declines as the flow volume of a river increases.

Even so, in severe drought, sections of major rivers can become dry, such as

the River Murray in the severe 1914–15 drought (Sinclair, 2001). The

pattern of drying along a stream channel will largely determine the

availability of refuges for water-dependent animals such as fish. Overall,

it appears from the literature that the most common form of stream drying

is that where the low order headwater streams dry and the higher order

downstream stream sections have water or, in extreme cases, dry out after

the headwaters.

5.6 Changes in water quality with drought in lentic systems

The changes in water quality with drought are more dramatic in both lentic

and lotic systems that normally have small volumes of water. Without

drought, in small water bodies such as ponds, oxygen concentrations

can fluctuate diurnally, being high in the day through photosynthesis and

low at night through respiration. With drought serving to increase the

levels and diel range of water temperatures, dissolved oxygen may be

depleted, especially in systems with relatively high levels of phytoplankton

and bacteria.

Along with a decrease in oxygen, carbon dioxide levels may be altered by

the loss of water. Depletion of carbon dioxide by phytoplankton photosyn-

thesis may lower concentrations, while temperature-augmented benthic

decomposition can increase dissolved carbon dioxide concentrations.
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During a severe seasonal drought, in a pond in the Big Cypress Swamp,

Florida, Kushlan (1974a) found that dissolved oxygen was only available in

the thin upper surface layer, and carbon dioxide concentrations increased

from 16.8mg per litre at the surface to 98mg per litre at the bottom (depth

40 cm) (Figure 5.4). The increase in carbon dioxide concentration with

depth was accompanied by an increase in acidity. Coincident with these

conditions was a major fish kill, with only 6 of 22 species and 0.6 per cent of

total fish populations surviving (Kushlan, 1974a).

With evaporation causing water loss, salinity (conductivity) can rise

(Figure 5.1). If the water body is isolated from the surrounding water table,

salinitymay rise, but if the drying of thewater body is by the retraction of the

water table along with evaporation, salinity may only rise slightly. The

effects of drought on salinity (conductivity) are dramatically exemplified by

the changes in two African lakes, Lake Chad and Lake Chilwa. In the

northern basin of Lake Chad, as drought set in from 1973 to 1978 the

salinity (already high) rose from 1,000mg l�1 to 3,000mg l�1 (Carmouze

et al., 1983). In Lake Chilwa, in the 1967–68 drought, salinity rose from

870mg l�1 to 11,000mg l�1 (McLachlan, 1979a; Figure 5.5) On the

Pongolo floodplain in Botswana in the 1983 drought, some floodplain

lagoons (pans) became saline due to the input of saline groundwater seepage

as water levels dropped, whereas others became saline due to evaporation

and drying reaching maximum salinities in the range of 18–30 g l�1 (White

et al., 1984).

Drought increases dissolved salt concentrations in systemswith relatively

high calcium and free carbon dioxide/bicarbonate/carbonate concentra-

tions, such as in hard water lakes, causing calcium carbonate to be

precipitated as calcite (Cole, 1968; Wetzel, 2001; Cohen, 2003). Thus, as
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Figure 5.4 Hostile conditions in dissolved oxygen concentrations, carbon dioxide

concentrations and pH in a pond in Big Cypress Swamp, Florida, that resulted in a fish

kill. (Redrawn from Figure 1 of Kushlan (1974a).)
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water levels dropped in Lake Chilwa, turbidity, alkalinity and pH (�10.8)

increased and calcite was precipitated (McLachlan, 1979a). Such loss of

calcium from the water column causes a proportional increase in concen-

trations of magnesium and sodium. Because of this, changes in the Mg/Ca

ratio in deposited fossil carbonatemay indicate past droughts (Cohen, 2003,

Russell & Johnson, 2007).With increasing ion concentrations in some lakes,

such as Lake Chichancanab Mexico, calcium sulphate can also be precipi-

tated with water loss (Hodell et al., 2005).

In standing waters, when drought lowers water volumes and depths,

changes in nutrient dynamics in the water column can be expected, but

surprisingly this area remains relatively unstudied. For example, in a long-

term study (1964–2001) of Lake Vortsj€arv, a small, shallow lake, in

Estonia, Nõges et al. (2003) found that low lake levels in the 1976–77

European drought did not cause total nitrogen in the water column to

change significantly, whereas total phosphorus concentrations doubled to

�80mg m–3 and the TN/TP mass ratio declined.

In Turkey, in the shallow and eutrophic Lake Eymir, after two years of bio-

manipulation, a severe drought set in and there were marked increases in

salinity and conductivity as a function of the sharp rise in hydraulic

residence time (i.e., the lake volume divided by the volume of water flowing

into the lake per unit time) (Beklio�glu, 2007; Beklio�glu & Tan, 2008).

With drought reducing inputs to the lake, nutrient processes became less
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Figure 5.5 Changes in conductivity (dissolved salts) and depth in Lake Chilwa,Malawi,

before, during and after the severe drought in 1967–1969. (Redrawn from Figure 4.2,

page 67, in Kalk et al., 1979.)
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dependent on external loading andmore controlled by internal forces. Thus,

there were increases in the water column of total phosphorus due to re-

suspension of bottom sediments – a process found in shallow lakes and

reservoirs with decreases in depth and the breakdown of stratification (e.g.

Søndergaard et al., 1992;Naselli-Flores, 2003; Boqiang et al., 2004; Baldwin

et al., 2008). As the drought progressed, anoxic conditions became estab-

lished due to an increase in phytoplankton (cyanobacteria) production and

benthic decomposition and therewere fish kills (Beklio�glu, 2007). Under the
anoxic conditions, concentrations of ammonium salts increased, and this

ammonification greatly reduced nitrification and denitrification (Beklio�glu,
2007; Beklio�glu & Tan, 2008). With the breaking of the drought, both total

phosphorus and soluble reactive phosphorus concentrations declined and

concentrations of dissolved inorganic nitrogen rose (Beklio�glu&Tan, 2008).

Thus, in eutrophic shallow lakes, as clearly exemplified by the changes in

Lake Eymir, the reduction in water levels with drought can induce processes

that increase nutrient concentrations, which in turn stimulates high

phytoplankton production, especially of cyanobacteria, and may even lead

to anoxia. The anoxic conditions, in turn, create dramatic changes in

nitrogen processing (ammonification), which further lowers water quality.

Nutrient concentrations can be also expected to rise in shallow systems due

to increased bioturbation of the bottom sediments by the increased densities

of such fauna as fish and crayfish (Covich et al., 1999).

Although data are scarce, it appears that in oligotrophic lakes, provided

there are not dramatic changes in depth and volume, drought does not lower

water quality to levels that would tax the biota, though slight changes may

favour particular biota, e.g. phytoplankton. For example, in an alpine lake

exposed to a severe drought (2002, the driest in 110 years), summer surface

water temperatures and hydraulic residence times increased (Flanagan

et al., 2009). Conductivity, acid-neutralizing capacity and concentrations

of calcium, potassium, chloride and sulphate all rose, but not markedly. In

contrast, during the drought, silica concentrations declined quite signifi-

cantly. This change was undoubtedly due to its uptake by high densities of a

species of hitherto rare diatom, Synedra sp. (Flanagan et al., 2009).

In the 1980s, droughts occurred on the Boreal Shield of western Ontario,

specifically in the region of the Experimental Lakes Area (Schindler et al.,

1990; Findlay et al., 2001). These lakes are dimictic (stratifying twice a year)

and oligotrophic. Their responses to drought, both abiotic and biotic, were

temporally coherent (Magnuson et al., 2004). During drought, the length of

the ice-free season, the depth of the thermocline, Secchi depth and water

residence depth increased as precipitation and direct runoff declined

(Schindler et al., 1990). With the decline in direct runoff, the DOC con-

centrations in the lakes declined and so did light attenuation, resulting in an
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increase in the depth and volume of the euphotic zone (Findlay et al., 2001).

Even with these changes, the concentrations of nitrogen and phosphorus

were low and did not change significantly with drought.

Lakes in the same localitymay vary greatly in response to drought andnot

be temporally coherent. James (1991) studied ten shallow acidic lakes in

Florida,withfivebeingclearoligotrophicsystemsandtheotherfivebeingdark

dystrophicsystems.The lakesweresampledduringandafteraseveresummer

drought. In theclear lakes,bothduringandafter thedrought, therewereonly

small changes in acidity andwater temperature, but significant decreases in

sulphateandnitrate.Nochangesoccurred in total bacteria,DOC,oxygenand

chlorophyll-a concentrations. However, in the dystrophic lakes during

drought, total bacteria and chlorophyll-a were greatly reduced, while DOC

increased almost fourfold (from 7.4 to 28.4mg l�1), acidity more than

doubled and pH dropped from 4.7 to 4.3. The main effect of drought in the

dystrophic lakes was to increase DOC levels and acidity, which may have

inhibited the growthof bacteria andphytoplankton. James (1991) examined

the relationships between DOC and bacteria and chlorophyll-a, which sug-

gested that at high concentrations of DOC, both bacteria and chlorophyll-a

(phytoplankton) were inhibited. Whether the increased levels of DOC that

can occur in pools serves to inhibit phytoplankton production is uncertain.

Although this study showed that DOC concentrations in lakes can rise

with the advent of drought to levels that inhibit bacterial growth, in some

lakes, drought may cause DOC concentrations to decline (Schindler et al.,

1997). This may be due to either a drop in DOC inputs because of low runoff

volumes, or to increased breakdown of DOC (possibly by increased UV

radiation in drought) in the lake – or perhaps both (Schindler et al., 1997;

Sobek et al., 2007).

In summary, by lowering depths, volumes and surface areas, drought in

standingwaters can causemajor changes in basicmorphology, temperature

regimes, turbidity, suspended solids, water chemistry and nutrient concen-

trations (Figure 5.1). The initial conditions of shallow lakes can exert a

strong influence on the nature of changes due to drought, and variation in

initial conditions between water bodies can generate different responses in

any one region. For deep lakes, there is a dearth of reports on how they are

affected by drought, but effects would probably not be nearly as substantial

as those induced in shallow lake systems.

5.7 Drought in connected lakes

As drying occurs in the catchments of lakes, water inputs from streams are

greatly reduced. Lakes in a catchment may be linked by both surface and
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groundwater flows. During drought, the surface water links may be greatly

reduced, while the groundwater connections remain. The importance of

inter-lake connections is exemplified in the long-term study of a series of

lakes – a ‘lake district’ in northern Wisconsin (Soranno et al., 1999). The

lakes are spatially separated, but they are hydrologically linked by surface or

groundwater flow paths. Important in the influence of flow paths on the

chemical properties of such lakes is landscape or hydrological position

(Webster et al., 1996; Kratz et al., 1997; Soranno et al., 1999). Lakes at

high elevation in the landscape are strongly dependent on water and

chemical inputs from precipitation rather than groundwater flows, whereas

lakes at lower elevation in the same landscape receive water and chemical

inputs from both precipitation and groundwater.

Interestingly, the nature of these elevational differences became evident in

a four-year drought (Webster et al., 1996; Kratz et al., 1997; see Figure 5.6).

During the drought, because of a deficit in precipitation, lakes high in the

landscape (the ‘hydraulically mounded lakes’) received reduced inputs of

water and still lost water to evaporation and groundwater flow. Lakes lower

in the landscape (the ‘groundwater flowthrough lakes’ received similar

reductions in precipitation, but groundwater inputs were maintained,

whereas the lowest set of lakes (‘the drainage lakes’) received both surface

runoff and groundwater inflows from the ‘groundwater flowthrough’ lakes.

A significant outcome of this elevational gradient was that calcium and

magnesium masses were diminished in the high-elevation, precipitation-

dominated lakes and increased in the low-elevation, groundwater-domi-

nated lakes and drainage lakes (Webster et al., 1996; Kratz et al., 1997).

Thus, in this system, extended droughts may so reduce calcium and

magnesiummasses that calcium concentrations can drop below the thresh-

olds for calcium-dependent fauna such as snails and crayfish (Kratz et al.,

1997).

Lakes in a landscape responding to the stress of supra-seasonal drought

may show uniform temporal coherence (high inter-lake correlation)

(Magnuson et al., 2004) in variables such as temperature and chemical

concentrations, and there may be structured coherence between the lakes,

depending on the nature of the hydrological linkages (Magnuson et al.,

2004). This case stresses the points that even when drought has caused

surface water movements to cease, groundwater connections may still

be operating in a landscape, and that connections between water bodies

in drought may heighten variability in essential components (e.g. ions)

betweenwater bodies in a catchment.With the breaking of drought in these

lakes, the lower drainage lakes may recover faster than the groundwater

flowthrough lakes, due to the increased precipitation affecting surface

drainage long before groundwater flows. Recovery from drought and cation
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depletion in thehigh ‘hydraulicallymounded lakes’would probably bemuch

slower than in the lower lakes, due to cation inputs being very strongly

dependent on precipitation.

5.8 Drought and water quality in flowing waters

Drought can change the water quality of streams in three ways: through

changes in the water from the catchment moving into streams; or

by changes occurring within the stream channel; or by both of the above

changes interacting together. As drought progresses, the two latter sources

of change becomemore important than the former. Changes in chemistry in
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Figure 5.6 Drought across connected lakes in a catchment linked by groundwater

pathways, showing the progressive movement of calcium andmagnesium from elevated

‘hydraulically modified lakes’ via ‘groundwater flowthrough lakes’ to ‘drainage lakes’

which receive both groundwater and surface runoff. (Redrawn from Figure 1, page 978,

in Webster et al., 1996.)
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catchments due to drought can result in major, if not dramatic, changes in

water quality when the drought breaks and aquatic links between the

catchment and the stream are restored.

In drought, as flow is reduced and air temperatures rise, stream water

temperatures can rise above normal levels (Figure 5.2) and extend

beyond normal durations (e.g. Ladle & Bass, 1981; Boulton & Lake,

1990; Caruso, 2002; Sprague, 2005), which in turn can stress fish and

invertebrates (e.g. Quinn et al., 1994; Elliott, 2000) and may result in fish

kills (e.g. Huntsman, 1942; Brooker et al., 1977). The increase in tempera-

ture can lower oxygen concentrations by reducing its solubility and

stimulating decomposition. Low oxygen concentrations can create hypoxic

conditions, which, combined with high temperatures, may severely stress

and kill fauna, especially fish (Brooker et al., 1977; Smale & Rabeni, 1995;

Elliott, 2000; see Figure 5.7).

A consistent characteristic of drought in streams is the increase in

conductivity (salinity) (e.g. Foster & Walling, 1978; Boulton & Lake,

1990; Schindler, 1997; Sprague, 2005; Zielinski et al., 2009) as a result

of decreased dilution, increased evaporation and increased residence time of

subsurface water that discharges as baseflow (Caruso, 2002). Fluctuations
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Figure 5.7 Water temperatures and dissolved oxygen concentrations in the RiverWye

at Kerne Bridge,Wales, UK in the summer of the 1976 drought, inwhich the low oxygen

concentrations and high temperatures resulted in major fish kills of Atlantic salmon.

(Redrawn from Fig. 4, page 414 in Brooker et al., 1977.)
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can occur even on a daily basis. Kobayashi et al. (1990) found that due to

evapotranspiration during drought, daytime streamflow and conductivity

were reduced in a small, forested stream in Japan. This effect appeared to

be due to ion-poorer groundwater flow being themajor source of streamflow

in the day, while at night, the ion- richer throughflow (interflow) exerted

an influence.

Depending on the nature of the catchment, changes in conductivity may

be accompanied by changes in pH. For example, with forested streams in

catchments with limestone and sandstone in Colorado during the 2002

drought, Sprague (2005) recorded more alkaline pHs, due possibly to

decreased dilution of the groundwater.

Concentrations of particular nutrients and ions show varying response to

drought. During drought in an English chalk stream, concentrations of

potassium and soluble phosphates increased, while nitrate concentrations

did not change (Ladle & Bass, 1981). Similarly, in the 1976 drought in

Devon, England, there was no significant change in nitrate concentrations

in several small streams (Foster & Walling, 1978; Walling & Foster, 1978;

Burt et al., 1988). In streams in New Zealand with a severe drought

(1998–1999), Caruso (2002) found that both total phosphate and total

nitrogen concentrations decreased, even though the streams were in

agricultural landscapes. The declines were attributed to greatly decreased

non-point source runoff.

A similar situation occurred during drought in Georgia, USA (Golladay &

Battle, 2002). Concentrations of particulate organic matter (POC), particu-

late inorganic matter (PIM), DOC, dissolved inorganic nitrogen (DIN) and

soluble reactive phosphorus (SRP) all declined in lowland streams. This

decline was attributed to the severing of aquatic links between the creeks

and their sources in forests (Golladay & Battle, 2002). In Polish streams in

drought (2000), calcium and bicarbonate concentrations rose, while DOC

concentrations greatly declined due to the weakening of linkages between

streams and their catchments (Zielinski et al., 2009).

The weather conditions of drought, in drying the vegetation and produc-

ing high temperatures and winds, increase the risk of wildfires. Drought

creates effects in streamchemistrywhich can be accentuated bywildfire. For

example, in streams in north-western Ontario, Bayley et al. (1992) found

that a wildfire increased acidity (pHs moved from 5.15 to 4.76) and

concentrations of sulphates and base cations (calcium, magnesium), caus-

ing a decline in acid-neutralizing capacity. These strong effects persisted for

several years after wildfire. Drought produced similar effects, but not of the

same strength (Bayley et al., 1992). Williams & Melack (1997), studying

montane Californian streams, found that fire increased stream concentra-

tions of sulphate, chloride and nitrate and, to a lesser extent, base cations.
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Drought increased concentrations of calcium, sodium, sulphate and acid,

neutralizing capacity, possibly as a result of reduced dilution by stream

water. Silicate concentrations dropped during the drought, possibly due to

much less weathering. Wildfires during drought may exacerbate the effects

of drought, compromise the recovery capacity of catchments and limit

the recovery of stream biota from the combined disturbances of drought

and wildfire.

During drought, DOC concentrations in soil, especially peat,may increase,

but flux and concentrations in streams can decrease due to low water levels

to mobilize the DOC. In an experiment simulating summer drought in a

peatland stream, Freeman et al. (1994) observed a decline in DOC concen-

trations, increases in inorganic nutrient concentrations (nitrate, ammoni-

um, Ca, Mg, K) and a lowering of the ratio of organic to inorganic nutrients.

These changes appeared to have diminished heterotrophic production and

stimulated autotrophic production. Similarly, in a montane New Mexico

stream with drought, both DOC concentrations and nitrate concentrations

declined, while phosphate concentrations remained low. The low nitrogen

concentrations may have been due to active uptake by algae, increasing

autotrophic production, whereas declining concentrations of DOC served to

limit heterotrophic production (Dahm et al., 2003). Thus, during drought in

streams which normally have significant heterotrophic production, DOC

inputs may decrease, favouring an increase in autotrophic production –

provided, of course, that sufficient light is available.

In general, during drought in flowing waters, the concentrations of

suspended particles and turbidity decline (e.g. Golladay & Battle, 2002;

Caruso, 2002) andfine sedimentsmaybe deposited in andon the streambed,

generating low flow depositional habitats (e.g. Wood & Petts, 1999;

McKenzie-Smith, 2006). During periods of lowflowand drought, particulate

organic matter can accumulate in the stream channel (e.g. Boulton & Lake,

1992c; Maamri et al., 1997a; McKenzie-Smith, 2006). This is especially

noticeable in Australian streams which have evergreen catchment vegeta-

tion that sheds leaves all year with a peak in summer. This material in pools

can create serious water quality problems, principally ‘blackwater events’

with low dissolved oxygen levels and high DOC concentrations (Towns,

1985; McMaster & Bond, 2008).

During drought, the volumes of water delivered to estuaries decreases,

and consequently saline estuarine water can move upriver, dramatically

changing water quality. Thus, in the 1961–1966 drought in the eastern

USA, the ‘salinity invasion’ in the Delaware estuary extended upriver some

32 kmmore than normal (Anderson &McCall, 1968). In eastern England in

the 1976–77 drought, severe saline intrusions occurred in lowland rivers,

resulting in high salinities that made the river water unusable for irrigation
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and stock (Davies, 1978). High levels of salinitymay also occur in drought in

streams in regions affected by salinization. For example, pools in the lower

Wimmera River, Victoria, Australia during the severe 1997–2000 drought,

salinity increased from �2.1 to �21.2 or 60 per cent, a level that few

freshwater animals can tolerate (Lind et al., 2006).

All of the above applies to fairly natural streams. However, in areas with

high human populations generating water-borne wastes, drought in low-

ering water volumes can create water quality problems by reducing the

potential dilution of wastes. For example, in the 1975–76 drought in Europe

(e.g. Slack, 1977; Brochet, 1977; Davies, 1978; Van Vliet & Zwolsman,

2008), the 2003 drought in Europe (Van Vliet & Zwolsman, 2008, Wilbers

et al., 2009), the 1961–1966 drought in north-eastern USA (Anderson &

McCall, 1968) and the 1982–83 drought in eastern Australia (Chessman &

Robinson, 1987), water quality in rivers declined during and immediately

after the drought. The declines were largely due to decreased dilution of

sewage and wastewater discharges.

Sewage can contain large amounts of dissolved solids, both organic and

inorganic, and consequently total dissolved solids (conductivity) and ions,

such as chloride and sulphate, can rise considerably during drought as a

result of pollution (Slack, 1977; Davies, 1978; Chessman & Robinson,

1987).With large amounts of readilymetabolizable organicmatter entering

rivers from sewage, dissolved oxygen concentrations can decline (Anderson

&McCall, 1968; Chessman & Robinson, 1987), with a corresponding rise in

biochemical oxygen demand (BOD) values (Anderson & McCall, 1968).

Nitrogen, as ammonia, nitrites and nitrates, along with phosphates, can

be discharged into rivers from point and non-point sources (Slack, 1977;

Davies, 1978; Van Vliet & Zwolsman, 2008). These inputs, combined with

the low flow and high temperatures of drought-stricken rivers, may create

blooms of algal and cyanobacterial growth – eutrophication. Eutrophic

conditions create great fluctuations in oxygen concentration ranging from

supersaturation (e.g. 410 per cent saturation (Davies, 1978)) in the day to

extremely low concentrations late in the night (Davies, 1978; Van Vliet &

Zwolsman, 2008). Accordingly, such conditions can result in fish kills

(Davies, 1978).

Cyanobacteria blooms during drought have occurred in inland rivers of

south-eastern Australia (Whittington, 1999). Whether the blooms were

induced by nutrients from human-created sources is uncertain. In the 1991

drought in the Darling River, there was a cyanobacteria bloom that

extended for a thousand kilometres (Sinclair, 2001). In summer

(2006–2007) during the recent Australian drought, in a large reservoir

(Hume Dam) at very low capacity (9–3 per cent), a cyanobacterial bloom

was generated that stretched at least 150 kilometres long down the Murray
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River from the dam to Corowa (Baldwin et al., 2010). As in the case of Hume

Dam, drought may serve to trigger cyanobacteria blooms in reservoirs,

posing a serious problem for management. For example, a survey of

39 reservoirs during the 1998 El Niño drought in north-east Brazil found

blooms of the cyanobacterium Cylindrospermiopsis in 27 of the reservoirs

(Bouvy et al., 2000), indicative of temporal coherence and the widespread,

but similar, effects of drought.

5.9 Drought and benthic sediments

As water levels drop in drought, bottom sediments are exposed to the air,

especially in shallow lakes, where a slight drop in depth can expose large

areas of sediment. As drying takes place, the sediments, especially thosewith

a high clay content, may crack and develop deep fissures, whereas sand

sediments may only develop minor cracking on the surface due to drying

organic matter. Drying of sediments strongly changes their chemistry,

mineralogy and microbiology (De Groot & Van Wijck, 1993; Qiu & Mc

Comb, 1995, 1996; Mitchell & Baldwin, 1999; Baldwin & Mitchell, 2000).

For example, with drying, iron, as ferrous sulphate (FeS) may be oxidized to

ferric oxyhydroxides, which may then bind to any available phosphate (De

Groot & Van Wijck, 1993).

In the early stages of drying, the sediments may be two-layered: an oxic

layer above an anoxic one. Nitrogen metabolism is largely a function of

bacterial activity; thus, in the early stages of drying in the top oxic layer,

mineralization of organic nitrogen proceeds, along with nitrification. In the

anoxic layer, ammonification occurs, along with denitrification (Baldwin &

Mitchell, 2000). As the oxic layer deepens, the microbiota (bacteria, fungi

and protozoans) may proliferate and break down organic matter, releasing

carbon dioxide to the atmosphere. As the anoxic layer retreats, there is a

shutdown of anaerobic microbial activity, reducing denitrification and

increasing phosphorus retention (De Groot & Fabre, 1993; Baldwin &

Mitchell, 2000). Further desiccation greatly reduces microbial biomass,

with microbial mortality contributing to the nitrogen and phosphorus

concentrations in the dry sediments (De Groot & Van Wijck, 1993; Qiu

& McComb, 1995; Mitchell & Baldwin, 1998).

Sediments of lakes and pools may contain significant amounts of sulphur,

principally stored in anoxic sediments as FeS. As drying proceeds in drought,

such sediments may be exposed and the sediment sulphur re-oxidized to

become sulphates. Subsequently, with re-wetting, sulphuric acid forms and

may be flushed into lakes (Van Dam, 1988; Yan et al., 1996). The conse-

quent acidification of lakes can result in a decline in DOC concentrations and
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increased penetration of UV-B radiation (Yan et al., 1996; Schindler and

Curtis, 1997).

In twomoorland pools in theNetherlands, VanDam (1988) recorded that

drying of the bottomduring drought caused a decrease in pHand an increase

in sulphate concentration. In Lake Jandalup, a shallow lake in Western

Australia, over a period of intense summer droughts, Sommer & Horwitz

(2001) observed that as the lake level dropped and bottom sediments dried,

the lake acidified,with the pHdropping froma range of 6–8 to a range of 4–5,

accompanied by a marked increase in sulphate, iron and ammonium

concentrations. Such a shift induced major changes in the aquatic fauna.

In south-eastern Australia, floodplain wetlands have been greatly altered

by river regulation, irrigation and salinization. Furthermore, droughts lower

the levels of floodplain lagoons and expose their sediments. Some wetlands

have sedimentswith significant levels of sulphides that, upon exposure to air,

re-oxidize to sulphates (Hall et al., 2006; Lamontagne et al., 2006; Baldwin

et al., 2007). Acidification of these wetlands may occur with rain events,

even if the rains are not sufficient to break the drought.

5.10 The breaking of drought – re-wetting and the return of flows

Dry sediments on the bottom of lakes, lagoons and flowing waters may be

re-wetted by rain events that do not persist, so that the sediments again dry

out. In the breaking of a drought, with the re-wetting of dry sediments

there may be an initial release of nitrogen and phosphorus produced by

microbial mortality in the drying (Qiu &McComb, 1995, 1996; Baldwin &

Mitchell, 2000). Similar to the release of nitrogen from dried sediments in

standing waters, upon re-wetting, stream sediments may release nitrogen

compounds.

In an upland stream that dried with a supra-seasonal drought, Baldwin

et al. (2005) observed that, upon re-wetting, dried sediments released

nitrogen mainly as ammonia and nitrates, along with some urea. Such a

flush of nutrients with sediment re-wetting may stimulate high levels of

microbial activity that, among other processes, leads to an increase in

nitrification (Stanley & Boulton, 1995; Baldwin & Mitchell, 2000).

Accompanying the nutrient release, there can be increased algal activity,

which may be followed by a burst of macrophyte growth (Baldwin &

Mitchell, 2000).

Floodplain soils are often rich in organic matter from desiccated macro-

phytes and algae, as well as from leaf litter from floodplain vegetation. The

flooding of floodplain soils after a droughtmay induce the nutrient processes

outlined above, as well as the leaching of soluble carbon compounds (DOC)
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from the soil and litter (O’Connell et al., 2000). Thismixture of nutrients and

available carbon (DOC) can create intense microbial activity that, with high

water temperatures and nowatermovement,may create anoxic conditions,

These conditions can result in the very damaging blackwater events (Howitt

et al., 2007).

During drought, soils and sediments in the catchments of water bodies

may accumulate chemicals through atmospheric inputs or via metabolic

processes, such as decomposition, that continue during the drought. With

the lack of available free water, many of these chemicals have limited

mobility.With the breaking of the drought and thewetting of soils andwater

body sediments, concentrations of a range of chemicals can rise and, in some

cases, persist.

Soils and wetlands may, in drought, accumulate nitrogen as nitrates.

This, with the breaking of drought, produces a pulse of nitrates into

catchment wetlands and streams (Reynolds & Edwards, 1995; Watmough

et al., 2004). For example, with the breaking of the 1976–77 drought in

England, Slack (1977), Foster &Walling (1978),Walling and Foster (1978)

and Davies (1978) recorded dramatic increases in nitrate concentrations

and in nitrate/nitrogen loads (Burt et al., 1988; see Figure 5.8). In the case of

catchments in Devon, the increase in nitrate concentration was 45–50-fold

(Foster & Walling, 1978; Walling & Foster, 1978). Multiplying concentra-

tions by volumes reveals the ‘enormous nitrate loads’ (Burt et al., 1988) that

flowed through the waterways. This pulse of nitrates is no doubt accentu-

ated by human activities in the catchment, such as the extensive spreading

of nitrogenous fertilizers (Burt et al., 1988).

Decomposition occurs in soils during drought, especially in organically-

rich soils such as peat, and DOC can accumulate.With the drought breaking

and the water table rising, DOCmay bemobilized and DOC fluxes in streams
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Figure 5.8 Nitrate loadings in streamflows from a small catchment (Slapton Wood) in

Devon, UK, before, during and after the severe 1976 drought, illustrating the high nitrate

loading that occurred with the breaking of the drought. (Redrawn from Figure 6,

page 280 in Burt et al., 1988.)
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increase (e.g. Worrall et al., 2006). In Britain, there is evidence that DOC

fluxes frompeatlands and into rivers have increased in recent times (Worrall

& Burt, 2007), though the influence of droughts on this increase may be

minor in comparison with large-scale hydrological changes such as in-

creased streamflows (Worrall & Burt, 2007, Worrall et al., 2008).

In streams where the channel dries and where CPOM (leaf litter) accu-

mulates during drought,with the first flowsas a drought breaks, there canbe

a pulse of high concentrations of dissolved organic carbon (Romani et al.,

2006) – DOC that may be readily incorporated into the trophic structure of

the recovering stream community (Dahm et al., 2003; Acuña et al., 2005).

This pulse may be accompanied by increased concentrations of DOC,

POM and nutrients, such as nitrate and phosphorus, which are conceivably

essential ingredients fuelling the recovery of stream ecosystems.

However, this stimulus may be greatly dampened if there is increased

acidity, excessive sulphate loads and mobilized heavy metals. At present,

apart from the preliminary work with seasonal droughts of Romani et al.

(2006), the biogeochemistry of stream ecosystem recovery after drought

remains unexplored.

As drying proceeds during drought, sulphur-containing sediments may

be exposed and the sediment sulphur then oxidized to sulphates. With

re-wetting, the sulphates form sulphuric acid, which consequently acidifies

the water body (Van Dam, 1988; Yan et al., 1996). This is a particular peril

for lakes and lagoons along the lower Murray River in south-east Australia,

when droughts break (Hall et al., 2006; Simpson et al., 2010).

In particular regions downwind of heavy industrial activity, such as

northern-eastern North America and Scandinavia, fossil-fuel combustion,

the operation of metal smelters and the prevailing westerly winds have

produced acid rain with sulphuric acid from the emitted sulphur dioxide. In

the downwind region’s wetlands with high water tables, DOC and reducing

conditions, the sulphur from acid rain and locally-derived sulphur is stored

as sulphides (Schindler, 1998). In times of drought, however, the water

levels in the wetlands drop and the stored sulphides are oxidized, producing

sulphuric acid (Warren et al., 2001). With the breaking of the droughts and

increased runoff, sulphates are delivered in pulses to downslope lakes,

creating acidic conditions (LaZerte, 1993; Yan et al., 1996; Dillon et al.,

1997; Devito et al., 1999; Eimers et al., 2007, 2008). In streams with these

high sulphate concentrations, there is a drop in pH and a decline in acid

neutralization capacity (ANC) (e.g. Laudon & Bishop, 2002; Laudon et al.,

2004; Eimers et al., 2007, 2008).High sulphate concentrations and elevated

flux rates in streams which started to flow after El Niño droughts produced

pulses of acid into downstream lakes (Dillon et al., 1997). Such drought-

induced export of sulphates fromcatchmentwetlands is likely to continue for
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a considerable time (years to decades) (Dillon et al., 2003; Eimers et al., 2007,

Laudon, 2008).

Wetlands that undergo acidification by sulphur oxidation during drought

can also accumulate high concentrations ofmobilizedmetals (e.g. cadmium,

zinc, aluminium), which may be flushed out with the breaking of droughts

and have damaging effects on downstream ecosystems (Lucassen et al.,

2002; Tipping et al., 2003; Adkinson et al., 2008).

Increases in acidity in streams and lakes as a drought breaks is a major

setback for any recovery from drought. Conversely, the frequency of

droughts with post-drought acidification events may regulate the recovery

of streams and lakes affected by acidification (Laudon, 2008). In Ontario,

Canada, the macroinvertebrate communities of streams subject to acidifi-

cation were compared with streams with uncontaminated catchments

(Bowman et al., 2006). While there had been some recovery in invertebrate

communities in the streams affected by acidification, it was found that

recovery was set back by both acid and toxic metal catchment inputs with

the breaking of droughts. The interactions between low water levels due to

drought, creating an accumulation of sulphates, metals and nitrates in soils,

which are then flushed downslope as the drought breaks, is a startling

example of the synergy between two forms of disturbance – the ramp of

drought and the pulse of acidification. Both of these disturbances derive from

changes in the temporal pattern of precipitation, moving from extended

drought to normal conditions.

It appears that there has been little concern from researchers about the

way that droughts can break. Crucial in this regard are the state of the

catchment, the groundwater levels and the nature of the precipitation. After

a drought, the catchment of a water body may be bereft of ground cover,

either from desiccation and the breakdown of plant cover, or from heavy

grazing, or as a result of wildfire. The riparian zone may have lost its ground

cover and, with trampling by grazing animals, the banks may be unstable.

If a drought is broken by a prolonged spell of steady precipitation, then

streams may gradually start to flow and standing waters steadily fill. Even if

the catchment is in poor condition, damagemay be low, although there will

be a movement out of the catchment of soluble chemicals, including

nutrients. If, on the other hand, a drought breaks with heavy downpours,

then erosion may be severe and extensive, and large amounts of sediments,

along with nutrients, may be exported rapidly out of the catchment. In

south-east Australia, El Niño-induced droughts may be broken quite rapidly

by La Niña-induced floods. Care of catchments could reduce the damage

incurred when droughts break, but this, unfortunately, is not widely

practised. The aftermath of droughts, in terms of how they are broken,

remains a major gap in ecological research.
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5.11 Concluding remarks

In terms of the abiotic changes in water bodies as a result of drought, there

are some obvious patterns, the nature ofwhich are governed by the intensity

and duration of the drought. In droughts in lotic systems, headwater streams

may cease to flow, while the lowlandmainstem rivers, provided they are not

regulated and exploited, may be relatively unaffected. However, severe and

long droughts can cause mainstem river channels to be depleted of water,

and even cease to flow. In terms of lentic waters, small water bodies are

particularly vulnerable to drought, as are shallow lakes in contrast to deep,

large lakes.

Drought in both lentic and lotic systems serves to break connectivity. A

critical avenue of connectivity that may be severed, or at least greatly

reduced, is that between a water body and its catchment. Droughts reduce

catchment inputs of water, nutrients, dissolved organic carbon and partic-

ulate organic and inorganic matter to downslope water bodies. Lakes and

streams are withdrawn from their normal shorelines and as groundwater

inputs retract. Links between standingwaters, such as lakes in a region,may

be broken or at least greatly reduced. In flowing waters, longitudinal

connectivity may be severed, such as headwater streams becoming discon-

nected from their mainstem river. Lateral connectivity may be broken, with

streams being disconnected from their riparian zones and floodplain river

channels being disconnected with their floodplains. Overall, in drought,

movements of biota, chemicals, sediments and nutrients with a lack ofwater

become greatly restricted.

In both lentic and lotic systems the initial steps that occur as

drought sets in involve reduction in habitat availability and diversity As

volumes dwindle further habitat loss continues, but changes in water

quality, mostly stressing to biota, become the dominating force (Figures 5.1

and 5.2).

Drought is always a disturbance of large spatial extent and, as a distur-

bance, it creates heterogeneity. For example, streamsmay be broken up to a

series of pools, all with water quality conditions generated by local and not

catchment-wide conditions. Similarly, floodplain lagoons may be converted

as they dry into a complex landscape made up lagoons, each with differing

water levels, water quality and biota.Within isolated and receding pools and

lagoons, as exposed sediments dry, major changes in the forms and con-

centrations of chemicals andnutrients take place. Someof these changes can

exert strong effects when a drought breaks.

By reducing the volume of water bodies, droughts concentrate their

chemicals, and this process, combined with high temperatures and low

oxygen concentrations, may greatly reduce water quality. In a stream, the
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deterioration of water quality is accelerated when and if flow ceases and

pools form.

An important ecosystem component in the changes in water bodies

during drought is the microbial biota and their processes. This applies both

to the benthic sediments and thewater column, and yet this fascinating area

remains relatively unexplored. When droughts break, nutrients and soluble

carbon are released from dried sediments and from catchments. These

releases may produce a pulse of great magnitude, but there does not appear

to be an understanding of how such a pulse is processed by the biota

(although there are some hints, fromwork on lentic systems, that theremay

be a burst of production). Unfortunately, when droughts break, the pulse

from the catchment may contain damaging chemicals such as acids, excess

sulphates and heavymetals, which can seriously harm freshwater biota and

ecosystem processes. The effects of these harmful inputs are better under-

stood than those that may be beneficial to ecological functioning.

It seems that the abiotic changes to water bodies caused by drought are

much better known than the abiotic changes that occur when a drought

breaks and recovery set in. Inmany cases, the breaking of a drought is much

more rapid than the development of a drought. Rapid changes occur in

abiotic variables with the return of water, especially in the early re-wetting

stage (Figures 5.1 and 5.2). With recovery, abiotic variables may return

eventually to pre-drought levels, though in some cases there may be

persistent changes. Whether such changes have marked effects on the

future structure and functioning of water bodies remains uncertain. Need-

less to say, such information is crucial for the effectivemanagement of water

bodies and water resources, especially with the increasing threats arising

from global climate change.

5.12 The next chapters

The next six chapters will deal with the effects of drought in fourmajor types

of freshwater environments. This approach has been adopted because it

appears that the biotic effects of drought are strongly influenced by the type

of aquatic system. In temporary waters, one would expect the biota of such

water bodies to be well adapted to the stresses of drought.

Thus, Chapter 6 deals with drought effects on both temporary lentic and

lotic systems, which are normally prone to drying and which may be

ephemeral, episodic or intermittent. In some cases, in a land/waterscape,

drought may create a mixture of persistent and temporary water

bodies; thus, one can compare drought effects along the perennial to

temporary axis.
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Chapter 7 looks specifically at large wetland systems that have a regular

wet/dry season climate, with flooding in the wet season, a flood pulse and

then drying in the dry season. These large wetlands may be on the flood-

plains of large rivers or an immense wetland complex, such as the Florida

Everglades, through which large amounts of water slowly move. In both

cases, it is a challenge for the biota to survive the dry season. Most of the

literature on these systems is concerned with fish dynamics and their use of

refuges, both seasonally and in drought. Thus, given the regularity of wet/

dry seasons, this chapter will examine the effects of drought that arises from

failed wet seasons and the lack of floods.

In Chapter 8, the effects of drought on the biota (excluding fish) of

perennial water bodies will be covered. These water bodies are both lentic

and lotic, and they range from permanent lagoons to large lakes, and from

brooks to large rivers. In terms of the studies of drought on freshwater

ecosystems, perennial systems, which in severe droughts may dry up, have

attracted a lot of attention.

As drought and its effects on fish in running waters have been the focus of

many studies, this area will be dealt with in a separate chapter – Chapter 9.

Of particular interest in this regard are studies of fish population

dynamics and on changes in assemblage structure that may occur during

and after droughts.

Most freshwater systems eventually go into the sea. Droughts drastically

reduce the volumes of water going into estuaries, as well as the supply of

soluble and insoluble constituents that may be important to the ecosystem

dynamics of estuaries. In recent years, there has been a welcome

increase in work on the effects of drought on estuaries. This will be covered

in Chapter 10.

Finally, there is a critical need to consider how human activities on

catchments and in water bodies have served to exacerbate the damaging

effects of drought. Thus, Chapter 11 addresses this important and greatly

neglected problem, which, with the current and projected effects of global

climate change, can be expected to become more critical. The need for

proactive rather than reactive measures to contend with drought strength-

ened by climate change is espoused.
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6

Drought and temporary
waters

The term ‘temporary waters’ can cover both standing and running water

bodies. The temporary nature of these bodies encompasses three

forms – ephemeral, episodic and intermittent (Boulton & Brock, 1999;

Williams, 2006):

. Ephemeral waters are those which receive water for a short period very

occasionally and unpredictably;
. Episodicwaters are those that fill occasionally andwhichmay holdwater

for months even years;
. Intermittent water bodies receive water quite frequently and, in most

cases, predictably.

In both ephemeral and episodic waters, given the unpredictable way that

they receive water, it may be difficult to detect hydrological droughts.

Rather, as many of these water bodies are in semi-arid and arid regions,

drought may be detected as a meteorological phenomenon based on

long-term data. In the case of intermittent waters, precipitation usually

falls in a predictablewet season andwater is lost in the dry season, producing

a regular seasonal drought. Such aquatic systems occur in regions with a

Mediterranean climate or in tropical/sub-tropical regions that have a

distinct wet/dry season climate. Supra-seasonal drought in these intermit-

tent systems usually occurs because wet seasons fail.

For standing waters, temporary water bodies range from systems as small

as phytotelmata, through vernal pools and on to large ponds. For flowing

systems, temporary waters range from mere trickles to rivers which only

flow occasionally. Humans have created many temporary water bodies,

ranging from water in tin cans and car tyres to large storages that may

become seasonally empty.
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This chapter will not be covering large floodplain wetlands, where flood-

ing is a regular event andwhere fish are an important ecosystem component

(see Chapters 7 and 9). Fish are absent from most lentic temporary water

bodies, but theymay be present in lotic temporary systems, especially if there

are refuges of persistent water in the stream system. The lack of fish in lentic

temporary systems, and thus the absence of a major force of predation, has

important consequences for community composition and structure in these

systems (Wellborn et al., 1996).

Supra-seasonal droughts in temporary waters are events that have

abnormal dry periods in duration and severity (see Chapter 2). Exactly

what effects supra-seasonal drought has on temporary systems is difficult to

determine;many systemshave regular seasonal droughts and consequently,

in most studies, seasonal drought has been the focus of attention. A key

question in this chapter is whether the biota of temporary waters are pre-

adapted to survive the strong challenge of supra-seasonal drought. Such

adaptations would be incorporated in life history strategies and in a range of

desiccation-resistantmechanisms,which are all presumablymoulded by the

prevailing duration, variability, and predictability of the hydroperiod that

normally prevails (Brock et al., 2003; Williams, 2006).

Many temporary waters have small catchments, and the abiotic effects of

drought on the catchments may be limited compared to the effects on the

water bodies themselves. Temporary streams, on the other hand, may have

large catchments, especially in arid regions, and as drought builds, hydro-

logical links with the catchment are steadily lost. However, when a drought

breaks, especially with storms, there can be rapid inputs of chemical,

sedimentary and organic matter. As such pulses are likely to be the way

that droughts break in arid areas, the degree of retention of the inputs in

stream channels is crucial as such retention may control the nature of

recovery. This question is relatively unexplored. Indeed, it is probably a

feature of many temporary waters that, while drying may take quite some

time, the refilling of basins or the flooding of streams can be very rapid.

6.1 Drought and the biota of temporary waters

6.1.1 Algae

As drought sets in, the low flows, increased water clarity and increased

nutrients may all promote algal growth (Freeman et al., 1994; Dahm et al.,

2003). However, at the same time, wetted habitat is being reduced and

desiccation of exposed attached algae andbiofilms occurs.Whenflowceases,

pools formandmaypersist through the drought. In such pools,water quality
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typically deteriorates and, if large amounts of particulate organic matter are

present, ‘blackwater’ conditions may eventuate. Blackwater events may

limit algal production by limiting light availability and by limiting nutrient

resources due to enhanced microbial activity. This area also remains

unexplored. If the pools persist through the drought, they may serve as

refuges for algae and as recolonization foci when flow resumes (Robson &

Matthews, 2004).

Algae in the biofilms of exposed surfaces may resist the stress of desicca-

tion. Rapid drying in experiments (e.g. Mosisch, 2001; Ledger et al., 2008),

orwithhumanflowadjustments (e.g. Benenati et al., 1998; Ryder, 2004), or

under natural conditions, can kill algal cells. In drought with low flows,

nutrient concentrations may promote algal growth (Freeman et al., 1994;

Dahm et al., 2003). As drying continues in both ponds and stream pools,

algae may employ various mechanisms to resist drying, such as producing

desiccation-resistant cysts and zygotes and developing extracellular muci-

lage layers to retain water (Stanley et al., 2004). Cyanobacteria such as

Nostoc canwithstand lengthy periods of desiccation (Dodds et al., 1995), and

in the algal communities of some Canadian intermittent ponds which fill

after drying, cyanobacteria dominate the cell counts, while Chlorophyta

and Bacillariophyta dominate the biovolume (Williams et al., 2005). The

responses of algae to re-wetting at the end of a drought depend on a number

of factors, including whether the drought broke with a flood, how long the

drought lasted, the availability of nutrients and the presence of algae to

colonize the newly inundated surfaces. Studies on algal recovery in streams

after drought are few.

Recovery from seasonal drought was rapid on rocks in a Kansas prairie

stream,with the return to pre-drought biomass levels within eight days after

re-wetting (Dodds et al., 1996). Interestingly, in this experiment, algal

recolonization was mediated by the stream drift rather than through the

revival of algae of the biofilm (Dodds et al., 1996), though, in a further

study in a Kansas prairie stream, initial recovery from drought was heralded

by the revival of attached desiccation-resistant filamentous algae (Murdock

et al., 2010).

After a seasonal drought in Spain, the stromatolitic biofilm composed of

the cyanobacteria Rivularia and Schizothrix rapidly recovered (Romani &

Sabater, 1997);within three hours of inundation, it reachedmetabolic levels

higher than pre-drought values. In an English acid stream, the epilithon,

dominated by coccoid green algae and diatoms, remained intact when the

channel dried up in a severe drought and post-drought recovery was rapid –

within three days (Ledger & Hildrew, 2001).

Robson (2000) compared algal recovery in two Australian creeks, one

having rocks with residual cyanobacteria-dominated biofilm and the other
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having rocks with little biofilm. In the creek with residual biofilms on the

rocks, recovery after five weeks after flow returned was strongly influenced

by the composition of the residual biofilm, whereas in the other creek, where

the rocks lacked dried biofilms, recovery was slower and dependent on the

colonization of algae from other sources (Robson & Matthews, 2004).

Further studies developed a model of algal recovery that depended on

revival of algae from residual biofilm and colonization by drift from algae

surviving in refuges, with persistent pools being particularly important

(Robson et al., 2008a). Such refuges, as regards algae, appear to be the

‘Ark’ type of Robson et al. (2008b). The recovery of algal biofilms after

drought is critical to the recovery of the fauna but, as yet, the nature and

dynamics of this link remain unstudied.

As pointed out by Stanley et al. (2004), our knowledge of drought impacts

on primary production by algae (and other processes, e.g. decomposition) in

streams is substantially based on investigations carried out at individual

sites. Within sites, drought may lower water levels and expose pieces of

habitat, such as stones and wood, and thus generate a mosaic of productive

patches with different responses to drought. The concentration on sites

greatly limits our understanding of drought and ecosystem processes at the

appropriately large spatial extent which is relevant to drought.

From small headwater streams to large lowland rivers, drought creates

different responses that vary in strength (Stanley et al., 1997, 2004). If, for

example, a stream dries from upstream down, effects are exerted sooner and

probably more severely in the headwater streams, whereas in larger, high-

order streams, the streammay continue to flow throughout the drought. On

the other hand, the effects of re-wetting after droughtmay be stronger in the

headwater streams. To date, no such large catchment-based investigation of

drought and aquatic primary production has been carried out.

Thus, in temporarywaters – at least in temporary streams and ponds – the

algae which dwell in them have quite strong resistance (e.g. desiccation-

resistant mechanisms), which allows for rapid and strong recovery. Such

recovery may actually peak well before the arrival of the first herbivores.

6.1.2 Vascular plants

A considerable variety of vascular plants are to be found in temporary water

bodies. These plants vary from annuals to perennials and from littoral semi-

aquatic, through emergent aquatic, to fully submerged species. Their

resistance and resilience to the stresses of drought varies considerably and,

in many situations, the survival of plants is critical for the recovery of

faunal assemblages and for the development of structural habitat and

trophic resources.
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Plants of water bodies subject to drought may survive drought as intact

plants by employing two different survival strategies: drought avoidance

(e.g., propagule production) and drought tolerance. Drought tolerance

involves the use of mechanisms not only to reduce water loss, such as

decreasing stomatal number and changing leaf orientation, but also to

maintain cell turgor through changes in osmotic physiology. In an experi-

ment with five species of wetland herbs, and simulating a one in 20 year

drought, Touchette et al. (2007a) found that four of the species used drought

avoidance physiological mechanisms, whilst one species, Peltandra virginica,

showed drought tolerance. Similarly, Romanello et al. (2008) found that the

aquatic macrophyte Acorus americanus displayed drought avoidance me-

chanisms such as reducing surface and below-ground biomass. However, for

the vast majority of wetland species, the relative strengths of drought

avoidance versus drought tolerance are unknown.

Wetland plants in many situations are likely to be stressed by too much

water (flooding) and too little (drought), and tolerance of these two extremes

may thus be an important axis of selection. Results from a study with three

wetland plants strongly suggests that tolerance of droughts and tolerance of

flooding involves a trade-off (Luo et al., 2008), at least for two sedges, Carex

lasiocarpa and Carex limosa, and the grass Deyeuxia angustifolia. The order

of tolerance to flooding from high to low was C. lasiocarpa > C. limosa > D.

angustifolia, whereas the order of tolerance to drought was the reverse (Luo

et al., 2008). It remains to be seen whether this trade-off in tolerance is a

general phenomenon for wetland plants, though one would expect that the

trade-off largely governs plant distribution inwetlands, especially thosewith

great fluctuations in water availability.

Many wetland plants as mature plants cannot survive drought. Thus, the

ultimate form of drought avoidance for many wetland plants is to invest in

resistant propagules, such as seed and vegetative fragments above ground,

and in below-ground vegetative structures. Below-ground structures that

may survive drought include rhizomes (e.g. sedges in the genus Cyperus and

Cladium), tubers (e.g. Hydrilla verticillata (Parsons & Cuthbertson, 2001))

and turions (protected buds found in aquatic plants such as Utricularia and

Potamogeton (Philbrick & Les, 1996)). For short but severe droughts,

vegetative fragments, such as from Elodea species, may allow post-drought

recolonization (Barrat-Segretain & Cellot, 2007).

Many aquatic plants produce seeds that can remain viable for long periods

of time and which may be stored in sediments as drought sets in (Brock,

1998; Brock et al., 2003). In some plants, as exemplified by some char-

ophytes, falling water levels may serve to accelerate oospore production and

maturation (Casanova, 1994). Thus, in many water bodies subject to

seasonal drying and supra-seasonal drought, seed and egg banks occur in
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the sediments. These banks may consist of seeds and oospores (Chara)

from plants, cysts from phytoplankton, and cysts and eggs from animals

(Leck, 1989; Bonis & Grillas, 2002; Williams, 2006). As such, they consti-

tute an important drought refuge, vital to maintaining the resilience of

aquatic communities.

Brock et al. (2003) proposed that themaintenance of species in seed banks

requires a number of sequential steps to be carried out successfully. Thus,

initially, when water is present, the plants need to grow and produce seed

that is viable and well protected. Such seeds need to lodge in the sediment

and be capable of undergoing dormancy for considerable lengths of time.

Dormancy involves survivingwith extremely lowmetabolic levels until cues

for hatching/germination, such as re-wetting and/or abrupt changes in

temperature and in oxygen concentrations, occur. The way that different

species may respond to re-wetting depends on an array of different environ-

mental conditions, such as seed depth in the sediment, temperature and

water salinity (Brock et al., 2003). Upon germinating, the next step is

establishment,whichusually involves rapid growth if favourable conditions,

such as enhanced nutrient levels, are present. The final step is reproduction

to produce new seeds, some of which may germinate directly into new

plants, while others may go to the seed bank.

In many cases, not all the viable seeds may hatch with re-wetting. For

example, in an experiment with sediment from an Australian temporary

wetland, of the seeds of 50-plus plant species, viable seeds of 20 species were

still present after eight years, with each year having a wetting event (Leck &

Brock, 2000). Many wetland plant species display ‘bet hedging’. In this, not

all of the seeds will germinate on only one or two occasions; consequently,

even though some seeds may die in the sediment, others may survive to

germinate later, possibly in more favourable, occasions (Williams, 2006).

Plant communities of temporary water bodies can be altered by drought,

with the aquatic species being reduced and terrestrial species expanding in

the water body. Inmoorland pools in the Netherlands affected by a short but

severe drought in 1975–76, Sykora (1979) observed the decline of wetland

plants, such as Sphagnum crassicladium, and an expansion of more terrestrial

plants such as the grasses Molinia caerulea and Eriophorum angustifolium,

which persisted after the drought broke. Holland & Jain (1984), in sampling

vernal pools in years of normal precipitation and in a drought year

(1975–76), found that in the drought, terrestrial species (e.g. Hypochaeris

glabra, Erodium botrys, Bromus mollis) occurred in vernal pools, and that

some semi-aquatic plants that normally occur were missing. Similarly,

Panter and May (1997) found that in a pond in Epping Forest, UK, during

normal years the vegetation was dominated by the aquatic plant Glyceria

fluitans. However, with a drought in 1995–96, the pond became colonized
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by terrestrial grasses; creeping bentgrass Agrostis stolonifera became domi-

nant, and this dominance persisted.

Both field observation and experimentation on the seed bank of a prairie

marsh in Iowa, USA, revealed that were three different types of seed bank

(Van der Valk & Davis, 1978). One consisted of emergent species that

germinated onmudflats or in very shallowwater, while another consisted of

submerged and floating species that germinated when there was standing

water. The third group comprised terrestrial species that had seeds which

germinated on dry mud when there was no standing water due to drought.

Thus, drought as a disturbance in these normally fluctuating systems may

create an opportunity for more terrestrial species to flourish briefly.

Droughts, especially those of long duration, can lead to temporary, and

possibly even long-term ‘terrestrialization’ of the flora of lentic systems.

Similarly, channels of temporary streams may be invaded by terrestrial

plants during drought and, combined with deposited sediment and

terrestrial litter, these plants, in long droughts, may change the stream

channel morphology.

Droughts can producemajor changes in the aquatic plant communities of

particular temporary wetlands. In the Okefenokee Swamp, Georgia, there is

a complex of marsh wetlands which have different hydroperiods and which

are affected differentially by drought (Greening & Gerritsen, 1987). In

persistent and deep marshes during a drought (1980–81), there were no

major changes in the aquatic vegetation, nor in the vegetation of a shallow

wetland subjected to regular and predictable seasonal drought. However, in

a normally inundated deep marsh that dried out in the drought, with

subsequent inundation a new ‘fugitive’ species, the beak sedgeRhynchospora

inundata, became dominant (Greening & Gerritsen, 1987). Following its

boom in 1982–83, the beak sedge declined, while the ‘resident’ group of

species continued to increase to normal levels.

In wetlands, plant assemblages can be arranged along gradients of water

availability which correspond to relative water levels in wetlands. Thus, in

Californian subalpine wetlands, Rejm�ankov�a et al. (1999) delineated four

distinct vegetation zones that, from wet to dry and from high to low water

levels, were dominated respectively by Nuphar polysepalum, Scirpus acutus,

Carex rostrata and Juncus balticus.

In response to extended hydrological disturbances – floods and droughts –

Van der Valk (1994) proposed a ‘migration model’ for plants in wetlands.

This model maintains that, in times of drought, plant assemblages may shift

along an axis from dry to wet. The Californian wetlands studied by

Rejm�ankov�a et al. (1999) were exposed to a long and severe drought from

1988 to 1994, with wetland water levels dropping and an overall drop in

plant biomass. Both Carex and Juncus species maintained their dominance,
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whereas the Scirpus-dominated assemblage was eliminated from the

wetland and did not return after the drought broke (Rejm�ankov�a et al.,

1999). Both the Scirpus and Nuphar assemblages were invaded and

came to be dominated by two ‘stress tolerators’, Hippuris vulgaris and

Polygonum amphibium.

Fortunately, the study was able to gather post-drought data. Both the

Carex and Juncus assemblages recovered rapidly after the drought and may

be regarded as having both high resistance and high resilience. The Nuphar

assemblage had a low resistance and a moderate resilience, whereas the

Scirpus assemblage appears to have had neither resistance nor resilience.

Overall, the results suggest that the ‘migration’ model was not applicable to

this system and that individual attributes or traits of species allowed them to

contend with the drought. It is suggested by Rejm�ankov�a et al. (1999) that
the two ‘stress tolerators’ can tolerate a wide range of wet-dry conditions,

but that their success depends on gaps being created by disturbance in

competitive communities.

In summary, plants have a wide range of adaptations, allowing them to

persist through drought and to successfully recover after it. Drought can

substantially alter the plant community structure ofwetlands by eliminating

or reducing particular species or assemblages and by creating gaps into

which highly dispersive and opportunistic species may invade and establish.

In some cases, this allows the invasion of other aquatic plants; in others, it

allows terrestrial plants to invade. Such changes may be transitory or

enduring, and can have strong knock-on effects in influencing the develop-

ment of post-drought community structure.

6.2 Fauna of temporary standing waters and drought

6.2.1 Fish of temporary lentic waters

A very low diversity of fish occurs in temporary lentic systems. As might be

expected, temporary ponds and wetlands are very difficult environments

for fish to survive drought in. As drought builds and water levels drop,

wetlands become fragmented and some parts persist, whereas others dry up

(e.g. Snodgrass et al., 1996; Baber et al., 2002). For fish in such wetlands,

there is pressure either to have drought-resistant adaptations or to emigrate

at the right time from vulnerable wetlands to more secure ones (refuges).

There is, however, a small group of fish species that can survive as adults

in the temporary pools of wetlands that dry out in drought. For example, in

swamps of south-western Western Australia, there is the salamander fish,

Lepidogalaxias salamandroides, which dwells in pools in acidic peat swamps

exposed to predictable summer droughts (Pusey & Edward, 1990). In these
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droughts, L. salamandoides aestivates by burrowing into the mud and it

survives on lipid reserves (Pusey, 1990). In New Zealand there are three

endemic mudfish species (Neochanna spp.) which dwell in swamps. Two

species, N. burrowsius (Eldon, 1979a, 1979b) and N. diversus (McPhail,

1999) can aestivate by moving into shaded plant material. The very hardy

oriental weather loach (Misgurnus anguillicaudatus) (Ip et al., 2004) can

successfully dwell in temporary swamps and in drought it aestivates by

burrowing into mud and wet soil (Anonymous, 2008).

An alternative strategy is to evolve a life history that, instead of having

adult aestivation, has desiccation-resistant eggs. Species of the family

Cyprinodontidae live in temporary waters with short life histories and a

high level of reproduction. Faced with receding water levels in Floridan

marshes, one cyprinodontid, the marsh killifish (Fundulus confluentus),

mates and lays eggs (Harrington, 1959; Kushlan, 1973). The eggs are

left stranded around the pond shores and hatch when water returns

(Harrington, 1959). Indeed, many cyprinodontid fish can survive drought

in temporary ponds and marshes. Key adaptations to do this are the

capacity to lay diapausing desiccation-resistant eggs (Wourma, 1972),

which can hatch as soon as water is present, producing fish that mature

rapidly and lay many eggs (L�evêque, 1997; Hrbek & Larson, 1999). In

Africa, species in the genera Nothobranchius, Fundulopanchax and Aphyo-

semionmature quickly and lay diapausing, drought-resistant eggs, whereas

in South America, species in the genera Rivulus, Cynolebias, Leptolebias and

Plesiolebias, among others, are similar (Hrbek & Larson, 1999). The ability

to produce diapausing eggs seems to have evolved independently a number

of times (Hrbek & Larson, 1999).

In temporary waters, rather than having mechanisms to resist drought,

another strategy is to leave. This involves exploiting the resources of

temporary wetlands and then retreating to permanent waters as drought

set in. Such migration has to be precisely timed. Cucherousset et al. (2007)

investigated the timing of migration from a temporary wetland in the

Grande Bri�ere Motti�ere Marsh in France during a drought in 2004. Fish

species migrated in sequence, with pike (Esox lucius) being the first, closely

followed by pumpkinseed (Lepomis gibbosus) and then the European eel

(Anguilla anguilla). After the eels came rudd (Scardinius erythrophthalmus),

followed by black bullhead (Ameiurus melas), and finally mosquitofish

(Gambusia holbrooki). The pumpkinseed, black bullhead and mosquitofish

are all exotics. The timing scored as the emigration moment (the number of

days required to catch 50 per cent of the total number of fish caught) was

positively correlated with three variables or indices, the ‘physiological

tolerance index’, a ‘coefficient of water quality flexibility’ and the

‘temperature of upper avoidance’ (Cucherousset et al., 2007). These results
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strongly suggest that perception of deteriorating water quality provides a

species-specific cue to emigration.

6.2.2 Invertebrates

In contrast to fish, many invertebrates living in temporary waters

have adaptive mechanisms to stay and contend with the dry period.

Such mechanisms include desiccation-resistant eggs, larvae and adults,

cysts, and avoidance strategies such as burrowing and leaving for

other systems with water (Williams, 2006). Relatively immobile animals,

such as oligochaetes, may undergo encystment, though this may be

confined to only a few species. Cysts of Tubifex tubifex survived a five-

month drought in a dry pool on the Rhine river floodplain (Anlauf, 1990).

In floodplain wetlands along the Paran�a River, Argentina, after a

dry period of 2–4 weeks, Montalto & Marchese (2005) found that of 26

species of aquatic oligochaetes, only two species – Dero multibranchiata

(Tubificidae) and Trieminentia corderoi (Opistocystidae) – underwent

encystment.

An alternative strategy for many species, especially insects, is to move to

refuges. Insects generally have good dispersal capabilities and can flee

temporary waters as they dry and survive in permanent water bodies.

Williams (2006) developed a model of the adaptive traits that insects

needed to have in order to exist successfully in three basic types of

temporary waters:

. Inwater bodieswith relatively long and predictable hydroperiods, insects

would have relatively long-lived adult stages, good powers of dispersal,

long development times, staggered egghatching and ‘diapause capability

in several life cycle stages’.
. In intermediate types of water bodies, the generation time of the insects is

about the same as the length of the hydroperiod, and the adults are

semelparous (reproduce only once), good dispersers, and lay short-

diapause eggs that produce obvious cohorts (Williams, 2006).
. At the other extreme, of water bodies with short and unpredictable

hydroperiods, insects may be ‘short-lived highly vagile adults with high

fecundity’ that produce diapause eggswith staggered hatching, andhave

immature stages that can survive drying.

Studying the fauna of temporary ponds, Wiggins et al. (1980) devised a

scheme of four groups – a scheme that also fitted the faunal groups found in

Australian vernal ponds (Lake et al., 1989):
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Upon the pond filling, the initial fauna (Group 1 of Wiggins et al.) consists

of species, predominantly crustaceans, that hatch from eggs, as well as some

species of insects andmolluscs that survived the drying as adults. This group

has a very poor dispersal capability. The pond may then receive insects that

either breed in the pond and then disperse (Group 2), or lay their eggs in the

bottom of the pond when it is dry, and which hatch when water is present

(Group 3). The fourth group consists almost entirely of predators that fly in

from permanent water bodies and which retreat to permanent water when

drying occurs. For example, adult water beetles (Dytiscidae) have been

observed to fly out of desert ponds as they dried andmove to persistingwater

bodies (Lytle, 2008).

A critical component of the ecology of the biota of temporary waters is the

need to have mechanisms to survive the dry periods in the waterless water

body or to migrate at the appropriate time to persisting water bodies – a

general ‘stay or go’ strategy.

With long dry periods, the viability of stored propagules may decline,

weakening the response to water when it comes. For example, in

experiments on hatching micro-invertebrates eggs in sediments of flood-

plain wetlands, Jenkins & Boulton (2007) found that dry periods (natural

and human-created) lasting longer than six years caused a very signifi-

cant decline in the densities of microinvertebrates that hatched with the

addition of water. Their model, which may be applicable to many

temporary aquatic habitats, suggests that if droughts are long (> 6–10

years), the egg bank of microinvertebrates may be significantly depleted

and, consequently, the post-drought hatching of microinvertebrates may

be too low to fuel the effective recovery of higher trophic levels. However,

studies of the fauna that live in temporary pools after a supra-seasonal

drought are rare, and thus we do not know whether severe droughts

have any effect on the aquatic fauna of temporary ponds. As temporary

ponds are often isolated, the depletion of the egg bank, plus limited

migration, may lead to low densities of some species and even, possibly,

to local extinction.

Small water bodies, such as car tyres and tree holes, may be very

susceptible to drought, and one would expect drought to act as a powerful

force determining the biota of such systems (Bradshaw & Holzapfel, 1988;

Aspbury & Juliano, 1998). Tree holes – a form of phytotelmata – are a very

suitable habitat for mosquito populations, and drought is clearly a hazard.

In Florida, mosquito species have differing tolerances to drought, with

three drought-intolerant species coexisting in tree holes that are large

enough to survive drought, and one drought-tolerant species, Aedes

triseriatus, breeding in tree holes that are subject to drought (Bradshaw

& Holzapfel, 1988).
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In the drought-intolerant group, there is a predator (Oxorhynchites rutilus)

with which the other two drought-intolerant species can co-exist. However,

this predator can eliminate A. triseriatus when it happens to co-occur, and

thus A. triseriatus survives by using a hazardous habitat that the predator

cannot tolerate (Bradshaw & Holzapfel, 1988).

With the drought-tolerant species of mosquitoes, Aspbury & Juliano

(1998) found that in the post-drought filling phase, both resource

condition (leaf litter) and intraspecific competition strongly influenced

population increase. The drought-tolerant A. triseriatus lays its eggs

during a drought above the water line. The eggs can accumulate to

such levels that upon hatching after re-filling, intraspecific competition

of the ‘scramble’ type (e.g. Nicholson, 1954) occurs and limits popula-

tion recruitment.

In a survey of treehole mosquitoes, Srivastava (2005) found that drought

at a local level was a major contributor to variation in species richness, but

not at a regional level, stressing the point that drought, by exerting strong

small-scale effects, can strongly influence species composition and richness.

These studies reveal how drought may favour some species and not others,

and thus exert strong local effects on species composition and richness. This

is an important finding in that it reveals that species – even closely related

species – vary tremendously in their tolerance of drought, and that these

differences allow species to coexist if there is variability in habitat persistence

when drought occurs.

Other dipterans in temporary waters are affected by drought. In a

temporary pool in France, Delettre (1989) sampled emerging chironomids

in a drought year (1980) and two subsequent normal years (1981,

1982). In the drought year, only 11 species were recorded, while in the

subsequent normal years, 15 species were recorded. Of the eight most

common species normally found, one species was absent in the drought

and another was only recorded once. Three other species emerged from

the pond before the drought but did not emerge in the year after the

drought broke. All eight of the common species emerged in the years after

the drought.

Thus, as expected, drought can disrupt the emergence of aquatic insects

and influence local species richness. If a drought occurs before recovery

from previous droughts has been completed, it is likely that species richness

will be reduced for a considerable duration thereafter. This illustrates the

important point that a series of droughts can exert cumulative effects not

shown in a single isolated drought. In other words, in dealing with drought,

history matters. The importance of past history of drought in shaping the

effects of a contemporary drought is an example of ecological memory

(sensu Padis�ak, 1992).
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6.2.3 Invertebrates in regional standing water bodies
of differing hydroperiods

In many landscapes, permanent and temporary water bodies together form

a mosaic that alters in pattern as drought lowers water availability at a

regional level. Drought may be a major force determining community

structure in such landscapes, depending on the relative proportions of water

bodieswith different hydroperiods, their respective biota, the drought history

and the spatial patterns of hydrological and (the more general) ecological

connectivity between the water bodies.

In a complex with temporary and permanent ponds, Jeffries (1994)

sampled macroinvertebrates from 29 ponds in a Scottish wetland in

1986 and 1987 before a drought, and in 1992 immediately after a four-

year drought. The study thus assessed drought impacts rather than recov-

ery. The series of small ponds was created by the removal of anti-tank

barriers and was close to Marl Loch, a permanent pond, which survived the

drought and was a source of aquatic fauna. The drought impacts varied

according to pond final condition,with six ponds having somewater, 12 ‘still

wet’ and 11 being dry in 1992. The ponds that did not dry out accumulated

taxa, as did the ponds that were still wet, with the latter group acquiring

species more typical of temporary ponds. The ponds that dried lost taxa, the

loss being most severe in those ponds that were temporary before the

drought. The drought extinction rates were high in both temporary and

permanent ponds, and permanent water taxa were poor colonists compared

with the taxa from temporary ponds (Jeffries, 1994). Overall, the results

illustrate the highly variable effects of drought at a landscape scale, and how

the previous history of water bodies strongly influences the faunal responses

to drought – a further example of ecological memory.

With the restoration of beaver populations in North America, beaver

dams now occur in many wetlands. Depending on their hydrology, the

impoundments range from temporary to permanent.Wissinger & Gallagher

(1999) sampled themacroinvertebrate faunaof twopermanent beaver pond

wetlands and two semi-permanent impoundments that filled in autumn a

year (1994) before a drought. The fauna of the two types of wetlands were

both rich and similar. In 1995, there was a short but severe drought in

which three wetlands dried completely, and one of the permanent wetlands

was greatly reduced in volume. Samples were again taken in late 1995 and

in 1996.

During the drought, sediment samples were taken from the basins of the

three wetlands that dried out. These sediments were used in a rehydration

experiment to find those taxa that had drought-resistant propagules in the

sediments. Four major groups of taxa were found: terrestrial arthropods
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coming into the dried basins, diapausing crustacean zooplankton, ‘flightless

invertebrates andwetland insects’ and desiccation-resistant aquatic insects.

Combining the experimental findings with the samples from the wetlands

indicated that the two autumnal wetlands had a greater proportion of fauna

recolonizing from drought-resistant stages (71 per cent and 63 per cent of

species) than the permanent wetland (38 per cent). All three wetlands

had similar proportions of recolonization by immigrating adult insects

(22–27 per cent of species). Recovery of the fauna within one year differed

between the wetlands with the two autumnal, temporary wetlands recov-

ering about 90 per cent of their pre-drought fauna, whereas recovery in the

one permanent wetland was 77 per cent of the species of the initial fauna.

Furthermore, in the temporary wetlands, only a small number of species in

the post-drought period were new taxa, compared with 16 new taxa in the

‘permanent’ wetland. This suggests that in the permanent wetland, drought

as a disturbance created an opportunity for new taxa to invade, but in the

temporary wetlands, the fauna, being pre-adapted to drought, recovered

rapidly and drought did not provide opportunities for invasion.

Wissinger &Gallagher (1999) speculated that the recovery of the fauna of

wetlands after drought is strongly dependent on the nature and distribution

of neighbouring wetlands that serve as sources from which colonists can

disperse into the drought-affected areas. The above results strongly suggest

that adapting to the taxing conditions of intermittent systems produces a

tolerant and robust fauna which readily bounces back from drought,

whereas adapting to permanent conditions is less challenging and produces

a fauna that is likely to be changed considerably by drought. This endorses

the view that the past evolutionary and ecological history of the fauna in

wetlands with different hydrological regimes strongly governs the impacts

and patterns of recovery after drought.

Prairie wetlands in Minnesota, both permanent and temporary, were

subjected to a severe drought from1987 to1990 (Hershey et al., 1999),with

some wetlands becoming dry and others being greatly reduced in depth.

Samples of those wetlands with some water in the drought, compared with

samples after the drought, revealed that densities of molluscs (gastropods,

sphareiid bivalves) increased, but densities of insects overall decreased. In

the insects, the Chironomidae and Ceratopogonidae were most depleted,

while the Stratiomyidae, Tipulidae and Coleopterawere not affected. Species

richness declined in the drought, with most of the decline being due to the

loss of chironomid taxa.

After the drought broke, there was a one-year lag in the recovery of

chironomids and ceratopogonids but, three years after the drought, the

insect abundance was three to five times greater than in the drought years

(a post-drought boom). The causes of this boom are uncertain; drought may
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have reduced predation or may have served to lift primary production by

increasing nutrient availability. Mollusc densities dropped significantly after

the drought – perhaps reflecting not mortality but a habitat concentration

effect during the drought. In the zooplankton, both rotifers and cladocerans

had more taxa and higher abundances in the post-drought years than

during the drought, while copepods and ostracods appear not to have been

affected by the drought at all.

Considering these major faunal changes due to drought in the Minnesota

wetlands, Hershey et al. (1999) devised a scheme for the changes in

community structure between normalwet periods and droughtwith greatly

lowered water volume. In times of drought, the non-insect macroinverte-

brates (gastropods, sphaeriids, annelids) are abundant and,with the drought

breaking, insects increase in abundance (with chironomids, somewhat

surprisingly, having a lag in their recovery). In the zooplankton during

drought, copepods and ostracods dominate; with the drought breaking,

there is a rapid recovery by copepods, rotifers and cladocerans.

The lag recovery in the insects is held to be due to the need for dispersal

from more permanent wetlands (refuges), while the rapid recovery of the

zooplankton is driven by the rapid hatching from the egg bank in the

wetland sediments (Hershey et al., 1999). The results suggest that drought

has major and predictable effects on assemblage structure, and that

drought is a major force governing diversity, particularly beta diversity

(between water bodies).

In many parts of the cold temperate zone of the Northern Hemisphere,

snowmelt ponds are a common form of temporary pond. If the snowpack is

low, drought may occur in the subsequent spring-summer period. The

hydroperiods of the ponds normally range in duration from a few days to up

to tenmonths or so. In a series of such ponds, Schneider& Frost (1996) found

that species richness increases with pond duration, as does the number of

predatory taxa, and that the proportion of taxawith desiccation-resistant life

history stages (predominantly eggs) declines as pond duration increases.

Ponds with short duration tend to harbour a fauna adapted for fast growth

and reproduction, with mechanisms to survive the dry period. In ponds of

long hydroperiod, biotic interactions such as competition, and especially

predation, may exert a powerful influence on community structure (Lake

et al., 1989; Schneider & Frost, 1996).

In 1987–1989, there was a severe drought in the upper Midwest of the

USA that caused the ponds studied by Schneider (1999) either to dry out or

to have only short hydroperiods. Extensive faunal samples across seven

ponds were taken in 1985, prior to the drought, and in 1989, immediately

after the drought. Drought decreased the species richness. In two ponds that

usually had long hydroperiods, gastropods and caddis flies were reduced, if
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not eliminated. At the same time, in one of these ponds, the hitherto very

rare fairy shrimp Eubranchipus, along with Aedes mosquito larvae, under-

went massive population increases. In ponds usually with long hydroper-

iods, drought eliminated predators with relatively long life cycles, such as

dragonfly larvae and notonectids. This reduction in predation pressure

provided an opportunity for rapid population growth of the fairy shrimps

and mosquito larvae (Schneider, 1997, 1999). In normal wet years, fairy

shrimps were eliminated by predators but had unhatched eggs in the

sediment. These eggs hatched after dry years and allowed the production

of many eggs that may hatch when another drought once more eliminates

the predators.

With drought and the consequent loss of taxa, the number of links, the

link number per taxon and connectivity in the resulting food webs all

declined (Schneider, 1997). The drought favoured the existence of taxawith

desiccation-resistant stages and depleted the fauna without these adapta-

tions. Consequently, the impacts of drying, with changes in community

structure and food webs, were more marked in those ponds that normally

had long hydroperiods. Again, as indicated in Wissinger & Gallagher’s

(1999) study, drought can temporarily eliminate taxa, notably predators,

and hence provide a window of opportunity for fast growing and predator-

intolerant taxa – a further example that history matters. Not only do these

effects alter biodiversity patterns across wetlands, but they also alter food

webs by simplifying them.

As shown above, drought may favour some species while inhibiting

others. Working in Pennsylvania, Chase & Knight (2003) classified a series

of wetlands into three types:

. permanent, which always contain water;

. temporary, which regularly fill and dry out;

. semi-permanent, which only dry out with severe drought.

The wetlands were sampled for mosquitoes, mosquito predators and

competitors from 1998 to 2001. A major drought occurred in 1999. Both

predators and competitors were drastically reduced by drought in the semi-

permanent wetlands, but not in the permanent or temporary wetlands.

Without pressure from predators and competitors, mosquito populations in

the semi-permanent wetlands boomed the year after the drought (Chase &

Knight, 2003). This result was supported in experimental mesocosm ex-

periments, using drought as the disturbance, that showed that the semi-

permanent treatment had the highest abundance of emerging adult mos-

quitoes and the lowest biomasses of competitors and predators (Figure 6.1).

For predator-prone and poor competitive taxa such as mosquitoes, drought
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Figure 6.1 The abundance of adult mosquitoes emerging from three types of meso-

cosms (temporary, permanent and semi-permanent) (top graph) after an experimental

drought, along with the biomass of competitors (middle graph) and biomass of predators

(bottom graph). (Redrawn from Chase & Knight, 2003.)
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may be a strong force in reducing both predation and competition and

providing a chance for rapid recruitment of such opportunistic species.

In another survey, Chase (2003) sampled ponds for macroinvertebrates,

amphibians and small fish across the permanent, semi-permanent and

temporary gradient. Semi-permanent ponds only had occasional droughts,

while temporary ponds had regular and predictable dry spells. Drought as a

disturbance had more severe effects on semi-permanent ponds than on

permanent ponds and on temporary ponds that dry regularly. For ponds of

the same level of primary productivity, Chase (2003) found that, at a

regional level, permanent ponds were the most dissimilar to each other in

community composition, temporary ponds were the most similar and semi-

permanent ones were intermediate in similarity. Local species richness was

highest for the semi-permanent ponds, and both permanent and semi-

permanent ponds had similar levels of regional species richness (Chase,

2003).

At the local level, the results support the intermediate disturbance

hypothesis (Connell, 1978; Chase, 2003) but, at the scale of regional

richness, dispersal and patterns of connectivity may override local patch

diversity. In terms of the effects of drought, this may mean that drought-

intolerant species may seek refuge during drought in permanent ponds, and

that drought-tolerant species that move into semi-permanent ponds with

drought and may persist regionally in temporary ponds.

As drought is invariably a large-scale disturbance operating at the

regional and larger spatial scales, the mosaic of ponds with different states

of permanency may provide resilience to drought at the regional level. At a

regional level, disturbances such as drought can generate a lag signal,

especially if dispersal is low, that may produce a range of dissimilar

communities spatially and with time.

6.3 Insights from experimental studies of drought in
temporary waters

Field observations on small bodies ofwater, such as phytotelmata and ponds,

have provided insights on the ecological affects of drought on the biota of

small, temporary lentic systems. Indeed, overall, experimental studies of

drought have almost exclusively used standingwaters, and theymaymimic

successfully the conditions found in small natural and temporary water

bodies. While the experiments have proven to be insightful, there is a

problem in scaling up the short-temporal-scale and limited spatial extents

of the experiments to the long-term, large-scale phenomenon of natural

drought. Drought may be only one type of disturbance among others that
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can act on natural systems, and small-scale experiments may provide

opportunities to examine the interaction of droughtwith other disturbances,

both natural and human-generated.

Disturbance history can be a major force shaping communities. Using

water-filled bamboo stumps, a form of phytotelmata, Fukami (2001) as-

sessed the effects of two different types of disturbance on populations of

protozoans and small metazoans (e.g. rotifers, nematodes). The two

disturbances were drought and the introduction of a microorganism-

consuming predator – mosquito larvae. The two disturbances were

delivered in four different sequences. On its own, drought had a much

greater effect than predation, but recovery of species richness was faster and

more complete after drought than after predation in the short term. Different

sequences of disturbance induced different successional pathways after the

final disturbance, and there was considerable variation in community

structure and in resilience to the disturbance sequences. In terms of

droughts, this work suggests that the interactions between drought and

other disturbancesmay produceunpredictable responses.As drought lowers

water availability and, depending on the local conditions, other disturbances

such as excessive turbidity, high water temperatures and hypoxia may arise

in distinct sequences, producing context-dependent outcomes and giving

rise to different recovery pathways.

Using microcosms containing populations of protozoans and rotifers

from artificial phytotelmata, Kneitel & Chase (2004) assessed the effects of

three different treatments applied fully factorially. The treatments were:

disturbance by drought; different resource levels (dried leaves); and preda-

tion by mosquito larvae (Aedes albopictus). Drought disturbance and preda-

tion, as individual factors, decreased species richness and total abundance.

An increase in drought severity made community composition between

the various treatments more similar, suggesting strong winnowing of

drought-intolerant species. Drought and predation interacted significantly,

with drought having a stronger impact when there was no predation,

and predation being more effective in the absence of drought. Drought

and availability of resources appeared not to interact. Community composi-

tion became more similar as disturbance increased (experimental

drought frequency).

Thus, predation and droughtmay interact strongly, but not necessarily in

a straightforward additive way. Nevertheless, the outcome of disturbance is

stronglymoderated by interspecific interactions such as predation, and both

can very significantly change community composition.

In aquatic ecosystems, especially small systems, the disturbance of

drought is clearly a strong environmental force that can regulate commu-

nity structure, especially after a drought has occurred. Communities in a
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system may be rebuilt after drought, through recruitment by survivors that

tolerated the drought and/or by recruitment by dispersal and recolonization

from external water bodies. The level of habitat isolation in a region may

determine the extent towhich dispersal influences recolonization of habitats

after drought.

Using a similar experimental set-up as that used by Kneitel & Chase

(2004), Östman et al. (2006) tested the effects of disturbance – drought – on

regional species richness of multiple microcosms. Local sets of microcosms

comprised a region, and local microcosms in a region were either connected

or not. With drought, regional species richness was lower in regions with

isolated microcosms than in those that were connected to each other. The

overall regional species richness consisted of drought-intolerant and

drought-tolerant species and thus, in the connected microcosms, dispersal

betweenmicrocosms partly offset the effects of drought. Hence, as suggested

above, the interaction between dispersal and habitat isolation may be

critical to the emergence of community structure after disturbances such

as drought.

The role of dispersal in assembling communities through influencing

colonization is stressed in the Neutral Theory of Hubbell (2001). As

colonization may be a stochastic process, there may be considerable differ-

ences between local communities within a region after a drought (Chase,

2007). An alternative,more deterministic, view is that environmental filters

regulate the recruitment of species to local communities from the regional

pool and, if this filter is strong, uniformity is imposed on the composition of

local communities. Such a process requires successful species to have the

appropriate traits to conform to criteria of the filter – a process of ‘niche

selection’ (Chase, 2007) regulating community structure.

Chase (2007) set up an experiment with artificial ponds that developed

communities for two years, after which one half of the ponds were subjected

to a short and severe drought. The invertebrates of the communities were

sampled two years later. Drought reduced both local species richness (a
diversity) and regional diversity (g diversity) significantly. As depicted in

multivariate ordination (Figure 6.2), there was a high similarity among the

drought-affected communities and a wide dissimilarity between each of the

control permanent pond communities, along with a significant difference

between the drought and the non-drought communities. The experiment

clearly showed that drought was acting as a strong environmental filter,

reducing the three forms of spatial diversity (a, b, and g diversity). Given that
there was only one drought and that it was, in the scale of droughts, a fairly

mild event, the possibility is strengthened that drought may be a powerful

environmental filter to determine the composition and diversity of many

aquatic communities.
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6.4 The biota of temporary streams and drought

In this section, the focus will be on macroinvertebrates. This reflects the

amount of investigation that has been directed at the effects of drought on

this group rather than on microinvertebrates. Fish will be mentioned,

although treatment of the effects of drought on fish dwelling in

mostly permanent, but some temporary, waters are covered in separate

chapters (7, 9 & 10).

Drought can affect a range of surface water streams, from those that have

highly variable flow regimes (such as intermittent streams) to streams and

rivers with stable and highly predictable flow regimes. For the biota of

temporary streams, drying is a normal environmental event that has shaped

their evolution (viz. Williams, 2006). In temporary streams, supra-seasonal

drought can occur and exert significant effects.

−0.2

0

0.2

−0.4 −0.2 0 0.2 0.4

Dimension 1

D
im

en
si

on
 2

permanent ponds

drought ponds

Figure 6.2 Non-metric multidimensional ordination of the biota of experimental

undisturbed permanent and drought-disturbed ponds. The ordination clearly indicates

the strong homogeneity of the biota created by the disturbance of drought. (Redrawn

from Figure 2, Page 17431 in Chase, 2007.)
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6.4.1 Drying in desert streams

Desert streams, as exemplified by the well-studied Sycamore Creek in

Arizona, have widely fluctuating flows, from large, pulsing floods (Fisher

et al., 1982) to long periods of desiccation (Stanley et al., 2004), and so they

may provide some insights on the effects of stream drying. Drying of the

channel in desert streams can be severe, with the channel being completely

dry for kilometres. Sections with water may persist as isolated pools, which

may be linked by subsurface flows through sand (Stanley et al., 1997).

Drying not only influences the distribution of biota, but also fragments and

reduces production (Stanley et al., 1997, 2004).

In desert streams, seasonal drought, and especially supra-seasonal

drought, causes considerable mortality of invertebrates, as they may

be stranded in pools that dry out and stressed as pools decline in water

quality (Boulton et al., 1992b; Stanley et al., 1994). The hyporheos is

affected by drying with losses in the shallow zone (<50 cm), but not

necessarily in the deeper phreatic zone (>50 cm) (Boulton & Stanley,

1995). Macroinvertebrates do not appear to use the hyporheic zone as a

refuge, with the exception of Probezzia, a ceratopogonid (Stanley et al.,

1994).

As drying progresses, macroinvertebrates may migrate to reaches with

persistent water (Stanley et al., 1994). For example, Lytle et al. (2008)

observed that, as drought strengthened in a desert stream, there were mass

migrations of thewater beetlePostelichus immsi (Dryopidae) (Figure 6.3) and

nymphs of the dragonfly Progomphus borealis (Gomphidae) to upstream

persistent water. Adult insects can avoid drought by flying to persistent

water (Stanley et al., 1994). Recolonization after drought is by immigration

from flying adults and by in-stream migration from persistent pools. In

Sycamore Creek, and perhaps in desert streams generally, droughts have

more enduring impacts than floods (Boulton et al., 1992b; Stanley et al.,

1994; Lake, 2007).

6.4.2 Mediterranean streams

Mediterranean climate streams have a predictable flow regime, with

high flow in winter and very low or no flow in summer and autumn

(Gasith & Resh, 1999; Bonada et al., 2006). Most studies of these systems

have been short-term and have described seasonal drought, but there

are some valuable studies that encompass both seasonal and supra-

seasonal droughts.

In Mediterranean climate streams, the more complex and species-rich

macroinvertebrate assemblages occur in spring to early summer, and the
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simplest andmore species-poor assemblages occur inmid- to late summer as

streams become trickles or a series of separate pools, or even completely dry

for considerable periods (Towns, 1985; Gasith & Resh, 1999; Acuña et al.,

2005; Bonada et al., 2006). The combination of spatial pattern of drying and

its duration strongly influence the distribution and abundance of the biota

(e.g.McElravy et al., 1989; Pires et al., 2000;Arab et al., 2004; Fonnesu et al.,

2005; Acuña et al., 2005).

In general, the fauna has a low resistance to the summer drought

(Fonnesu et al., 2005; Acuña et al., 2005), though some species may use

refuges such as burrowing into the streambed (the hyporheic zone) (Legier &

Talin, 1975; Gagneur & Chaoui-Boudghane, 1991) or have drought-

resistant eggs. Resilience is strong, as recovery from the summer drought

with the return of flow is rapid and substantially occurs through adults

flying in from persistent pools and perennial streams, with chironomids

Figure 6.3 Bands of adult dryopid beetles (Postelichus immsi) plodding upstream to

persistent water as drought develops in the Santa Maria River, Arizona, USA. (Picture

from Figure 1 (right) in Lytle et al., 2008.) (See the colour version of this figure in

Plate 6.3.)
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being the early dominant group (Legier & Talin, 1975; Towns, 1985;

Acuña et al., 2005).

During the summer drought, organic matter, both autochthonous and

allochthonous, accumulates in pools and the dry stream channel (Maamri

et al., 1997a; Acuña et al., 2005, 2007). In streams that continue to flow

during summer droughts, detritus processing occurs at a higher rate than in

the cool, high-flow part of the year; in streams that cease to flow, detritus

processing is greatly reduced (Pinna & Basset, 2004; Pinna et al., 2004;

Sangiorgio et al., 2006). Thus, detritus processing is slower in low-order,

headwater streams that cease to flow in drought than in higher-order

streams that continue to flow (Pinna & Basset, 2004).

Surprisingly, in summer drought, detritus processing may be faster in

persistent pools than in flowing stream sections (Maamri et al., 1997b).

Detritus decomposition in pools in summer drought may rapidly cause the

development of ‘blackwater’ conditionswith accompanying deoxygenation.

In an Australian stream in summer drought, two species of leaf-processing

caddis larvae (Leptorussa darlingtoni and Lectrides varians (Leptoceridae))

occurred in the shallow, oxygenated areas of the pools, and in the deeper

pool sections, tubificids and chironomids, adapted to low oxygen conditions,

processed the detritus (Towns, 1985, 1991).

In a Spanish stream that continued to flowduring summer droughts, both

ecosystem respiration and gross primary production increased above the

autumn-winter levels (Acuña et al., 2005). However, when the summer

drought caused the stream to cease flowing, both respiration and primary

production went to very low levels and recovery was delayed. When flow

returns after summer droughts, there can be a heavy influx from the

catchment of nutrients and organic matter (both DOM and POM), and

microbial activity can reachhigh levels (Artigas et al., 2009), rendering such

streams strongly heterotrophic. Detritus is the major food resource for the

recolonizing invertebrates, as the development of algal biofilms may take

some time (Legier & Talin, 1975; Acuña et al., 2005). High photosynthetic

activity occurs in early spring andwinter, when the deciduous trees are bare

and both nutrients and light favour primary production (Artigas et al.,

2009). Thus, for Mediterranean climate type streams, there is some under-

standing of ecosystemmetabolism and detritus processing dynamics during

summer drought that may partly apply to processing in supra-seasonal

droughts. This information is important, as there are no studies on detritus

processing during and after lengthy supra-seasonal droughts.

As drought is such a strong disturbance, one would expect adaptations in

the fauna to contend with it. Adaptations to regular seasonal droughts

would be indicated by traits, and such traits may also allow animals to

contend with supra-seasonal droughts. Unfortunately, to date, we do not
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have a trait-based analysis of macroinvertebrates that successfully contend

with supra-seasonal droughts.

There are two studies of traits of macroinvertebrates that contend with

summer droughts in Mediterranean streams (Bêche et al., 2006; Bonada

et al., 2007). Using data from long-term studies of two Californian Mediter-

ranean streams, Bêche et al. (2006) found constancy in the representation of

traits to contend with the summer drought, especially in the fauna of the

intermittent stream. Traits significantly represented in the intermittent

stream during the summer drought included small body size (< 2.5mm),

moderate sclerotization, protective cases or shell, spherical body shape, semi-

and multivoltinism, adult stages > 10–30 days, passive aerial dispersal,

parthenogenic reproduction, free single and terrestrial eggs, ovoviparity,

deposit feeding and predation as feeding habits. Unexpected but significant

traits included lifespans >1 year, gill respiration, and having macrophytes,

dead animals, microinvertebrates and vertebrates as major food types.

The study of Bonada et al. (2007) differs from that of Bêche et al. (2006) in

that it studied the traits of macroinvertebrates living in stream sections that

were either perennial, intermittent or ephemeral. The traits positively

correlated with intermittent, and the more severe ephemeral, conditions

may be traits to deal with droughts. Traits positively associated with

intermittent streamsections included small body size, eggs laid in vegetation,

aerial active dispersal, diapause or dormancy, spiracular aerial respiration,

flying and surface swimming locomotion, and microinvertebrates as food.

Traits associated with ephemeral conditions –more suggestive of supra-

seasonal drought traits – included large body size (4–8 cm), free isolated

eggs, parthenogenesis, aquatic passive dispersal, cocoons, tegumental res-

piration, epibenthic and endobenthic habitat, using sediment microorgan-

isms and fine detritus as food, and deposit feeding. The ephemeral stream

traits appear to be shaped by the need to contend with extended dry periods

and do not overlap with those traits for the intermittent stream sections.

However, traits shared between the two studies for intermittent streams

(Bêche et al., 2006; Bonada et al., 2007) do not overlap, except in the case of

small body size.

Along a section of the Po in Italy, a Mediterranean climate river, some

reaches became intermittent with summer droughts (Fenoglio et al., 2006),

due largely to water extraction (Fenoglio et al., 2007). Species richness and

total abundance declined as flow intermittency increased. Collector-gath-

erers were the dominant functional feeding group, with shredders and

predators declining with increasing intermittency. When the stream chan-

nel was dry, Fenoglio et al. (2006) found that both larvae and adults of the

dytiscid beetle Agabus paludosus were present in the hyporheic zone,

70–90 cm below the surface. This suggests that in Mediterranean streams
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with regular seasonal drying, particular faunal species may use the hypor-

heic zone as a refuge that may also allow persistence through a supra-

seasonal drought.

At the downstream sites with long cease-to-flow periods, the dominant

groups were Group e (small-medium size, short generation time, uni-or

multivoltine, cemented eggs, crawlers, plant feeders) and Group f (medium

size, univoltine, crawlers, attached eggs, dormant stage), which partly agree

with the traits for intermittent streams found by Bêche et al. (2006) and

Bonada et al. (2006). These studies outline the traits of animals that can

contend with intermittent stream conditions. How much the traits indicate

success in dealing with supra-seasonal droughts is still uncertain. Indeed,

given the unpredictability in timing, duration and severity of supra-seasonal

droughts, it may be difficult for organisms to adapt successfully to such a

strong selection force.

Long-term studies of Mediterranean streams in California have produced

an understanding of how seasonal and supra-seasonal droughts differ. In

years of supra-seasonal drought, there is a reduction in winter precipitation

and a reduction in the number of storms that produce scouring floods

(McElravy et al., 1989; Power, 1992; Power et al., 2008). In a severe drought

year (1977) in the perennial Big Sulphur Creek, species richness and

abundance of Ephemeroptera, Plecoptera andTrichopterawere significantly

reduced (McElravy et al., 1989; Resh et al., 1990). Surprisingly, in the

drought, the abundance of the algal-grazing caddis larvae Gumaga nigricula

was high and comprised 57 per cent of total invertebrate abundance

(McElravy et al., 1989). The cause for this dominance may be the lack of

the normal scouring winter floods, which deplete Gumaga populations,

rather than the summer conditions of low flow (McElravy et al., 1989).

Gumaga is a burrowing caddis that favours silt in depositional areas, so the

lack of winter floods removing silt, combined with the encroachment of

Typha in the channel during drought, may have favoured Gumaga popula-

tions (Bêche et al., 2006).

However, in a small brook that dried up completely in the 1976–77

drought, the population of G. nigricula was eliminated (Resh, 1992). With

the return of normal flow, recovery was slow. Prior to the drought, Gumaga

had multiple cohorts. Two years after the drought, there was only a single

cohort, and recovery to the pre-drought condition did not occur till 1986,

ten years after the supra-seasonal drought (Resh, 1992). Thus, the

severity of a single supra-seasonal drought had markedly different effects

in different habitats and accordingly affected populations of the same animal

in different ways.

The situationwhereby lack of scouring floods favours particular species in

drought years is further illustrated by a remarkable18-year study by Power
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et al. (2008) on the South Fork Eel River in California, a perennial river in a

Mediterranean climate. After normal winter floods, which scour the stream

bed, Cladophora and diatoms flourish and are consumed by primary con-

sumers (Power, 1992),which are part of a foodweb terminating in steelhead

trout. In drought years in which preceding winter rains fail, stream bed

scouring is reduced, allowing a ‘predator-resistant armored caddis fly’

Dicosmoecus to graze down the Cladophora and the diatoms (Power et al.,

2008). As Dicosmoecus are not consumed, the food chain from the alga does

not go beyond the caddis larvae, forcing the consumers, during normal

years, to seek other prey. Presumably, this drastic drought-created restruc-

turing of the food web results in lower secondary production. The examples

of Gumaga and Dicosmoecus being favoured in drought years illustrate the

point that drought effects may be more a function of the lack of floods rather

than of low flow conditions per se.

In a study over three separate streams, flow was negatively correlated

with total abundance and taxon richnesswithmajor changes in community

composition before, during and after supra-seasonal droughts (Bêche &

Resh, 2007). Changes in community structure from wet to drought years

were mainly due to changes in chironomid taxa and their abundance. At

first order sites, drought resulted in high stability in community structure,

with rapid drying producing a distinctive set of robust survivors. However, at

sites on higher-order streams, community structure was less stable, due

perhaps to the shift to drought conditions occurring more slowly (Bêche &

Resh, 2007). This is a good illustration of the differing effects of drought in

different parts of a stream system,with the differences being generated by the

different rates of drying.

Further studies on these ephemeral, intermittent and perennial Mediter-

ranean streams revealed that a supra-seasonal drought (1987–1991) did

not significantly alter species richness or total abundance of invertebrates.

However, pre-drought assemblage structure did differ from the drought

assemblage, both of which in turn differed greatly from the post-drought

assemblage. The latter assemblage was stable and, while drought did not

alter aggregates such as total abundance and species richness, it did produce

marked and durable changes in assemblage structure (Bêche et al., 2009).

Overall, these findings indicate, not surprisingly, that in Mediterranean

streams, the effects of supra-seasonal droughts are more severe and less

predictable than those of seasonal droughts. Accordingly, seasonal droughts

may not serve as a reliable guide to the effects of prolonged supra-seasonal

droughts, though traits evolved to contend with seasonal droughts may

partly help to contendwith supra-seasonal droughts. Furthermore, evidence

suggests that lengthy supra-seasonal droughts can leave significant and

durable changes in assemblage structure inMediterranean climate streams.
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6.4.3 Dryland streams

There are many streams in areas of low rainfall that are intermittent and

subject to both seasonal and supra-seasonal droughts. These include

streams in the maritime and continental temperate (winter precipitation)

and tropical climate (summer rainfall) zones.

In the tropical savanna regions, there is a short,wet season and a long, dry

season. Consequently, streams regularly dry out – seasonal drought. How-

ever, supra-seasonal drought, with a failure of the wet season rains, does

periodically occur. In Zimbabwe (then Rhodesia), Harrison (1966) studied

the fauna of pools and runs in a small intermittent stream for two normal

years (1962–63) and a drought (supra-seasonal) year (1964) in which

rainfall was 50 per cent below normal and the stream dried out for seven

months compared with the normal period of about three months.

In each year (normal and drought), the fauna was depleted with the

drying. However, recolonization of the pools was rapid, with the early

colonizers being nematodes, the oligochaete Limnodrilus, copepods (Cyclops

spp.) and the chironomid Chironomus satchelli, followed by nymphs of the

mayfly Cloeon crassi and Odonata. Within two months, the pool fauna was

fully recovered. In the runs, re-colonization occurred after flow resumed

and was marked by the early arrivals of abundant simuliid larvae, along

with nematodes, oligochaetes, Chironomus satchelli and the orthoclad

chironomid Rheocricotopus capensis. Recovery took longer in the runs than

in the pools, with a distinct succession of taxa. Refuges used by the fauna

included resting eggs (e.g. Cyclops), damp places under banks (oligochaetes,

nematodes), and protected and sealed shells (pulmonate snails) (‘polo-club’

refuges; Robson et al., 2008b). Insect re-colonization was thought to occur

through adult insects flying in from elsewhere, with some species laying

eggs (Harrison, 1966).

In an intermittent, continental-temperate climate, prairie stream, Fritz

and Dodds (2004) found that both floods and drying greatly reduced both

taxon richness and abundance and that, in contending with these distur-

bances, resilience was far more important than resistance. Recovery rates

after drying were relatively high and were similar to those after floods. The

rapid recovery after dryingmayhave been facilitated by the rapid recovery of

primary production (Dodds et al., 1996).

A high rate of recovery in a prairie intermittent stream was also found by

Miller & Golladay (1996). The fauna dwelling in this ‘harsh’ type of stream

system are characterized by having ‘short, asynchronous life cycles’ (Fritz &

Dodds, 2004). Themajor refuges from drying appear to have been perennial

upstream reaches, with the rate of recovery of taxon richness being a linear

function of distance from the nearest upstream refuges (Fritz & Dodds,
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2004). Human activities, reducing perennial surface water through exploi-

tation,may degrade and deplete refuges and thus reduce the resilience of the

fauna to flow-generated disturbances.

Two intermittent streams in a rain shadow area of south-eastern tem-

perate Australia were investigated by Boulton (1989) and Boulton & Lake

(1990, 1992a, 1992b, 1992c). Sampling occurred in a severe supra-

seasonal drought (1982–83) and through a normal summer low flow

period. Normally, pools peaked in their species richness and abundance

shortly after flow ceased and persisted through summer, with a fauna

dominated by lentic taxa and predators. The riffles reached their highest

species richness and abundance shortly before flow stopped.With the return

of normal flows in autumn in the riffles, there was a predictable succession,

beginning with simuliid and chironomid larvae and proceeding to a fauna

rich in Ephemeroptera, Trichoptera, Diptera, Coleoptera (Elmidae) and

Plecoptera (Boulton & Lake 1992a, 1992b).

Over summer and in the drought, there was a build-up of organic

matter in the channel due to the leaf fall of eucalyptus, which peaks in

summer, and to the lack of strong flows. Shredders were relatively few,

and their abundance correlated with organic matter levels in the riffles,

but not in the pools, where the organic matter mostly accumulated. The

dominant detritivores were collector-gatherers and collector-scrapers.

The 1982– 83 drought greatly depleted the abundance of detritivores,

especially shredders. The availability of organic matter for the detritivores

at the end of summer or after a drought is dependent on the way that

flow begins. Flooding can deplete detritus availability by moving large

amounts downstream.

The 1982–83 drought greatly reduced faunal densities and species

richness. As the drought set in, immature individuals of some species, such

as those of the stonefly Austrocerca tasmanica and of species of rheophilous,

predatory trichopterans (Hydrobiosidae), were eliminated by the drying

being earlier than normal. Species dependent on free water, such as the

amphipodAustrochiltonia australis, were greatly depleted or, as in the case of

the shrimp Paratya australiensis, were simply eliminated. Thus, in the next

year, previously important species were either absent or only present in very

lownumbers. Recovery ofmany species in thenextwinterwas rapid, though

there were deletions, exemplifying the marked lag effects that supra-sea-

sonal droughts, as opposed to summer droughts, may produce.

Many of the species returning after the drought used refuges, principally,

the ‘polo club’ type of Robson et al. (2008). Boulton (1989) sampled a range

of potential refuges and documented their role in drought survival. There

were five major types of strategies to use refuges: surviving in persistent

pools; in moist habitats (mats of dried algae and leaf litter, below stones and
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logs); moving into the hyporheic zone or crayfish burrows (pholeteros; Lake,

1977); having desiccation-resistant stages such as eggs and cysts; and

migrating to permanent water bodies (Boulton, 1989; see Figure 6.4). By far

the most common strategy was to survive in persistent pools, followed by

having desiccation-resistant stages. The least used refuges were crayfish

burrows, residing in moist habitats (under stones, logs, dry algae) and

moving into the hyporheic zone (Boulton, 1989). Thus, to survive normal

summer droughts and supra-seasonal droughts, the fauna of these

streams used an array of refuges. However, there were still taxa that were

greatly depleted.

In a comparison with the Australian situation, Boulton et al. (1992a)

found that of about 50 invertebrate taxa in Sycamore Creek, Arizona

(a desert stream – see above), only 13 used refuges in seasonal drought,

Figure 6.4 The drought refuges used by macroinvertebrates dwelling in the

Lerderderg-Werribee Rivers in the sharp and severe 1982–83 drought. (Adapted from

Figure 9.5 in Boulton & Brock, 1999.)
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and only three types of refugeswere used: below dried litter, in the hyporheic

zone and in dry channel substrata (desiccation-resistant eggs?).

The biota of intermittent streams, in successfully contending with signifi-

cant periods of low flow or no flow have, by and large, gained adaptations

that allow them to contend with supra-seasonal droughts when they arise.

What is not knownare the effects of extended droughts, evenmegadroughts,

on the viability of the biota of temporary waters. As stressed by Boulton

(2003) and Bêche &Resh (2007), this knowledgemay only come from long-

term studies.

6.5 Drying and recovery in temporary wetlands and streams

The ecosystemdynamics ofwhat drought does to temporary lentic systems is

basically unknown territory. As drying occurs in ponds, water quality

deteriorates, with rises in conductivity and possible occurrence of

‘blackwater events’. Finally, the system dries out, with the dry sediments

containing nutrients and usually a layer of particulate organic matter, of

both allochthonous and autochthonous origins, sitting on the surface.

Although this dry detritus slowly decomposes, it may also become enriched

in nutrients as carbon is lost (B€arlocher et al., 1978).
Droughts are broken by precipitation sufficient to increase and maintain

water volumes. With the drought being broken, nutrients are released from

the benthic sediments and DOC enters from the sediments, the benthic

detritus and from the catchment. Conceivably, bacteria levels rise and

biofilms of bacteria and fungi form, to be then followed by the primary

production of phytoplankton in unshaded systems. This boom fuels filter-

feeding animals that consume either phytoplankton or bacteria or both.

Within a short time, predators –mostly insects – arrive,mainly bymigration

from pools that persisted through the drought.

However, there is a danger of ‘false starts’, whereby enough rain falls to

partly fill the system, but the filling is short-lived. Germination of seeds and

hatching of eggs may occur but, with rapid drying, their lives are cut short.

The damage from false starts remains to be assessed.

In temporary streams, as drought sets in, linkages are severed. First the

lateral links between the stream channel and its littoral zone are broken, and

then longitudinal links are disrupted and pools form, interspersed by dry

channel (Boulton & Lake, 2008). Water quality in the pools deteriorates

with hypoxia, high temperatures and possibly localized blackwater events

with high DOC levels. The stream becomes reduced from a continuum to an

assortment of patches (pools) separated by dry sections. The pools may

become quite different from each other under the influence of specific local
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conditions, rather than being regulated by balancing force of streamflow.

Following the conceptual model of Stanley et al. (1997), the stream as an

ecosystem contracts, to become a fragmented assortment of patches. In

extreme cases, such as in a long supra-seasonal drought, the stream

ecosystem contracts completely and disappears, though in many cases

subsurface water may remain in patches. In the subsurface water, ecosys-

tem processes such as decomposition and nutrient transformation may

continue, but the major pathways of material transfer are severed

(Fisher et al., 1998).

With the breaking of droughts, there is a pulse of nutrients (nitrogen and

phosphorus), POM and DOC from the stream bed and from the catchment

into the stream (see Chapter 5). If the drought breaks with a flood, the

retention of nutrients, DOC and POM in the upstream sections may be poor,

and these components may be swept downstream, possibly to fuel recovery

inmore retentive downstream reaches. However, if the drought breaks with

steadily increasing flows, the pulse of nutrients and organic matter may be

substantially retained and could thus drive recovery of both autotrophic and

heterotrophic metabolism. Such metabolic stimulation may increase at first

heterotrophic production, and then autotrophic production, to levels much

higher than normal. Initially, with a significant lag in primary production,

consumer recovery after drought is delayed in comparison to the recovery of

detritivores (viz. Closs & Lake, 1994).

During the process of recovery from drought, significant trophic inter-

actions may influence the composition of producers and their production

levels. In a typical intermittent prairie stream in Kansas (Fritz & Dodds,

2004), recovery from seasonal drought was rapid when flow returned for a

short period (�35 days), leaving persistent pools (Murdock et al., 2010). The

dominant macroconsumer was the southern redbelly dace Phoxinus erthro-

gaster, which, when flow returned, rapidly migrated in numbers into the

study section.With channel re-wetting, algal growth promptly commenced,

but was checked by grazing macroconsumers. The initial growth of the

filamentous, desiccation-resistant alga Ulothrix declined due to consump-

tion, while chain-forming pinnate diatoms increased.

During the early to mid-phases of recovery, the macroconsumers, pre-

dominantly the dace, along with crayfish (Orconectes spp.), lowered macro-

invertebrate biomass and algal biomass and productivity. This strong, top-

down effect of the macroconsumers did not last, as the fish had, after about

35 days, migrated out of the stream section of the study (Murdock et al.,

2010). Thus, in this case, it appears that primary, rather thanheterotrophic,

production fuelled recovery, with the macroconsumers initially influencing

biomass and production levels. This situation compares interestingly with

the study of Power et al. (2008) (see above), where with the lack of floods, a
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winter drought created later conditions that favoured the population growth

of a macroinvertebrate grazer, which greatly curtailed algal biomass and

very significantly altered the normal food web of the river.

The trophic structure of temporary streams undergoes considerable

changes while there is flow. As described by Closs & Lake (1994), detritus

and algae comprise the basal resources of the food web in an intermittent

Australian stream. In a short period from cease-to-flow to drying in seasonal

drought, the food web goes from being in its most complex and diverse form

to nothing. Rebuilding as flow returns after drought appears to be strongly

driven by detritus, and algae do not appear to be important until well after

flow has started. Possibly, such changes in the food web structure with

summer drought occur after supra-seasonal drought, with the proviso that,

during supra-seasonal drought, somekey species, suchas somemolluscs and

crustaceans, may have been eliminated.

6.6 Conclusions

Temporary waters cover both standing and flowing waters, which may be

either ephemeral or episodic or intermittent. For these systems, especially

intermittent systems with predictable seasonal droughts, there has been

many studies documenting effects of seasonal drought on biota, but rela-

tively few studies of the effects of supra-seasonal droughts. This imbalance

stresses the need for long-term studies that track both regular seasonal

droughts as well as the infrequent supra-seasonal droughts, and that in

particular detect the lag and possible cumulative effects of drought.

Algaemay survive drought, though this appears to be strongly dependent

on the rate of drying as droughts build and on the lengths of drought. As

recovery of algal-driven primary production is a key factor governing

recovery of consumers after drought, the study of the impacts of drought

and recovery in streams must be scaled up to the catchment level. This

requirement remains an unfilled challenge, and the need to increase the

spatial extent also applies to other ecosystem processes and biota.

Vascular plants havemeans of drought avoidance, such as the production

of propagules, and means of drought tolerance that involve physiological

adjustments. Supra-seasonal drought in wetlands may lead to

‘terrestrialization’, whereby terrestrial biota (e.g. plants and fauna) invade

the domains of aquatic plants, whereas in other cases there may be

wholesale replacement of particular aquatic plant species by other aquatic

species. The latter illustrates the fact that in many cases with different biota,

supra-seasonal drought may facilitate the expansion or invasion of some

species by harming others.
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The fauna of temporary waters may deal with drought either by having

means of survival in situ, such as desiccation-resistant propagules or life

stages (sedentary refuges), or by migrating away to refuges (migrational

refuges) such as nearby permanent water. Different faunal groups vary in

their use of these two types of refuges, with crustaceans andmolluscs by and

large using sedentary refuges, whereas insects and fish mainly use migra-

tional refuges. In the case of propagules, the cumulative effects of long,

supra-seasonal droughts remain uncertain.

By producing a variety of conditions in water bodies at a landscape scale,

drought may actually favour the survival of some species. This particularly

applies for the fauna of temporary waters, many of which are good

colonizers, whilst many inhabitants of permanent waters are poor coloni-

zers. In eliminating potential competitors and/or predators in some loca-

tions, droughtmaycreate conditions that favour good colonizers for a period.

Indeed, drought and interspecific interactions, such as predation, can

interact to produce novel outcomes at a landscape scale.

Antecedent conditions can greatly influence the effects of drought.

Recovery from a supra-seasonal drought may take time and may not be

complete before the next drought, even a normal summer drought, sets in.

Thus, past droughts may mould the ‘ecological memory’ of a system, and

their effects need to be considered in understanding the effects of individual

droughts. However, there are only hints at this stage of the nature and

strength of this phenomenon.

The available evidence does suggest that the biota of temporarywaters, in

evolving to contend with seasonal droughts, possess adaptations which do

increase their resistance and resilience to the stresses of supra-seasonal

drought. This capacity is, however, very dependent on the duration and the

severity of supra-seasonal droughts.

Finally, while an understanding of the effects of drought on the inhabi-

tants of temporary waters is starting to emerge, there is a great dearth of

knowledge on how ecosystem processes (e.g. primary production, decom-

position, denitrification) are affected by drought. Studies in this area will

need to embrace catchments, rather than specific sites, and examine not

only processes in the water body itself, but also processes in the terrestrial

portions of the catchments that influence processes in the water body.
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7

Drought, floodplain rivers
and wetland complexes

Floodplains occur alongside rivers and are relatively level areas which

may be regularly inundated. They are mainly constructed from the

deposition of material from the river. In constrained rivers, the floodplain

is narrow, but in large, unconstrained lowland rivers, the level floodplain

may be very wide. The channels of lowland rivers are winding, with many

meanders, and they undergo considerable lateral migration. Resulting

substantially from past lateral migration of the channel, the floodplain

usually contains an abundance of standing water bodies – lagoons, ox-bow

lakes or billabongs, permanent and temporary wetlands, channels, distrib-

utaries and flood runners. These water bodies are linked with the mainstem

channel during floods, forming a strong but temporary axis of lateral

connectivity. The floods usually occur regularly, especially in regions

with regular wet and dry seasons. In arid and semi-arid regions, the

floods occur episodically as large irregular events (Puckridge et al., 1998;

Bunn et al., 2006).

When flooding occurs, nutrients, sediment, organic matter (both DOM

and POM) and biota are carried across the floodplain and into the mosaic of

temporary and permanent water. This event stimulates a boom of primary

and secondary production, fuelled by both nutrients and DOM from the river

channel, and also by nutrients and DOM released from the re-wetted

sediments of the floodplain. This process of high production is the ‘flood

pulse’ of Junk et al. (1989) and Tockner et al. (2000).

The nutrients and DOM stimulate heterotrophic (bacterial) and autotro-

phic (phytoplankton, benthic algae) production (e.g. Ward, 1989b; Valett

et al., 2005; Lake et al., 2006) that fuels the production of primary

consumers, such as the rotifers and micro-crustaceans that hatch from

eggs in rewetted sediments (Jenkins & Boulton, 2003). This is followed by
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booms in macroinvertebrates, fish and aquatic macrophytes, so that

natural floodplains, especially those in the Tropics, can become one of the

most productive environments on earth (Tockner et al., 2008). In arid zones,

the episodic floods generate high production, culminating in booms of fish

(Bunn et al., 2006; Balcombe & Arthington, 2009) and of water birds

(Kingsford et al., 1999). This boom in production may be accompanied by a

massive increase in biodiversity (e.g. Junk et al., 2006). Indeed, floodplains

are stark exemplars of ecosystems that expand and contract (Stanley

et al., 1997) and which, in doing so, have processes that boom and

subsequently decline.

Water leaves the floodplain by evapotranspiration, seepage, and by

receding back into the channel. Receding floodplain waters carry

nutrients, detritus and biota (from plankton to fish) back to the river

channel, a subsidy that may be very important to its metabolism – a

transferred ‘flood pulse’ which may provide a lasting stimulus to in-

channel production.

The dynamics of recession and the effects of the inputs from the floodplain

to the ecology of the mainstem channel appear to have been neglected. Part

of the boosted production of the floodplain may be transferred to the

surrounding hinterland by birds and insects in the flood and by foraging

animals as the floodwaters recede (Ballinger & Lake, 2006). Needless to say,

many floodplain rivers no longer have flood pulses, due to human activities

greatly reducing the magnitude and frequency of flood, as well as con-

structing barriers and levees to isolate the river channel from its floodplain

(see Chapter 11). These activities have greatly reduced the production of

floodplain river systems.

The receding waters leave behind well-watered and nutrient-rich

plains, which then quickly become populated by a productive expanse

of plants from grasses to shrubs. In turn, this can attract a wealth of

herbivores and their predators in the natural state, and livestock in the

human-controlled state.

A similar pattern of pulsed production – a ‘pulsed ecosystem’ (Odum,

1969) – occurs in some large wetland complexes, of which the Florida

Everglades is a prime example. In this large wetland complex in southern

Florida, the wetlands are inundated in summer (May to October) by a

moving sheet ofwater and become the ‘rivers of grass’. Inwinter, this dries to

plains with waterholes, lagoons and sloughs – the ‘dry-down’. Rather than

the plains being fed by floods from a mainstem river, the Everglades are

flooded by waters overflowing from a large lake, Lake Okeechobee. In this

chapter, the accumulated knowledge on the effects of drought on the biota of

the Florida Everglades is outlined as a seminal example of drought and

wetland complexes.
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As floodplains and wetland complexes are ideal habitat for many verte-

brates, such as amphibians, reptiles, mammals and birds, this chapter ends

with a brief treatment of the effects of drought on wetland-dwelling

vertebrates, to illustrate both the large-scale and strong lag effects

of droughts.

7.1 Drought and floodplain systems

In such pulsed ecosystems as floodplains, seasonal drought may regularly

come with the dry season. Supra-seasonal drought arises naturally from a

failure of wet seasons that leaves the floodplains lacking in regenerating

floods. Water in the channel recedes from the littoral edge and volume

decreases, though the large volumes of lowland floodplain rivers can buffer

them from severe drought effects. In rare cases under natural conditions,

flowmay cease. Little is knownabout the effects of drought on the biota of the

mainstem river channels. The effects of flow regulation on floodplain rivers

and their floodplains, and consequent interactions with drought are, how-

ever, important and are dealt with in Chapter 11.

Witha failedwetseason,floodingmaynotoccurormayonlybeminimal–a

severing of lateral connectivity. This loss, without any recharging of flood-

plain water bodies and an extended dry period, leads to a loss of water and a

decline in water quality in floodplain water bodies.With drought, floodplain

lagoons, being usually shallow, can become highly turbid (e.g. Crome &

Carpenter, 1988) and may lose macrophyte species and cover (Santos &

Thomaz, 2007). Water temperatures increase and may fluctuate diurnally

and oxygen levels may fluctuate, but may also greatly decrease – an effect

exacerbated if stratification occurs. Conductivity (salinity) usually rises as

water levels drop (e.g. Briggs et al., 1985) and pH may change, for example

becomingmore acidic in the floodplain lagoon studied by Crome&Carpenter

(1988). On the Phongolo floodplain in Botswana during drought, some

floodplain lagoons became saline due to the input of saline seepage, whereas

others became saline due to evaporation and drying (White et al., 1984).

On floodplains, leaf litter can accumulate in the basins of wetlands. As

drought sets in, and with loss of water and increased temperatures, decom-

position of the leaf litter occurs and ‘blackwater events’ may take place

(Slack, 1955; Paloumpis, 1957; O’Connell et al., 2000), which greatly lower

oxygen levels and can cause fish kills.

As the lagoons recede, the sediments dry, along with detritus. This drying

reducesmicrobial activity and stops anoxic processes such as denitrification.

Bacteria are killed, which increases the nitrogen and phosphorus contents

of the sediments. Upon re-wetting, the sediments can release a pulse of
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nitrogen and phosphorus that may stimulate phytoplankton and macro-

phyte growth (Baldwin & Mitchell, 2000).

7.2 Drought and the biota of floodplain systems

7.2.1 Vascular plants

Drought may stress floodplain trees. If it leads to a long period of no

flooding and with a fall in groundwater levels, even hardy trees may die.

For example, in the 1997–2010 drought in south-eastern Australia on

the Murray River floodplain, there were no floods and groundwater

levels dropped drastically. This resulted in the death of hitherto drought-

tolerant river red gum (Eucalyptus camaldulensis) (Horner et al., 2009; see

Chapter 5).

Increases in groundwater salinity during drought can result in wetland/

riparian trees being killed (e.g. Hoeppner et al., 2008). Floodplain tree

species differ in their tolerance to flooding and drought (Waldhoff et al.,

1998), and such differences may partly determine forest composition.

For example, Lopez & Kursar (2007) found, in seasonally flooded forests

in Panama, that the dominance of seedlings of the tree Prioria copaifera

was partly due to the relatively low mortality of its seedlings in times

of drought.

Ground cover vegetation may be greatly depleted by the combined effects

of grazing and drought. Considerable damage may be done to many

floodplain areas and riparian zones during drought due to the aggregation

of grazing animals, both wild and domestic.

In floodplain lakes, changes in water level are known to affect the species

richness and composition of aquatic macrophytes (Van Geest et al., 2005).

Lake Merrimajeel is a shallow billabong on the Lachlan River floodplain

in western New South Wales, Australia (Crome & Carpenter, 1988).

Before a drought in 1977–78, the dominant macrophyte was Vallisneria

spiralis, along with filamentous algae and Characeae (Briggs & Maher,

1985). The drought dried up the system and, with refilling, there was a

marked surge in productivity of Vallisneria spiralis, with Myriophyllum

verrucosum becoming an abundant macrophyte (Briggs & Maher, 1985).

Nutrients released from sediments undoubtedly stimulated the high macro-

phyte production.

On the floodplain of the tropical Paran�aRiver floodplain, Santos&Thomaz

(2007) investigated the macrophytes in lagoons connected with the river in

highwater and in disconnected lagoons. Drought decreased themacrophyte

species richness in both types of lagoons from 13–18 to 7–9 species. With

flooding, the species richness in the connected lagoons jumped from 7 to 20,
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while species richness did not change in the disconnected lagoons – a vivid

example of the influence of lateral connectivity in floodplain systems. In both

of these studies, the aftermath of drought was a marked increase in species

richness and production.

7.2.2 Phytoplankton

There are very few reports on drought and phytoplankton in floodplain

lagoons.

In two tropical floodplain lakes in India, Das and Chakrabarty (2006)

compared two years: 1995, which was normal, and 1996, which had a

severe drought. The drought caused an increase in salinity, total alkalinity,

hardness and in the nutrients (total phosphate, total nitrogen, nitrates and

nitrites). With the increase in nutrients, there was a great increase in

primary production (GPP & NPP) and in phytoplankton density (Das &

Chakrabarty, 2006).

A drought in 2000–2001, affecting lagoons of the Upper Paran�a River

floodplain, decreased connectivity between the river and the lagoons. This

loss coincided with a decline in phytoplankton species richness but an

increase in beta diversity between lagoons, reflecting increasing habitat

differences between the isolated lagoons (Borges & Train, 2009). On the

other hand, in an experiment mimicking drought effects in enclosures in a

floodplain lagoon, Angeler & Rodrigo (2004) found that, with declining

water depth, densities of Synechococcus cyanobacteria also declined rather

than increased as may have been expected. It is not clear why densities

dropped with declining water depth.

Drought conditions can exert strong effects on phytoplankton, altering

production, species richness and composition, perhaps due to the loss of

connectivity with the river and other lagoons. Furthermore, changes in

phytoplankton with drought may be influenced strongly by other forces,

such as interspecific interactions (grazing by primary consumers), that come

into play with declining habitat space.

In the mainstem channel of floodplain rivers, drought by lowering

water flow reduces suspended solids and increases light penetration

(Devercelli, 2006). From a fluvial phytoplankton normally dominated

by diatoms (Aulacoseira spp., Skeletonema spp.), in drought the phytoplank-

ton may become one dominated by small flagellates (Crytophyceae,

Rhodomonas) and chlorophytes (Chlamydomonas). The latter group is

known to be favoured by shallow lentic conditions enriched with nutrients

(Devercelli, 2006). Thus, in this case, drought exerted a dramatic effect

on phytoplankton, with major changes in species composition and in

functional groups.
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7.2.3 Zooplankton

Floodplain rivers, withmany backwaters, can harbour a zooplankton fauna,

usually of small body size (e.g. rotifers, protozoans –Wetzel, 2001). A severe

drought in 2003, the worst in 90 years, greatly reduced the flow of the Po

River in Italy. High nutrients, combined with low flow, induced eutrophi-

cation (Ferrari et al., 2006), which produced a marked increase in rotifer

abundance and a decline in cyclopoids. It is interesting to note that in

standing waters, when eutrophic conditions and drought coincide, the

zooplankton is also dominated by rotifers rather than by the normal

crustacean fauna.

In two floodplain lakes in India exposed to severe summer drought, with

the loss of water and increased nutrients, there was a sharp increase in

phytoplankton abundance (Das & Chakrabarty, 2006). This increase was

coupled with a doubling in zooplankton abundance and there was a major

shift in abundance, with an initial increase in rotifers, particularly Brachio-

nus sp., which faded away during the drought. Copepod abundance persisted

to become dominant toward the end of the drought, which virtually

eliminated Cladocera from the zooplankton (Das & Chakrabarty, 2006).

Little information, however, is available on the recovery of the zooplankton.

Drought in Brazil dried out a floodplain lake such that its basinwas broken

up into four small fragments (Nadai & Henry, 2009). Zooplankton species

richness in the fragments dropped, with rotifers becoming dominant, largely

at the expense of cladocerans. With refilling of the basin, zooplankton

densities declined, presumably due to dilution, but species richness jumped

by over 50 per centwith a large increase in copepods (Nadai &Henry, 2009).

In a severe drought, Lake Meerimajeel in south-eastern Australia dried

out for three months (Crome & Carpenter, 1988). As the system dried,

salinity rose sharply and oxygen dropped to undetectable levels. The highest

densities of the diverse zooplankton occurred just before the drying – a

function of habitat reduction. Just before dryingwas complete,many species

were eliminated, but rotifers (especiallyBrachionus calyciflorus andAsplanch-

na sieboldi) dominated in very high densities (3,769 l�1), surviving in water

with high temperatures (�40 �C) and a high turbidity. After the drought

broke, the water was turbid and rich in organic detritus. Faunal recovery

was slow, with low densities of adult cladocerans (Daphnia carinata, Bosmina

meridionalis) and calanoid copepods (Boeckella fluvialis) and immature cy-

clopoids for many months.

Surprisingly, in the filling phase, a group of hitherto rare species (e.g.

Austrocyclops australis, Pleuroxus aduncus, Alona cf. davidi, Diaphanosoma

excisum, Brachionus dichotomus) briefly flourished. Crome & Carpenter

(1988) suggested that this group consisted of early successional species
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using the rich organic detritus. Other studies of drought and zooplankton

(e.g. Arnott & Yan, 2002; Schneider, 1997; Crome & Carpenter, 1988;

Nadai & Henry, 2009) have also shown that, in the early phases of the

recovery of zooplankton from drought, rare species may briefly flourish,

perhaps breed and produce eggs which persist in the sediment survive until

the next drought is broken.

With long dry periods, even in temporary water bodies, the viability of

stored propagules declines, weakening the response to water when it comes.

Boulton & Lloyd (1992) and Jenkins & Boulton (1998) showed that

zooplankton hatching responses from sediments declined as the intervals

between flooding events increased. In experiments, Jenkins and Boulton

(2007) found that dry periods lasting longer than six years caused a very

significant decline in the densities of microinvertebrates that hatched from

sediments with the addition of water.

7.2.4 Benthos

A severe drought in Indian floodplain lagoons reduced density and biomass

of benthic macroinvertebrates which were dominated by ostracods, oligo-

chaetes and dipteran larvae (Chironomidae, Chaoboridae and Culicidae)

(Das & Chakrabarty, 2006). However, during a severe drought in two small

floodplain ponds in Iowa, USA, the benthos dominated by chironomid,

ceratopogonid and chaoborid larvae reached very high densities, presum-

ably a function of concentration from reduced habitat availability

(Paloumpis, 1957). In Lake Merrimajeel, with receding of water in drought,

a shifting strip of wet mud was exposed – a strip that harboured high

densities of the scavenging beetles Heterocerus and Berosus, along with

dipteran larvae (e.g. Dolichopodidae, Muscidae, Chironomidae and Taba-

nidae) (Maher, 1984). Few species survived in the dry mud. With flooding,

there was a boom of the chironomid Chironomus tepperi, with a generation

time of eight days (Maher & Carpenter, 1984). However, this species did not

persist and gave way in abundance to the chironomids – Chironomus

‘alternans a’ and Polypedilum nubifer (Figure 7.1).

The very high initial production of chironomids with re-wetting was

heavily utilized by waterfowl populations. Chironomids, as a group, appear

to vary greatly in their capacity to survive drought. In a comparison with

LakeMerrimajeel, in a Paran�aRiver floodplain lagoon in drought, at least 13
taxa of chironomids (out of a total of 25 taxa) were capable of surviving in

dry sediments for a month (Montalto & Paggi, 2006).

Overall, the responses of the invertebrates of floodplain lagoons to drought

are poorly known. Not only are there hints of major changes in community

structure, but the boom of invertebrates upon floodingmay be critical to the

140 Chapter 7



development of a trophic web and to the maintenance of floodplain eco-

systems. In temporary wetlands and floodplain systems, drought may be

regarded as an essential driver for ecosystem pulsing that governs biodiver-

sity and productivity. By drying sediments and detritus, drought primes the

ecosystem for a boom of production with the release of nutrients and high

quality detritus when water returns.

7.3 Floodplain rivers, fish and drought

Floodplain rivers, especially those in the Tropics, undergo regular wet and

dry seasons, with a pulse of high fish production following the seasonal

floods. Many fish in such rivers spend their lives between wet-season and

dry-season habitats. Consequently, many fish undergo extensive migra-

tions, longitudinal and lateral (Lowe-McConnell, 1975; Welcomme, 1979,

1985; Winemiller & Jepsen, 1998). A group of fish called ‘white fish’ move

onto the floodplain with floods, but recede back to the main channel with

floodplain drying and undergo lengthy longitudinal migrations in the

mainstem channel. A second, or ‘gray’ group of fish comprises those that

move onto the floodplain with the flood and recede back into the channel
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Figure 7.1 Changes with drought in the abundances of two of the dominant chirono-

mid larvae in a floodplain lake, LakeMerrimajeel, NewSouthWales, Australia. (Redrawn

from Figure 3 in Maher & Carpenter, 1984.)
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with drying, but do not undergo lengthymigrations. The ‘black’ group of fish

is the most drought-resistant, as these fish endure the dry season and

droughts in floodplain water bodies, which may become severely degraded

in water and habitat quality (Welcomme, 1979, 1985; Junk et al., 2006).

When droughts occur with greatly reduced flooding, recruitment of

floodplain-dependent species can be severely curtailed, and growth of the

fish in the river channels may be reduced due to the lack of the food subsidy

from the floodplains, especially that delivered as floods recede (Welcomme,

1985, 1986, 2001; Neiland et al., 1990; La€e, 1995). Themain channelmay

serve as a drought refuge for species that migrate from the floodplain and

from tributaries as the drought sets in. Water bodies on the floodplain may

also serve as drought refuges for a wide array of species. Survival in these

refuges may be threatened by the lowering of water quality, especially the

occurrence of hypoxic conditions, and by both increased competition for

food and increased predation pressure (Welcomme, 1979; White et al.,

1984; Merron et al., 1993; Swales et al., 1999) coming from piscivorous

fish, birds and humans. Alternative refuges for fish in floodplain rivers

can be in the channel itself (e.g. Thom�e-Souza & Chao, 2004), which, in

severe droughts of long duration, may become a series of pools. In such

pools, stressful conditions can arise, such as algal blooms that can create

hypoxic conditions.

7.3.1 Fish and the mainstem channel

Little is known about the effects of drought on fish assemblages dwelling in

main river channels of floodplain rivers. The Havel River in Germany is a

regulated floodplain river substantially altered by human efforts. Using

commercial fish data, Wolter & Menzel (2005) found that, after drought

years with low flows, yields of pike (Esox lucius) and pikeperch (Sander

lucioperca) were significantly reduced. This reduction was thought to be due

to low water levels decreasing habitat cover for larval and juvenile

fish, notably macrophyte stands, giving rise to high mortality due to

predation. In turn, lack of the young of the year may reduce the growth

of their major predators, such as one-year-old pike and pikeperch (Wolter &

Menzel, 2005).

Two Brazilian floodplain rivers in the Rio Negro basin were subject to a

severe El Niño drought in 1997–1998 that loweredwater levels by up to two

metres below normal dry season levels (Thom�e-Souza & Chao, 2004). In the

main channels, with drought, species richness and biomass were reduced

by up to 50 per cent. The benthic fish assemblageswere normally dominated

by species in the orders Siluriformes (catfish) andGymnotiformes (knifefishes

and electric eels). In the drought, these two orders virtually disappeared
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and were replaced by Characiformes (leporins and piranhas) and Perci-

formes (perch-like fishes). The causes for this dramatic change are uncer-

tain, with differential migration and high predation being suggested

(Thom�e-Souza & Chao, 2004).

Clearly, more study needs to be done to determine the impact of drought

on fish in themain channels of large rivers. The disruption of connectivity by

human-imposed barriers could have damaging effects on fish that migrate

along these large rivers in both normal times and in drought. Migrationmay

be essential for recovery of fish communities after drought, and yet barriers

can impede these critical migrations.

7.3.2 Drought and adaptations of floodplain fish

The fish that reside in floodplainwater bodies through drought belong to the

‘black’ group, and many of these species have adaptations to survive harsh

conditions, such as undergoing physiological torpor, the ability to aestivate

or produce desiccation-resistant propagules, and the ability to breathe air

from the water surface. Oxygen depletion of a floodplain water body can

occur aswater volumedecreases and temperature and salinity increase. Fish

may respond to hypoxia by (Kramer, 1983, 1987; Chapman et al., 1995;

McNeil & Closs, 2007):

1 changing habitat and/or locality;

2 changing activity;

3 increasing use of aquatic surface respiration;

4 air breathing.

Faced with low oxygen levels, fish may migrate away to habitats that are

oxic, though this may be a limited measure. When there are low oxygen

levels, fish may increase their rate of breathing and their gill ventilation

frequency and amplitude (Kramer, 1987). With hypoxia, fish may also

breathe in the surface layer of water, which is replenished by atmospheric

oxygen. This mode of breathing is called aquatic surface respiration (ASR)

(Kramer, 1983). Some fish have morphological adaptations, such as up-

turned mouths and flattened heads, to carry out ASR effectively. It is worth

noting that adaptations to hypoxia by fish are well developed in the Tropics,

where highwater temperatures, even under normal conditions,may greatly

limit oxygen availability.

Fish living in floodplain lagoons exposed to oxygen stress may increase

their gill ventilation rate (GVR) (Kramer, 1987) and/or resort to aquatic

surface respiration (ASR) (Kramer, 1983). In experiments using fish from

floodplain billabongs, McNeil & Closs (2007) found that, with increasing
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hypoxia, the nine species present increased their GVRs. As hypoxia strength-

ened, eight species then moved to aquatic surface respiration (ASR). The

exception was the weatherloach (Misgurnis anguillicaudatus), which used

air-gulping as its major form of respiration with hypoxia, and which was

most tolerant of extended hypoxia. Three species – Australian smelt (Retro-

pinna semoni), flat-headed galaxias (Galaxias rostratus) and redfin perch

(Perca fluviatilis) – were the first to resort to ASR and were intolerant of

hypoxic conditions. The exotic cyprinids (Carassius auratus) and common

carp (Cyprinus carpio) were the last of the eight species to use ASR, and both

of these fish tolerated severe hypoxia and even anoxia.

Thus, temperature and oxygen levels during drought may differentially

allow fish species to survive and, with time change, the assemblage compo-

sition of fish in floodplain wetlands (McNeil & Closs, 2007), even allowing

alien species to survive better than the native species.

Some fish that live in environments that regularly become hypoxic can

breathe air. Air-breathing alone is rare (e.g. Australian and SouthAmerican

lungfish; Kemp, 1987; Mesquita-Saad et al., 2002 respectively), and most of

the fish capable of air breathing have bimodal breathing, taking up oxygen

from both water and air (e.g. cichlids; Chapman et al., 1995).

As systems dry out in drought, a few fish are capable of surviving by

aestivating in cocoons. As the water levels drop with drought, species of

African lungfish (Protopterus annectens, P. aethiopticus, P. amphibicus) build a

burrow in the mud and line it with mucus to form a cocoon, in which they

then undergo aestivation with greatly reduced respiration (Johnels &

Svensson, 1954; Delaney et al., 1974; Greenwood, 1986; Lomholt,

1993). The other species of African lungfish (P. dolloi) also constructs a

cocoon but, as respiration is not reduced, it has been said to undergo

terrestrialization rather than aestivation (Perry et al., 2008; Glass,

2008). The South American lungfish (Lepidosiren paradoxa), like the African

lungfishes, is an obligatory air-breather and undergoes aestivation (Mes-

quita-Saad et al., 2002; Da Silva et al., 2008). The Australian lungfish

(Neoceratodus forsteri) does not aestivate, but is capable of breathing air from

the water surface (Kemp, 1987). Other fish, such as clariid catfish in Africa

(Bruton, 1979) and the oriental weatherloach (Misgurnus anguillicaudatus)

(Ip et al., 2004) may aestivate in mud and wet soil.

Aestivating fish adjust their metabolism to a very low level, but they face

the problem of dealing with ammonia, the normal nitrogenous waste

product of fish, which is readily soluble in water. Fish such as the

African lungfish can convert the ammonia to urea that is stored and

subsequently excreted, whereas the oriental weatherloach, when exposed

to air, can adjust the pH of their body surface to volatilize the ammonia

(Ip et al., 2004).
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Rather than surviving drought as adults, fish may invest in desiccation-

resistant propagules. This strategy is exemplified in fish in the family

Cyprinodontidae, which thrive in temporary waters and have short life

histories with a high level of reproduction. Faced with receding water levels

with drought, many species of cyprinodontid fish mate and then lay

diapausing desiccation eggs (Wourma, 1972). These eggs can hatch as

soon as water is present, producing fish that mature rapidly and lay many

eggs (Hrbek & Larson, 1999). Species which have this strategy occur in both

South America and Africa, and the ability to produce diapausing eggs

appears to have evolved independently (Hrbek & Larson, 1999).

Nevertheless, in spite of some fish having physiological adaptations to deal

with drought in drying floodplain lagoons, many fish do die from physiolog-

ical stress. Furthermore, as drought takes hold and reduces habitat avail-

ability and water volume, fish populations are compressed, heightening the

pressure of intraspecific interactions such as competition, and interspecific

interactions such as predation and competition.

One of the risks of using lagoons as refuges is that while the lagoons may

persist, they may also harbour predators. Kobza et al. (2004) observed that

small fish used deep pools (depth >1m); although these pools persisted

through drought, they harboured large-bodied predators, which preyed

upon the small-bodied fish and depleted their numbers.

7.4 Drought, fish assemblages and floodplain rivers

Aswith the impacts of drought on fish in large river channels, studies on the

impacts of drought on fish assemblages in floodplain water bodies are few.

The Phongolo River in South Africa and Mozambique was subjected to

severe drought during 1982–1984, which was accentuated by regulation

from an upstream dam (Merron et al., 1993). At the peak of the drought in

late 1983, only 3.7 per cent of the surface area of floodplain lakes held water

(White et al., 1984) and, of 98 lakes on the floodplain, only seven retained

water through the drought (White et al., 1984; Merron et al., 1985, 1993).

In one lake and in some shrinking pools during the drought, salinity rose

sharply due to seepage from mineralized marine sediments (White et al.,

1984). Conditions in the lakes that persisted were very taxing, with high

temperatures and turbidity (White et al., 1984).

During the drought, due to loss of habitat, declining food resources,

increased predation and fishing pressures and declining water quality,

population numbers dropped drastically (Merron et al., 1993). Before the

drought in the period 1974–76, some 35 fish species were recorded in

the Phongolo floodplain, and after the drought there were 30 species
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(White et al., 1984; Merron et al., 1985, 1993). In one lake, Nhlanjane,

before the drought there was a diverse fish fauna dominated by Clarias

gariepinus and Hydrocynus vittatus (White et al., 1984). During the drought,

Nhlanjane become totally dominated by the cichlid Oreochromis mossambi-

cus. The cichlid appeared to benefit during the drought by comparison with

other species, in that before the drought it was estimated to comprise 22 per

cent of total fish biomass, but during the drought it comprised 47 per cent of

the biomass. After the drought, it dropped back to 18 per cent (Merron et al.,

1985, 1993). This fish is well adapted to deal with drought stresses in that it

has a high salinity tolerance, it can switch its diet and eat a wide variety of

food, and it can breed under drought conditions (White et al., 1984).

After the drought, the dominant species in the floodplain lakes were the

cyprinid Labeo rosae and the silver catfish Schilbe intermedius, with both O.

mossambicus and H. vittatus declining (Merron et al.,1985, 1993). The

dominance of Labeo and Schilbe may have been due to large numbers of

these fishmigratingupstream from refugeswith the drought-breaking floods

of the cyclone Demoina (Merron et al., 1985). Drought on the Phongolo

floodplain induced major changes in the fish assemblages, probably due to

the harsh environmental conditions and lack of flooding to allow breeding of

many species. While population numbers and biomass may have recovered,

the compositions of the assemblages after the drought were quite different

from those prevailing before the drought (Merron et al., 1985).

Drought, by preventing flooding of the floodplain, prevents the breeding of

fish that are obligatory floodplain breeders. Such a fish is the s�abalo,
Prochilodus lineatus, which supports a valuable fishery in Bolivia. The severe

El Niño drought of 1990–1995 prevented flooding on the floodplains of the

Pilcomayo River, stifling s�abalo recruitment. This, combined with over-

fishing, led to a collapse of the fishery (Smolders et al., 2000; see Figure 7.2).

A three-year drought during 1994–1996 prevented flooding of floodplain

lagoons of the S~ao Francisco River, Brazil (Pompeu & Godinho, 2006). Fish

were sampled from three lagoons, two of which substantially maintained

their volumes andwerewell-oxygenated, and onewhich lost a large amount

of its volumeandbecamehypoxic.All three lagoons lost species,with the loss

being greatest in the lagoon that lost much of its water (from 34 species to

seven). Across the lagoons, the greatest loss of species occurred in the

migratory fish (the ‘white’ and ‘gray’ groups) rather than in the sedentary

species (the ‘black’ group). In the lagoon with hypoxia, four of the seven

species that survived were air breathers (Pompeu & Godinho, 2006).

These two South American studies show the dramatic effects that the loss

of floods due to drought can have on floodplain fish communities, with large

losses in species, biomass and abundance. In relation to management, this

loss may be partly or wholly generated by river regulation by dams, and it
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indicates that river regulation canbe amajor force in the degradation of river

ecosystems and their fisheries.

The FlyRiver is a large river inNewGuinea,with a rich fish fauna totalling

128species. Ithasanextensivefloodplainarea (45,000 km2)with fourmajor

habitat types: blocked valley lakes, oxbow lakes, grassed floodplain and

forested floodplain (Swales et al., 1999). In 1993 to 1994, the Fly River

regionwasexposed toa severeElNiñodrought that resulted in lowriverflows

and the drying ofmanyfloodplainhabitats (Swales et al., 1999). Fish biomass

and species richness declined sharply with the drought in one oxbow lagoon

and twoblockedvalley lakes. The lake bedswere invadedbydense growths of

terrestrial grasses. When the drought broke, the blocked valley lakes were

joined with the main channel, but recolonization was much slower than

expected. This delay was probably due to the accumulation of floating grass

mats over lake surfaces, which resulted in lowoxygen levels and low levels of

food. The floating grass mats persisted for 18 months, producing unfavour-

able conditions for fish and delaying recovery from drought (Swales et al.,

1999). This is a clear example of how the lingering effects of terrestrialization

of freshwater systems during drought can delay recovery.

The Sahelian drought that affects northern Africa commenced in the late

1950s and still continues (2010) (Dai et al., 2004a;Held et al., 2005); indeed,

the drought may deepen through ‘anthropogenic forcing’ from increases in
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Figure 7.2 Catches of the fish s�abalo (Prochilodus lineatus) (solid line), plotted with the

mean three-year discharge (dashed line) of the Pilcomayo River of the La Plata basin,

SouthAmerica. Amajor drought coincidental with an El Niño event occurred from1990

to 1995. (Redrawn from Figure 1 in Smolders et al., 2000.)
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aerosol loading and from the increase in greenhouse gases (Held et al.,

2005). The drought has had a major effect in reducing river flows (e.g.

Niger River) and lake levels (e.g. Lake Chad) in central and western Africa.

The Niger River and its tributaries support an intensive artisanal fishery

and fishery data (although subject to some error) reveal a consistent drop in

fishery yield with declines in river discharge (Welcomme, 1986; La€e, 1995).
The fishery on the River Benue, a tributary of theNiger, starting in 1969–70

to 1985–1988, underwent a marked change in the major species present,

from fish dependent on floodplain inundation for growth and breeding (e.g.

Labeo, Synodontis) to generalist species that can grow and breed in the river

channel (Tilapia, Clarias) (Neiland et al., 1990).

With data from fish landings at Mopti in the Central Delta of the Niger

River in Mali, Welcomme (1986) found that progressively, from 1966 to

1983, there was a decline in fish yield from 110,000 to 61,000 tons, and

that this reduction correlated with the flood discharge (measured at Kou-

liokoro), that declined from2,736m3/sec to 1514 in 1983. The drop in both

magnitude and duration of the wet-season floods means that less floodplain

area is flooded and that floodingduration is shorter.As foundbyNeiland et al.

(1990), in the catch, the proportion of floodplain breeders (e.g. Citharinus,

Heterotis) declined, while the proportion of generalist species tolerant of

harsh conditions (e.g. Tilapia, Clarias) rose. Indeed, from 1969 to 1980, the

proportion of Tilapia in the catch rose from 19.82 per cent to 44.09 per cent

respectively (Welcomme, 1986).

With later fisheries data, La€e (1994, 1995) documented the decline in the

fishery of the Central Delta due to the effects of the Sahelian drought,

combined with river regulation by two hydroelectricity-generating dams.

The area of delta floodplain inundated by wet season floods dropped from

�20,000 km2 in 1968 to 3,000 in 1984, and the total catch of the fishery

dropped from 87,000 tons in 1969–70 to 37,000 tons in 1984–85 (La€e,
1994). However, fish catch per hectare of inundated floodplain rose from

40 kg to 120 kg. The reasons for this rise was suggested to be due to a switch

fromafisherywith ahigh proportion of large-bodied fish to one based on fast-

growing, small-bodied fish, alongwith an actual increase in fishing pressure

(La€e, 1995). Indeed, the number of fishermen rose from 43,000 in 1966 to

63,000 in 1989 – a function of population growth and diminishing food

resources. The same switch in species composition as that found by

Welcomme (1986) and Neiland et al. (1990) was obvious (La€e, 1995),
from species reliant for growth and breeding on floodplain inundation, to

species tolerant of harsh conditions such as hypoxia, and high salinities (La€e,
1995). The fishery is dominated by the tolerant species, such as clariid

catfish and cichlids, and by small, fast-growing fish that breed in their first

year, such as Labeo senegalensis (La€e, 1994, 1995).
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The Sahelian drought is a megadrought. The combination of river

regulation, by reducing the volume of the seasonal floods, and heavy fishing

pressure, are clearly making dramatic changes to the floodplain fishery of

the Niger River.

7.5 Summary

Floodplain systems and their biota have evolved with regular flooding,

which generates avenues of hydrological connectivity between the river

channel and the floodplain and betweenwater bodies on the floodplain. This

stimulates a boom of production – the flood pulse. Floodplain systems are a

prime example of the dynamics of biodiversity and ecological processes

involved in ecosystem expansion and contraction (Stanley et al., 1997). The

system expands with the flood pulse and then contracts, with some water

lost on the floodplain (evapotranspiration, seepage) and more water reced-

ing from the floodplain into the river channel. The recession represents a

major donation to the river channel of biota, detritus and nutrients, and the

significance of the recession for the channel has not been studied.

Supra-seasonal droughts in floodplain rivers result from the failure of wet

season floods. Not only is the flood pulseweakened or eliminated by drought,

but so is the recession donationor subsidy.Alsoweakened is the subsidy from

the floodplain to the surrounding hinterland. The strength and nature of

these two subsidies, especially the recession subsidy, await elucidation.

Studies on the effects of drought onfloodplain systemsare relatively fewand

mainly come from tropical systems. No doubt this is because, in the developed

temperate parts of theworld,many rivers havehad their floodplains developed

and alienated from their rivers and have been regulated by dams designed to

reduce floods, thus eliminating the flood pulse. By greatly reducing floods,

humans maintain many floodplains throughout the world in a drought-like

state, with abnormally long periods between diminished floods.

The elimination of floods stifles production on the floodplain and the

recruitment of many biota, from macrophytes to fish. Supra-seasonal

droughts have severe impacts, as they can greatly reduce the aquatic and

riparian biota of the floodplain. The riparian vegetation, notably riparian

trees, can be threatened as groundwater levels drop in drought. The

tolerance of seedlings to drought appears to be a major factor governing

the structure of riparian forests or woodlands (drought as an environmental

filter). Drought changes the composition of phytoplankton, both in lagoons

and in the river channel, with a shift to small-bodied cyanobacteria and

flagellates during drought. Species richness and the production of macro-

phytes in lagoons both drop greatly in drought, but recovery after drought is
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marked by peaks in production and diversity, no doubt boosted by the release

of nutrients from re-wetted sediments. Zooplankton species composition

changes greatly in drought, with the small-bodied rotifers being favoured

rather than the larger-bodied crustaceans. During recovery, as in temporary

waters, rare species may be briefly favoured.

The phenomenon of brief booms of rare species in post-drought succession

has been reported in temporary ponds, floodplain lagoons and streams,

suggesting that there is a distinct niche for long-dormant, rapidly-growing

species that thrive briefly in the opportunities created by severe drought. On

the other hand, experiments have shown that the longer the drought, the

more limited will be the hatching/germination responses of the floodplain

biota. Recovery may be a drawn-out process as floodplain-dependent biota

are not necessarily replaced by the biota that survived drought in the river

channel. This particularly applies to the fish.

Supra-seasonal drought leads to a decline in fish species, abundance and

biomass in floodplain water bodies, and major changes occur in assemblage

composition, with ‘white’ and ‘gray’ species declining. This loss in floodplain

fish gives rise to major losses of biomass in floodplain river channels and

marked declines in floodplain fishery yields.

Relatively little is known about post-drought recovery in floodplain

systems. From the few reports, it appears that recovery, provided that floods

are restored, is quite variable. It is rapid for plankton, but drawn out for fish,

and there may be a successional sequence of fish species. By alienating

floodplains from their rivers and by building dams that act as barriers to

migration, human activity is severely impeding recovery after supra-

seasonal droughts.

7.6 Large wetland complexes with seasonal flooding

Largewetland complexeswhich are not necessarily connected to floodplains

are subject to regular flooding, and they harbour a distinct biota adapted to

the wet and dry seasons. The best documented example of such wetlands

comes from the Florida Everglades. Over many years, this system has been

the subject of intensive research, which has provided a good understanding

of the effects of regular seasonal drying and flooding and has also provided a

valuable insight into the effects of supra-seasonal drought.

7.6.1 The Florida Everglades

The Florida Everglades is large wetland complex that dominates the land-

scape of southern Florida. The system arises in the north, with the Kissim-

mee River, which drains into the large and shallow Lake Okeechobee.
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Normally, the wet season occurs in summer, from May to September-

October (Duever et al., 1994).

In the original condition, with the wet season, the waters of Lake

Okeechobee drained into the wetland plain of the Everglades and the Big

Cypress Swamp (Light & Dineen, 1994). Originally, a large part of the

wetland consisted of sawgrass (Cladium jamaicense) marsh and wet prairies

(on peat ormarl) (Gunderson, 1994). Being a systemwith a gentle gradient,

water moved through the marsh system (‘the rivers of grass’) at a very slow

speed, so that for a molecule of water to move from Lake Okeechobee to

Florida Bay (�200 km) it took about eight months (Holling et al., 1994).

Through the marshes and prairies, there are sloughs – deeper channels,

along with tree islands, alligator ponds and deep solution holes (Gunderson,

1994; Davis et al., 1994).

Drainage and diversion works have now created a system of large water

conservation areas that store and supply water to agriculture and urban

areas (Light &Dineen, 1994; Sklar et al., 2005). Consequently, the hydrology

of the Everglades has been very significantly altered, and the drainage of the

Everglades has been substantially diverted to either the Atlantic Ocean or the

Gulf of Mexico instead of into Florida Bay (Light & Dineen, 1994; Sklar et al.,

2005).Normally, thewater in the Everglades recedes in thewinter and spring

(November to May) and the wetlands may dry in parts to form a mosaic of

ponds, holes and sloughs. In thewet season, the Everglades are inundated for

varying lengths (hydroperiods), and water levels in the dry season are

dependent on the amount of the of the previous winter precipitation.

Droughts can occur in the dry season andmay extend into thewet season.

It appears that droughts vary greatly in both spatial extent and locality in the

Everglades complex (Duever et al., 1994). In the severe drought from 1989

to 1990, ‘all of the Evergladeswere dry for some period of time’ (Trexler et al.,

2002). As well as greatly impacting on the aquatic life of the wetlands,

droughts may also set the stage for fires, which may not just burn the

vegetation and litter but may also burn the peat soils (Duever et al., 1994).

7.6.2 Drought and crustaceans of the Everglades

Crayfish (Procambarus alleni) occur largely in wet prairies, whereas fresh-

water prawns (Palaemonetes paludosus) occur in both sloughs and wet

prairies (Jordan et al., 2000). When drought occurs, the crayfish survive

by burrowing in the wet prairie rather than retreating to the sloughs, whilst

prawn abundance in the wet prairies declines sharply (Kushlan & Kushlan,

1980). The prawns do not have adaptations to survive drought, and thus

populations survive in habitats with water, such as deep sloughs, while the

crayfish persist in burrows in the dry prairie habitat. When the drought
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breaks, prawn numbers need time to build up in order to return to normal

wet season densities on the wet prairies (Kushlan & Kushlan, 1980; Jordan

et al., 2000). The survival of the crayfish in their burrows depends on the

length of the normal hydroperiod of the wetland, and is very low in short

hydroperiod (three months) wetlands, due possibly to the deeper ground-

water depths in these wetlands (Acosta & Perry, 2001).

In the prairie wetlands studied by Acosta & Perry (2001), Procambarus

alleni was the sole crayfish species, whereas in permanent wetland habitats

such as sloughs, a second species, P. fallax, occurred (Hendrix & Loftus,

2000). In a nine-year study by Dorn & Trexler (2007) of the crayfish in two

habitats – a shallow area bordering a slough and the deeper slough – P. alleni

densitieswerehigher in the shallowhabitat and those ofP. fallaxwerehigher

in the slough. In a period of droughts (1999–2004), densities of P. alleni

increased at both the side of the slough and in the slough, while P. fallax

disappeared from the side of the slough and persisted in the slough.However,

P. alleni populations did not persist in the deep slough.

Experiments demonstrated that the burrowing P. alleni had a higher

growth rate and a much greater tolerance of drought than P. fallax. In

competition experiments with shelter as the limited resource, P. alleni

outcompeted P. fallax. Thus, the distribution of P. fallax in the deep slough

is explained by a lower drought tolerance, but the decline of P. alleni in the

slough after the initial increase due to drought ismore difficult to explain as it

grows faster, has a larger body size and outcompetes P. fallax. Dorn & Trexler

(2007) suggest that in the slough, with the long hydroperiods, fish popula-

tions persist and that fish predation may be heavier on P. alleni than on

P. fallax. This suggestion is given some support by observations by Dorn

(2008) that P. alleni biomass was high in wetland ponds that were depleted

of fish by drought.

Dorn (2008) sampled ten ponds before and after a drought in 2006 that

dried out some ponds and rendered them fishless. In the fishless ponds,

immediately after the drought, there was a higher biomass of invertebrates

and especially of ‘non-shrimp biomass’ than in the ponds in which fish had

survived the drought. The non-shrimp biomass was largely made up of

predatory, highly mobile and invading insects (Odonata, Hemiptera and

Coleoptera) and P. alleni crayfish. The non-shrimp biomass was negatively

correlated with fish biomass.

In systems such as the Florida Everglades, drought may create wetland

patches from which fish are eliminated and in which, after the drought,

there is a window of opportunity for prey species to breed and recruit

before fish return and the predation pressure again becomes high. The

observations and experiments on invertebrates in Everglade wetlands

strongly demonstrate the spatially explicit way that large-scale disturbances,
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such as drought, can produce major changes in community structure

by selectively depleting abundant species and altering biotic interactions

(notably predation).

7.6.3 Drought and fish of the Everglades

The fish of the Everglades have been divided into two groups: small-bodied

and large-bodied (Loftus & Eklund, 1994; Trexler et al., 2002; Chick et al.,

2004). The small-bodied fish (standard length<8 cm) are mainly poeciliids

and cyprinodontids, and these dominate the fish fauna in terms of abun-

dance and biomass, whereas the large-bodied fish group mainly consists of

large piscivores such as centrarchids (e.g. Micropterus salmoides), bullhead

catfish (Ameiurus natalis),gar (Lepidosteus platyrhincus) and bowfin (Amia

calva). In normal times, the two groups of fish react differently to the

fluctuations in water levels across the wetlands.

The small-bodied fish have one or two generations per year and do not

migrategreatdistances. In thenormalwinterdrawdown, small-bodiedfishmay

move into refuges such as persistent pools (Kushlan, 1974a, 1980), alligator

holes (Kushlan, 1974b), solution holes (Kobza et al., 2004) and sloughs (Jordan

et al., 1998). Even in normal dry season drawdowns, the water quality of pools

may deteriorate to such levels that fish kills occur (Kushlan, 1974a).

In a pool in the Big Cypress Swamp, Kushlan (1974a) observed a severe

depletion of oxygen and an increase in carbon dioxide coincidentally with a

bloom of green algae. This situation caused a severe fish kill, with only six of

the 22 fish species originally present surviving and, only 0.6 per cent of the

original population surviving. There was a differential gradient in mortality.

All the centrarchids (e.g. Micropterus salmoides, Lepomis macrochirus, L.

punctatus), golden shiner (Notemigonus crysoleucas) and bluefin killifish

(Lucania goodei) died within four days of the onset of extreme conditions.

A second group of fish, including the golden topminnow (Fundulus chryso-

tus), sailfin molly (Poecilia latipinna), least killifish (Heterandria formosa) and

yellow bullhead (Ictalurus natalis) were drastically reduced in abundance

within 7–8 days, and a final, semi-tolerant group consisting of Florida gar

(Lepisosteus platyrinchus), mosquitofish (Gambusia affinis), American flagfish

(Jordanella floridae) and the freshwater prawn (Palaemonetes paludosus)

survived, though with heavy mortality (Kushlan, 1974a). Such a pattern

of mortality illustrates the winnowing effect that both seasonal drying and

the onset of drought may have on fish communities, and of how, at a larger

spatial extent covering a number of pools in a wetland, high levels of

community dissimilarity may be generated.

As water levels drop and the small-bodied fish become confined to pools,

predation by birds may take its toll (Kushlan, 1976a, 1976b). Small fish
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that move into pools, hollows and shallow solution holes (depths less than

47 cm) run the risk that the holesmay dry out,whereas those thatmove into

deep, persistent pools and solution holes may be reduced by predation

from large-bodied fish (Kobza et al., 2004). As the small-bodied fish do not

migrate great distances, and as fully inundated wetlands, with drying,

fragment into a variety of water bodies of differing sizes and persistence,

the variability of small fish assemblage structure operates at a local (i.e.

10 km) rather than regional scale (Trexler et al., 2002). Density of small-

bodied fish is correlated with the length of the hydroperiod (Loftus and

Eklund, 1994), with the highest densities occurring in marshes with

hydroperiods of 340–365 days per year (DeAngelis et al., 1997; Trexler

et al., 2002).

However, a model of fish dynamics called ALFISH found that water depth

was only a weak indicator of fish density, and that the availability of dry

season refuges (permanent ponds)was critical to predicting fish density (Gaff

et al., 2004). Even if the population abundance that survives in the small

refuges is a very low fraction (�0.001) of the ‘equilibrium fish population

size’, this can be sufficient to allow a rapid recovery once water re-inundates

the wetland (DeAngelis et al., 2010).

Large-bodied fish are mainly piscivores, and they can undertake long

distance movements. As marshes dry up in drought, the large-bodied fish

migrate to deep refuges such as alligator holes, solution holes and sloughs,

though some fishmay become trapped in themarshes and die (Trexler et al.,

2002; Chick et al., 2004). It appears that large fish in the Everglades may be

able to detect drying and migrate into deep-water refuges before escape

becomes impossible (cf. Cucherousset et al., 2007, Chapter 6). The variability

in large fish abundance and in assemblage structure is largely at the regional

level (25 to 87 km) (Chick et al., 2004), rather than at the local level as for

the small-bodied fish.

In increasing the severity and duration of the seasonal drying process,

droughts may cause great losses of fish. The magnitude of the losses in

density of small-bodied fish is correlated with the frequency of drought (or

drought return time) (Trexler et al., 2005). As recovery of small-bodied fish

may take three to five years after a drought has ceased, frequent and

relatively short droughts can limit the structure and density of the small

fish assemblage (Loftus & Eklund, 1994; Trexler et al., 2005). Large-bodied

piscivores, on the other hand, are affected by regional factors, and thus their

numbers decline with large-scale persistent drought and their recovery is

slow (Kobza et al., 2004; Chick et al., 2004). As the piscivores recover slowly

from drought, because small-bodied fish recover relatively rapidly, theymay

be only subject to low predation levels, at least until the large-bodied

piscivores build up. Thus, drought, by reducing top consumers, may serve
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to shorten food-chain length and alter community structure (Williams &

Trexler, 2006).

The small-bodied fish showed considerable variability in tolerance to

drought and in speed of recovery (Trexler et al., 2005; Ruetz et al., 2005). As

suggested in the response to very lowwater quality (Kushlan, 1974a), three

species – bluefin killifish, least killifish, golden topminnow – were severely

affected by drying and recovered slowly (three to four years) (Ruetz et al.,

2005). The very tolerant eastern mosquitofish showed no clear response to

drying and recovered rapidly, whilst the American flagfish attained high

densities immediately after the drought (Ruetz et al., 2005).

Hydrological disturbance such as that due to drought may induce

synchronous changes in populations of affected species – the Moran effect

(Hudson & Cattadori, 1999). Synchrony of populations may also be created

by widespread and active dispersal between populations. In assessing the

Moran effect and the importance of dispersal, Ruetz et al. (2005) concluded

that drying did synchronize the populations of four of the fish species, but not

those of the American flagfish. Flagfish populations were synchronized

by rapid and widespread dispersal among populations shortly after the

drought ceased.

7.6.4 Summary

In large wetland complexes, fish, being dependent on the availability of free

water, are particularly susceptible to the impacts of drought. In the Ever-

glades, populationsmay become trapped in pools and die fromwater quality

stress or frompredationby birds. Different species have different tolerances to

low water quality and different responses to predation pressure. In drought

with pools vary in terms of water quality and predation pressures. Different

pools may contain different species, thus generating an intricate mosaic of

pools and local species composition.

Directional migration away from drying water bodies to more permanent

ones is a common strategy in wetland systems, with different species

appearing to use different cues to migrate. In the Florida Everglades,

migration is a common strategy to avoid drought, with small-bodied fish

migrating short distances and the large-bodied piscivores migrating consid-

erable distances in search of deep water. Thus, the small-bodied fish in

response to drought are subject to local (pool-specific) pressures, while the

large-bodied fish are regulated at a regional level.

Recovery of fish populations from droughtmay be staged, in that different

specieswith different dispersal and recruitment strategies recover at different

rates. In the Everglades, the small-bodied fish recover much more rapidly

than the large-bodied species; therefore, in recovery, small-bodied fish may
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have a window of opportunity to build high populations away from the

predation pressure of large-bodied fish. With the changes in fish communi-

ties during drought and the different strategies of fish after drought, in

wetland systems such as the Everglades, drought can create a dynamic

mosaic of fish communities which may be spatially predictable.

7.7 Amphibious and terrestrial vertebrates

Wetland complexes, floodplain systems and riparian zones are all highly

productive systemswith a great variety of resources and habitat structure. It

is thus not surprising to find that these areas attract and harbour high

populations of a large number of vertebrates. However, reports on the effects

that drought has on the amphibians, reptiles, wetland birds and mammals

dwelling in aquatic ecosystems – especially wetlands – are few.

7.7.1 Amphibians

Amphibians require free water to breed, withmany species using temporary

water bodies rather than permanent systems, and many species being

philopatric for breeding (i.e. tied to a particular site). Temporary systems

may be free of predators such as fish, but they may also be unpredictable

environments in terms of water availability. Drought can very dramatically

reduce the availability of breeding sites at large spatial extents and for long

periods, thus greatly reducing recruitment. This reduction may occur

through the suppression of migration and breeding by adults due to no

available water, or to the death of eggs and larvae as ponds dry up due to

drought. Furthermore, adult survival during the droughtmay be threatened

by the desiccation of the habitats in which they are dwelling. This hazard

may operate in long supra-seasonal droughts.

In two five-year studies in Florida, Dodd (1993, 1995) investigated the

populations of two amphibians, the striped newt, Notophthalmus perstriatus

(1993) and the eastern narrow-mouthed toad, Gastrophyrne caroliniensis

(1995). When the studies began in 1986–1988, the study pond held water

for short periods; however, between 1988 and 1990, drought increased in

intensity and the pond dried up. If water was present, newts migrated to the

pond to breed, but this was only successful in 1987, with a few metamor-

phosed juveniles being produced (Dodd, 1993). Numbers of newts declined,

but stripednewtsare long-lived (15years formales,12years for females), and

thus individuals in refuges outlasted the drought and successfully bred

afterwards, replenishing the local population (Dodd, 1993).

Toad populations were studied in the same pond. Reproduction was only

successful at the beginning of the study (1985–86), and the adult population
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steadily declined (Dodd, 1995). In contrast to newts, the toads are relatively

mobile and may maintain populations in a variety of habitats; so, when

the drought broke, mobile individuals that survived in persistent refuge

habitats migrated and bred to replenish the population (Dodd, 1995).

A variety of refuge habitats, such as forests, can thus aid survival during

drought (Piha et al., 2007).

These two studies at the same site show that adult survival is critical to

weathering a drought, and that this may be accomplished in two different

ways (long lifespans or migration from persistent refuges).

Drought may either prevent breeding pools from filling or greatly reduce

the period in which pools hold water. In either case, for amphibian

populations, especially in philopatric species, recruitment may be severely

curtailed. In ponds in Zimbabwe, a short severe drought reduced the species

breeding in them and the abundance of tadpoles by 50 per cent (Muteveri &

Marshall, 2007). In studying a population of the mole salamander, Ambys-

toma talpoideum, in ponds in South Carolina, Semlitsch (1987) found that

when severe drought in 1980–81 dried out ponds before metamorphosis,

out of 33,019 eggs laid in a pond, only three metamorphosed juveniles

emerged. However, in the following normal year, recruitment was success-

ful. In 12 temporary wetlands in southern Florida, Babbitt and Tanner

(2000) found that with a severe drought in 1993, the wetland system was

completely dry and none of the 11 resident amphibian species bred. In the

following years, the wetlands filled and breeding returned.

Drought can reduce the densities of predators such as odonatan nymphs,

dytiscid and hydrophilid beetles and fish. Blair (1957) observed populations

of cricket frogs (Acris crepitans) and bullfrogs (Rana catesbiana) in a pond in

Texas before, during and one year after a drought that dried out the pond.

The bullfrog population was ‘apparently extirpated’ by the drought, whilst

the cricket frog population dropped from a pre-drought level of�310 to only

15–36 immediately after the drought. However, these survivors bred in the

pond free of predators after the drought and, with a good food supply, they

produced a breeding population of�600 by summer. The extirpation of the

bullfrogs was thought to be due to a lack of suitable refuges, whereas a few

cricket frogs could survive in cracks in the pond bottom. Survival of young

after the drought was high and these animals could mature in 2–4 months,

thus allowing a rapid recovery.

In a range of ponds, Werner et al. (2009) censused populations of two

species of frog, the chorus frog (Pseudacris triseriata) and the spring peeper

(P. crucifer) for a period of 11 years, duringwhich a severe drought occurred.

Drought in drying out ponds eliminated many predators, which gave rise to

an increase in regional population size and the number of ponds colonized by

the chorus frog, while the relatively high regional population size and
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number of ponds colonized by spring peepers remained fairly constant

(Werner et al., 2009). Drought did not change the colonization or extinction

probabilities for the spring peepers, but it did increase the colonization

probability and decrease the extinction probability of the chorus frog.

Long supra-seasonal droughts may have lasting effects on amphibian

populations, at least in normally well-watered environments. Palis et al.

(2006) studied a population of the flatwoods salamander, Ambystoma

cingulatum, associated with a pond in Florida. The study period covered a

drought (1999–2001) and the year after the drought (2002). Over

the entire period, the numbers of immigrating adults declined, and no

larvae or juveniles were produced. Palis et al. (2006) suggest that the

reason for the decline is the attrition of the adult population due to no

recruitment, and continuing mortality of the adult population, with the

adult lifespan being no longer than four years. Thus, drought duration

in comparison with lifespan may be a key factor governing population

persistence. This applies not only to amphibial populations, but also tomany

other species populations where recovery is dependent on breeding by

surviving adults.

In some systems, amphibians may recover from drought with great

success. In an isolated wetland in South Carolina and after a prolonged

drought (2000–2003), Gibbons et al. (2006) found, in the year following the

drought, a remarkable recovery of a diverse amphibian assemblage with 24

species (17 anurans, seven salamanders), with one species, the southern

leopard frog, Rana sphenocephalus, being particularly successful. The strong

recovery was attributed to four factors: a relatively long lifespan in

many species; a great reduction in predators; a high productivity of larval

food; and the maintenance of forest cover (refuges) around the wetland

(Gibbons et al., 2005).

Management measures and drought may interact. In western North

Carolina, ponds were monitored for both wood frog (Rana sylvatica) and

spotted salamander (Ambystoma maculatum) (Petranka et al., 2003). A

drought, combined with an outbreak of the pathogen Ranavirus, greatly

reduced larval survival and reduced the adult population of the wood frog.

However, the salamander breeding population was unaffected – a function,

possibly, of differences in lifespans (2–3 years for the frog, up to 32 years for

the salamander) (Petranka et al., 2003).

Land use changes may augment the effects of drought. Precision land-

levelling creates a uniformly flat topography, thus eliminating undulations

that may house breeding pools for amphibians. In Arkansas, such habitat

change, combined with drought, has greatly reduced the abundance and

distribution of the Illinois chorus frog (Pseudacris steckeri) (Trauth et al.,

2006). In Finland, the reduction in landscape habitats, both aquatic and
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terrestrial, by agricultural development, has served to heighten the effects of

a severe drought on populations of the common frog, Rana sylvatica (Piha

et al., 2007).

Frogs dwell successfully in arid environments,withmany species breeding

shortly after rainfall events, having rapid larval growth rates and aestivating

in the extended dry periods (Bentley, 1966). In adapting to contendwith arid

conditions, such frogs may be both resistant and resilient to drought,

provided that they have long enough lifespans to survive the long periods

between rainfall events. Burrowing and aestivating between rainfall events

is widespread among desert anurans. Such burrowing frogs in Western

Australia may build cocoons in their burrows (8 species) or burrowwithout

cocoon-building (16 species) (Tracey et al., 2007). With rain, large number

of frogs may emerge, so much so that ‘in the desert of Western Australia the

number of frogs emerging after rain has been so vast as to interfere with the

passage of trains, which are unable to maintain traction on rails made

slippery by crushed frogs’ (Bentley, 1966).

In many parts of the world, amphibian populations have declined, with

climate change being regarded as being a contributing cause, along with

disease (e.g. Chytridiomycosis) and increased ultraviolet-B radiation, habitat

loss and pollution (Beebee & Griffiths, 2005).

A striking example of the effects of climate change expressed mainly as

increases in drought comes from a study of amphibian populations in

Yellowstone National Park in Wyoming (McMenamin et al., 2008). This

park rates as the one of the best and longest protected parks in the world.

Over the past 60 years, temperature has risen, precipitation has decreased

and ‘droughthas becomemore commonandmore severe thanat any time in

the past century’ (McMenamin et al., 2008). A wide survey carried out in

1992–93was repeated in 2006–2008, and the later study has revealed that

there has been a sharp increase in the number of permanently dry ponds. In

the ‘active ponds’ that remain, both amphibian species richness and

populations have declined very significantly (McMenamin et al., 2008).

Not only may drought alone diminish amphibian populations, but its effects

may be synergistically heightened by human interventions such as habitat

loss through urbanization and agriculture (e.g. Piha et al., 2007).

7.7.2 Reptiles and mammals

Many reptiles dwell substantially in lakes and wetlands. Such animals

include lizards, snakes, tortoises, turtles, crocodiles and alligators. Many

mammals, such as otters, pigs, buffalo and hippopotamuses, also live in and

around standing water bodies. Little has been published on the effects of

drought on these animals.
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In terms of dealing with drought, reptiles can either migrate to water

bodies with water, or stay and become dormant (aestivate) in the drying

water body or in terrestrial surrounds. The challenge in aestivation is the

need to have sufficient body reserves to survive for the duration of the

droughts.

In awetland complex in south-easternAustralia, Roe andGeorges (2007)

observed that, as wetlands dried in drought, eastern long-necked tortoises

(Chelodina longicollis) moved considerable distances to permanent wetlands.

Inversely with flooding, there was migration back to the temporary wet-

lands. In southern Western Australia, the endangered western swamp

tortoise (Pseudemydura umbrina), that dwelt in temporary winter-filled

wetlands, is now reduced to only a few wetlands (Burbidge & Kuchling,

1994). In summer, with thewetlands dry, the tortoise aestivates, and in low

rainfall years the females do not reproduce. As drying and droughts are

increasing in this region, survival of this species is acutely threatened

(Burbidge & Kuchling, 1994).

Inmanywetlands, several turtlesmay exist. In an Iowa pond,with drying

due to drought, two of the common painted turtles (Chrysemys picta,

Chelydra serpentina) moved to permanent water, while the yellow mud

turtle (Kinosternon flavescens) stayed and aestivated (Christiansen &

Bickham, 1989). Ellenton Bay is a shallow wetland complex in coastal

South Carolina and it has been the focus of an extended research effort on

amphibian (e.g. Gibbons et al., 2006) and reptile populations. Gibbons et al.

(1983) found that with drought drying out the wetland in 1980–1981,

turtles showed three different strategies. Two species (Pseudemys scripta and

P. floridana) emigrated and their reproduction in the following year was

limited. Two other species (Sternotherus odoratus, Deirochelys reticularia) did

not emigrate and had very limited reproduction after the drought, while one

species, the mud turtle Kinosternon subrubum, stayed and its post-drought

reproduction was unaffected.

Wetlands can have high levels of abundance and species richness of

snakes that may be differentially affected by drought. At Ellenton Bay, the

snake populations have been monitored in a long-term project. With a

drought drying the wetland from 1988 to 1990, common species of aquatic

snakes varied in response (Siegel et al., 1995). Nerodia fasciata left mainly

with the drying, while Seminatrix pygaea left later when drying had elimi-

nated its prey, the fish Gambusia affinis and the salamander Ambystoma

talpoideum. An uncommon third species, Nerodia floridana, left in small

numbers and was not seen in the wetland for five years after the drought.

Two years after the drought, both N. fasciata and S. pygaea had returned in

low numbers to the wetland and, by 1995, N. fasciata in high numbers was

the dominant species (Siegel et al., 1995). The drought had greatly reduced
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the aquatic snake populations, altered the pattern of relative abundance,

and caused a lag in recovery.

EllentonBay suffered another severe drought from2000 to 2003 (Willson

et al., 2006), with the snakes monitored shortly after the drought. Again,

different drought-survival strategies were revealed. Cottonmouths (Agkis-

trodon piscivorus), which normally migrated to and from the wetland, were

relatively unaffected by the drought and reproduced normally. Nerodia

fasciata abundance declined greatly and this species did not reproduce

during the drought, while, as before in the previous drought, N. floridana

was eliminated (cf. Siegel et al., 1995).

Seminatrix pygaea survived the drought largely by aestivating in the

wetland (Willson et al., 2006; Winne et al., 2006), even though it is a

small snake requiring aquatic prey and with high rate of evaporative water

loss. This snake is unusual in that it feeds during pregnancy that benefits the

reproductive output – a strategy called ‘income breeding’, as opposed to the

more normal ‘capital breeding’, where breeding needs a threshold condition

(Winne et al., 2006). Hence,when the drought breaks and aquatic prey such

as frogs and salamanders are available, the snake can breed and rapidly build

up numbers (Winne et al., 2006).

The work at Ellenton Bay has shown that amphibians and reptiles have

different strategies for dealing with drought. Key to these strategies is the

presence in the wetland system of permanent water bodies, of intact

terrestrial vegetation and the provision after the drought of suitable prey.

7.7.3 Waterbirds

Large numbers of bird species dwell in the habitats of wetlands, both

permanent and temporary. Many bird species are restricted to standing

waters, while other may only be temporary inhabitants. By partly or

completely drying lentic systems, droughts can have major effects on bird

populations. These can operate through loss of habitat, the loss of food

resources and adverse physical-chemical conditions (e.g. high temperatures,

low water quality). In addition, certain species may be threatened by the

intensification of adverse intra- and interspecific interactions, such as

competition and predation.

As water bodies dry and water levels drop, prey (especially fish) can

become concentrated and attract large numbers of predatory birds, notably

waders (e.g. herons) and divers (e.g. cormorants) (e.g. Kushlan, 1976b;

David, 1994). However, in the Florida pond studied by Kushlan (1974a),

drought triggered adverse water quality conditions, producing a fish kill.

Fish concentrations thatwere normally available towaderswith the coming

of the dry season were absent, and wader numbers were low.
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By lowering water levels, drought may deprive water birds of important

foraging areas, especially littoral vegetated areas. Many waterbirds, espe-

cially ducks and coots, depend on aquatic vegetation for foraging and thus,

with the drying of a wetland, they are forced to migrate. Dropping water

levels also affect prey, especially sedentary species, which are consumed by

water birds. Drought in Lake Balaton caused the mass mortality of

littoral mussels and forced mussel-feeding waterbirds to feed elsewhere

(Balogh et al., 2008) and a winter drought in Lake Constance depleted

bivalve beds depriving over-wintering birds of a food resource (Werner &

Rothhaupt, 2008).

In drought, water birds may move to refuges. The decline of a particular

prey species due to drought can have damaging effects on their predators. In

the Florida Everglades, the snail kite (Rostrhamus sociabilis) feeds almost

exclusively on the apple snail (Pomacea paludosa). Drought either kills the

snails or induces their aestivation, and thus reduces the food supply of the

kite. The snail kites may not breed, may die or disperse to other wetlands

(Bennetts et al., 1994). Indeed, the species is highly mobile, so dispersal to

refuges is its major way of dealing with drought (Beissinger & Takegawa,

1983). However, with changes inwater management in the Everglades, the

drought-free refuges have been greatly reduced, threatening the persistence

of the kite. Modelling suggests that the viability of snail kite populations is

threatened if the interval between droughts becomes less than 4.3 years

(Beissinger, 1995).

In a short drought (1996–97), breedingwood storks (Mycteria americana)

moved their foraging for food from freshwater wetlands to estuarine wet-

lands. Breeding was less successful, perhaps because the storks could only

forage in the estuarine wetlands at low tides (Gaines et al., 2000).

With drought, parental survival may not be greatly affected but breeding

may fail. In an Alabama swamp, a short drought severely limited the

breeding success of white ibis and cattle egrets (Dusi & Dusi, 1968). In an

agricultural areawithmany farmdams in south-easternAustralia, breeding

of maned geese was severely limited by a short but severe drought

(Kingsford, 1989).

In drought-prone Australia, it is perhaps not surprising to find that many

species of waterbirds are highly mobile (Roshier et al., 2001; Kingsford &

Norman, 2002). Hence, whenwetlands – even desert wetlands – are flooded

and rapidly become productive, waterbirds are quick to arrive, feed and

breed (Kingsford et al., 2010).

When drought strikes, waterbirds may migrate to distant productive

wetlands and human-maintained wetlands such as reservoirs. However,

human-regulated impoundments, with their low productivity, are far from

ideal drought refuges (Kingsford et al., 2004). Recently, south-eastern
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Australia was locked in amegadrought, but northernAustralia, both inland

and coastal, had heavy rains, thus providing many flooded wetlands that

offered refuges for waterbirds at the continental scale. Coastal habitats, such

as lagoons and estuaries also serve as drought refuges for inland waterbirds

(Kingsford & Norman, 2002).

7.7.4 Summary

Amphibians, newts, salamanders, frogs and toads need water to breed, and

thus amajor effect of drought is to check or eliminate successful breeding. To

survive drought, adults require refuges. In human-inhabited areas, refuges

may be depleted. Key to surviving supra-seasonal droughts is lifespan, as

long droughts may be longer than the lifespans of resident amphibians.

Areas where amphibians do survive severe droughts may have long-lived

species with adequate refuges, and productive water bodies free of predators

when droughts break.

Reptiles associated with or dependent upon water bodies have two

strategies to contend with drought. They may migrate away from the

drying water body to persistent water bodies, or they may aestivate in or

around the dryingwater body. Both strategies appear to impair reproductive

effort after the drought has broken.

In the case of birds associated with water bodies, drought gives rise to loss

of habitat, foraging areas and of food resources. Some species remain around

drought-affectedwater bodies and breeding is eliminated or greatly reduced.

Other speciesmigrate to refuges, and thesemigrationsmay be very lengthy –

across continents.
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8

Drought and perennial waters:
plants and invertebrates

Chapter 6 dealt with drought and temporary waters; in contrast, this

chapter is concerned with the effects of drought on perennial water bodies.

There are links between the two chapters because, in extreme droughts of

long durations, the effects of droughtmay be very similar between perennial

and temporary systems.

This chapter explores the effects of drought on biota with a focus on algae,

vascular plants, and invertebrates. Unfortunately, due to a lack of research,

the effects of drought on ecological processes in perennial systems are only

fragmentarily known, though one can speculate on some of the outcomes.

As there are numerous studies of drought and the fish of perennial waters

(Lake et al., 2008), this will be the subject of the next chapter.

Perennialwaters are, by and large, thosewater bodies that persist through

drought. They are buffered from the drying of drought either by having a

large volume ofwater or by having persistent inflows from their catchments.

In the case of lentic systems, persistence during drought is related to having a

low surface area to volume ratio or having maintained inflows, whereas in

lotic systems, persistence is maintained by having inflows which may be

coming from groundwater sources. Large lakes are buffered from drying

by their large volumes, and large rivers by the summing of their tributaries.

In extreme droughts, perennial or permanentwater bodiesmay dry out – the

semi-permanent category of Chase & Knight (2003).

As described in Chapter 5, the morphology of water bodies exerts a

strong influence on how and where the effects associated with the loss of

water during drought are exerted. In shallow systems, the effects of the

drawdown due to drought are more severe than those that occur in steep-

sided systems – most likely a function of habitat loss. Loss of the surface area

covered by water usually produces a loss of habitat for benthic taxa, as well
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as those animals that forage in these areas. Consistent abiotic effects in both

lentic and lotic waters include increases in conductivity and temperature,

changes in ion, nutrient, pH and DOC concentrations, changes in turbidity

and decreases in oxygen concentrations (see Chapter 5).

Most droughts become evident in summer. In the case of supra-seasonal

droughts, they continue because of a failure in winter or wet-season

precipitation. Most studies have focused on the effects of drought in the

summer or dry season time of the year rather than the effects of drought in

winter, but one exception to this comes from the study of awinter drought in

central Canada by McGowan et al. (2005). This study is also exceptional in

being one of the very few experimental studies of drought on aquatic

ecosystems. In winter droughts, with the water level dropping, the littoral

zone may be subject to freezing and ice scouring, adversely affecting the

shoreline biota.

There are marked differences between both lentic and lotic systems in

terms of their biota, for example in the algae (phytoplankton vs. benthic

algae) and in the invertebrates (zooplankton vs. mobile benthos). There are

also similarities in the composition of the biota (e.g. macrophytes, benthos,

fish). Similarities also arise in howbiota contendwith the stresses of drought.

Most studies of drought and aquatic biota have focused on particular

biota; there have been very few studies in which the effects of drought

have been investigated across the physico-chemical to the biotic realms in

any one ecosystem. In terms of lentic systems, two long-term studies

stand out, both in Africa, and they are focused on Lake Chilwa (Kalk et al.,

1979) and Lake Chad (Carmouze et al., 1983; Dumont, 1992). In the case

of Lake Chilwa, the study was complete in that the three phases of

drought (pre-drought, during and post-drought) were covered, whereas

in the case of Lake Chad the coverage was limited to pre-drought and

early periods of an ongoing drought.

Similarly, there have been few studies of drought that covered two ormore

stream components. Studies looking atmultiple components in lotic systems

include those of Paloumpis (1957), Larimore et al. (1959), Cowx et al.

(1984), Canton et al. (1984), Griswold B.L. et al. (1982), Adams & Warren

(2005) and Power et al. (2008). In only two of these studies were links

between the components described or commented upon. Larimore et al.

(1959) commented that the post-drought recovery of the macroinverte-

brates was sufficient to provide food for fish. In their complex long-term

study, Power et al. (2008) described how drought affected algal production,

grazer abundance and predators. Clearly, drought may alter trophic

links between species and trophic levels, but this highly interesting

area remains unexplored, with the exception of the illuminating study

by Power et al.
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To illustrate the ecosystem-wide effects of supra-seasonal drought on a

lake ecosystem, the example of Lake Chilwa is more informative than that of

Lake Chad, as in this lake, the drought continued without recovery being

studied.

8.1 Drought and lentic systems

8.1.1 Drought in Lake Chilwa

Lake Chilwa in Malawi is a shallow, mildly saline, endorheic lake, which

in normal years occupies a surface area of about 2,000 km2 when full at

the end of the wet season. There is evidence that the lake reached very

low levels in 1879–1880, 1900–1901, 1913–1916, 1920–1922,

1960–1961, 1966–68 and 1973–74 (Kalk, 1979a; Lancaster, 1979).

The extreme drought of 1966–68, when the lake dried out completely

is comparable with the drought of 1913–1916 (Lancaster, 1979;

see Figure 8.1.)

Even in a ‘normal’ year, conductivity of the lake varies considerably from

�1,000 to 2,500mScm�1 (McLachlan, 1979a). When drying occurred in

the 1967–68 drought, the lake became increasingly turbid, very salty

(conductivity �14,000mScm�1) and very alkaline (pH�10.8), with the

cations dominated by carbonate and bicarbonate rather than chloride.

Calcium and magnesium concentrations fell due to precipitation, and the

receding lakewas surrounded by ‘a belt of soft deepmud’with salt crystals on

the surface, which was ‘virtually impenetrable’ (Figure 8.2) andwhich, as it

dried out, produced ‘a noxious odour’ (McLachlan, 1979a).
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Figure 8.1 The levels of Lake Chilwa from 1962 to 1976 on a gently sloping shore at

Kachulu. (Redrawn from Figure 3.1 in Kalk et al., 1979.)
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When full, themargins of Lake Chilwawere lined with Typha domingensis,

butwith the severe 1966–68 drought the Typha disappeared, leaving a large

area of exposed mud that was so ‘unfavourable’ that ‘only three (plant)

species survived’ (Howard-Williams, 1979) – a grass (Diplachne fusca), a

sedge (Cyperus laevigatus) and a shrub (Aeschynomene pfundii).

With the drying, the lake became dominated by planktonic, filamentous

cyanobacteria (Arthrospira, Spirulina and Anabaenopsis), with Arthrospira

beingmost abundant (Moss, 1979). Under these conditions with highwater

temperatures, oxygen levels fluctuated greatly frombeing supersaturated by

day, to very low at night (McLachlan, 1979a). drought in eutrophic and

hypertrophic lakes, especially in the Tropics (such as Lake Chilwa and Lake

Chad), readily appears to induce dense blooms of cyanobacteria.

In normal times, Lake Chilwa supports a dense population of zooplankton,

dominated in the hotter months by the cladoceran Diaphanosoma excisum

and the copepod Tropodiaptomus kraepelini. In the cooler months, Daphnia

barbata dominates at the expense of Diaphanosoma (Kalk, 1979b). In 1966,

as drought set in, no nauplii or young cladocerans or rotifers were to be

found, and only declining adult populations existed. It appears that signals

from the drying – such as decline in depth and rises in conductivity (up to

6,000mS cm�1), chlorinity, alkalinity and pH – all served to induce the

Figure 8.2 The shore of Lake Chilwa as the lake dried, showing the cracked, salt-

encrusted surface of themud and a retractingwaterway used to gain access to the body of

the lake. (From a slide kindly provided by A.J. McLachlan.) (See the colour version of this

figure in Plate 8.2.)
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production of resting eggs. This step is a clear example of seeking refuges as

drying sets in. Shortly before drying at the peak of the drought in late 1968,

conductivity was at lethal levels and anoxia occurred, reducing the zoo-

plankton to a few individuals.

With the loss of the littoral vegetation, the density of the swamp-dwelling

and hitherto very abundant chironomid Nilodorum brevipalpis collapsed

(McLachlan, 1979b). The decline in species richness of the benthos was

closely linked with the rate at which the water levels dropped over three

years (Figure 8.3). The offshore substrate became immense areas of inhos-

pitablemudwith the remainingwater reaching very high conductivities. As

the water levels dropped further, larvae of the midge Nilodorum brevibucca

disappeared, to be followed by the corixidMicronecta scutellaris. Strandlines

of dead corixids up to 30 cm high formed along the windward shores

(McLachlan, 1979b). This was followed by the mass death of the snail

Lanistes ovum, the white shells of which littered the dry shores of the lake

(McLachlan, 1979b). Near the end of the drying, in 1968, only one species,

the larvae of the hydrophilid beetle Berosus vitticollis, persisted. As the lake

retreated, a vast area of mud was exposed, until finally the lake became

completely dry (McLachlan, 1979b).
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Figure 8.3 The declines in the depth of the lake and in species richness of the

macroinvertebrates. a and b mark the losses of the swamps and of the chironomid

Nilodorum brevipalpis; c the loss of live snails (Lanistes ovum); d loss of the chironomid

Nilodorum brevibucca; e the mass death of the corixid Micronecta scutellaris; f the lake is

dry. (Redrawn from Figure 9.4 in Kalk et al., 1979.)
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The lake normally harbours 30 species of fish, including 12 species of the

cyprinid genus Barbus. Until the drought, the lake supported a productive

fishery based on clariid catfish, Barbus spp. and Sarotheradon shiranu (Furse

et al., 1979). With the drought developing and lake volumes declining,

the first fish deaths involving the cichlid Sarotheradon were generated by

strong winds stirring up the fine sediments in bottom mud, such that

concentrations of 12 g l�1 were reached – a level deemed lethal to Sarother-

adon. In addition, the fine organic-rich sediments stirred by high winds

appeared to have caused oxygen levels to drop (Furse et al., 1979). With the

fine suspended sediments, high water temperatures and oxygen stress, large

numbers ofBarbus subsequently died. As lake volume declined andnutrients

increasing, blooms of cyanobacteria occurred, with consequent deoxygen-

ation, causing further stress for fish and particularly for the remaining

Sarotheradon and Barbus. As the lake dried up and fish populations crashed,

vertebrates such as birds, reptiles andmammals (e.g. otters) left or attempted

to leave the lake (Figure 8.4).

Perennial streams flowing into the lake served as refuges for fishmigrating

out of the lake (Furse et al., 1979). This escape was especially used by fish

that normally dwelt in shoreline swamps rather than in open water. As the

lake became dry, the only fish surviving were clariid catfish, which sought

refuge by burrowing into the mud of the lake and undergoing aestivation.

Figure 8.4 An exhausted clawless otter, Aonyx capensis, attempting to move across the

drying lake, is intercepted and is about to be killed and subsequently eaten. (Slide kindly

provided byA.J. McLachlan andwhich appears as Figure 4.4(a) in Kalk et al., 1979.) (See

the colour version of this figure in Plate 8.4.)
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When water returned in 1968 and 1969, the lake became very turbid,

with lowphytoplanktondensities. On thewetmud therewas a surface filmof

green algae, to be followed in 1971 and 1972 by high densities of the

cyanobacteria Anabaena and Anabaenopsis. This stage in the post-filling

phase then gave way to a diverse community of diatoms, chlorophytes,

euglenophytes and cyanobacteria (Moss, 1979), indicating that lake levels

and water quality exerted a very strong influence on phytoplankton

community structure, and that its recovery from drought was lengthy and

did not follow the pathway that drought produced in its impact.

With the filling of the lake, initially there was a scanty zooplankton.

However, as time progressed (late 1968), there was a great increase in the

density and diversity of rotifers – presumably a function of the rapid hatching

of their resting eggs, their short generation time and the fact that adults of

some rotifer species can survive drying (Kalk, 1979b). Again, as in other

cases (e.g. Crome&Carpenter, 1988; Chapter 7), it appears thatwhen harsh

conditions depletemicrocrustacean populations, rotifers briefly flourish, free

from competition and predation (by cyclopoids). However, by the end of the

year after the drought had broken, the rotifers were great depleted, presum-

ably by predation from the cyclopoid Mesocyclops. At this time, Moina – a

small cladoceran – became dominant, to be itself replaced by early 1970 by

Diaphanosoma and Daphnia.

In the first year after the drought, zooplankton abundance was high but,

in subsequent years, abundance declined to be well below ‘normal’ levels.

This checking of zooplankton population growth, in a way similar to what

happened post-drought in Lake Okeechobee (Havens et al., 2007), may have

been due to fish predation. With the breaking of the drought, the catfish

Clarias bred after surviving the drought, in refuges in isolated lagoons and

inflowing streams, and by aestivating in mud. Clarias juveniles are plankti-

vores, and a high density of juvenile fish was quickly reached. In the second

year after the drought, a second fish species,Barbus palidinosus, bred and also

produced large numbers of planktivorous juveniles (Kalk, 1979b). This

successful breeding by resilient fish survivors which produced profuse

offspring, themselves released from predation pressure, could have checked

the return of the zooplankton to ‘normal’ levels of abundance and diversity.

With the lake bottom and the marginal swamps being flooded in 1969,

snails – particularly Lanistes ovum – appeared in abundance, along with

dense populations of the midge Chironomus transvaalensis. These larval

midges were confined to a narrow belt of water on the outer edge of the

rising water, and McLachlan (1979b) suggests that while this animal can

tolerate relatively high salinities, it appears to be intolerant of the combina-

tion of high salinity and fine silt such as occurred with the re-filling. After

the re-filling reached the marginal swamps with an abundance of dead
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vegetation, C. transvaalensis was replaced by Nilodorum brevibucca. As the

detritus decomposed and was consumed by the chironomids, the benthic

fauna biomass was also reduced. The recovery of the marginal vegetation

(e.g. Typha) took years (Howard-Williams, 1979).

It appears that the snails recovered asmature animalswhichhad survived

the drought by aestivating in themud of the lake bottom. On the other hand,

the recovery of the insect fauna appears to be due to recolonization from

small number of survivors in other water bodies, such as springs and nearby

rivers within ‘a hundred kilometre radius of Chilwa and some as close as 20

kilometres from the south shore’ (McLachlan, 1979b). Overall, water levels

returned to pre-drought levels in one year; recovery to pre-drought levels of

species richness of the benthos was closely linked to the rise in water level,

and thus was relatively rapid. (Figure 8.5). As McLachlan (1979b) sum-

marizes: ‘much of the littoral benthos is . . . obliterated at intervals of a few

years and would have to recolonize the swamps afresh from other bodies of

water each time this happens’.

With the return of water to the lake, the clariid catfish were among the

first species to repopulate the lake, to be followed two years later by Barbus.

This was followed by Sarotheradon, which took three years to build their
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Figure 8.5 Depth of Lake Chilwa as re-filling of the lake occurs and recovery of the

macroinvertebrate fauna indicated by increases in species richness. a: the dry lake

period; b: when refilling starts; c: when marginal swamps were flooded. (Redrawn from

Figure 9.5 in Kalk et al., 1979.)
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populations up to pre-drought levels. Thus, the succession of dominant fish

was the inverse of the sequence of their demise in the drought.

In summary, drought created very taxing conditions (high salinities, high

temperatures, low oxygen) for the aquatic biota. The shoreline became

bereft of littoral vegetation, high densities of fine sediment occurred in the

water column and vast areas of inhospitable mud were exposed. The

phytoplankton became dominated by cyanobacteria, which further lowered

the water quality and no doubt contributed to the loss of the crustacean

zooplankton. The benthos of the lake (chironomids, corixids, snails), along

with the fish, were drastically reduced by the drought, though some taxa

(e.g. snails, clariid catfish) persisted in refuges in the lake.

Recovery of the phytoplankton was marked by blooms of cyanobacteria.

This was followed some years later by a more ‘normal’ phytoplankton with

diatoms, chlorophytes and euglenophytes. The zooplankton was initially

dominated by rotifers, which gave way to a microcrustacean zooplankton;

both of these groups persisted as resistant propagules in the lake sediments.

This fauna may subsequently have been depleted by heavy predation from

larval fish.

Snails which aestivated through the drought and a hitherto uncommon

chironomid dominated the early recovery of the benthos. In turn, with the

decline in available detritus, the chironomid declined, to be replaced by the

original dominant species. Recovery of the benthos was rapid, with many

species migrating in from surrounding waterways that had persisted. The

fish recovered relatively slowly, with the aestivating clariid catfish breeding

shortly after the water returned. It took 2–3 years for the populations of

cichlids to return.

The comparability of the effects of drought in Lake Chilwa with those

created by drought in other lakes is limited, due to the lake beingmoderately

salinewhen full and to the fact that it driedup completely.However, the Lake

Chilwa case studydoes provide a clear account of themajor changes inwater

quality and habitat availability that induce changes in the biota. The

drought produced a loss of biota and some steps in this loss, especially the

decline in water quality, briefly favoured particular biota (e.g. cyanobacter-

ia, rotifers). Similarly, after the drought, different groups recovered at

different rates, with some taxa (e.g. cyanobacteria, rotifers) also being briefly

favoured. For the littoral macrophytes and the fish, but not the macro-

benthos, the recovery from drought had a distinct lag.

8.1.2 Drought in Lake Chad

Lake Chad is a shallow endorheic lake in central Africa, just south of the

Sahel zone and surrounded by Nigeria, Niger, Chad and Cameroon. It is fed
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by rivers from the south and south-west, with the Chari River providing the

major input. Being shallow, it can fluctuate greatly inwater surface area. Its

water surface area was 25,000 km2 in 1964, but dropped to 10,315 km2 in

1974 and declined further to occupy only 1,350 km2 in 2000 due to both

an ongoing megadrought and excessive water extraction (Carmouze &

Lemoalle, 1983; Comp�ere & Iltis, 1983; Coe & Foley, 2001; Pearce, 2007).

The lake consists of two basins; northern and southern. Both basins,when

full, have extensive archipelagos of flooded dunes, with their crests forming

islands, reed islands and open water. The lake was studied in a major

research effort from 1964 to 1978 (Carmouze et al., 1983).

In 1973, drought set in and the lake started to contract (Carmouze &

Lemoalle, 1983), with the basins separating from each other (see Figure

5.3). The period before 1973 became known as the ‘Normal Chad’ and the

drought period as the ‘Lesser Chad’. During this latter period, the northern

basin dried, while the southern basin retainedwater, albeit with a great drop

in area (Carmouze et al., 1983). In the north basin, as drying set in, turbidity

rose sharply and oxygen concentrations varied greatly, ‘with frequent

periods of anoxia’ (Carmouze et al., 1983). Salinity rose greatly from

1,000mg l�1 to 3,000mg l�1. The drought converted both basins into

eutrophic systems (Comp�ere & Iltis, 1983).

Unfortunately, in the case of Lake Chad, the drought continued after the

study finished in 1978, and continues to this day (e.g. UN News Service, 15

October 2009). Thus, we have initial results for the drought-induced decline

of the lake ecosystem, but no data on the full effects of the drought. There has

been no recovery, and the lake could be set for an ‘ecological catastrophe’

while its people could suffer a ‘humanitarian disaster’ (UN News Service, 15

October 2009). Indeed, to offset this disaster, there are plans to divert water

from the Ubangi River a tributary of the Congo River in the Central African

Republic, to Lake Chad (Pearce, 2007).

Different biota of an aquatic ecosystem react in various ways to the

imposition of drought. In the next sections, we examine the various

differences and similarities in the way that biota react to and recover from

supra-seasonal drought.

8.2 Phytoplankton in lakes

As water levels and volumes of water bodies drop, and physico-chemical

conditions in thewater columnchange, phytoplankton and levels of primary

production change. As detailed above, during drought, conductivity

(salinity), pH and nutrient levels may all change, with nutrient levels and

ratios, in particular, strongly affecting the phytoplankton.
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In both Lake Chad and Lake Chilwa, drought promoted eutrophication

and produced blooms of cyanobacteria. In Lake Chad, with the loss of water

from the two basins, algal biomass increased greatly, with the northern

basin acquiring the ‘characteristics of a eutrophic pond’ before drying, and

the southern basinmoving frombeingmesotrophic to eutrophic (Comp�ere &
Iltis, 1983). It was estimated that in 1971, the lake occupied 18,135 km2

and that the algal biomass was 40,800 metric tons, but by 1975, in the

drought, the area was 11,315 km 2 and the algal biomass was a staggering

244,135 metric tons (Comp�ere & Iltis, 1983).

Similarly, in eutrophic reservoirs in the ‘Drought Polygon’ of north-east

tropical Brazil, drought increased conductivity, alkalinity and pH and

induced a sharp stratification in oxygen concentrations (Bouvy

et al., 1999, 2003). In the severe 1998 drought, chlorophyll-a concentra-

tions steadily rose, with the phytoplankton dominated by the cyanobacteri-

um Cylindrospermopsis (Bouvy et al., 1999, 2000, 2003), which produces

potent toxins that can affect other biota and greatly alter foodweb structure.

In the many reservoirs with Cylindrospermopsis blooms, the cyanobacteria

were not affected by grazing pressure from microcrustaceans and rotifers

(Bouvy et al., 2000). However a two-year study in one drought-affected

reservoir did show that, during and after a Cylindrospermopsis bloom,

zooplankton (rotifers, copepods) densities rose and rotifers and copepods

were both consuming and removing the filaments of the cyanobacteria,

such that they could be consumed by other zooplankton species (Bouvy

et al., 2001).

In a subtropical hypertrophic lake, Hartbeespoort Dam in South Africa, a

severe drought from 1982 to 1987 greatly reduced the lake volume from

100 per cent to 21 per cent (Zohary et al., 1996), but only slightly changed

the high nutrient levels. These conditions gave rise to massive blooms of the

cyanobacterium Microcystis aeruginosa, which dominated the phytoplank-

ton for most of each of the five drought years, except for a spell each spring

when a mixture of algal species occurred.

With the return of normal seasonal rains, the lake refilled in 1987 and

phosphorus andnitrate concentrations declined.However,with phosphorus

concentrations declining more rapidly than nitrate concentrations, there

was an increase in the TN/TP ratio (by weight). The decline in phosphorus

and the increase in the TN/TP ratiowere held to be a reason for the decline in

Microcystis densities (Zohary et al., 1996), such that the blooms had

disappeared by 1988, two years after the drought broke. As Microcystis

declined, the chlorophyte Oocystis and the diatom Cyclotella became impor-

tant species in the phytoplankton. Furthermore, in this time, new genera of

algae (e.g. the chlorophytes Crucigenia, Ankyra, Kirchneriella and Golenkinia)

were detected (Zohary et al., 1996).
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As in Brazilian and African eutrophic lakes, drought in the South African

system gave rise to cyanobacteria blooms, which totally changed phyto-

plankton production and drastically altered the trophic structure of the

lakes. Furthermore, with the breaking of the drought and changes in both

competition and predation levels, new and rare algal species had a chance to

flourish briefly.

In eutrophic lakes in temperate and Mediterranean climate zones, with a

decrease in volume due to drought, nutrient concentrations, notably

phosphorus, may rise and phytoplankton production dominated by cyano-

bacteria may reach high levels that are potentially harmful (e.g. Nõges &

Nõges, 1999; Nõges et al., 2003; Beklioglu & Tan, 2008). Lake V�ortsj€arv, in
Estonia, a large, shallowand eutrophic lake-was exposed to a severe drought

in 1995–96 that lowered the lake level by 50 per cent and greatly increased

turbidity (Nõges & Nõges, 1999). Phosphorus concentrations increased and

phytoplankton increased dramatically, being largely made up of cyanobac-

teria, with the nitrogen-fixing Aphanizomenon skujae and Planktolyngbya

limnetica being key species (Nõges & Nõges, 1999). In this lake, the

filamentous cyanobacteria Limnothrix redeki and L. planktonica normally

dominate but, with low water levels and consequential higher light intensi-

ties and low N/P ratios, Aphanizomenon and Planktolyngbya became domi-

nant (Nõges et al., 2003). In Lake Emir, Turkey, drought in 2001–2002

increased concentrations of both nitrogen and phosphorus, which led to

cyanobacteria blooms that depleted oxygen levels, especially in the hypo-

limnion (Beklioglu & Tan, 2008), and produced fish kills.

As opposed to eutrophic systems, the ecological responses to drought in

oligotrophic systems seem to be quite different. In the 1980s, a period of

droughts occurred on theBoreal Shield of Ontario, Canada, specifically in the

region of the Experimental Lakes Area (Schindler et al., 1990; Findlay et al.,

2001). The lakes are dimictic (stratifying twice a year) and oligotrophic.

Their responses to drought, both abiotic and biotic, were temporally

coherent (viz. Magnuson et al., 2004). With drought, the length of the

ice-free season, the depth of the thermocline, Secchi depth and water

residence time increased as precipitation and direct runoff declined (Schind-

ler et al., 1990).With the decline in direct runoff, the DOC concentrations in

the lakes declined. As DOC declined, so did light attenuation, resulting in an

increase in the depth and volume of the euphotic zone (Findlay et al., 2001).

Concentrations of nitrogen and phosphorus were low and did not change

significantly with drought. However, both biomass and species richness of

the phytoplankton increased during drought.

There were major changes in the phytoplankton assemblage structure,

with dinoflagellates (Peridinium and Gymnodinium) and some chrysophytes

(Dinobryon and Chrysochromulina) (golden algae) increasing greatly in
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abundance. These groups contain flagellated species that can be autotrophic

as well as heterotrophic (i.e. mixotrophic) – capable of consuming bacteria.

With the deepening of the euphotic zone, there was an increase in mixo-

trophs compared with autotrophs, with mixotrophs comprising 20–40 per

cent of algal biomass before drought and mixotrophs increasing to 50–60

per cent during drought. This increase was maintained after the drought

(Findlay et al., 2001).

It appears that the mixotrophs may migrate into deeper nutrient-richer

levels of the lakes, consume bacteria and return to the euphotic zone,

enriching this zone with phosphorus by recycling. With access to nutrients

through mixotrophy and migration, the mixotrophs may out-compete

autotrophic algae in the drought-affected lakes, and this superiority is

maintained for some time after the drought (Findlay et al., 2001).

Similar changes in algae were found in an oligotrophic mountain lake in

southern Spain (Villar-Argaiz et al., 2002) with a severe drought in 1995.

This drought reduced the depth of the lake from amaximumdepth of�14m

to a minimum of 1.5m and greatly decreased the volume, which facilitated

the remobilization of nutrients, especially phosphorus, from the bottom

sediments. Nutrient remobilization, along with the greatly reduced volume

and inputs of nutrient-rich dust from Africa, served to increase phosphorus

concentrations in the lake (Villar-Argaiz et al., 2001). In the drought,

phytoplankton diversity and species richness increased, with both ciliates

and mixotrophic flagellates becoming common. The zooplankton commu-

nity was marked by an increase in rotifer abundance and a decrease in

calanoid copepods (Villar-Argaiz et al., 2002). Drought thus induced major

changes in the grazing food chain of the lake. The drought abruptly ceased

with heavy rains in 1996, followed by a big increase in phytoplankton and

ciliate biomass and a marked decline in zooplankton biomass. In the next

year, the ciliates virtually disappeared and the crustacean-dominated zoo-

plankton was restored to pre-drought levels (Villar-Argaiz et al., 2002).

Further evidence of major changes in phytoplankton communities in

oligotrophic lakes comes from an alpine lake, Green Lake in Colorado

(Flanagan et al., 2009). The region around the lake suffered a supra-seasonal

drought from1998 to 2002 and sampling of the lake occurred from2000 to

2005, during and after the drought. The drought produced moderate

increases in summer water temperature, conductivity, acid-neutralizing

capacity and in certain ions (e.g. calcium, potassium) (Flanagan et al.,

2009). Phytoplankton densities (as biovolume) were low, and dominating

the phytoplankton were two hitherto rare species, a chlorophyte (Ankyra

sp.) and a diatom (Synedra sp.). The diatom appeared to reduce silica

concentrations significantly. These two species almost disappeared after

the drought.
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Equally remarkable was the marked increases in phytoplankton densities

after the drought (2003) – densitieswhichweremaintained for the next two

years. In 2003, Chrysophyta (Chrysococcus sp.) dominated, giving way in

2005 to dominance by the chlorophyteChlamydomonas spp. (Flanagan et al.,

2009). Interestingly, the high densities and dominant species in the post-

drought algal communitywere ascribed to nitrate concentrations augment-

ed by deposition of atmospheric nitrate deposition in the catchment

(Flanagan et al., 2009). As noted in Chapter 5, high concentrations of

nitrate may enter streams and lakes after lengthy periods of drought.

Further, as the atmospheric nitrogen deposition is created largely by human

activities, drought as a disturbance may exacerbate the effects of atmo-

spheric contamination.

In some cases, such as in dystrophic lakeswith highDOC and lownutrient

concentrations, phytoplankton growth may not change. James (1991), for

example, found that in dystrophic lakes in Florida, phytoplankton levels

remained low during a drought and were perhaps inhibited by the high

levels of dissolved organic carbon.

Drought, besides greatly changing phytoplankton community structure,

may also greatly alter the spatial distribution of phytoplankton communities

and their functions. When drought lowered the water levels of Lake

Okeechobee, there was an increase in the spatial variation of phosphorus

and chlorophyll-a (Maceina, 1993; Phlips et al., 1997).When the lakewas at

its normal high level, parameters of photosynthesis such as aB (light-limited

rate of photosynthesis), Pm
B (maximum photosynthetic rate at optimal

irradiance) and Ek (the light intensity at the onset of light-saturated

photosynthesis) were uniformly spread across the lake. However, during

a drought, these parameters differed significantly within the lake, with aB

and Pm
B being significantly influenced by the variation in depths (Maki et al.,

2004). Thus, as water levels fall, drought in standing waters may increase

spatial heterogeneity in both biota and ecological processes.

Overall, there is clear evidence that the changes in phytoplankton

assemblages in lakes andwetlands depends very strongly on the pre-drought

trophic state – ecological memory. If the lake is even mildly eutrophic,

drought can readily push the phytoplankton assemblage from one of mixed

diversity into one dominated by a small number of cyanobacteria species.

The extent to which the lake volume is decreased appears to regulate the

chemical composition of the lake, especially in terms of nutrient availability.

The changes in nutrients may be a function of concentration due to loss of

volume and to the decrease in depth, allowingmixing to remobilize nutrients

from bottom sediments. Dominance of phytoplankton by cyanobacteria,

as expected, can cause major changes in the limnetic consumers and

the trophic structure. Selected species of zooplankton can consume the
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cyanobacteria, and their densities may increase as a result (Bouvy et al.,

2001; Wilson et al., 2006).

In oligotrophic systems, drought is unlikely to pushnutrients to levels that

induce eutrophication. Changes in nutrient availability can occur that

induce changes in algal trophic status (autotrophy to mixotrophy), which

in turn change the trophic structure of the system. In oligotrophic systems,

relatively small changes in water quality may favour some species – even

hitherto rare species – which can briefly flourish during the drought. In

shallow systems, with the decline in volume with drought, uniform whole-

lake conditions may be changed to a state of high spatial heterogeneity. In

general, recovery from drought by phytoplankton is fairly rapid, with

successional changes in species composition.

8.3 Zooplankton

Studies of the responses of zooplankton to drought are few compared to those

focusing on phytoplankton (their food) and fish (their predators). Neverthe-

less, the responses of zooplankton to drought vary considerably, perhaps

because they are subject to control by changes in water quality, phyto-

plankton and the level of predation. As they are a key primary consumer in

standing waters, declines in zooplankton may benefit phytoplankton popu-

lations and stress secondary consumers, such as fish. In some cases, even

though there may be substantial changes in environmental variables in

lakeswith drought, the zooplanktonmay not be affected. For example, in the

experimental drought study of McGowan et al. (2005), even though there

were significant changes in water chemistry and macrophytes, no changes

were detected in the phytoplankton and zooplankton.

In Lake Okeechobee, after a human-induced drawdown followed by a

drought in 2000–2001, as depth decreased, so did chlorophyll-a concen-

trations and suspended non-organic solids (Havens et al., 2004). Prior to the

drought, the zooplankton was dominated by calanoid copepods, with

cladocerans and rotifers being significant. With the drought, the biomass

of cladocerans and rotifers declined dramatically, while the copepod biomass

was unchanged. The increase in fish abundance due to habitat compression

and their selective predation on the cladocerans may have caused the crash

in cladoceran biomass.

Havens et al. (2007) suggest that predation by cyclopoid copepods

contributed to the sharp decline in the rotifer biomass. The copepod

Arctodiaptomus dorsalis, which dominated the post-drought zooplankton,

appears to be a species that can escape fish predation. There was a

massive post-drought increase in submerged vegetation, which in turn
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favoured fish recruitment, and the increased fish predation pressure on

zooplankton induced a major change in the structure of the zooplankton

assemblage, which persisted for least four years after the drought

(Havens et al., 2007).

In Lake Chilwa, drought created major changes in the zooplankton

assemblage structure, with rotifers becoming dominant after the drought

(Kalk, 1979b). Subsequently, a microcrustacean-dominated assemblage

arose and increased to high population densities. Predation by larval fish

from the breeding of drought survivors (e.g. clariid catfish) then reduced the

zooplankton populations. Thus, as also in Lake Okeechobee (Havens et al.,

2007), successful breeding by resilient fish which produced profuse off-

spring, themselves possibly released from predation pressure, could have

checked the return of the zooplankton to ‘normal’ levels of abundance

and diversity.

In Lake Chad, during the pre-drought period (1964–1971), in the open

water of the southern basin, zooplankton density was relatively low and

dominated by copepods – calanoids and cyclopoids – and toward the end of

each year, there was a peak in zooplankton biomass (Saint-Jean, 1983).

Meanwhile, the northern basin had an even lower density of zooplankton

than the southern, with less temporal variation. Cyclopoids dominated the

abundance, while cladocerans dominated the biomass (Saint-Jean, 1983).

With the drought, thewater level dropped to divide the lake into two basins –

north and south – and conductivity and turbidity both rose to high levels.

Data on zooplankton are only available for the south basin (Saint-Jean,

1983). In the early stages of the drought (1973), Cladocera declined, the

dominant calanoid copepod Tropodiaptomus was replaced by Thermodiapto-

mus and cyclopoid copepods increased. As the drought strengthened in

1974, rotifers increased greatly. Overall, zooplankton biomass declined

sharply, probably due to deteriorating water quality, marked by episodes

of hypoxia (Saint-Jean, 1983; B�enech et al., 1983). Thus, drought caused

considerable changes in species composition and dominance and a decline

in biomass.

From all of the accounts, notably from shallow lakes, it appears that

zooplankton undergo considerable changes in species composition and

abundance with drought. These changes, such as the transient shifts to

rotifer dominance, may be due to changes in food supply (viz. grazing-

resistant cyanobacteria), or deteriorating water quality (e.g. increases in

salinity and hypoxia), or changes in predation pressures (e.g. fish predation).

Recovery from drought may be marked by major changes in predation

pressures and competition. In post-drought conditions, zooplankton assem-

blages may differ considerably from pre-drought assemblages, and rare

species may briefly flourish as recovery proceeds.
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8.3.1 Drought, lake acidification and plankton

Many lakes in North America and Europe have been damaged by acid rain

due to sulphur dioxide emissions from fossil-fuel burning and from smelters.

Many lakes, such as in eastern Canada, have extensive peatlands and

wetlands in their catchments, with acid rain caused to accumulate sulphur

in the form of sulphides. As explained earlier (Chapter 5), when thewetlands

are exposed to El Niño droughts and sediments dry and become oxic,

sulphides can be converted to sulphates. With the rains breaking the

droughts, sulphate-enriched water can flow into lakes, re-acidifying them.

Furthermore, when lake levels drop with drought, exposed sediments

containing sulphides may then be oxidized and can enter the lake as

sulphates when the drought is broken (Yan et al., 1996; Arnott et al., 2001).

Lakes in eastern Canada affected by acid deposition were recovering after

sulphur emissions were greatly reduced (e.g. Keller & Yan, 1991, 1998). In

the period from 1977 to 1987, Swan Lake, near the Sudbury smelter in

Ontario, Canada, showed distinct indications of ecological recovery (Arnott

et al., 2001). In the phytoplankton, the acid-tolerant dinoflagellates were

replaced by chrysophytes, but both richness and diversity (H0) were well

below the levels of unaffected reference lakes. In the rotifers, the dominant

acid-tolerant species Keratella taurocephala was replaced by acid-sensitive

species and both richness and diversity (H0) were near those of reference

lakes (Arnott et al., 2001). The crustacean component of the zooplankton

had changed considerably during recovery, to be dominated by calanoid

copepods in 1987.

In 1986–87, eastern Ontario was affected by a severe drought. With the

drought breaking in 1988 and the return of inflows from surrounding

wetlands, fresh influxes of acid into lakes reversed the recovery from

acidification. Thus, Swan Lake was re-acidified, with the pH falling from

5.8 to 4.5, metal concentrations rising and DOC levels dropping dramati-

cally. With the drop in DOC, transparency increased and the Secchi level

increased from 4.3m to 7.6m (Yan et al., 1996; Arnott et al., 2001).

The phytoplankton community was dramatically changed by the re-

acidification, with the chrysophytes dropping in abundance and both

phytoplankton richness and diversity declining. In the rotifers, the acid-

sensitive taxa declined sharply and the acid-tolerant Keratella taurocephala

returned to dominance.

Unexpectedly, with the drought breaking and re-acidification of the lake,

the zooplankton richness briefly increased in 1988 from 10 to 18 species.

The drought in lowering the lake created dry sediments, increased water

temperatures and light availability with depth. An experimental study by

Arnott & Yan (2002) indicated that four cladoceran species hatched from
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dried sediments; the emergence of six species (4 cladocerans, 1 cyclopoid, 1

calanoid) was influenced by temperature; and the hatching of three species

(2 cladocerans and 1 calanoid copepod) was affected by light (Arnott & Yan,

2002). However, the acid-sensitive taxa that emerged did not persist in

the lake, and in subsequent years the richness declined to levels prior to the

re-acidification event (Arnott et al., 2001).

In this case by changing lake conditions directly and indirectly to produce

re-acidification, drought induced major changes, reducing the diversity and

productivity of planktonic communities. By inducing the premature hatch-

ing of acid-sensitive crustaceans, droughtmayhave set back future recovery

by depleting the egg bank in the sediments.

Diatoms are well preserved in lake sediments, and the presence of

particular species in sediments can reflect the pattern of pH fluctuations

in lakes. Using diatoms in sediments, Faulkenham et al. (2003) found that a

lake in which the diatoms reflected acid conditions had extensive wetlands,

whereas a lake with no wetlands did not appear to have been subject to

drought-induced re-acidification. Thus, the presence or absence of catch-

ment wetlands may determine the likelihood of re-acidification in those

areas subject to sulphur deposition from acid rain.

8.4 Macrophytes of lentic systems

In large, shallowwater bodies, littoral plant communities are greatly altered

bywater recession. In the drought in LakeChad (‘Lesser Chad’, 1972–75), in

the north basin, the rapid loss of water prevented vegetation development,

and plant formations of the ‘Normal Chad’ disappeared with the shoreline

recession (Iltis & Lemoalle, 1983). Few plant formations remained, with

some Typha australis and sedges. In the south basin, Phragmites australis

populations receded and forests dominated by the semi-terrestrial shrub

Ambatch Aeschynomene elaphroxylon developed, with meadows of Vossia

cuspidata on the dry sediments (Iltis & Lemoalle, 1983). In Lake Chilwa,

normally the margins were lined with Typha domingensis, but Typha dis-

appeared with the severe drought, leaving a large area of exposed mud

colonized by semi-terrestrial plants – a grass (Diplachne fusca), a sedge

(Cyperus laevigatus) and a leguminous shrub (Aeschynomene pfundii)

(Howard-Williams, 1979).

With changes inwater levels andwater quality due to drought, changes in

emergent and submerged aquatic vegetation are to be expected. Changes in

aquatic vegetation during and after drought may be very marked. Lake

Okeechobee, was deliberately drawn down by 2000, and this was followed

by a drought that reduced the lake level further (Havens et al., 2005). Before
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and during the drought, the shoreline emergent vegetation was dominated

by bulrush, Scirpus californicus. However, conditions during recovery stim-

ulated the growth of two hitherto uncommon species, the spikerush

(Eleocharis spp.) and knot grass (Paspalidium germinatum), which, along

with Scirpus, dominated the shoreline vegetation (Havens et al., 2005).

Thus, major changes occur in the littoral vegetation of lakes in drought,

with the normal littoral plants dying back to be replaced by invading semi-

aquatic and terrestrial species, especially if the supra-seasonal drought is

prolonged. Recovery after re-filling is a slow process.

As for littoral semi-aquatic plant communities, drought can inducemajor

changes in aquatic macrophytes. In Lake Okeechobee, the drawdown and

severe drought saw marked changes in the submerged vegetation (Havens

et al., 2004, 2005). Before the drought, the submerged vegetation was

dominated by a low biomass of Potamogeton, Vallisneria and Hydrilla. With

the drought, plant biomass increased and was totally dominated by Chara.

Following the drought, Chara declined, possibly due to a short period of high

winds and high wave energy that churned up this rootless plant. With the

disturbance toChara, awindowof opportunity arose for the development of a

productive assemblage of Vallisneria, Hydrilla and Potamogeton, with a

biomass much greater than that existing before the drought.

A similar situation occurred in Pukepuke Lagoon, a shallow, permanent

dune lake in the North Island of New Zealand (Gibbs, 1973). A severe

drought (1969–1970) exposed a large amount of the lagoon bed,whichwas

colonized by two semi-aquatic macrophyte species, Veronica anagallis-aqua-

tica andRanunculus fluitans. In 1971,with the return to normalwater levels,

the charophyte Chara globularis dominated the lagoon, but by 1972 the

Chara beds had disappeared. This drastic decline coincided with a massive

phytoplanktonbloom,which declined in thewinter of 1972. In the following

spring, the macrophytes Potamogeton pectinatus and P. crispus recruited

and rapidly dominated the lagoon, occupying about 90 per cent of its area

(Gibbs, 1973).

As occurred in Lake Okeechobee after drought, Chara became the first

dominating plant, only to drastically decline and be replaced by flowering

macrophytes (Havens et al., 2004, 2005). In the experimental winter

drought in Canada reported by McGowan et al. (2005), submerged vegeta-

tion was dominated by Ceratophyllum demersum and, after the drought,

macrophyte biomass increased greatly and was dominated by Potamogeton

pectinatus. These three examples illustrate that with drought, aquatic

macrophyte diversity and biomass can be greatly reduced, while after

drought, the new conditions may create a change in dominance and an

increase in biomass. The increased post-drought biomass may be a response

to elevated nutrient levels, notably phosphates, with sediment re-wetting.

182 Chapter 8



In shallow lakes, changes in water level and in light availability with

drought can greatly alter macrophyte and phytoplankton communities.

This links inwith the concept of alternative states of shallow lake ecosystems

– either turbid and micro-algae dominated, or clear and macrophyte

dominated (Scheffer, 1998). For example, in a small oligotrophic

reservoir in tropical Africa, primary production was normally dominated

(55 per cent) by macrophytes, principally Potamogeton octandrus (Thomas

et al., 2000). In a severe drought (1997–98), the macrophytes were

stranded and died as the water levels dropped. Primary production then

became dominated by microphytobenthos and phytoplankton, a situation

that persisted throughout and after the drought (Thomas et al., 2000;

Arfi et al., 2003).

Changes in the supply of nutrients to lakes due to drought can

change macrophyte communities. In a chain of hard water kettle lakes

in Michigan, USA, under normal conditions, the lake at the top of the

chain was eutrophic, with high phytoplankton, non-rooted macrophyte

abundances and high turbidity. Lakes lower in the chain had lower

nutrient levels, with lower levels of phytoplankton and non-rooted macro-

phytes, but a higher level of rooted macrophytes (Hough et al., 1991).

In a severe drought (1987–88), stream inflows and nutrient inputs to

the eutrophic Shoe Lake were reduced, with the loading rates of nitrogen

and phosphorus being reduced by 80 per cent (Hough et al., 1991).

Consequently, phytoplankton levels were reduced by �50 per cent

and light transparency improved. This increase in light availability

favoured the growth of rooted macrophytes (e.g. Nymphaea tuberosa,

Myriophyllum exalbescens), whereas the non-rooted macrophytes (e.g. Cer-

atophyllum demersum, Utricularia vulgaris, Najas flexilis) declined greatly

(Hough et al., 1991).

Where shorelines recede with drought, aquatic macrophytes may be

replaced by terrestrial species, which are slowly replaced when the drought

is over. In lakes that retain water during drought, there may be major

changes in aquatic macrophytes, with Chara being favoured in some cases

during drought at the expense of rootedmacrophytes. Drought appears to be

a force inducing alternative stable states, changing lakes from being

clear and macrophyte-rich to lakes with high turbidity and dominated by

phytoplankton and possibly vice versa. Increased nutrient availability can

occur post-drought, so that aquatic macrophyte production may be high,

though the persistence of this production is uncertain due to the lack of post-

drought data. Through the stresses of drought, macrophytes in lentic

systems may undergo major changes in composition and production that

undoubtedly exert strong effects on the pathways of ecosystem recovery

after drought.
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8.5 Benthic littoral fauna

As drought sets in, water levels drop, exposing the littoral fauna to drying.

The littoral fauna of lakes comprises two main groups: those which are

sedentary or have only limited mobility; and those that are mobile and can

move with the water level as it recedes. Compared with those on the biota of

the water column, accounts of the effects of drought on the benthos of

permanent standing waters are few.

Molluscs, especially bivalves,may sufferwith decliningwater levels. Small

bodies of water can dry up in drought and cause molluscs, such as

gastropods, to disappear or have greatly reduced distributions (e.g.

McLachlan, 1979b; Koch, 2004). In the littoral zone of Lake Constance,

the invading Asian clam Corbicula fluminea occurs in very high densities,

making up to 90 per cent of the littoral biomass. In 2005–2006 there was a

severe winter drought, marked by a drop in lake level and freezing tem-

peratures. The effects of exposure and very low temperatures combined not

only to kill clams exposed on the dry shore, but also clams in the sub-littoral,

where only one per cent of the original population survived (Werner &

Rothhaupt, 2008).

In Lake Balaton in Hungary, Sebesty�en et al. (1951) found that on steep

stony shores, a severe drought in 1949, with a 60 cm drop in water level,

appeared to have had little effect on the fauna. However, on shores which

were relatively flat, there was marked mortality, with up to 100 per cent

mortality of the exotic zebra mussel Dreissena polymorpha. With the decline

in water levels, there was little evidence for the mobile fauna ‘moving along

with the retreating water’ (Sebesty�en et al., 1951). In a later drought in

2000–2003 in Lake Balaton, littoral populations of zebramussel were again

greatly depleted (Balogh et al., 2008).

Lake Balaton has been invaded by three Ponto-Caspian amphipods, two

species of Dikerogammarus and Chelicorophium curvispinum (Muskó et al.,

2007). Prior to the 2000–2003 drought, Chelicorophium occurred in

high densities in stony littoral zones but, during and after the drought,

Dikerogammarus became dominant (Muskó et al., 2007).

As described before, drought in Lake Chilwa greatly depleted the littoral

benthos – principally chironomids and the snail Lanistes ovum (McLachlan,

1979b). Littoral benthos, especially molluscs, may be depleted by drought,

no doubt with deleterious effects on their normal consumers, such

as waterbirds.

In one of the few long-term studies of drought, a ten-year study by

G�erard (2001) and G�erard et al. (2008) on the gastropods and their

trematode parasites in Combourg Lake, a shallow lake in France, revealed

how an interspecific interaction, namely parasitism, is altered by drought.
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The lake was subjected to two severe droughts in 1996 and 2003. Prior to

the first drought, the lake contained 15 gastropod species, with planorbid

snails dominating species richness and abundance (Gyraulus albus and

Planorbis planorbis being the two most common species), followed by

lymnaeid snails (Radix peregra) (G�erard, 2001). The level of trematode

parasitism was 5.13 per cent, with 11 snail species infected. The 1996

drought reduced the snail fauna to two species with no parasite infection.

After this drought, snails recolonized the lake with initially hygrophilic

and amphibious species, followed within nine months by the aquatic

species, a boom in planorbid and lymnaeid snail abundance and a low level

of parasite infection – only 0.36 per cent in five host species (G�erard,
2001). While the snail assemblage made a post-drought recovery, it is

clear that the parasite assemblage had been greatly diminished by the

drought, illustrating that drought, by acting as a winnowing force, can

substantially change populations and assemblages by drastically altering

interspecific interactions.

Over the ten-year study period, snail species richness and abundance

peaked in the spring of 1997 (G�erard et al., 2008). Between the snail peak of

1997 and the summer of 2001, the snail assemblage collapsed, probably due

to the toxic effects of cyanobacteria outbreaks. G�erard et al. (2008) suggest
that members of the snail assemblage were adapted to the stress of drought

and were capable of recovering from drought, but the toxic effects of

cyanobacteria presented a stress to which the snails were poorly adapted.

The results from the 1996 drought indicate that drought can be a powerful

force influencing the strength of inter-specific interactions. Indeed, in this

light, as Everard (1996) has suggested, drought may be differentially

beneficial to particular taxa and assemblages.

The only complete account of recovery fromdrought in lacustrine benthos

comes from the Lake Chilwa study by McLachlan (1979b). As the previous

account in this chapter described, the recovery of the benthos was relatively

rapid. With the re-flooding, the snails which survived the drought by

aestivating returned, to be followed some time afterwards by the insects

(chironomids, corixids), which mostly flew in from refugia of persistent

water considerable distances from the lake itself.

Thus, in lentic waters, especially shallow lakes, the dropping water levels

due to drought may strand important species (e.g. molluscs, oligochaetes,

chironomids) andmay cause changes inwater quality, habitat structure and

resources that greatly reduce species richness and abundances. Some species

(e.g. snails, ostracods) may have desiccation-resistant mechanisms to sur-

vive the drought in the water body (in-site refuges), whereas many species,

notably insects, may seek refuges in other water bodies that persist through

the drought. If the drought is severe and does produce significant drying
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of the lake bed, recovery may be staggered in terms of marked differences in

the rates of species returning. Drought may alter interspecific interactions

such as parasitism.

8.6 Drought in perennial lotic systems

8.6.1 Benthic algae and macrophytes

Reflecting the importance of streamalgae as a food resource and key habitat,

there have been more studies of attached stream algae than of algae in

standing waters. With the low flows in drought, increasing nutrient con-

centrations (see Chapter 5) may serve to promote algal growth (Freeman

et al., 1994; Dahm et al., 2003). In a severe drought in Portuguese streams,

Caramujo et al. (2008) found that biofilm biomass (as chlorophyll-a)

increased fivefold, and in chalk streams in drought, epiphytic algae may

proliferate to such an extent that growth of the host macrophytes is

greatly reduced (Wright et al., 2002a) by up to as much as 80 per cent

(Wade et al., 2002).

Conversely, droughtmayalso limit algal growth. In a perennial Californian

stream in a Mediterranean climate, drought arises through the failure of

winter rains and a subsequent lack of scouring floods (Power et al., 2008). In

the following summer, this lack of floods (and more importantly, of scouring

flows) allows armoured caddis larvae (Dicosmoecus gilvipes) to build up and

graze down the attached algae, mainly Cladophora (Power et al., 2008).

Drought by producing conditions that favour a consumer leads to a lack of

Cladophora, which, as outlined in Chapter 6, has important repercussions on

the food web structure.

Drought may change the composition of algal assemblages. In Portuguese

streams, before a drought, Chlorophyceae (green algae) and Bacillariophy-

ceae (diatoms) dominated the biofilm (Caramujo et al., 2008). During

drought, the diatoms became dominant at the expense of the green algae.

In an experiment (not a drought) involving the dewatering of stream

mesocosms, Ledger et al. (2008) found that, in the normal undisturbed state,

the green encrusting alga Gongrosira incrustans dominated the epilithon.

With dewatering, the green alga declined and the vacant space on the stones

was replaced by mat-forming diatoms. In an English acid stream, Ledger &

Hildrew (2001) found that the epilithic biofilm dominated by coccoid green

algae and diatoms remained intact when the channel dried up in a severe

drought, and past-drought recovery was rapid – within three days.

Macrophytes occur in stream channels, along the littoral zone of streams

and in wetlands periodically connected with river channels. Aquatic plants

have a variety of means, involving reproductive propagules, vegetative
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structure and fragments, to survive drought and recover (see Chapter 6).

The detritus from the dieback of aquatic and semi-aquatic plants can be a

valuable resource for consumers when a drought breaks. Recovery from

drought is usually marked by the succession of different plant assemblages,

and recovery can be marked by the very high production of early succes-

sional plants.

The literature on lotic macrophytes and drought is dominated by work

on the macrophytes of English chalk streams. These streams are ground-

water-fed and are impacted in drought when the water table is lowered by

both natural and human means, such as the extraction of groundwater

(Wright & Berrie, 1987; Bickerton et al., 1993; Agnew et al., 2000;

Westwood et al., 2006). Chalk streams are usually clear, nutrient-rich

and very productive ecosystems, supporting rich plant, invertebrate and

fish assemblages (Berrie, 1992).

In a small chalk stream – Waterston Stream in Dorset – with normal

flow, the dominant macrophyte was Ranunculus (water crowfoot) (Ladle &

Bass, 1981). In the drought of 1973–74, streamflow dropped dramatically

andRanunculus cover disappeared. Prior to the channel drying, two species –

watercress (Rorippa nasturtium-aquaticum, now Nasturtium officinale)

and Fool’s watercress (Apium nodiflorum) – briefly flourished and

persisted through the four-month dry spell. With the return of flow,

Apium became the dominant for the next seven months of normal flow,

to be steadily replaced by Ranunculus. With the subsequent 1975–76

drought, Apium once more became dominant (Ladle & Bass, 1981).

Drought served to deplete a normally dominant plant and favour a

transient dominant.

In the same drought, Wright & Berrie (1987) found, in intermittent

sections of a chalk stream, that macrophytes and the invertebrates, while

greatly depleted, rapidly recovered after the drought. However, in a

perennial section, siltation due to low flows during drought greatly

reduced the cover of macrophytes (Ranunculus and Callitriche). With the

breaking of the drought, recovery was delayed (Wright & Berrie, 1987) –

an example of drought interacting with another disturbance (siltation) to

influence recovery.

Surveys of macrophyte communities in chalk streams helped to produce a

scheme of 13 different community types (Holmes, 1999; Westwood et al.,

2006). The community types are aggregated into four major groups along a

gradient of tolerance to dry conditions: ‘Perennial’, ‘Winterbourne’, ‘Ditch’

and ‘Intermittent’. With drought, community types may move from the

‘Perennial’ and ‘Winterbourne’ groups to the ‘Ditch’ and ‘Intermittent’,with

the latter containing Community Type 13, that consists of terrestrial grasses

and herbs. Across a range of 118 sites on 24 rivers, immediately after the
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1989–1992 drought, Holmes (1999) found that the drought pushed

communities to the terrestrial end of the gradient, but with the return of

‘normal’ flow, recovery took no longer than two years. In the headwaters of

chalk streams, Westwood et al. (2006) observed similar macrophyte re-

sponses to drought in ‘normal’ streams (e.g. River Lambourn), and similar

recovery lags (about two years) to those found by Holmes (1999). However,

in streams with heavy groundwater extraction (e.g. River Misbourne),

recovery from drought was incomplete (Westwood et al., 2006).

During drought, stream channels, and many temporary waters, may be

invaded by terrestrial plants (terrestrialization) (Holmes, 1999; Westwood

et al., 2006). In creeks in south-east Australia, aquatic macrophytes such as

Triglochin procera, disappeared with drought and the channels were invaded

by terrestrial plants such as Alternanthera. (P. Reich, L. Williams, personal

communication) The process of terrestrialization undoubtedly has impor-

tant consequences on recovery from drought.

Macrophytes are an important habitat and food resource for stream

invertebrates. During drought, macrophyte cover as a habitat declines

and, correspondingly, invertebrate densities (especially chironomids) on

the remaining macrophytes may rise to high levels (e.g. Wright & Berrie,

1987; Wright & Symes, 1999). The effects of drought on the trophic

links between stream algae and macrophytes and invertebrate

consumers have been scarcely studied and these links remain an important

research area.

8.7 Stream invertebrates and drought

Macroinvertebrates occupy the vital links between their processing of

primary production and detritus and their consumption by their predators

– the secondary consumers. They are a major consumer of periphytic algae,

and of macrophytes to a much lesser extent, as well as being the major force

in the breakdown and transformation of detritus, both autochthonous

and allochthonous.

As drought progresses in streams, there is a loss in flowvolume that causes

habitat reduction anda loss in connectivitywith, as Boulton (2003) stressed,

the crossing of a number of thresholds (see Chapter 5). As volume declines,

depth decreases, producing changes in flow paths and in the hydrodynamics

of habitats such as riffles and runs. The decrease in stream velocity can

consequently deplete populations of animals, such as those living in cas-

cades, riffles and torrents, which rely on high velocities andwell-oxygenated

water. Usually associated with this decline in flow, the stream withdraws

from the littoral edge, affecting animals that inhabit streamside vegetation.
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Following the reduction in lateral connectivity, there is the loss of longitu-

dinal connectivity

With the cessation of surface flow, riffles, runs and glides disappear, and

poolswith varying persistence are formed. However, subsurfacewater in the

hyporheic zonemay persist through the drought. In pools, physico-chemical

conditions steadily deteriorate (Chapter 5), biotic interactions intensify and

lentic species, especially predators, are favoured. Finally, with progressive

drying, the remnant pools disappear, leaving a dry stream bed, though there

may be free water below the surface. As drying occurs, the stream channel

may be invaded by terrestrial scavengers that consume dead and dying

stream macrobiota.

By far, the greatest number of drought studies on streams focuses on the

loss of surfacewater,which as drought builds leads to a lowering of thewater

table and of flow below base flow levels. Surfacewater droughtmay progress

to groundwater drought, affecting those streams that rely for the major part

of their flow volume on groundwater aquifers (Wood, 1998; Wood & Petts,

1999; Wood et al., 2000). Groundwater-dominated springs and streams

have stable flow regimes, and groundwater droughts affecting streamflow

occur with the depletion of the aquifer. This depletion lags behind surface

water drought and is due to a failure of recharge. Conversely, the breaking of

groundwater drought which requires aquifer recharge usually lags well

behind the breaking of surface water drought.

8.7.1 Drought and the benthos of groundwater-dominated streams

When aquifers are drawn down in drought, springs may cease to flow and

disappear. Erman & Erman (1995) sampled 21 cold springs for caddis flies in

the Sierra Nevada, California, before and during a supra-seasonal drought

(1987–1992). Springs fed from deep aquifers were rich in ions, especially

calcium, and species richness was positively correlated with calcium con-

centrations. During drought in those springs that underwent great fluctua-

tions in flow, species richness declined, and springs that dried lost their

species. Thus, in causing springs to shrink or dry, drought served as a major

force to regulate trichopteran species richness and, no doubt, invertebrate

diversity. The pattern of recovery is not known.

English chalk streams are groundwater-dominated, highly diverse and

productive ecosystems. In drought, these systems may continue to flow,

though small headwater streams (bournes) may dry in severe droughts. As

these streams derive most of their flow from aquifers, short-term surface

water droughts may be buffered by the continued provision of groundwater

(Berrie, 1992). However, groundwater extraction by humans may
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exacerbate drought and cause small chalk streams to stop flowing (e.g.

Wright & Berrie, 1987; Agnew et al., 2000).

Two chalk stream systems have been the focus of long-term investiga-

tions. One of the chalk streams is theWinterbourne, a tributary of the River

Lambourn, which in turn is a tributary of the River Kennet in Berkshire; the

other is the Little Stour in Kent.

In the upper sections of the River Lambourn, during the 1975–76

drought, macrophyte cover and macroinvertebrates were greatly

depleted, whereas at the lower perennial sections, the effects were less

severe (Wright & Berrie, 1987). At perennial sites during both the 1975–6

and the 1996–97 droughts, there were few changes in the macroinverte-

brate families on a range of substrates (e.g. gravel, silt), or in the macro-

phytes, though in some cases, some families were lost, as in the case of

the macrophyte Berula in the 1975–76 drought (Wright & Symes,

1999; Wright et al., 2002b). However, there were changes in abundance

and, hence assemblage structure. This took the form of increased

densities of some families, in particular the Chironomidae and Ceratopo-

gonidae, and greatly reduced densities of some rheophilic families –

Baetidae, Caenidae and Simuliidae (Wright & Symes, 1999; Wright

et al., 2002a, 2002b). After the droughts ended and normal flows returned,

the recovery of the macroinvertebrate assemblages at the perennial sites

was rapid – within one year (Wright & Symes, 1999; Wright et al., 2002a,

2004).

A similar picture of considerable resilience of chalk stream biota to

drought comes from the Little Stour (Wood, 1998; Wood & Petts, 1994,

1999; Wood et al., 2000; Wood & Armitage, 2004; Stubbington et al.,

2009a). A severe drought in 1989–1992 caused ‘upstream’ perennial

sections to become silted at the channel margins and in the stream bed,

and resulted in two sites drying up. In the downstream regulated sections,

reduced flow persisted (Wood & Petts, 1994, 1999). Samples from the

upstreamsites in 1992, comparedwith post-drought samples (1993–1995),

indicated that drought reduced species richness and total abundance (Wood

& Petts, 1994, 1999). Taxa at upstream sites reduced by drought included

Lymnaea peregra, Gammarus pulex, Baetis rhodani, Tanytarsini spp. and the

exotic Potamopyrgus jenkinsi (antipodarum), and only a few species appear to

have been eliminated. In the downstream regulated sections, the fauna

containing some lentic taxa (e.g. Corixidae, Haliplidae, Dytiscidae) were not

affected by drought.

Recoveryat theupstreamsites commencedwith the returnofnormal flows

and continued, notably in terms of abundance, for two years (Wood & Petts,

1994, 1999). Analysis of data from the final year of the 1988–92 drought,

and from a second one (1995–1996), indicated that the two droughts had
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severely reduced abundance of the total community, particularly the

amphipod Gammarus pulex and two molluscs, Potamopyrgus jenkinsi (anti-

podarum) and Bithynia tentaculata (Wood, 1998; Wood et al., 2000; Wood &

Armitage, 2004). As before, at the upstream sites, recovery took at least two

years, which was dependent on the rate at which the aquifer was recharged

(Wood & Armitage, 2004).

On the other hand, at the sites on the Lambourn and Kennett Rivers

and the Little Stour, where flow may drop but not cease, recovery from

droughtwas relatively rapid,with a good supply of colonists from in-channel

refuges. In the Little Stour River, at both sites where drought led to very

low flows and those where flow became intermittent, the hyporheic

zone clearly acted as a refuge for benthic invertebrates (Stubbington

et al., 2009a; Wood et al., 2010), with a marked increase in benthic taxa,

especially inGammarus pulex, in the zone at the timewhen flowwas very low

(Wood et al., 2010). By contrast, in another groundwater-fed stream, the

River Lathkill in Derbyshire, as the stream dried, some taxa (trichopteran

larvae (Stenophylax sp.), stonefly nymphs (Nemoura sp.) and adult

hydrophilid beetles (Anacaena globulus)) were able to survive in fine-grained

sediments of the hyporheic zone. However, the lack of more suitable

coarse sediment may have excluded other animals (e.g. Gammarus)

(Stubbington et al., 2009b). Thus, in many flowing waters. the hyporheic

zone may be a reliable drought refuge, whereas in other systems, such as

thosewith cloggedhyporheic zones, or none, escape into the streambedmay

be limited.

The susceptibility of small chalk streams to the effects of drought is

further confirmed by the study of Ladle & Bass (1981) on the Waterston

Stream inDorset. The drought in the summer of 1973was short, severe, and

it dried up the stream bed for four months. Overall, the fauna, in the

summer after the drought, was significantly reduced, with the amphipod

Gammarus pulex being eliminated. Examining Table 1 of Ladle & Bass (1981)

reveals that some groups were greatly depleted by the drought, including

Tricladida (4 spp.), molluscs (except for Lymnaea sp.), leeches (4 spp.),

water mites (1 sp.), Gammarus pulex, Plecoptera, the mayfly (Baetis rhodani),

the trichopterans (Agapetus fuscipes, Silo pallipes, Sericostoma personatum)

and dipteran species (Dicranota sp, Macropelopia sp., Paramerina sp.,

Brillia modesta, Polypedilum sp.). Densities of several taxa were largely

unchanged, including the Nematoda, oligochaetes (e.g. Nais elinguis,

Stylaria lacustris, Enchytraeidae), the trichopteran Limnephilus sp.,

Coleoptera, and dipterans such as Bezzia sp., Eukiefferiella sp., and

Thienemanniella sp.

Several taxa with resistant eggs or resting stages, such as the cladoceran

Alona affinis, ostracods and the mayfly Ephemerella ignita, recovered rapidly.
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Species capable of surviving in the streambed, such as Lymnaea sp.,Eiseniella

tetraedra, Asellus aquaticus and A.meridianus, also became amajor part of the

post-drought assemblage. Similarly, taxawith verymobile colonizing adults,

such as simuliids, flourished after the drought. One year after the drought,

the community was still depleted (Ladle & Bass, 1981), and recovery was

very incomplete. Indeed, the post-drought macroinvertebrate community

was very different from the pre-drought one, and in losing some key

predators (e.g. Tricladida, Hirudinea), shredders (e.g. G. pulex) and grazers

(e.g. Agapetus fuscipes), the trophic structure was much altered.

In chalk streams, if drought causes habitat and resource loss but

flow persists, species richness and abundances are reduced but recovery

after the drought is relatively rapid. However, if flow ceases and the

channel dries, the effects of drought in these normally perennial and

stable systems can be marked, with significant losses in population

densities and richness, and the post-drought recovery relatively slow

and incomplete. If droughts are close together, the effects are severe and

recovery is impaired. In one study, the species lost in the drought were

mainly predators, which could reduce the regulation of prey species in

recovery and alter the trophic structure.

8.7.2 Drought, invertebrates and precipitation-dependent
perennial streams

Most streams are mostly dependent on precipitation (rain, snow) falling on

their catchments. By far the greatest number of studies on drought and lotic

invertebrates has focused on small streams, with very few studies on large

rivers and their floodplains. Most of the studies have been short-term and

have focused on drought effects on community/assemblage composition

and structure.

Small headwater streams may be particularly susceptible to the effects of

drought, as they lack the buffering capacity of large rivers.Montane streams,

with their steep gradients, may also be more susceptible to drought than are

lowland streams with gentle gradients and groundwater inputs from their

water tables.

Before dealingwith studies of macroinvertebrate assemblages, a review of

certain groups provides valuable insights into the effects of drought at the

species population level rather at the aggregate levels of assemblages and

communities. Both lotic crustaceans and molluscs are relatively sensitive to

supra-seasonal drought and are relatively easy to census. In terms of

assessing the effects of drought on invertebrate populations in flowing

waters, these groups provide interesting examples.
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Many streams in non-seasonal tropical rainforest regions, such as Puerto

Rico, are perennial and may be occasionally disturbed by hurricanes/

cyclones and supra-seasonal droughts (Covich et al., 1996, 2003, 2006).

Both atyid and palaemonid shrimps can be abundant in tropical low-order

streams. In Puerto Rican streams, atyid shrimps occur at higher altitudes

than their major predators, the palaemonid shrimpsMacrobrachium carcinus

and M. crenulatum (Covich et al., 1996).

A drought in 1994–1995 in a small stream caused flow to stop, with dry

riffles and shrinking isolated pools (Covich et al., 1996, 2000, 2003). In the

drought, the two atyid shrimps, Atya lanipes and Xiphocaris elongata, reacted

differently to the physical properties of the pools. Atya densities were

negatively correlated with pool depth and width, whereas Xiphocaris densi-

ties were positively associatedwith pool depth.Atya densities were positively

associated with the coefficient of variation in pool depth, whereas Xiphocaris

densities had a negative association with this coefficient. In this way, low

flow through drought acted as an agent of habitat partitioning for these

shrimp species.

With the shrinking of the pools, densities of both shrimp species rose

sharply, and reproduction in Xiphocaris was reduced (Covich et al., 2000,

2003). Following the drought, the densities of both shrimps reverted to pre-

drought levels, (Covich et al., 2003). In the drought, the densities of

Macrobrachium spp. reached their lowest level in 14 years of sampling

(1988–2002) (Covich et al., 2006). It is not clear why Macrobrachium

densities declined with drought, but it is possible that, when they were

confined in shrinking pools, intra-specific competition, cannibalism and/or

predation took their toll. Recovery from the drought was rapid, with their

densities being higher after the drought (1995–2000) than even before it. It

is surprising to see that the big floods generated by two hurricanes/cyclones

(1989 and 1998) had no significant effect on Macrobrachium densities

(Covich et al., 2006), compared to the effects of drought.

Crayfish are a major component of streams, especially slow-flowing

lowland streams. As omnivores, theymay be a critical link between primary

consumers and tertiary consumers.

Georgia, USA, suffered two droughts in the 1980s: 1981 and 1985–86.

Crayfish population responses to these droughts were recorded by Taylor

(1983, 1988) in a study (1979–1986) at second-order and fifth-order sites

in a stream with a shifting sand bottom. Initially, with the 1981 drought,

two crayfish species (Cambarus latimanus and Procambarus spiculifer) were

studied. The drought ‘produced no detectable adverse effects’ on the

Cambarus populations (Taylor, 1983), no doubt due to their prodigious

burrowing ability. On the other hand, the Procambarus populations, with

their poor burrowing ability, were reduced by the drought.
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The relative density and body size of Procambarus are positively associated

with water depth (Taylor, 1983). With a decline in depth during drought,

there was a reduction in the amount of refuges for Procambarus, which

presumably increased losses to predation and cannibalism. Drought selec-

tively reduced densities of adults, and thus changed body size distribution,

increasing the juvenile-to-adult ratio. The drought in 1981 gave rise to

extinction at one second-order site and, in the later 1985–86 drought,

extinction occurred at another second-order site. Recovery in abundance

after the 1981 drought took at least two years, but at the second-order site,

‘the population did not return to its pre-drought abundance levels’ (Taylor,

1988). Mean body size did not recover to pre-drought size after the 1981

drought but remained lower until the 1985–86 drought, which further

reduced mean body size.

As summarized by Taylor (1988) in relation to drought, Procambarus

populations are strongly influenced by the ‘habitat characteristics’ of water

depth and the availability of refuges, and by past history – notably, how long

has elapsed since the last drought.

The above study illustrates the differential susceptibility of rather similar

species in the same environment. A further example of differing effects of

stream drying on crayfish species is given by Larson et al. (2009). A native

crayfish, Orconectes eupunctus, is far less tolerant of desiccation than an

invading species,Orconectes neglectus, and hence, in drought, its tolerance of

drying may allow O. neglectus to oust or greatly reduce O. eupunctus

populations (Larson et al., 2009).

In 1999–2000, a supra-seasonal drought in Mississippi, USA, reduced

streamflow and caused many streams to dry. Of the 12 streams studied

by Adams & Warren (2005), five flowed during the drought and the

other seven stopped flowing. Seven species of crayfish, dominated by

Orconectes sp. cf. chickasawae, lived in the streams. Drought did not alter

the populations in the flowing streams, but it greatly reduced the popula-

tions in the dry streams. With the breaking of the drought, crayfish

populations took about ten months to show signs of recovery. However,

by the summer after the drought, crayfish populations at the dry sites had

increased to be on average double those of pre-drought levels (Adams &

Warren, 2005) – a somewhat familiar pattern whereby recovering popula-

tions, such as zooplankton,may overshoot pre-drought levels. As in Taylor’s

(1983, 1988) work, post-drought mean body size was significantly lower

than pre-drought levels, and recovery was facilitated by both reproduction

and migration.

This same drought threatened freshwater mussel populations and

assemblages (Haag & Warren, 2008). Both small headwater streams

and reaches of large streams were sampled before and after the drought.
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Of the five small streams, only one dried out completely. Of the large

stream sites, none stopped flowing, though water levels dropped and

shallow areas were exposed, with consequential high mortality of mussels

(Haag &Warren, 2008). In spite of this, at the large stream sites there were

no detectable changes in mussel population density or assemblage compo-

sition but, at the small stream sites, native mussel populations declined by

65–83 per cent, with some rare species (e.g. species in the genus Villosa,

Lampsilis straminea) becoming locally extinct. In the small streams, the

population declines for species were generally similar across the assem-

blages, with the consequence that rare species were greatly reduced or

eliminated. In contrast, the hitherto common invader Corbicula fluminea

suffered very heavy mortality (Haag & Warren, 2008). While stranding of

mussels was a cause of death, the effects of low oxygen levels, high

temperatures and high biological oxygen demand caused by very low flows

were the major causes (Haag & Warren, 2008). Recovery was not fully

studied, but the point was made that in some creeks, recovery may be

impaired by the presence of dams and reservoirs that limit migration of fish

carrying glochidia.

The severe drought in Mississippi studied by Adams & Warren (2005)

also affected Georgia, with a prolonged drought from 1999–2002 (Golla-

day et al., 2004; Gagnon et al., 2004). The Flint River basin in southern

Georgia harbours 22 species of native unionid mussel, with three species

listed as endangered, one listed as threatened, six species regarded as being

‘of special concern’ and one exotic species Corbicula fluminea (Gagnon et al.,

2004).

In the summer of 2000, nine selected sites in the Flint River basin were

surveyed weekly for mussels (Gagnon et al., 2004). Cumulative mortality

varied from 13 to 93 per cent, with some mortality due to predation by

terrestrial animals. As depth was reduced, flow velocity also declined, along

with oxygen levels. Mortality of mussels increased below a flow velocity

threshold of 0.01m/s. Above a level of 5mg/l of oxygen, mortality was low

(0–13 per cent), but it increased (0–24 per cent) in the range of 3–5mg/l,

andmortalitywas high below3mg/l (0–76 per cent). Lowoxygen levels due

to low flows and high temperatures appeared to be the major cause of

mortality, with riffle-dwelling species being very susceptible (53 per cent

mortality due to low oxygen levels). Mortality was highest at the medium-

sized stream sites, especially in riffle-dwelling species. In general, mortality

was lower at the downstreammainstem sites, where flowsweremaintained,

and at the low-order small stream sites, where the resident species were

resistant, having adapted to frequent low flow conditions.

Over the same basin in the summer of 2001, 21 sites with pre-drought

records were resurveyed (Golladay et al., 2004). Mussels were defined in
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terms of conservation status into three groups: stable; of special concern; or

endangered.With the drought, sites were defined as flowing or non-flowing.

At non-flowing sites (ten of the 21), abundances of stable species declined

significantly, as did taxon richness, whereas there were no significant

differences in abundances of endangered or special concern species. At the

flowing sites, the median abundance of stable species actually increased,

with no significant changes for species of special concern or endangered

species. The greatest declines in abundance occurred atmiddle-order sites on

the major tributaries – reaches under pressure from irrigation water

extraction (Golladay et al., 2004). Low mortality was positively associated

with the presence of logs, and it appears that scouring around logs created

depressions that acted as refuges for mussels during low flows. The exotic

invader Corbicula cannot tolerate low oxygen levels and suffered mass

mortality. Their ensuing decomposition may have generated ammonia

concentrations that were high enough to seriously threaten native unionid

mussels (Golladay et al., 2004; Cherry et al., 2005).

Both large crustaceans and bivalvemolluscs vary greatly between species

intheirsusceptibilitytodrought. Inthecrayfish,speciesthatsurviveddrought

were those thatwere goodburrowers ormoved to persistentwater. Recovery

wasachieved throughmigrationandhighratesof reproduction.Specieswere

differentially affected by drought, and drought may facilitate invasion by

hardy exotic species. Bivalve molluscs, on the other hand, being sedentary,

died in drought from being stranded or from being exposed to low quality

water, principally that with low oxygen levels. Susceptibility to drought not

only varied between species, but also between sites within catchments.

Recovery tends to be slow due to migration, relying on the glochidial stage

in fish and the movements of fish being restricted by natural and human-

imposed barriers. As a group, bivalves are particularly harmed by drought.

Perennial, small, low-order headwater streams can cease to flow in supra-

seasonal drought, with consequential reductions in abundance and species

richness. In a Polish mountain stream, drought reduced populations and

species richness of Ephemeroptera, Plecoptera and Trichoptera (Kamler &

Riedel, 1960), with the most resistant species being the caddis fly

Chaetopteryx villosa (Limnephilidae). No information is available on post-

drought recovery.

In a Swiss montane stream, a severe drought in 2003 increased water

temperature by about 2 �C and greatly reduced flow (Ruegg & Robinson,

2004). Prior to the drought, the faunawas dominated by chironomids,while

afterwards the dominant groups were predatory Turbellaria (notably

Crenobia alpina) and chironomids. Recovery in this system, in terms of

species richness, appeared to be rapid, albeit with significant changes in

assemblage structure (Ruegg & Robinson, 2004).
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Hynes (1958, 1961) carried out a four-year study of a small montane

stream, theAfonHirnant inWales, duringwhicha ‘severe’ drought (byWelsh

standards) occurred in1955.At one site, thedrought caused the streamto dry

out. In the dry period of about tenweeks, all the trout at the site died, andmost

of the insects in their immature instars were eliminated. Survivors included

turbellarians, naidid and enchytraeid oligochaetes, ostracods, copepods

(Cyclops, Canthocamptus), some coleopterans (Helmis maugei, Hydraena

gracilis), some chironomids and Hydracarina – all of which presumably

survived in the stream gravel. Eggs of some stoneflies (Leuctra spp.) and

mayflies survived and hatched after the drought ceased. Nymphs and larvae

of other species of mayflies, stoneflies and caddis flies did not reappear until

the next year and hatched from eggs laid by adults flying into the site.

The drought appeared to have locally eliminated one species, the mayfly

Rhithrogena semicolorata. However, it appeared to have favoured two species

of stonefly and one mayfly species, possibly because of a reduction in

interspecific competition and predation (Hynes, 1961). Two in situ ref-

uge-seeking strategies appear to be moving into the gravel streambed or

having desiccation-resistant eggs. Recovery was greatly aided by flying

adults migrating from persistent stream sections. A key finding is that the

timing of a drought in relation to the life history of the inhabitants can

greatly affect the strength of the impact.

Similar results to those of Hynes (1958, 1961) were obtained by

Morrison (1990) after a drought in small Scottish streams which dried

them out and reduced them to series of pools. At the end of the drought,

survivors included nematodes, oligochaetes and chironomids. In all the

burns (streams), shortly after the drought, stonefly nymphs (Leuctra spp.),

simuliids and Plectrocnemia caddis larvae were early colonizers. Indeed, the

Plecoptera had the highest species richness and appeared to make a good

recovery after the drought, especially in comparison with the Ephemer-

optera, in which recovery was quite patchy (Morrison, 1990). Similarly to

Hynes (1961), two refuge-seeking strategies were identified – moving into

the moist gravel of the streambed and having desiccation-resistant eggs

(e.g. Leuctra spp., chironomids). Flying adults from streams that persisted

were also important.

Cowx et al. (1984) assessed the impact of a severe drought (1976) on the

fauna of Afon Dulas, a small upland, Welsh stream. Invertebrate densities

were reduced by about 40 per cent. As the reduction in habitat and drying of

the streambed coincided with the hatching period of some mayfly and

stonefly species,many small nymphs died – a further example of the timing of

drought being critical. Molluscs (e.g. Lymnaea peregra) were greatly reduced.

As in the other studies, with the breaking of the drought, the early successful

colonists were oligochaetes, chironomids and simuliids (Cowx et al., 1984).
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Recoverywas deemed to be complete by 1978 (two years after the drought),

with aerial migration being the major form of recolonization.

Colorado suffered a severe drought from 1974 to 1978 with a ‘record-

breaking winter drought’ in 1976–1977, resulting in very low flows in

streams draining the Colorado Rockies (McKee et al., 2000). Near the end of

the drought in 1978, Canton et al. (1984) began sampling a montane

stream, Trout Creek. The drought reduced streamflows to ‘negligible levels’

and reduced invertebrate abundance by around 50 per cent compared with

a normal year.

With the breaking of the drought in 1979, there was a marked increase

in total abundance. The drought triggered differing responses in the

invertebrates. Some taxa (Hydroptila sp., Ophiogomphus severus, Cricotopus

sp, Eukiefferiella sp., Palpomyia sp. and Tipula sp.) were all at higher densities

in the drought than after the drought broke (1979). In particular, the

odonatan predator Ophiogomphusmay have been favoured by the increase

in prey density due to habitat shrinkage. Many species, including Baetis

spp. and Glossosoma spp., were greatly reduced in abundance by the

drought, but recovered rapidly with its breaking. One previously common

species, the mayfly Rhithrogena hageni, was very rare in the drought and

was not encountered after it (cf. Rhithrogena semicolorata – Hynes, 1958,

1961).

Recovery was marked by a large increase in simuliids and baetid

mayflies (Canton et al., 1984). Normally the dominant functional feeding

groups in the creek were collector-gatherers and filterers but, in drought,

the dominance shifted to shredders and predators. Again as in the

previous accounts, drought reduced abundance and changed assemblage

structure and, even though overall recovery appeared to be rapid (�1–2

years), there were species that disappeared and even some that appeared

with drought.

Georgia, USA, underwent a severe drought from 1998 to 2002 – a

drought that was broken by Tropical StormHanna, which returned streams

to 100 per cent flow in just three days (Churchel & Batzer, 2006). The high

flows of the storm no doubt exacerbated the impacts of drought. Sampling

started immediately after the storm in upland streams. Recovery was

assessed by the shape of taxon richness time curves rather than by reference

to pre-drought conditions. The curves levelled off by around 165 days, and

prior conditions in the drought – eitherwet or dry – didnot affect the shape or

endpoints of the curves. The structure of the assemblages did differ with

substrate, with those in sandy sections differing from those on gravel

substrate (Churchel & Batzer, 2006). Drought (and the storm) affected all

sites similarly but, in recovery, substrate type played a major role in

determining assemblage composition. The recovery is perplexing in that
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the drought was broken sharply by the high flow event, making it difficult to

partition the effects of the two disturbances. However, floods breaking

droughts are not uncommon.

After the same drought studied by Churchel & Batzer (2006), Griswold

et al. (2008), in a ‘wetland-fed’ stream and a ‘seep-fed’ one, sampled

invertebrates in the last year of the drought (2001) and afterwards

(2002–2006). In both streams, flow was greatly reduced by the drought.

Following the drought, species richness steadily increased from 2002 and

levelled off in 2004,while abundance rose greatly after the drought but then

dropped significantly in the next two years (2005–2006). This decline is

interesting, as the Standardized Precipitation Index (SPI) indicated in

2005–2006 that therewas to be a subsequent return to drought conditions.

Persisting through drought, there was a ‘core set’ of pool-dwelling taxa,

comprising Ceratopogonidae, Chironomidae (Parametriocnemus, Polypedi-

lum, Tanytarsus, Tribelos, Zavrelimyia), cambarid crayfish, Tabanidae

(Chrysops) and Tipulidae (Pilaria). Zavrelimyia seems to be a drought

specialist, as it also boomed immediately after drought in the stream studied

by Ledger & Hildrew (2001). Faunal succession occurred during recovery,

with additions in the second year including tanypod and orthoclad chirono-

mid larvae, and phantom crane fly larvae (Bittacomorpha, Ptychopteridae).

In 2004–2005, new taxa included Trichoptera (Lepidostoma), Hemiptera

(Microvelia) and Odonata (Boyeria). In the last two years, changes in the

community structure suggested anticipation of the impending return

to drought.

During recovery from the drought, Griswold et al. (2008) examined

changes innine traits: ‘size, body shape, bodyarmouring, voltinism, resistance

to desiccation, mobility, rheophily, habits and feeding preferences’. Rather

than the traits reflecting large-scale disturbance, such as drought, Griswold

et al. (2008) suggest that the traits reflected local habitat conditions, which

are in turn strongly influencedby flowconditions andwater quality generated

by drought. Initially, after the drought, important traits in early colonizers

included small body size, body sclerotization and armouring, tubular bodies

and being common in the streamdrift.With recovery, these traits gaveway to

other traits such as soft bodies, poor resistance to desiccation, being rare in

stream drift and animals that crawl or cling to the substratum.

Community persistencewas determined bymeasuring similarity between

two consecutive years. With the breaking of the drought, persistence

steadily increased (i.e. similarity between years increased), until 2005 and

2006, when persistence declined – possibly a response to the oncoming

drought. Analysis of similarities in trait representation indicated that, in

recovery after drought, trait persistence increased and then declined in the

last two years, as the SPI score indicated impending drought.
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In lowland streams and rivers, with their gentle gradients and pool

sections, the effects of drought may be ameliorated in severity. Major

changes in species assemblage structure occurred in a perennial lowland

Danish stream after it dried up in the 1976–77 European drought (Iversen

et al., 1978). Oligochaetes and chironomids were the dominant fauna and,

although reduced in abundance, they did survive the drought. Favoured by

the drought, in terms of increased abundance, were the mayfly Nemoura

cinerea and the elmid beetle Elmis aenea. As found in other studies (e.g. Ladle

& Bass, 1981), Gammarus pulex disappeared, to be replaced by the isopod

Asellus aquaticus. Three species of leeches were eliminated and, after the

drought, there was a brief increase in coleopteran species (Iversen et al.,

1978) – presumably a function of their high mobility. Thus, in this case, the

effects of drought were marked and, as it was only a short study, no

conclusion can be reached on recovery.

Drought in 1985–86 dried up a small sandy stream in South Carolina,

USA, for two spells of six months and led to a build-up of particulate organic

matter in the channel (Smock et al., 1994). It also led to a drastic depletion of

the aquatic invertebrates – mainly the amphipod Gammarus tigrinus, chir-

onomids and ostracods. Recovery was rapid, with chironomids and cera-

topogonids recolonizing as adults flying in from other streams, and by the

amphipodsmigrating upstream from the top part of an estuary (Smock et al.,

1994). Seeking refuge in the hyporheic zone in the stream was not possible,

as this zone was anoxic. Recovery in terms of abundance from the flood

generated by Hurricane Hugo in 1989 was at a similar rate to that of

recovery from the drought in late 1985 (Smock et al., 1994).

Lone Oak is a small acid stream in southern England. In a drought in

1995, the stream dried completely for nine weeks (Ledger & Hildrew,

2001). Fortunately, there were data on the benthic algae and macro-

invertebrates before the drought. The epilithon was dominated by diatoms

and coccoid green algae and remained viable during the dry period. Upon

re-wetting, the algae, in terms of chlorophyll-a, cell density and biomass,

recovered quickly to pre-drought levels within three days. The macro-

invertebrate fauna recovered rapidly to pre-drought numbers of taxa and

densities, reaching a peak in 26–38 days. Amajor but short-lived change to

the post-drought macroinvertebrate assemblage was the massive domi-

nance of the hitherto-rare tanypod chironomid Zavrelimyia sp. (Figure 8.6),

which made up 56 per cent of the faunal density by day 38 (see Griswold

et al., 2008), only to decline to zero when the streamwas flooded. The post-

drought community was significantly different from the pre-drought one

but, interestingly, subsequent spates served to re-assemble the community

and put it on a trajectory converging with the pre-drought configuration

(Ledger & Hildrew, 2001). In this case, the community recovered
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quite rapidly, although, with re-wetting, there was the eruption of a rare

species – possibly a poor competitor and a predator, especially of small

chironomids and stoneflies favoured by summer temperatures (Hildrew

et al., 1985).

In Illinois, USA, a severe drought in 1953–54 caused many small

streams to stop flowing and some to dry completely. One creek, Smiths

Branch, was the subject of an intense study by Larimore et al. (1959),

focusing on the fish and macroinvertebrates. There were pre-drought data

for the fish but not for the invertebrates, which were studied ‘primarily

because of their importance as food for fish’ (Larimore et al., 1959). As the

stream dried, pools formed and steadily declined in size and in water

quality, as indicated by low oxygen, high carbon dioxide levels and extreme

temperatures. In the pools, conditions so deteriorated that crayfish ‘were

seen leaving these foul-smelling pools’ and the only insects left were rat-

tailed maggots (Eristalis sp.), which thrived in the putrescence along with

oligochaetes. Deoxygenation was associated with the development of dark

brown water or ‘blackwater’ in the pools. The invertebrates surviving on

the stream bed included gerrids, along with crayfish that survived under

flat rocks, and snails, isopods, stonefly and mayfly nymphs, coleopteran,

trichopteran and dipteran larvae, all of which burrowed into the damp

sand and gravel of the streambed. In addition, Larimore et al. (1959) noted

the exodus of animals flying and crawling out of the stream, presumably in

pursuit of more persistent water bodies.
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Figure 8.6 Relative abundances of the seven most commonmacroinvertebrate species

in Lone Oak stream before and after the 1995 summer drought. Note the dramatic

change in the relative abundance of the chironomid Zavrelimyia sp. before and after the

drought. (Redrawn from Figure 5 in Ledger & Hildrew, 2001.)
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When the streambedwas dry, Larimore et al. (1959) noted the presence of

terrestrial predatory and scavenging insects feeding on dead and dying

organisms. Similarly, Boulton & Lake (1992b) and Lake (2003) have

observed scavenging and predatory insects (e.g. ants, carabid beetles) and

vertebrates (e.g. birds, foxes)moving into streambeds as they dried.Williams

and Hynes (1976) referred to this group of predators and scavengers as the

‘clean-up crew’.

With the return of flow in latewinter 1954, early inhabitantswere gerrids

and water beetles (Hydrophilidae, Dytiscidae), followed in spring by a boom

of chironomid larvae, accompanied by stoneflies (Allocapnia sp.). By mid-

summer, the chironomids had declined and therewas an increase in crayfish

(Orconectes propinquus, O.virilis, Procambarus blandingii) and mayfly nymphs

(Ephoron leukon and Caenis sp.). However, this partial recovery was set back

by a return to intermittent flow in autumn 1954. With the return of flow in

the winter of 1954–55, the above pattern was repeated, but the succession

progressed further with the addition of abundant snails (Fossaria

obrussa, F. parva, Ferrissia sp.), beetles (notably elmids) and caddis larvae

(Hydroptilidae, Hydropsychidae).

Two main avenues of recolonization were suggested by Larimore et al.

(1959): flying insects coming from persistent water bodies with some laying

eggs, and invertebrates coming in on the stream drift with the resumption of

flow. Judgement on the scale of recovery cannot be readily made, as the

makeup of the pre-drought community was unknown. The judgement was

made, however, that ‘the invertebrate population became re-established

soon enough to serve adequately as food for ingressing fish’ (Larimore

et al., 1959).

8.8 Stream macroinvertebrates, droughts and human activities

Human activities may serve to exacerbate the effects of drought in streams

that continue to flow through drought. Groundwater extraction in

chalk stream catchments is one example, and extraction of water for

irrigation and attendant construction of weirs can exacerbate the effects

of drought (see Chapter 11).

The inputs of wastewater and sewage can alter the impacts of drought. In

the severe 1982–83 drought in Australia, water quality in the La Trobe

River, Victoria, declined markedly, with low oxygen levels and increased

conductivity (Chessman & Robinson, 1987). The decline was due to

low drought flows not adequately diluting sewage and industrial wastes.

However, the fauna was not affected, possibly due to the long-term effects of
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wastewater disposal that hadwinnowed the fauna to become tolerant to the

adverse conditions.

The invertebrate fauna of the River Roding in Essex was affected by the

1975–76 severe drought (Extence, 1981). This river received considerable

volumes of treated sewage, generating organic pollution that was exacer-

bated by the low drought flows. The drought caused the stream to shrink,

which combined with the low stable flow and the pollution to produce an

accumulation of silt and detritus and a bloom of Cladophora on the stream

bed. Accordingly, taxa such as Ephemeroptera and cased Trichoptera were

absent, andmolluscs (e.g.Potamopyrgus (antipodarum) jenkinsi,Bithynia spp.,

Ancylus fluviatilis) and Chironominae larvae were greatly reduced. The new

conditions boosted the abundance of such taxa as Asellus, Orthocladiinae

larvae, Tubificidae and Hydropsyche angustipennis – taxa tolerant of mild

organic pollution. Thus, in this situation, drought combined with organic

pollution to produce a major change in community structure, along with a

boost in total abundance.

Unwise land management on catchments may generate salinization of

streams and wetlands, particularly in southern Australia. When drought

reduces flow, water quality may decline. In the Wimmera River in Victoria,

in the severe 1997–2000 drought, the increase in salinity in downstream

reaches exacerbated the effects of drought (Lind et al., 2006), producing a

fauna dominated by chironomid larvae, copepods and ostracods.

8.9 Drought, invertebrates and streams at a large spatial extent

As to be expected, most drought studies are serendipitous, in that droughts

occur in studies with other aims. Furthermore, most studies are carried out

at particular sites or small groups of sites; studies that increase the spatial

extent of investigations to entire catchments are few. The studies of Gagnon

et al. (2004) and Golladay et al. (2004) on the effects of severe drought on

mussels at nine and 21 reaches (respectively) in the Flint River catchment in

Georgia, USA, are fine examples of drought impact research at a catchment

level. However, as stressed earlier, droughts are not local events, but steadily

develop to occupy very large spatial extents across many catchments and

bioregions. There are few studies that describe the effects of droughts on

aquatic ecosystems at the spatial extent of the droughts. As inmany parts of

the world, there are and have been large-scale monitoring programs of

flowing waters, their condition and their invertebrate fauna, targeted

analysis of the collected data from these studies could determine the effects

of drought at the large scale.
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In the region of Otago, New Zealand, Caruso (2002) usedmonitoring data

to ascertain the effects of drought on flow, water quality and macroinverte-

brates. The macroinvertebrate data were in the form of the macroinverte-

brate community index (MCI), developed for New Zealand stony streams,

and in which the macroinvertebrates were ranked on the basis of their

sensitivity to pollution and nutrient enrichment (Stark, 1993). While this

index may indicate the effects of drought exerted through changes in

nutrient levels, it is a rather indirect indicator of the effects of drought.

These effects include such stressors as high temperatures, reduced flow

velocities and low oxygen levels. The MCI values at a regional level for the

streams in Otago did not change significantly from values gained from

extensive pre-drought sampling (Caruso, 2002), but there was some evi-

dence that the MCI did decrease slightly as flows fell below the mean annual

low flow values. Accepting the value of the MCI as indicative of macro-

invertebrate community structure, there are indications that severe drought

only had minor effects on the invertebrates of the Otago stony streams.

In Victoria, Australia, since 1990, the Environment Protection Authority

has been monitoring water quality and macroinvertebrates at 1,400 sites,

including 250 intact reference sites, to determine river health (Rose et al.,

2008). Severe drought started in 1998 and continued until mid-2010. In

the study of Rose et al. (2008), results from 1998 to 2004 were compared

with pre-drought samples. Samplingwas carried out in riffles and in the edge

‘toiche’ zone. The data were analyzed to produce four indices (SIGNAL,

AUSRIVAS, EPT and family richness).

At a state-wide level, changes due to drought were not detected in either

EPT or family richness, but changes were detected in SIGNAL scores of both

riffle and edge samples and in AUSRIVAS scores for the edge samples. The

results for the riffle samples were affected by the lack of sampling at sites

where riffles had dried up in the drought. In terms of both edge and riffle

habitats, the bioregionmost affected by drought was B4 – the streams of the

cleared hills and coastal areas of central and eastern Victoria (Wells et al.,

2002). Edge sample results from streams in B5, the very dry western

and inland plains, did not show any effect – presumably these streams

are inhabited by an entire invertebrate fauna well adapted to harsh

dry conditions.

Streams in forested bioregions were also affected by drought, with the

effects being more marked in the forested foothills region than in the upland

forests. In the edge samples at drought-affected sites, pollution-tolerant

fauna (e.g. Veliidae, Gerridae, Culicidae, Stratiomyidae) increased at the

expense of sensitive taxa (e.g. Coloburiscidae, Psephenidae,Hydropsychidae,

Helicophidae). In the riffles, sensitive taxa, such as Helicophidae and

Empididae,were reduced,while pool-dwelling taxa such as Calamoceratidae
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and Podonominae benefited (Rose et al., 2008). Overall, the study clearly

shows the value of long-term sustained monitoring at the large scale, not

only for detecting changes in water quality and biota due to anthropo-

genic stresses, but also for detecting the effects of prolonged disturbances

such as drought. The study also reveals the differential effects that

drought may exert on streams in different bioregions within a large

region – the state of Victoria.

Using data on the large-scale effects of drought on Australian aquatic

insect families, Boulton & Lake (2008) devised a scheme for the families

reduced by the various sequential stages during drought in streams. In their

table, six stages are listed, beginning with ‘Decreases in flow/volume’ and

ending with ‘Pools dry: taxa with desiccation-resistant stages or able to

survive in moist stream bed’. The listing of families is provisional, but it does

illustrate the point that taxa adapted to tolerate low water quality and

degraded stream conditions are well adapted to tolerate the severe stresses

exerted by drought. Drought-tolerant families include families from three

insect orders – Coleoptera, Hemiptera and Diptera – all of which include

many taxa tolerant of pollution and habitat degradation. The list is basically

a compilation of the relative tolerances of insect families and, as such, it is a

list of the ranking of families in terms of resistance to drought. It is not

necessarily indicative of resilience – the capacity to recover after drought.

8.10 Summary: drought and stream benthos

Drought can have severe effects on the abundances and species composi-

tions of benthos in perennial streams. These effects are a function of the

duration and severity of the drought that governs the loss of water and of the

geomorphology of the stream which governs the habitats and stream

sections heavily affected by drought, such as sections where flow ceases.

Clearly, some invertebrate groups are more intolerant of drought than

others. The EPT (Ephemeroptera, Plecoptera, Trichoptera) along with

Hirudinea, amphipods and many molluscs, are particularly susceptible,

while hardy survivors include species in the Turbellaria, Oligochaeta,

Hemiptera, Coleoptera and Diptera. The timing of the drought is critical,

as drought can deplete populations of developing aquatic larvae and

nymphs. The effects of drought can be heightened by ‘blackwater’ events

and organic pollution and nutrients from human activities.

Recovery from drought is strongly influenced by the characteristics of the

drought, in particular its duration. Recovery is partly dependent on recruit-

ment from refuges both in situ (e.g. desiccation-resistant eggs, hyporheic

zone) or from elsewhere (e.g. stream drift, flying insects). Rates of recovery
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vary greatly, with several cases of lost species and reconfigured assemblages.

The reconfiguration may alter post-drought functional feeding groups,

species traits and trophic structure, but this fascinating area remains

unstudied. For example, drought may eliminate top predators such as fish,

and thus release predatory insects from both competition and predatory

pressure, which in turn may produce a novel but transitory trophic

structure. During recovery, as for other groups such as zooplankton,

hitherto rare species may briefly boom.

Invertebrates are very suitable for the assessment of large-scale effects of

drought – the scale at which drought occurs. The few such studies with

molluscs and general benthos have indicated geographical areaswith severe

effects and types of streams, habitats, species and groups that are particularly

affected by drought.

8.11 General conclusions

By and large, it appears that, depending on the strength of droughts, their

biotic effects are more severe in perennial systems than in temporary

systems. This difference reflects the fact that successful biota in temporary

systems have adapted to periods of low or no water.

The initial conditions of awater body prior to drought occurring can exert

a strong influence on its ecological state after drought. For example, the

effects of drought on oligotrophic lakes are much more muted than those

that occur in eutrophic lakes. Furthermore, drought may occur when an

ecosystem is recovering from the effects of another disturbance (often

anthropogenic), and such timing may be very damaging. As will be seen

in Chapter 11, human impacts on aquatic systems can lead to initial

conditions which exacerbate the impacts of drought.

Droughts occur differentially at a large spatial extent. In running water,

drought affects different stream orders, with low-order headwater streams

being usually more heavily affected than the high-order, floodplain river

channels. Small to medium perennial streams exposed to drought can cease

to flow, with pools forming and the development of water quality problems.

Thus, stream continua are transformed into linear series of heterogeneous

patches, which stresses the need for drought studies to work at the

appropriate streamscape level rather than at the level of individual sites.

In both lentic and lotic systems, as drought sets in and volumes decline,

there is an increased risk of deteriorating water quality, with such changes

as lowered dissolved oxygen and increased salinity and nutrient concentra-

tions. Nutrients may be remobilized by increased mixing due to declines in

depth and by the re-wetting of dry sediments in re-filling. Thus, especially in
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lentic systems, lowered water quality with drought may cause major

changes in the biota.

Conversely, with the breaking of a drought and refilling and recovery,

increased nutrients and inorganic ions from the catchments and the dry

water body itself can alter recovery. This is well shown in lakes where, as

volume declines, the normal phytoplankton can be replaced by cyanobac-

teria and the normal crustacean zooplankton declines while there can be a

transient boomof rotifers. This patternmay emerge againwhen the drought

breaks, with cyanobacteria and rotifers appearing with re-filling, to be in

turn replaced by the pre-drought phyto- and zooplankton.

Different biota have different tolerances of drought conditions. Thus, in

Lake Chilwa, there was a distinct sequence of species loss in the fish, which

was mirrored in the recovery. In streams, invertebrate groups which are

diagnostic of good water quality and habitat, such as Ephemeroptera,

Plecoptera, Trichoptera (EPT), shrimps and molluscs (mussels), can be

greatly depleted in drought, with some species becoming locally extinct.

On the other hand, taxa such as oligochaetes, coleopterans, hemipterans

and many dipterans can tolerate the harsh conditions of drought.

In recovery from drought (as described in Chapter 5), with the wetting of

stream catchments and the return of flow, large amounts of ions, nutrients

and dissolved and particulate organic matter may be swept into and along

streams. The full effects of this influx, which may be sudden, remain to be

described.However, it does appear that, in recovery, detritus and biofilms are

the major food resources for the fauna (detritivores, primary consumers)

before attached algae and their grazers return.

In both lentic and lotic systems during drought, hitherto rare species may

become common. Such outbreaks suggest that in plant and animal com-

munities, there can be species which can capitalize on environmental

conditions that are hostile to the normally occurring biota.

Drought may cause unexpected changes in communities due to changes

in predators and competitors, which become evident in drought recovery.

For example, top predators (e.g. fish) may rapidly repopulate and

deplete recovering zooplankton populations to low levels. Alternatively,

the temporary loss of predators may allow a transient boom in prey

populations. In other instances, drought produces conditions that favour

invading species.

In perennial lentic systems, both algae (phytoplankton) andmacrophytes

undergomajor changeswith drought,whereas the changesmay beminor in

many perennial lotic systems. In some cases, the macrophyte assemblage

after drought may be quite different from that existing before drought.

Indeed, drought as a disturbance may cause a transition in lentic systems to

an alternative state (stable?) mediated largely through the macrophytes.
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Key to the survival of biota during drought in both lentic and lotic systems

is the provision of refuges utilized by biota with the appropriate life history

adaptations. Many refuges for particular stages, especially eggs, seeds and

cysts, occur at sites and habitats in situ. Examples include desiccation-

resistant eggs in the dry mud of lake bottoms or on dry floodplains. Other

refuges involvemigration to sites such as deep pools that persist through the

drought. For all of these refuges to allow successful recovery, connectivity is

a critical requirement. Connectivity has three forms: longitudinal connec-

tivity along flowing waters and between streams and lakes; lateral connec-

tivity, such as between floodplains and their river channels (both of these are

major and critical pathways for successful recovery from drought); and

vertical connectivity between surface water, the hyporheic zone and

groundwater (which is increasingly being seen as important in drought

recovery in some systems).

There are very few comprehensive studies of drought, from pre- to post-

drought conditions. The study of Lake Chilwa, incorporating investigations

of lake morphology, water quality, littoral vegetation, phytoplankton,

zooplankton, benthos and fish, stands out as the only example of an

integrated holistic account of the impacts of supra-seasonal drought on

a lake.

Long-term studies of drought at the large spatial extent, the extent at

which droughts operate, remain unexplored. It would be a great bonus if

such studies were to be initiated, and if they were to incorporate an

integrated approach, from hydrology through primary producers to top

predators. Another obvious gap in research on drought and aquatic eco-

systems is an understanding of how drought affects the dynamics of

ecosystem processes, such as how it alters energy pathways in food webs.
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9

Drought and fish of standing
and flowing waters

Freshwater fish live in a wide variety of water bodies, from small springs to

large floodplain rivers, and from small ponds to large lakes. In most of these

systems, fish play an important part in biomass production, in regulating

biodiversity and in strongly influencing trophic structure. In some stable

systems fish, as top predators, may exert strong top-down control on trophic

structure, which may result in trophic cascades (Carpenter et al., 1985;

Power, 1990).

Fish display a wide variety of feeding mechanisms, and different species

harvest different food resources. They may feed on a wide variety of food

resources, including detritus, algae, plankton, benthos, other fish and

terrestrial prey subsidies (e.g. fruit, grasshoppers). Fish may range from

having very specialized food requirements to being opportunistic omnivores,

and most fish change their diets with age. Of all the biotic components of

freshwater systems, fish are the most exploited by humans, as well as being

key prey for other terrestrial predators (e.g. birds and mammals). Fish are

thus a vital component of many, if not most, aquatic ecosystems.

Freshwater fish, with very few exceptions, require freewater to live. Thus,

they are particularly vulnerable to the loss of free water due to drought,

and they share this vulnerability with a few other taxa, such as decapod

shrimps. Not only is free water required to survive a drought, but water

quality needs to be tolerable. Inmost cases, supra-seasonal drought, aswater

volumes decrease, will produce significant changes in water quality such as

high temperatures, increased salinity and low oxygen levels, which may

result in fish kills.

As mentioned earlier (see Chapter 6), a few fish live in temporary waters.

Species that successfully do so display one of two attributes – the capacity to

resist desiccation (e.g. aestivation of adults, diapausing eggs) or being able

to migrate away from the temporary waters as drought sets in. Fish of

Drought and Aquatic Ecosystems: Effects and Responses, First Edition. P. Sam Lake.

� 2011 P. Sam Lake. Published 2011 by Blackwell Publishing Ltd.



floodplain rivers, especially the ‘black group’, can survive the harsh con-

ditions of drought in floodplain lagoons (Welcomme, 1979; see Chapter 7).

In this chapter, we are dealing with the effects of drought upon fish that live

in permanent lentic and lotic systems.

In drought, freshwater fish use a wide range of localities as refuges. These

may be specialized, such as small springs, to simply large, deep pools. Inmost

cases, migration to the refuges is required and, with the breaking of

the drought, migration and dispersal are required for effective recovery.

Thus, a vital necessity besides the availability of refuges is the requirement

for effective avenues of connectivity.

Understandably, given their cultural and economic importance, there

have beenmany studies of the impacts of drought on fish –more than on any

other freshwater group (Lake et al., 2008). It is surprising to note, then, that

while the ecology of fish is a major part of the literature on the ecology of

lentic systems, studies on the effects of drought on lentic fish are few

compared with those addressing drought and fish in flowing waters (viz.

Matthews & Marsh-Matthews, 2003). In studying the effects of drought on

flowing water systems, the greatest emphasis has been on fish dwelling

in low-order streams rather than large rivers (viz. Matthews & Marsh-

Matthews, 2003). In this chapter, the treatment of drought and freshwater

fishwill start with droughts and lentic systems, progress to lotic systems and

finish with a small section on fish genetics and drought.

While many drought studies have been made at the local site level, the

key to understanding the full effects of drought lies in adopting a landscape

approach to addressing fish populations in streams and rivers within

catchments (Schlosser & Angermeier, 1995; Fausch et al., 2002). Needless

to say, this approach has rarely been adopted in drought studies.

9.1 Drought and fish of permanent lentic systems

The number of studies on fish responses to droughts in standing waters is

limited, and long-term studies are very few. Most studies of the effects of

drought on lentic fish have been carried in tropical or subtropical areas.

For fish, as a lentic system is exposed to drought, there are major changes

in habitat availability, water quality, food resources and biotic interactions.

As a water body loses water, the water level may pull away from the normal

shoreline, stranding littoral plants and sedentary fauna (e.g. mussels) and

diminishing habitat and food availability for fish, such as access to rocky

shorelines and undercut banks. In lakes, the loss of the littoral zone can alter

fish population and community structure. For example, in Lake Constance,

Fischer & Ohl (2005) found that intra-specific competition in turbot
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increasedwith decreasing habitat,whereas stone loach simply becamemore

catholic in their habitat requirements.

Related to this lowering of water level is the likelihood that loosely

compacted sub-littoral sediments exposed to wave action may be stirred

up, increasing the concentration of suspended fine sediments thatmay serve

to lowerwater quality. In Lake Chilwa, as drought set in, wave action stirred

up fine silt that proved to be a direct stress to fish by damaging gill epithelia.

The silt also caused oxygen concentrations to decrease appreciably; indeed,

‘it was capable of deoxygenating sixteen times its own volume of aerated

water’ (Furse et al., 1979).

With drought andwater loss, the salinity (conductivity) of the water body

can increase, along with changes in alkalinity and pH. In Lake Chilwa, for

instance, conductivity normally fluctuated between 1,000–2,000mS cm�1,

but with the onset of drought (1966–67), conductivity reached amaximum

value of 12,000mS cm�1, a value accompanied by an increase in alkalinity

(pH 9.3–9.6). These conditions were highly stressful to the fish (McLachlan,

1979a; Furse et al., 1979). With water volumes dropping in lakes and

increased perturbation of benthic sediments, nutrient concentrations,

(nitrogen and, especially, phosphorus) may rise and have the undesirable

effect of triggering phytoplankton blooms, which may greatly lower oxygen

levels at night. Furthermore, the blooms may consist of cyanobacteria, and

microcystins may be produced and bioaccumulated by fish (e.g. Magalh€aes
et al., 2001), becoming a serious health hazard to humans (Malbrouck &

Kestemont, 2006).

When hypoxia occurs in standing waters due to drought, it is most likely

caused by a number of concurrent drivers. For example, as Lake Chilwa

receded in drought, therewere oxygen deficiencies due to the increase in silt,

along with high water temperatures. Furthermore, cyanobacteria blooms

caused oxygen stress at night (Furse et al., 1979). In shallow lakes (e.g. Lake

Chad in the drought beginning in 1973), with the reduction in volume and

the development of dense aquatic macrophyte stands, stress-generating

thermal and oxygen stratification can occur (Carmouze et al., 1983). As

waters recede, detritus from dead plants can accumulate in the bottom of

the water body, augmenting microbial decomposition and increasing

both carbon dioxide concentrations and alkalinity (e.g. Kushlan, 1974a;

McLachlan, 1979a).

Suriname, in north-eastern South America, is subject to El Niño-induced

droughts. Mol et al. (2000), using data on fish harvested from a system of

brackish lagoons, assessed the effects of droughts and found that they greatly

reduced fish abundance in the lagoons. During the severe 1997–98drought,

there was a sequence in fish death, with ariid catfish (Arius spp.) dying

first, to be followed by snook (Centropomus spp.), tilapia (Oreochromis
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mossambicus), mullet (Mugil spp.) and tarpon (Megalops atlanticus). Dead and

dying fish provided a feast for wood storks (Mycteria americanus). High

temperatures linked with low oxygen and high salinity (40 g l�1) appeared

to be the causes of the fish deaths. As evidenced by the lack of breeding nests,

the long-lived callichthyid armoured catfish did not breed in drought years.

Even though there were fish kills and the lagoons dried up completely,

recovery occurred in the next wet season. The rapid recovery was largely

due to the migration of fish (e.g. mullet, tarpon) which reproduce at sea and

migrate into the lagoons.

In comparisonwith the rapid recovery of fish populations observed byMol

et al. (2000), throughmaintenance of connectivity andmarine refuges, Piet

(1998) found that drought producedmajor changes in the fish assemblage of

a tropical reservoir in Sri Lanka. Piet’s four-year study gathered data before,

during and after a drought. The hydrological drought was exacerbated by

water extraction for irrigation, and it resulted in the reservoir becoming

completely dry for two months in 1992. The reservoir harboured nine fish

species. As water levels dropped, the rich littoral habitat was lost and

turbidity rose due to increased suspended silt and seston. Food availability

for the fish declined, their condition deteriorated and mortality increased.

Several species (e.g. Barbus spp., Oreochromis spp.) underwent major

changes in diet, reflecting the loss of the littoral macrophyte zone. As the

drought developed, the abundant small pelagic cyprinids (Amblypharyngo-

don melettinus and Rasbora daniconius) declined to very low numbers,

but the abundances of benthic species (e.g. Glossogobius giuris, Mystus sp.)

were unaffected.

After the drought, turbidity was low, with little seston, and the pelagic

cyprinids stayed at very low levels. The assemblage structure of fish after

the drought was very significantly different from those existing before the

drought, with marked changes in dominance in feeding guilds and species

composition (Piet, 1998). Thus, the drought altered the assemblage struc-

ture by principally altering food resources, and this change persisted for at

least two years after the drought.

Unlike benthic fish, pelagic, short-lived and small-bodied fish appear to be

particularly susceptible to the impacts of drought. Lake Kariba is a large

impoundment on the Zambezi River on the border between Zambia and

Zimbabwe. The lake has a relatively low water residence time, and nutrient

retention from the nutrient-poor Zambezi and Sanyati Rivers is low

(Marshall, 1988). The lake iswarm, and stratification occurs for 7–8months

of the year. When mixing occurs in June and July, nutrients from the

hypolimnion move to the surface, triggering sequential blooms of phyto-

plankton, zooplankton and planktivorous sardine (Limnothrissa miodon),

which is the major component of the lake’s fishery (Marshall, 1988). The
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sardine fishery is thus dependent on nutrients from destratification and from

inflowing rivers; high river inflows produce high sardine catches, while

catches are low in years of low inflows. In drought years (1982, 1983,

1984), catches were halved comparedwith normal years. The decline of the

fishery in drought is mainly due to the low nutrient levels, which inhibits

phytoplankton and zooplankton production (Marshall, 1988). In this case,

drought did not produce stressful abiotic conditions but stifled limnetic

primary production, which greatly reduced food availability for the fish.

Drought may create conditions that favour particular species. The severe

2000–2002 drought in Lake Okeechobee, Florida, lowered water levels and

depleted the submerged aquatic vegetation, which was replaced by beds of

Chara. With this change, largemouth bass (Micropterus salmoides) failed to

recruit (Havens et al., 2005). When the lake refilled, dense stands of

submerged and emergent vegetation flourished and led to a greatly en-

hanced recruitment of the bass. As mentioned in Chapter 8, the boom of

young bass produced a major change in the zooplankton. In this case, by

creating new conditions afterwards, such as a boom in aquatic vegetation,

drought may indirectly alter fish and plankton populations, species compo-

sition and trophic structure.

Dramatic and well-documented changes in fish populations and assem-

blages come from the long-term studies of two African lakes, Lake Chad

(B�enech et al., 1983) and Lake Chilwa (Kalk et al., 1979) (see Chapter 8).

Both of these lakes suffered from severe droughts. In Lake Chad, the drought

was preceded by a ‘drying up’ phase from1972 to 1974 andwas followed by

a severe period of drought called the ‘Lesser Chad’ that started in 1974 and

continued until 1978, when the research ceased. The drought is still

ongoing (Coe & Foley, 2001). Lake Chilwa was exposed to a severe drought

that started in 1965 and continued until 1969, and recovery was assessed.

For Lake Chad, there are only data before and during the drought.

In Lake Chad, with the coming of the drought, the lake became divided

into two basins – north and south – separated by a shallow barrier with

dense vegetation (see Chapters 5 and 8). The south basin comprised two

major parts: the openwater and the shallow southeastern archipelago, with

abundant aquatic macrophyte growth.

Lake Chad had a rich and highly productive fish fauna consisting of�120

species, with only one endemic species, Alestes dageti (Alestiidae).In the

north basin, water levels from 1973 to 1975 fell dramatically, accompanied

by a sharp rise in conductivity and extreme fluctuations in oxygen con-

centrations. Even though flood waters did flow into the south basin, the

barrier of dense vegetation named the ‘Great Barrier’ prevented floodwaters

from entering the north basin from 1974 onwards. As the drought set in,

a major cause for fish mortality was due to an increased fishing effort, along
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withmortalities due to ‘tornadoes’ (B�enech et al., 1983). The latter occurred

when the water levels dropped to below 2m and highwinds whipped up fine

sediments into the water column, lowering oxygen levels and damaging

fish gills.

Thus, early in the drought, the abundance of hitherto important species

whichwere sensitive to anoxia, such asHeterotis niloticus,Hydrocynus brevis,

Citharinus citharus, Tetraodon fahaka, Pollimyrus isidori and Mormyrus rume,

crashed. Along the windward shores of the lake, after the ‘tornadoes’, there

were strandlines of dead fish. Nevertheless, populations of other fish, such as

the catfish Synodontis schall and Brachysynodontis batensoda (both Mocho-

cidae), three species of the cichlid Sarotherodon spp. and the air-breathing

Polypterus senegalensis were not greatly affected.

As the drying of the north basin continued, fish retreated to the deeper

centre of the lake, including Nile perch (Lates niloticus), Sarotherodon spp.,

Synodontis schall, Brachysynodontis batensoda, Alestes baremoze and Alestes

dentex. By 1975, as the lake dried up, the fish assemblages changed to

a ‘marshy fish community’ comprising Polypterus, Brienomyrus niger,

Sarotherodon and large numbers of clariid catfish, which are all adapted to

lowwater quality. Finally, with the northern basin drying completely, clariid

catfish burrowed into the bottom mud.

In the southeastern archipelago with the decline in water level, macro-

phyte decomposition set in, lowering water quality. Storms stirred up fine

sediments that with the decomposition created extensive areas of anoxic

water. Not surprisingly, abundant fish sensitive to anoxia, such as Hydro-

cynus forskallii, Citharinus citharus, Hemisynodontis membranacea, Lates

niloticus, Alestes dentex, Synodontis frontosus and Labeo senegalensis disap-

peared, whilst species tolerant of anoxia such as Polypterus senegalensis,

Clarias spp. and Brienomyrus niger remained and dominated the assemblage

(B�enech et al., 1983).

In the open water of the southern basin, floodwaters, though reduced,

came into the lake. This part of the lake did not suffer from the suspension of

fine sediments but, with the volume declining and nutrients increasing,

there were phytoplankton blooms that in turn depleted oxygen levels. Initial

changes as the lake volume declined were severe drops in the abundance of

hitherto important species such as Citharinus spp., Mormyrus rume, Bagrus

bayad, Alestes dentex, Hydrocynus brevis and Labeo senegalensis. Species that

had previously been rare (Synodontis clarias, Schilbe uranoscopus, Distichodus

brevipinnis) started to increasewith the increase in anoxic patches in the lake

(1972–73). There was also a group of resilient fish (e.g. Synodontis schall,

Hydrocynus forskalli,Polypterus bichir)whose abundance did not changewith

drought. Finally, there was a group of small-bodied fish (e.g. Pollimyrus

isidori, Siluraodon auritus, Icthyborus besse) that were rare before the drought

but became abundant with the drought.
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Thus, the changes to the fish assemblages were complex in the south

basin, with transition from the ‘lacustrine’ species to the ‘marshy’ species

being strongly influenced by migration into and from the inflowing rivers,

principally the Shari (B�enech et al., 1983). Exacerbating the effects of

drought in both basins was the sustained fishing effort (B�enech et al.,

1983; Carmouze et al., 1983). The drought continued after 1978 and no

further data are available.

As drought strengthened its grip in Lake Chad, there was thus a loss of

fish species and a drastic reconfiguring of the fish assemblages. Much of

these changes appear to have been driven by abiotic drivers generated by

the drought, rather by changes in biotic interactions. Though not

documented, the marked changes and reductions in invertebrate

prey may have had a significant influence on the changes in the

fish assemblages.

Lake Chilwa suffered an extreme drought in 1966–68, when the lake

dried out completely (Lancaster, 1979). Normally, the lake has 30 species

of fish, including 12 species of the cyprinid genus Barbus. Until the

drought, the lake supported a productive fishery based on clariid catfish,

Barbus spp., and Sarotherodon shiranus (Furse et al., 1979). With drought

developing, lake volumes declining and strong winds stirring up fine

benthic sediments, fish kills involving the cichlid Sarotherodon occurred.

The fine, organic-rich sediments appeared to have also caused oxygen

levels to drop (Furse et al., 1979). Note that the ‘tornadoes’ in Lake Chad

had similar effects. This combination of fine suspended sediments, high

water temperatures and oxygen stress, led to the subsequent death of large

numbers of Barbus.

With the decline in lake volume and increases in nutrients in Lake Chilwa,

blooms of cyanobacteria (e.g. Oscillatoria, Anabaena) occurred, with conse-

quent deoxygenation, causing further stress for the fish, particularly the

remaining Sarotherodon and Barbus. As also occurred in Lake Chad, peren-

nial streams flowing into the lake were refuges for fish migrating out of the

lake. This escape appeared to be especially used by fishwhich normally dwelt

in shoreline swamps rather than in open water.

As the lake dried up, the only fish survivingwere clariid catfish that sought

refuge by burrowing into the mud and undergoing aestivation. With the

return of water to the lake in 1969, the clariid catfish were among the first

species to repopulate the lake, to be followed two years later by Barbus, then

by Sarotherodon, whose populations took three years to build up to pre-

drought levels. Thus, the succession of dominant fish was the inverse of the

sequence of their demise in the drought and appeared to have been regulated

by the generation of favourable abiotic conditions, the recovery of food

resources, and connectivity allowing dispersal from refugia. Not surprising-

ly, given the severity of the drought, the length of time for recovery was
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longer (more than three years) than the length of time (one year) that it

took for the lake to refill.

Faced with drought, fish in lentic systems may seek refuges, so that

populations may survive the drought and subsequently recover. For fish in

isolated water bodies, escape to other water bodies that survive the drought

may be limited, but in flowing waters, escape is more feasible. Without

leaving a lake or pond, some species may survive by aestivating as adults

(e.g. clariid catfish) or by producing drought-resistant, diapause eggs (see

Chapter 6). Fish in lakes and lagoons during drought may seek refuge in

inflowing rivers, as occurred in Lake Chilwa and Lake Chad, or they

migrate into the sea, as occurred in the lagoons studied by Mol et al.

(2000). Fish may seek refuge from the high temperatures associated with

drought, such as where groundwater springs enter lentic water bodies (e.g.

Hess et al., 1999). A highly valued fish showing this behaviour is striped

bass (Morone saxatilis), populations of which may be threatened when

lengthy droughts deplete groundwater springs (Hess et al., 1999; Baker &

Jennings, 2005).

As drought takes hold and reduces habitat and water volume, fish

populations are compressed, heightening the pressure of intraspecific

interactions such as competition, as well as interspecific interactions such

as predation and competition. Kobza et al. (2004), in wetlands of the Florida

Everglades, observed that small native fish could survive in shallow holes

during dry spells but not in droughts. However, in deep holes (depth >1m)

that may persist through drought, predators dominated and preyed upon

the small-bodied native fish, augmenting their loss in droughts. Populations

of the red shiner (Cyprinella lutrensis) in streams flowing into Lake Texoma

have been eliminated (Matthews & Marsh-Matthews, 2007). During

drought, red shiners move downstream into deep pools. However, in

streams flowing into Lake Texoma, this means moving into high predation

pressure – a pressure maintained by upstream migration of piscivores from

the lake.

Clearly, the knowledge of refuges used by fish living in lakes is fragmen-

tary. We have a poor understanding of the role that refuges may play in

allowing lacustrine fish to persist during drought, and in their capacity to

recover after droughts.

Changes in abiotic conditions through drought may directly stress fish,

causing them to seek refuges or die. Indirectly, drought may cause changes

in nutrients and aquatic vegetation, such as algal blooms, that trigger

changes affecting particular fish species. Where recovery has been assessed,

it appears that in lakes, the recovery of fish populations and assemblages is

relatively slow and may result in fish assemblages different from those

occurring before a drought.
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9.2 Drought and fluvial fish

As for the other groups of aquatic biota, most studies of the effects of drought

on fish have been carried out in low-order streams, whereas there have only

been a few studies in large rivers. In examining the effects of drought on lotic

fish, there have been basically been three types of study:

1 accounts simply of the effects of drought, such as fish kills;

2 studies that have documented the effects of drought and have then

reported on recovery after the drought;

3 comprehensive studies that have been the few that document pre-

drought conditions, the impacts of drought and the subsequent recovery

often with lag effects.

The most interesting studies have been the very few that have covered

a number of droughts. Most studies have been short term, but it is good to

see that there are some long-term studies on drought and lotic fish. For

example, there is the 34-year long study of fish in a small stream in northern

England, documenting the effects of drought on population dynamics

(Elliott, 2006).

As for most of the studies of drought on freshwater ecosystems, the

spatial extent of the studies has been small – a particular site or several

sites – whereas the effects of a drought are invariably at a large spatial

extent (Matthews & Marsh-Matthews, 2003; Lake et al., 2008). The need

to adopt a landscape/waterscape approach to studying the effects of

drought accords with the view advocated by Schlosser (1995), Schlosser

& Angermeier (1995) and Fausch et al. (2002) that, in trying to under-

stand adequately the dynamics of riverine fish populations, investigations

need to encompass a cross-scale approach, both in temporal and

spatial extents.

As streams become more temporary, the number of fish species declines

and, in headwater streams, fish species richness is much lower than those of

downstream rivers (Matthews, 1998; Poff et al., 2001). This difference may

be partly due to the winnowing effect of low flow events and drought, which

affect small streams much more than large rivers. Thus, in many instances,

headwater streams may be intermittent, with perennial conditions increas-

ing downstream. This gradient is reflected in the relative tolerances to

drought of headwater stream fish in comparison with fish dwelling in

perennial stream sections.

As in studies dealing with other biotic groups, it is difficult to determine

the nature of the drought in most fish studies. Cases where summer or dry

season drought is a normal seasonal event are not necessarily dealt with
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here but, in some cases, the summer drought appears to be a severe

seasonal event (e.g. John, 1964; Ross et al., 1985) or it has been trans-

formed into a supra-seasonal drought (e.g. Bond & Lake, 2005; Dekar &

Magoulick, 2007).

Drought initially results in a decline in flow volume, depth, velocity and

habitat availability. Further drops in flow lead to a retraction of the stream/

river from the normal littoral fringe, which may be important habitat for

food, reproduction and for residency. As flows continue to drop, structural

habitats such asmacrophyte beds, debris dams and coarsewood are lost, and

movement across stream sections, such as riffles and runs, may become

restricted. The loss of riffles is usually proportionatelymuch greater than the

loss of pools (e.g. Hakala & Hartman, 2004). With habitat availability

dropping, fish densities rise and fish may disperse to refuges. However,

when flow ceases and pools form, dispersal also ceases and fish densitiesmay

behigh, resulting in an increase in the intensity of biotic interactions. As pool

volumes drop, water quality problems can develop, such as diel temperature

extremes, low oxygen levels, increased conductivity (salinity), shifts in pH

and high levels of dissolved organic carbon. Water quality may decrease to

such an extent that fish kills occur. Finally, pools may dry out.

When streams dry, distinct patterns may emerge of sections with flow,

sections with pools and ones which are dry. An important point to emerge

from the landscape/waterscape ecology of drying is that the spatial distri-

bution for fish as drought develops is critical to their survival and subsequent

recovery. Furthermore, poolsmay be drought refuges for fish, and the spatial

distribution and persistence of these pools is critical to their survival and

recovery. Similarly, sections with persistent flow can be refuges for rheo-

philous fish.

While the effects of drought developing and persisting are relatively well

documented, the dynamics of recovery by fish after a drought are still

relatively unknown. As described in previous chapters, major changes in

water quality, aquatic vegetation and invertebrates occur after drought, all

of which undoubtedly interact with fish.

9.3 Dealing with the stresses of drought

9.3.1 Habitat change and behaviour as drought develops

As drought develops with declining flows, stream fish may alter their

behaviour and their habitat use. In an experiment mimicking drought,

Sloman et al. (2001) found that the dominance hierarchy that brown trout

establish in streams broke down, leading to changes in fish distribution with

the decline of territoriality. Changes in habitat use in response to drought
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can be greater than those that the same fish species undergo with normal

seasonal variations in hydrology.

In a long-term study (1983–1992) of fish dwelling in a 37m section of the

perennial Coweeta Creek, North Carolina, Grossman et al. (1998) found that

the fish assemblage consisted of three ‘microhabitat guilds: benthic, lower

water column and mid water column’. Drought in 1986–88 reduced

velocities and the amount of ‘erosional substrata’ while increasing the

amount of ‘depositional substrata’. Fish changed their microhabitat use,

notably in the mid-water column group, which was species-specific and

dependent on habitat availability (Grossman & Ratajczak, 1998; Grossman

et al., 1998). The assemblage structure during the drought differedmarkedly

from either the pre-drought or post-drought assemblages.

Rather surprisingly, during the drought, many resident species, especially

those in water column ‘guilds’ (rosyside dace (Clinostomus funduloides),

northern hogsucker (Hypentelium nigricans), warpaint shiner (Luxilus

coccogenis), rainbow trout (Oncorhynchus mykiss), creek chub (Semotilus

atromaculatus)), increased in abundance. Also, two species not seen before

(river chub (Nocomis micropogon) and Tennessee shiner (Notropis leuciodus))

migrated to the site and three rare species increased in the site. All of these

fish appear to have migrated from downstream sites during the drought.

As regards the benthic fish, the abundance of three species (mottled

sculpin (Cottus bairdi), longnose dace (Rhinichthys cataractae), stoneroller

(Campostoma anomalum)) did not change or declined, whilst the greenside

darter (Etheostoma blennoides) emigrated from the site (Grossman et al.,

1998). Although drought reduced flow, velocities and habitat availability,

the marked changes in the water column guilds and small changes in

the benthic guild suggest that the drought effectswere largely due to the lack

of high flow events – sharp floods which cause high fish mortality in this

system (Freeman et al., 1988; Grossman et al., 1998).

The movement of fish in streams in response to disturbance becomes

evident in studies carried out at the large spatial extent (Schlosser &

Angermeier, 1995; Fausch et al., 2002). In such studies, the key migrations

may be detected and important refuges identified. However, studies on fish

movements as drying sets in are few. The Selwyn River in New Zealandmay

dry out in its middle reaches (Davey & Kelly, 2007). Movements of fish with

drying in the middle reaches have been measured from drying reaches to

upstream perennial reaches, and to downstream perennial reaches. During

drying, three species, Canterbury galaxias (Galaxias vulgaris), upland bully

(Gobiomorphus breviceps) and brown trout (Salmo trutta) migrated upstream

and there were no detectable movements of fish downstream. It was

assumed that fish at the downstream side of the drying reaches ‘became

stranded and subsequently died as the stream contracted’ (Davey & Kelly,
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2007). While the study was carried out during seasonal drying, the results

are applicable to the onset of drought.

In two Brazilian streams as drought set in, fish (pike cichlid, Crenicichla

lepidota) migrated downstream in considerable numbers, such that the

density at downstream sites was sharply increased (Lobón-Cervi�a et al.,

1993). This migration resulted in low fish production at upstream sites

during the drought. The movement downstream to more permanent water

may, however, be hazardous.Movements by the threatenedArkansas darter

(Etheostoma cragini) to downstream reaches exposed the species to very

strong predation by an introduced predator, the northern pike (Esox lucius)

(Labbe & Fausch, 2000).

Drought invariably lowers stream volume, so it can create barriers to fish

movement. In a small coastal stream in Sweden, Titus and Mosegaard

(1992) found that low flows during drought blocked migration from the

sea of spawning brown trout and thus limited reproduction. The Cui-ui

(Chamistes cujus) is a large, long-lived catostomid endemic to Pyramid Lake,

Nevada and migrates up the inflowing Truckee River to breed (Scoppettone

et al., 2000). In droughts, low flows prevent the fish from migrating and

spawning. However, it appears that the fish are adapted to compensate for

the non-spawning years by having a long life and also by having a higher

fecundity after non-spawning years than after years in which spawning

occurred (Scoppettone et al., 2000).

9.3.2 Fish movements and refuges

Movements by fish as drying occurs depend on the landscape/riverscape

pattern of drying, the types of refuges that various species use and the

distribution and accessibility of these refuges. While most fish, especially in

streams with highly variable flows, seek places of persistent water, fish may

also seek refuges fromextreme temperatures and other taxing stressors, even

when streamflow continues. Salmonids, for example, are sensitive to high

water temperatures. In a river in Nova Scotia, Canada, during drought and

high water temperatures, salmon and trout have been observed to moved

into side arms of the river that received spring water and were cooler than

the main channel (Huntsman, 1942). Similarly, during drought in Wilfin

Beck, an English stream, troutmoved into deeperwater thatwas cooler than

surface water, even though oxygen levels were sub-optimal (Elliott, 2000).

In streams during drought, pools as refuges allow fish populations and

assemblages to resist drought (resistance) and they serve as centres

from which colonists move in recovery after the drought (resilience)

(Magoulick & Kobza, 2003; see Figure 9.1). They are particularly important

for fish dwelling in intermittent streams that undergo large fluctuations in
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flow (e.g. Labbe & Fausch, 2000; Dekar &Magoulick, 2007) and are likely to

be impacted by extended supra-seasonal droughts (Bond & Lake, 2005;

Magalh~aes et al., 2007; Perry & Bond, 2009).

The need for refuges in dealing with drought has been recognized for

quite some time. Paloumpis (1956, 1957, 1958), in studying drought in an

intermittent stream, suggested that recovery of fish after drought (and

floods) was dependent on the availability of ‘stream havens’. He found that

as drought reduced the flow of Squaw Creek, Iowa, USA, fish moved into

refuges (‘stream havens’) that were either ‘creekside ponds’ or the down-

stream reaches of the larger Skunk River. Not all ‘stream havens’ were safe,

however; in thewinter of the drought, some creekside ponds froze, killing the

fish. While the ‘stream havens’ were described, the extent of recovery after

the drought was not observed (Paloumpis, 1958).

Different species of fish differ in refuge use. In an experiment in an artificial

stream in New Zealand, Davey et al. (2006) found that two species –

Canterbury galaxias (Galaxias vulgaris) and the upland bully (Gobiomorphus

Figure 9.1 Apersistent pool onMiddle Creek, Victoria during the 1997–2010 drought.

This pool was the only refuge for kilometres, both upstream and downstream, and it

harboured an abundant fish fauna consisting of at least 1,153 flathead gudgeons

(Philypnodon grandiceps), 66 Australian smelt (Retropinna semoni) and 11 mountain

galaxiids (Galaxias olidus), along with 687 yabbie crayfish (Cherax destructor). (Photo

courtesy of Paul Reich.) (See the colour version of this figure in Plate 9.1.)
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breviceps) – differed in their use of refuges. With drying, both species moved

upstream,with the bulliesmigrating from riffles to the deeper runs,while the

galaxiids burrowed into the substrate, gaining more protection in cobble

substrate than in gravel substrate. If the rate of flow recession is rapid and

short-term, the burrowing galaxiids may be advantaged, but if the rate of

flow recession is slow and long-term, as in drought, the bullies may survive

more effectively. Thus, for fish normally living in the same habitat – riffles –

drought may produce differential mortality.

A similar situation, involving brown trout and bullheads (Cottus gobio)

was observed by Elliott (2006). In drought, with reduced habitat area and

water quality (especially high temperatures), trout densities were reduced,

with many fish migrating to the thermal refuge of deep pools (Elliott, 2000).

On the other hand, densities of the bullheads, which were more tolerant of

the drought stress (e.g. high temperatures) increased as they exploited

benthic food resources in the shallow areas created by the drought and

left vacant by the trout. Fish may survive stream drying in some unusual

habitats, such as in Ecuadoran streams where Glodek (1978) observed that

deep burrows dug by catfish served as a ‘residual habitat’ or refuge for fish

during periods of low flow and drought.

9.4 The impacts of drought on lotic fish

9.4.1 Tolerance and survival in small streams

Fish dwelling in headwater streams which are periodically exposed to

drought are under pressure to develop adaptations to the extreme condi-

tions. That such adaptations are present is suggested by several studies,

including that by Matthews & Styron (1981), who found that a headwater

cyprinid fish (Phoxinus oreas)wasmore tolerant of sudden changes in oxygen

and temperature than were three cyprinids from the mainstem river in the

same system. Individuals of the fantail darter (Etheostoma flabellare) from

headwater streams were more tolerant of low oxygen levels than those

individuals from the main stream (Matthews & Styron, 1981).

Laboratory trials found that the critical thermal maxima for the orange-

throat darter variedwith the thermal regime fromwhich theywere collected

(Feminella & Matthews, 1984). A critical thermal maximum of �32.5 �C
was found for a population dwelling in a springwith constant temperature of

18 �C, whereas, for the population dwelling in the headwater creek and

exposed to extreme temperatures with low flow, the critical thermal maxi-

mum was �35 �C (Feminella & Matthews, 1984).

As a group, fish species dwelling in small headwater streams of Missouri,

that periodically undergo drought, appear to be well adapted to extremely
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low oxygen levels and high temperatures (Smale & Rabeni, 1995). For

example, the yellow bullhead (Ameiurus natalis) had a hyperthermic toler-

ance of 37.9 �C and a hypoxic tolerance down to 0.49mg/l (7.3 per cent

saturation) (Smale & Rabeni, 1995).

Fish from the pools of the upper Brazos River, Texas, in drought, face

extreme temperatures, low oxygen levels and high salinities (Ostrand &

Marks, 2000; Ostrand & Wilde, 2001). The species that occurred in the

upper river headwater sections, where drying is most severe, were cypri-

nodontids – the Red River pupfish (Cyprinodon rubofluviatilis) and the plains

killifish (Fundulus zebrinus) (Ostrand & Wilde, 2001). Both of these fish had

higher tolerances to high temperatures, low oxygen levels and salinity than

fish occurring further downstream.

In examining fish populations at the upper and lower sections of a prairie

stream, Oklahoma, Spranza and Stanley (2000) concluded that the upper

section was amuch harsher environment, supportingmore robust fish than

individuals of the same species from the lower stream section.

Fish trapped in pools of small streams during drought may be stressed by

low oxygen levels associated with the accumulation of dissolved organic

matter (DOM) emanating from litter decomposition. Paloumpis (1957)

observed, in pools during a drought, that ‘the color of the water was black

and the bottommud had an oily odor’ – clearly indications of elevated DOM

levels. Oxygen levels were very low (0.2mg/l) and fish were gulping air at

the surface, with some dying.

HighDOM(DOC) levels and lowoxygen levels characteristic of ‘blackwater

events’ (Slack,1955)canoccurduringdroughts (Paloumpis,1957;Larimore

et al., 1959; McMaster & Bond, 2008). In pools of intermittent streams in

south-eastern Australia during drought, McMaster & Bond (2008) recorded

low oxygen levels (range 0.4–6.8mg/l) (4.1–70.1 per cent saturation) and

high levels of dissolved organic carbon (DOC) (range 16–50mg/l). Three

native fish species (mountain galaxias (Galaxias olidus), southern pygmy

perch (Nannoperca australis) and western carp gudgeon (Hypseleotris klun-

zingeri)) were unaffected in terms of abundance. In laboratory experiments,

the tolerance of the fish to high concentrations of DOC combined with low

oxygen concentrations was confirmed (McMaster & Bond, 2008).

Thus, strong evidence suggests that fish dwelling in headwater streams

appear to be better adapted to the physiological stresses posed by drought

than are species and populations dwelling in high-order perennial streams.

However, drought can be so severe that fish in headwater streams may still

be depleted, if not locally eliminated (e.g. Ross et al., 1985).

The structure of fish assemblages in drying pools may be structured

by the changes in abiotic variables. In dry-season pools in a Texas

stream, Capone & Kushlan (1991) found distinct division into three fish
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assemblages dominated by mosquitofish (Gambusia affinis), or by green

sunfish (Lepomis cyanellus), or by amixed-species assemblage dominated by

golden shiner (Notemigonus crysoleucas), black bullhead (Ictalurus melas)

and mosquitofish. The mosquitofish assemblage dwelt in the least persis-

tent pools, whereas the bullhead assemblage occupied the larger more

persistent pools. The key variables determining the assemblages were days

with water in the pools, average depth, maximum depth, pool area and bank

height (Capone&Kushlan, 1991).All of these variables,with the exceptionof

bank height, were altered by drying. In drought, the composition of fish

assemblages would change toward the mosquitofish-dominated assemblage

as drying progressed. As in the Florida Everglades, mosquitofish appeared to

be very resistant and resilient to the stresses of drying.

In drying stream pools in the Ozark Mountains, Arkansas, USA, the

distribution of fish assemblages was determined by location in the catch-

ment. At the level of pools, there were few variables which explained the

variability in fish assemblages (Magoulick, 2000). In the pools, fish total

density, large central stoneroller (Campostoma anomalum) density and small

sunfish (L. cyanellus) density were all positively correlated with pool depth.

Abiotic factors in explaining fish distribution were overridden by regional

factors, which were related to large-scale factors such as drought severity.

Dekar & Magoulick (2007) found that the variables affecting fish densities

differed between a normal year and a year with extreme drying or drought.

In the normal year, total fish density was positively correlated with canopy

‘openness’ and substrate diversity, and was negatively correlated with pool

area and maximum depth. However, in the year with extreme drying, total

fish density was correlated negatively to substrate diversity. These results

indicate that factors structuring fish density change in strength and direc-

tion, depending on the severity of the drying.

In a Mediterranean summer drought in the Odelouca Stream, Portugal,

a diverse fish assemblage of five native species and six alien species

used a variety of pools as refuges (Pires et al., 2010). Species richness

increased and overall abundances (fish per catch per unit effort) decreased

with increasing pool size. Species richness rose due to the large pools offering

more habitat variety, while overall abundance declined due to large num-

bers of small fish being prey for large predators (Pires et al., 2010). Native fish

were favoured in pools with good riparian cover, possibly because of the

shading effect of the plant canopy and/or the availability of a prey subsidy of

terrestrial insects. Thus, pool characteristics have a strong influence on the

nature and abundance of the fish assemblages in these refuges (Pires et al.,

2010). These refuges, especially deep poolswith overhanging canopies,may

also allow the fish assemblage to survive supra-seasonal droughts, although

this will vary with drought severity.
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With drought setting in, some fish species undergo directed migrations

to refuges, such as to permanent water and into pools (e.g. Paloumpis,

1956, 1957, 1958; Magoulick & Kobza, 2003; Davey & Kelly, 2007).

Other species appear to have limited mobility and are confined to pools

when cease-to-flow occurs. For example, western carp gudgeons (Hypse-

leotris spp.) in small streams in southeastern Australia have a very limited

dispersal ability (Perry & Bond, 2009), but they do have a high tolerance

of hypoxic conditions and of high concentrations of dissolved organic

carbon (McMaster and Bond, 2008). Thus, provided the pools that they

occupy do not dry out in drought, they can survive in conditions of very

low water quality.

9.4.2 Fish kills

Fish kills can occur in response to drought in intermittent and low-order

streams, and even in perennial mainstem rivers, but published reports are

relatively few. During severe droughts in 1937 and 1939 in Nova Scotia,

Canada, the Moser and the St. Mary Rivers flowed at low levels and air and

water temperatures were high – high enough in August (�29 �C) to kill

migrating salmon. Fish that survived aggregated in side channels, into

which cool groundwater flowed (Huntsman, 1942).

In shrinking pools of a stream inOhio, USA, during drought, the combined

stress of low oxygen concentrations and high water temperatures caused

mass mortality of 12 species of fish (Tramer, 1977). Also in an Ohio stream,

Mundahl (1990) observed the death of fish from six species in drought, with

water temperatures reaching 38–39.5 �C in an unshaded pool. However,

in another pool with shading, fish moved into cooler water (6.5 �C lower)

and survived.

In a heat wave during a drought, Matthews et al. (1982) observed in

shallow pools of a Brier Creek, Oklahoma, USA, that high water tempera-

tures (38–39 �C) had killed orangethroat darters (Etheostoma spectabile).

This was well above the ‘critical thermal maximum’ determined for the

darter of �35 �C (Feminella & Matthews, 1984). In small streams with

drought, fishmay seek refuge in pools but, as drought continues, these pools

may dry out, with the loss of the trapped fish.

In large rivers, fish kills are rarer than in small streams, but they can occur

in large rivers such as inmajor tributaries of theAmazon in the recent severe

drought (2009) (Figures 9.2a and 9.2b).

On the Canterbury Plain in New Zealand, rivers may cease to flow during

drought, creating conditions of low oxygen and high water temperatures in

pools, which can kill large numbers of trout (Jellyman, 1989).
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Fish kills can also occur in rivers that continue to flow through drought.

In the middle and flowing reaches of the River Wye in the summer of the

1975–76 drought, there was mass mortality of adult salmon (Salmo salar)

(Brooker et al., 1977). At the time of the salmon death, large patches of

macrophyteswere dying and decaying in the river. The decaywas enhanced

by high water temperatures (up to 27 �C) and resulted in extreme values for

dissolved oxygen concentrations, which daily fluctuated from �18mg/l

(225 per cent saturation) in the day to 1mg/l (�13 per cent saturation) at

Figure 9.2 Fish kills on the Manaquiri River, northwest Brazil, in the severe drought

in2009. (Photos sourced fromReuters.) (See the colour version of this figure inPlate 9.2.)
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night. The high water temperatures and low oxygen levels at night syner-

gistically served to kill the salmon (Brooker et al., 1977; see Figure 5.7).

Accounts of drought at the large spatial extent in freshwater ecosystems

are rare. During the ‘Dustbowl’ drought in the USA, James (1934) compiled

reports from in the mid-west and west of the United States. The accounts

painted a grim picture of large losses of fish populations and fish kills in lakes

and rivers. It was stressed that while most fish kills occurred in summer, low

flows during winter may also kill fish due to ‘freezing out’. In 1934, James

(1934) indicated that the severe effects of drought on fish was ‘roughly

T-shaped’, with the top of the T running across Nebraska and Kansas and

through the Dakotas to Indiana, and the vertical part of the T stretching

down the Mississippi valley to Arkansas – a pattern that fits with the spatial

distribution of extreme drought in 1934 (Cook et al., 2007; see Figure 1.4).

9.4.3 Drying and biotic interactions

Fish in drought-stricken streams not only have to contend with stressful

abiotic variables but also have to contend with adverse biotic interactions.

With reduced habitat space and increased fish densities, new interactions

may be created and existing ones greatly intensified. Though there are only

a small amount of data available, it is likely that with fish occurring in high

densities in key habitats, there would be both intraspecific and interspecific

competition (viz. Zaret & Rand, 1971), whichmay result in loss of condition

of fish and population reduction.

During a drought in headwater streams in West Virginia, USA, body

condition and population density of brook trout declined (Hakala &

Hartman, 2004), possibly due to reduced habitat space and to reduced

food resources intensifying intra-specific competition. The limitation of

food resources led to loss of fish due to starvation during drought in

intermittent streams in Arizona, USA (John, 1964). In a small stream in

northern England, Elliott (2006) found that in years with severe summer

droughts, trout habitat quality was reduced, while habitat quality and

quantity for bullheads was increased. For trout, drought depleted habitat

space and food resources, and competition for habitat and food favoured

bullheads rather than trout. In normal, non-drought years, trout were the

competitive dominant.

Fish may increasingly be preyed on by terrestrial predators during

drought. Fish in shallow river sections may be eaten by an assortment of

terrestrial predators, including herons and raccoons (Larimore et al., 1959;

Matthews, 1998), garter snakes (John, 1964), killdeer (a plover) and herons

(Tramer, 1977), herons, cormorants, kingfishers and snakes (Lowe-

McConnell,1975), otters (Magalh~aes et al., 2002), Caspian terns (Antolos
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et al., 2005) and snakes (Love et al., 2008). The effects of terrestrial predators

during drought are uncertain and have been overlooked (Magoulick, 2000).

Magalh~aes et al. (2002) observed that otter predation during summer

drought strongly reduced cyprinid densities, especially those in refuge pools.

Caspian terns are proficient predators of juvenile salmonids (Oncorhynchus

spp.) in the Columbia River, USA. In a drought year (2001), heavy predation

by the terns on salmon smolt (young salmonmigrating to sea) was favoured

by the lower river flows, reduced discharge from hydro-electric plants

and the increase in time that migrating smolts spent in the river (Antolos

et al., 2005).

Predation of fish by fish in streams during drought may increase and can

influence fish abundance and distribution, though firm empirical data are

few. As the Arkansas darter retreats downstream with drought, it moves

into pools inhabited by an efficient predator, the northern pike (Labbe &

Fausch, 2000). In shrinking pools of streams in south-western USA, small

fish such as minnows (e.g. Campostoma) and topminnows (e.g. Fundulus)

may be eaten by predators such as largemouth bass (Micropterus salmoides),

which can withstand the high temperatures and low oxygen levels (Power

et al., 1985; Matthews, 1998). Indeed, this predation can be so effective

that minnows (e.g. Campostoma anomalum) can be excluded from pools

containing bass.

Galaxiid fish in the southern hemisphere have been greatly reduced in

distribution and abundance by competition and predation from introduced

salmonids (McDowall, 2006). In normal years in a stream in Victoria,

Australia, the mountain galaxiid (Galaxias olidus) is confined to small

headwater streams through adverse interactions with brown trout (Closs

& Lake, 1995). However, when flow ceased with drought, pools with low

water quality formed, leading to conditions toxic for the trout. Consequently,

trout were depleted by the severe drought, and when flow returned, the

galaxiidsmoved downstream into their former habitat (Closs & Lake, 1995).

Drought thus selectively killed an invader and changed interspecific

interactions, benefiting the native species. As Magalh~aes et al. (2007)

observed, droughts may serve to reduce, if not eliminate, exotic invaders,

as many are not as well adapted to the stresses of low flow and drought.

However, in Mediterranean streams in California, a lengthy drought

reduced the abundances of the three native fish species and facilitated the

establishment of the exotic and hardy green sunfish (Lepomis cyanellus)

(Bêche et al., 2009).

When, in drought-stricken streams, fish are crowded together in pools,

parasitism can increase. As drought progressed, John (1964) noted a heavy

infection of the ciliate parasite Ichthyophthirius. This parasite causes ‘white

spot’ disease, which can be lethal, and it usually occurswhen fish are at high
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density and stressed. For example, in a Spanish stream during drought,

‘white spot’ parasitism infected 21 per cent of a redtail barb (Barbus haasei)

population and significantly reduced both population density and average

fish size (Maceda-Veiga et al., 2009).

Samples of the plains killifishFundulus zebrinus from the South Platte River

were examined for seven species of parasites (Janovy et al., 1997). The

samples were collected from 1982 to 1995, during which there was a

drought (1989–1993).With the drought, the level of infection by a parasite

(the trematode Posthodiplostomum minimum) rose sharply, with a less

marked increase by the gill parasite (the trematode Salsuginus thalkeni)

(Janovy et al., 1997). Five other parasite species did not significantly increase

with drought. In a Brazilian stream during a summer drought, the level of

infection by the copepod parasite Lernaea cyprinacea on fish in pools rose

sharply from 21.7 per cent when the stream flowed, to a high of 64.2 per

cent in the summer drought (Medeiros & Maltchik, 1999).

Clearly, when fish are confined to habitats such as pools in drought, levels

of competition, predationandparasitismcan rise. These pressures, combined

with those created by the lowering of water quality, serve to act as a strong

winnowing force, a powerful environmental filter shaping the viability of fish

populations, the composition of the resident fish fauna and the eventual

outcomes in post-drought recovery.

9.5 Impacts of drought on fish populations and
assemblages and subsequent recovery

The stresses of ramp disturbances such as drought can cause individuals

to lose condition, which may lead to failure to breed successfully or to

death – and thus, populations are reduced. Alternatively, abiotic stressors

and adverse biotic interactions, such as predation, may arise and kill

individuals regardless of their condition. The outcome, with time, is that

individual populations are depleted and, at a large spatial extent, meta-

populations may be fragmented, with some local sub-populations

going extinct.

Our knowledge of the effects of drought on stream fish populations

primarily comes from studies of salmonids in the northern hemisphere. The

studies vary from accounts of loss of condition, and of capacity to breed, to

detailed and long-term studies of populations.

In a Welsh upland stream, Cowx et al. (1984) found that, in the 1976

drought, the survival of young Atlantic salmon was nil, resulting in the loss

of a year class. High water temperatures were deemed to be the cause of the

loss. On the other hand, recruitment of the other salmonid, brown trout,was
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unaffected – due, it was suggested, to their greater tolerance to ‘sustained

high temperatures’ (Cowx et al., 1984).

In Trout Creek, in Colorado, USA, Canton et al. (1984) found that brook

trout (Salvelinus fontinalis) survived drought by moving upstream to flowing

water and pools, but the fish lost condition to such an extent that they ‘were

thin and moribund when handled’. Recovery was, however, rapid, with

trout migrating from an upstream lake. Brook trout in small headwater

streams in West Virginia during drought in 1999 lost condition and

populations declined, especially with a 67 per cent loss in the young of the

year, comparedwith pre-drought levels (Hakala&Hartman, 2004). The loss

of condition was suggested to be caused by a loss of invertebrate food

resources due to habitat reduction, particularly of riffles. The loss of

population, especially young of the year, may have been due to the

accumulation of fine silt during the drought in brook trout spawning

gravel, reducing the survival of eggs and alevin (hatched trout with yolk

sacs) (Hakala & Hartman, 2004). Population density was still low one year

after the drought.

Habitat complementation refers to the beneficial state for stream fish

populations, whereby habitats required for various critical activities (feeding

and spawning), and also for various life history stages, are spatially close

together (Schlosser, 1995). In a Rocky Mountains stream with spawning

habitat but little adult habitat (i.e. no habitat complementation), drought

greatly reduced the population of Bonneville cutthroat trout and spawning

ceased, whereas in a second stream with habitat complementation, the

trout population survived and recruitment both during and after the

drought was successful (White & Rahel, 2008). This is just one example

of how the landscape/riverscape approach to stream fish ecology can reveal

key sections of rivers that allow species to survive drought, and which serve

as centres for post-drought migration and recruitment during recovery

from drought.

Sea trout or migratory brown trout (Salmo trutta) occurring in a small

stream, BlackBrowsBeck in north-west England, have been subject to a very

productive long-term study of 34 years by Elliott & Elliott (2006) and Elliott

(2006). The sea trout migrate from the sea to the stream to breed in winter,

with spawning occurring in November and December and eggs hatching in

spawning redds in February-earlyMarch. The alevins remain in the gravel to

emerge as fry in early May. The juvenile (parr) stage remains in the stream

for about two years, after which they migrate to the sea, to subsequently

return as spawning adults in possibly their third, but mainly their fourth

year (Elliott & Elliott, 2006).

The relationship between the density of the life stages of fish and

recruitment (egg density) was found to fit a Ricker stock-recruitment model
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(Elliott, 1985). This model indicates that ‘survivor density at different stages

in the life cycle was density-dependent on egg density at the start of each

year-class’ (Elliott et al., 1997). It is remarkable that the relationship even

holds between the density of spawning females in their fourth year and their

original egg density – a strong indication of density-dependent population

regulation in ‘normal’ years (Elliott & Elliott, 2006).

However, in some drought years, numbers of parr (0þ and 1þ) were

greatly reduced (Elliott et al., 1997). For example, severe summer droughts

in 1976, 1983, 1984, 1989 and 1995, and a severe autumn drought in

1989, reduced both 0þ and especially 1þ parr densities, and subsequently

reduced the number of spawning females and eggs from the 1975, 1976,

1982, 1983, 1988 and 1994 year classes (Elliott et al., 1997; Elliott, 2006;

see Figure 9.3a). Thus, by reducing juvenile trout (parr) populations,

droughts produced a lag effect in reducing the number of spawning females

and, consequently, egg production (73–83 per cent reduction) from age

classes subjected to drought as parr. Interestingly, while drought exerted

strong effects on the trout population, floods had little or no effect

(Elliott, 2006).

The reduction of juvenile trout in the beck may have been partly due to

high water temperatures with low flow (e.g. Elliott, 2000), but was much

more likely to have been due to the effects produced by the loss of habitat in

the shallow stream (Elliott, 2006). With the shrinkage of the area of the

stream, there would have been a loss of foraging space for the parr. As trout

hold territories when feeding (Elliott, 2002), this would have heightened

competition between individuals. At the same time, the reduction in flow

would have also decreased the supply of food by stream drift. Increased

competition for a dwindling supply of food no doubt stressed the parr and

increased the risk of death.

In summary, Elliott’s work (e.g. Elliott et al., 1997; Bell et al., 2000;

Elliott, 2006; Elliott & Elliott, 2006) has produced strong evidence that the

sea trout population is, most of the time, regulated in a density-dependent

way that acts mainly on the juvenile stages. However, when drought

occurs, density-independent mortality of juveniles may occur, causing

periodic population reduction.

The loss of habitat for trout created shallow habitat for a hitherto inferior

competitor – the bullhead (Cottus gobio). These small fish are benthic

dwellers and prefer to live in shallow, stony areas with low velocities, such

as the areas vacated by the trout parr during the drought (Elliott, 2006).

They aremainly nocturnal foragers, in contrast to the diurnal trout, and are

more tolerant than trout of high temperatures (incipient lethal levels�27�C
cf. 25 �C) (Elliott & Elliott, 1995). Furthermore, bullheads breed in spring

and the young hatch in June, when the drought is taking effect. With less
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interference from trout and ready access to food, bullhead numbers in-

creased in drought years – the inverse of the trout situation of high numbers

with less habitable area (Figure 9.3b; Elliott, 2006). Thus, as trout habitat

is reduced by drought, habitat favouring juvenile and adult bullheads is

created (Figure 9.4).

The bullhead example is one of the very few where drought actually

favours a fish species. Other examples are sticklebacks in Mediterranean
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Figure 9.3 (a) Ricker curves relating egg density (eggs m�2) of brown trout (Salmo

trutta) to the density of trout parr aged 1þ years in Black Brows Beck, UK. Poor survival

of parr in 1983, 1984 and 1995 are related to years of summer droughts. (b) Ricker

curves relating egg density (eggs m�2) of bullheads (Cottus gobio) aged 1þ years. Higher

survival than expected occurred in the years 1983 and 1984 with summer droughts.

(Redrawn from Figures 2 (c) and 3 (c) in Elliott, 2006.)
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streams (Magalh~aes et al., 2007), and mountain galaxiids in streams

formerly occupied by trout (Closs & Lake, 1995).

The strength of recruitment largely determines the population numbers of

trout populations (Elliott & Elliott, 2006; Lobón-Cervi�a, 2009b). Mediterra-

nean rivers are noted for their high seasonal variability in flow, with high

flows in winter and very low flows in summer (Gasith & Resh, 1999). In

Spain, in years of severe summer drought, recruitment of brown trout is

very weak (Lobón-Cervi�a, 2009a; Nicola et al., 2009), while severe floods

appear to have little effect on population numbers (Lobón-Cervi�a, 2009a).
However, the resilience of the trout to recover from years of very low

recruitment is high; this is due, Lobón-Cervi�a (2009a) suggests, to the high
fecundity of spawning females and high egg survival rates in years with

normal summers.

In contrast to the relatively stable trout population of Black Brow Beck

(Elliott & Elliott, 2006), trout populations in Spanish streams are largely

regulated by density-independent factors coming from the high hydrological

variability, with severe droughts being of critical importance (Lobón-Cervi�a,
2009a; Nicola et al., 2009). In Spain, trout are at the edges of their southern

distribution and, as in other populations of k-selected species at their

boundaries of their normal ranges, density-independent factors may exert

a stronger and more persistent regulation of population numbers than

density-dependent factors (Gaston, 2003).

In a Mediterranean stream in Portugal, the dominant fish are two

cyprinids, chub (Squalius torgalensis) and nase (Chondrostoma lusitani-

cum) (Magalh~aes et al., 2002, 2003). Severe summer drought in dry
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Figure 9.4 A summary of the effects of drought, and hence habitable area, on 1þ
bullheads and 1þ trout parr. (Redrawn from Figure 5(b) in Elliott (2006).)
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years reduced the chub population, with young fish (0þ , 1þ) being

especially reduced, but it did not affect the nase population (Magalh~aes
et al., 2003). The decline in chub may be due to chub breeding as

summer drying sets in, and young fish being stranded and unable to

gain pool refuges. On the other hand, severe spring floods reduced the

nase population. Populations of both fish recovered rapidly after losses

to the different disturbances. As for trout in Mediterranean streams,

both fish species appeared to be regulated by density-independent

factors – floods and droughts.

While drought and low flow events are known to negatively affect fish

populations, there has been little modelling to determine the viability of

fish populations faced with low flow events. The survival of fish populations

in intermittent streams is of particular interest, as these populations may be

on the edge of survival or local extinction.

The carp gudgeon (Hypseleotris spp.) is a small fish with a short

lifespan (2–3 years) that dwells in intermittent streams in south-eastern

Australia. These streams dry to a series of pools in summer, when the

gudgeon breeds (Perry & Bond, 2009). Using field data from the

lowland streams where the fish dwells and how the distribution of

pools varies each summer, Perry & Bond (2009) built a spatially

explicit, individually-based model to assess how populations of the fish

survive, given that habitat availability is reduced each summer and

greatly reduced when drought occurs. Population numbers were highly

variable and were related to annual rainfall, seepage loss from the pools

and reduced carrying capacity of pools as they shrank (Perry & Bond,

2009). The population underwent source-sink dynamics, with very

successful recruitment in years with good winter rainfall and only a

short dry period being sufficient to ‘buffer against periods of drought’

(Perry & Bond, 2009). Such modelling may apply to other fish species

dwelling in stream systems where the advent of severe and long

droughts may threaten population viability.

9.6 Assemblage composition and structure and drought

There are many studies of drought impacts on fish assemblages in flowing

waters. Some of the changes are difficult to interpret, as sampling at single or

a few sites may reveal assemblage changes which are not evident when

examined at a larger spatial extent. Changes at sites may reflect patterns of

movement rather than losses due to drought. On the other hand, if a stream

dries to a series of pools, change in assemblages may be obvious when

individual pools are sampled.
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9.6.1 Headwater and intermittent streams

The spatial dependence of detecting assemblage changes due to disturbances

such as drought is shown in the study by Ross et al. (1985) in Brier Creek,

a small stream in Oklahoma, that had a severe drought in 1980. Little effect

was detected when samples across five sites were aggregated. However, fish

from the upstream sites did undergo considerable changes in rank order

of species abundances, but these changes only involved a small set of species

of the larger assemblages downstream (Ross et al., 1985).

Little effect on assemblage structure of fishwas found in downstream sites

of another Oklahoma stream (Otter Creek) after a severe drought (1965)

(Harrel et al., 1967). However, upstream low-order sites did lose some

species and recovery was delayed at these sites. Further work at Brier Creek

indicated that a drought in 1998 did not affect the fish assemblages

(Matthews &Marsh-Matthews, 2003). However, a drought in 2000 caused

considerable changes in assemblage structure, with several common species

declining greatly and other species becoming abundant.

In a similar vein, studies of fish assemblages at four river sites in Oklahoma

in four drought years did not show any impacts of drought when compared

with non-drought years (Matthew & Marsh-Matthews, 2003). However,

when single species were examined, some interesting patterns emerged.

Three species (red shiner (Cyprinella lutrensis), western mosquitofish

(Gambusia affinis) and bullhead minnow (Pimephales vigilax)) all increased

in abundance in the drought years – a peak that did not persist into non-

drought years (Matthews & Marsh-Matthews, 2003). The cause of the

drought peak in the abundances of these three small fish is unknown,

though other studies (e.g. Loftus & Ekland, 1994; Ruetz et al., 2005) indicate

that mosquitofish are both tolerant to, and recover rapidly from, drought.

The lack of substantial changes in fish assemblages in the above studies

reflects the likelihood that as the streams are normally subject to harsh

conditions, with highly variable flow regimes, the fish have evolved to deal

with such conditions. It also illustrates that no twodroughts are alike in their

characteristics, and their impacts and ‘ecological memory’ of past droughts

may affect the impacts of later droughts.

Droughts in small and intermittent streams can lead to major changes in

fish assemblage structure. As mentioned above, severe drought in an

intermittent stream led to the elimination of brown trout and, when flow

returned, the native galaxiid fish colonized the stream sections formerly

occupied by the trout (Closs & Lake, 1995). Depending on the frequency of

droughts, the galaxiids may survive so long as there is no trout recoloniza-

tion from downstream refuges. In an experiment attempting to restore

pools in a heavily sedimented stream by adding structures to create scour
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pools, at first the fish, especially the mountain galaxiid (Galaxias olidus),

responded positively (Bond & Lake, 2005). However, with the onset

of an extended severe drought, the stream dried up and, without any

pool refuges in the sedimented sections, three fish species were eliminated.

In this case, the disturbance of drought nullified attempts to restore

fish populations to sections disturbed by heavy sedimentation from poor

catchment management.

Streams in Mediterranean and in wet/dry tropical climatic regions have

a predictable and high variability in discharge with regular summer

droughts. Thus, as Magalh~aes et al. (2002), describe, the fish assemblages

in these streams persist through the summer drought using a variety of

refuges, ranging from deep pools to runs. Even within a species, different life

stages use different refuges – an example of habitat or refuge complementa-

tion (Schlosser, 1995). Thus, young 0þ nase use the runs that persist as

refuges, while adult nase take refuge in pools.

A summer drought may persist if winter precipitation is low and become

a supra-seasonal drought (e.g. Bravo et al., 2001; Magalh~aes et al., 2003,
2007). InaSpanishriver, theTorgal, droughtoccurredover threeyears,with

the last (1994–1995) being the driest on record (Magalh~aes et al., 2003). In
thefishassemblageofsixnativespeciesandtwoexoticspecies,droughtdidnot

lead to major changes in species richness and overall abundance. However,

there were changes in abundances of individual species, with numbers of

chub and loach (Cobitis paludica) declining, the abundance of sticklebacks

(Gasterosteus gymnurus) increasing, andboth eels (Anguilla anguilla) andnase

not changing. As Magalh~aes et al. (2007) surmise, current droughts cause

only ‘relatively small and transient changes’ to stream fish assemblages.

Similarly, in a tropical intermittent stream in Brazil, summer droughts

caused population reductions in some species but, overall, the drought

assemblage had high stability and comprised a suite of distinctive species

(Medeiros & Matchik, 2001).

As a general conclusion, it appears that fish assemblages that dwell in

streamswith high hydrological variability and severe summer or dry season

droughts are capable of contendingwith supra-seasonal droughts. There are

four provisos to this conclusion: that the connectivity of the streams is not

disrupted by human-installed barriers; that the streams are not polluted;

that habitat (refuges) complementation is present for the various species;

and that the drought is not of long duration.

9.6.2 Perennial streams

In perennial streams and streams with low flow variability, drought can

have marked effects on fish assemblages. In a Colorado montane stream,
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a severe drought eliminated all three fish species (brook trout and two sucker

species) at two downstream sites, while at the upstream site, where flow

persisted, the assemblage also persisted (Canton et al., 1984). With the

drought breaking, the fish assemblage of three species rapidly recovered,

with migration from upstream (Canton et al., 1984).

In streams in an agricultural basin in Illinois, Bayley & Osborne (1993)

found that drought eliminated the fish assemblages of first and second order

streams, which made up 80 per cent of stream length of the basin. In larger

streams, the assemblages persisted through the drought. Within a year after

the drought, however, the fish assemblages (species richness and biomass) in

the small streams had recovered, and calculations showed that only 17 per

cent of the total fish biomass had been lost in the drought. The key to the

rapid recovery of the fish was the presence of readily accessible refuges

downstream in the persistent stream sections (Bayley & Osborne, 1993).

From 1952 to 1955, a severe drought affected central and south-western

USA. Fortunately, before this drought, Larimore et al. (1959) had sampled

a small stream, Smiths Branch, in Illinois, and had found a diverse fish

assemblage of 29 ‘regularly occurring’ species and six ‘sporadic species’.

Beginning in the autumn of 1953, the stream dried to a few pools and flow

was not fully restored until spring in 1954. Fish persisted in the few pools,

but these were sampled with rotenone and thus, thanks to the combination

of such sampling and mortality due to drought ‘the entire fish population

was destroyed’ (Larimore et al., 1959).

Heavy rains occurred in April 1954 and the stream flowed once more.

Within two weeks of flow returning, 21 of the 29 regular species had

returned, with many adult fish migrating from the downstream refuges in

the Vermilion River. Some fish (bluntnose minnow (Pimephales notatus),

white sucker (Catostomus commersoni) and creek chub (Semotilus atroma-

culatus)) returned rapidly, travellingupstream for about 15 km in twoweeks.

Other species returned more slowly. For example, longear sunfish (Lepomis

megalotis) took two years to return, and two species were still missing three

years later (1957).

Whilemigration by adultswas themajormeans of recovery,many species

reproduced very shortly after their return, and thus recoverywasmarked by

a high proportion of young fish. In terms of assemblage structure, the pre-

drought abundance ranking, led by stoneroller (Campostoma anomalum),

bluntnose minnow, golden redhorse (Moxostoma erythrurum) and longear

sunfish, was replaced with the return of flow by bluntnose minnow,

common shiner (Notropis cornutus), stoneroller and hogsucker (Hypentelium

nigricans). However, as Larimore et al. (1959) observed, the recovery of

fish populations and assemblage structure in streams ‘seems impossible to

determine’, as ‘populations are never constant’.
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In summary, it is clear that drought had a strong effect on the fish of

Smiths Branch, and recovery for the most part was rapid, though possibly

incomplete as some species had not returned three years after flow returned.

The importance of downstream refuges in the perennial river was critical to

the recovery.

In studies where both invertebrates and fish were studied (e.g. Larimore

et al., 1959; Canton et al., 1984; Cowx et al., 1984; Griswold et al., 1982), it

does appear that recovery of invertebrate populations and assemblages may

be either incomplete or relatively slower in comparison with recovery of

fish populations and assemblages. Part of this difference may be due to the

directed and strong migration of fish from their drought refuges.

The construction of weirs and barriers across rivers impedes the move-

ment of the fauna, and thus may affect both survival in drought and

subsequent recovery. A severe summer drought (1974) dried a channelized

section of a mid-west US river, the Little Auglaise (Griswold et al., 1982). An

upstreamunchannelized sectionwas separated from the channelized section

by two weirs. Drought reduced the flow in the unchannelized section and

reduced the invertebrate fauna in both sections (Griswold et al., 1982). A

year after the drought, the invertebrate fauna had substantially recovered,

with densities of oligochaetes, simuliids, baetids and hydropsychids being

higher in the channelized section. In the channelized section, the relatively

rich fish fauna (30 species) had recovered in 1975, but species richness

(12 species) and abundance weremuch lower in the unchannelized section.

The channelized section was rapidly colonized by fish from the downstream

larger river, but the weirs limited this recovery pathway at the upstream

unchannelized section (Griswold et al., 1982). This situation of weirs

impeding recovery from disturbances, especially drought, is probably com-

mon, but tends to be unreported.

Some studies have investigated the recovery of fish assemblages only after

drought. Two rivers, the Neosho and theMarais des Cygnes in Kansas, USA,

became intermittent in the severe drought from 1951 to 1956 (Deacon,

1961). Extensive sampling occurred after flow had returned in 1957, 1958

and 1959. With the return of flow, there was an increase in abundance in

these rivers, from 1957 to 1959, of 15 species that preferred permanent

flow. This group consisted of species (e.g. long-nosed gar, gravel chub,

stoneroller) that preferred permanent flow in large streams/rivers, species

such as creek chub and green sunfish that preferred small permanent

streams, and species such as stonecat and bluntnose minnows, that prefer

runs and riffles (Deacon, 1961).

This increase in species was partly offset by a decline in 18 species that

belonged to three separate groups. One group of seven species, which

included shad, carp and largemouth bass, had a preference for lentic or
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slow flowing conditions and probablymigrated downstream.Another group

of seven species included small-bodied fish that preferred small tributaries,

but which had collectively used the main river as a refuge during drought.

The third group included channel and flathead catfish that survived in pools

during the drought and had great reproductive success when flow returned

in 1957. However, in subsequent years,mortality of young catfishwas high,

which suggests that the catfish are adapted to survive drought and to boom

with high recruitment immediately the drought breaks.

In summary, in these rivers, a large number of fish sought refuge down-

streamwith thedrought and, upon the return of flow,migratedout of refuges

to upstream habitats. Thus, recovery from drought in this study and many

others is driven by migration of many species from refuges, and by high

recruitment immediately after the drought breaks in some other species.

In some cases, interpretation of the recovery process is difficult, especially

when drought has been broken by floods (e.g. Kelsch, 1994; Bravo et al.,

2001; Keaton et al., 2005). A six-year drought affecting the Little Missouri

River in North Dakota, USA was broken in the summer of 1993 by major

flooding, with high turbidity and velocities (Kelsch, 1994). Fish were

sampled over a 190 km section of the river, and the fish assemblages were

both different and less diverse than previously sampled assemblages. It was

concluded that the drought, the flood and the ‘rapid transition’ between

these events possibly produced the depleted and unusual assemblages

(Kelsch, 1994).

Creeks in South Carolina, USA, suffered from a severe drought from 1999

to 2003, which was broken by summer floods (Keaton et al., 2005). The

post-drought fish assemblage was different from the drought assemblage,

with major changes in abundance at both the family and species levels. For

example, suckers (Catostomidae) and catfish (Ictaluridae) declined in abun-

dance, while sunfish (Centrarchidae) increased greatly, with a boom in their

recruitment immediately after the drought. The changes leading to the post-

drought assemblage were attributed to major changes in habitat structure

due to the floods rather than simply to the increase in flow after the drought

(Keaton et al., 2005). Both of these studies indicate the need for knowing the

pre-drought assemblages in order to be able to identify the separate effects of

the drought and of the drought-breaking floods, in order to be able to assess

recovery from drought.

9.7 Genetics, fluvial fish and drought

Droughts, especially long droughts, impose great stresses on populations

of aquatic biota and, no doubt, act as strong selection pressures on them.
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Such pressures have served to mould adaptations to the adverse conditions

created by drought. These adaptations may be biochemical and physiologi-

cal, such as the capacity to tolerate highwater temperatures and hypoxia, or

behavioural, such as the timing of when to change habitat or seek refugia.

However, in contrast to the large amount of research with terrestrial

organisms on the genetics of adaptations to drought, the effort with aquatic

organisms has been minimal.

Droughts can fragment waterways and can thus break up what may be

one large panmictic population into a number of sub-populations in isolated

pools.With animals such as fish completely dependent on free surface water

for dispersal, isolation may be total between the sub-populations, whereas

for many macroinvertebrates, especially winged insects, there may be little

isolation between the isolated pools.

If the drought is severe, the genetic structure of isolated sub-popula-

tions may change in response to the selection pressures imposed by

drought (genetic bottleneck) and may also be changed by genetic drift.

This appears to be the case for populations of red shiners (Cyprinella

lutrensis) dwelling in intermittent creeks exposed to seasonal droughts

(Rutledge et al., 1990). Populations in some pools may go extinct, while

populations in persistent pools may be subject to genetic drift and to

strong selection pressures – genetic bottleneck. Correspondingly, as found

in Cyprinella, drought serves as a bottleneck, restructuring the genomes

of the isolated populations, which subsequently colonize the stream

when flow returned.

Similarly, drought reduced heterozygosity and sub-divided the genome of

the fantailed darter, Etheostoma flabellare, dwelling in a small stream,

whereas the population in a larger, less drought-prone stream had

‘discernible population genetic structure’, due presumably to less

drought-induced extinctions (Faber & White, 2000).

The flannelmouth sucker Catostomus latipinnis is endemic to the Colorado

River system. Sampling of mitochondrial genes from fish in the basin

revealed that there was surprisingly little genetic variation (Douglas

et al., 2003). It was suggested that the species had been through a severe

genetic bottleneck due to intense megadrought, such as the megadrought

which occurred in south-western USA in the early Holocene (described in

Chapter 4). The species now appears to be expanding (Douglas et al., 2003),

though movement is severely restricted by the breaking of connectivity by

large dams.

In summary, with fish at least, the genetic consequences of drought

remain unexplored, though the research that has been done suggests

that this area could provide some rewarding insights on past and

current evolution.

240 Chapter 9



9.8 Summary and conclusions

Though the studies of drought and lentic fish are few, some interesting

points are evident. Only one study, of Lake Chilwa in Africa, provides

a complete picture of lentic fish before, during and after a severe drought.

Fish in lentic systems appear to be particularly vulnerable to the stresses of

drought. As water levels in lakes drop, littoral habitats are lost and loose

sediments, which can irritate fish and lower oxygen levels, may be

mobilized. Severe water quality stresses, such as high conductivity, high

temperatures and low oxygen levels, can develop, and habitat variety and

availabilitymay then decline as the volumes are lowered. Increased nutrient

concentrations may stimulate algal blooms, notably by cyanobacteria,

which deplete oxygen levels. With stresses increasing, fish populations

and species richness decline. Refuges in drying lakes may be few, and many

fish may migrate to tributaries, and in one particular case to the sea. There

are a very few fish that are adapted to deal with the loss of free water and

with a lake drying up.

Recovery in fish assemblages in lentic systems after drought is poorly

known. It appears that the return of fish populations is dependent on critical

habitat requirements (e.g. macrophytes), food resources and, of course,

connectivity with the drought refuges. Recovery of fish follows an accumu-

lative succession of species and may take a long period to be complete.

There are many more studies of drought and lotic fish than of lentic fish.

Droughts in lotic systems begin as in lentic systemswith the loss of shoreline

and shallow habitats. As flow volumes drop, water quality can deteriorate

and eventually flow may simply stop, creating a streamscape of pools. With

low flow or none, adverse conditions such as high temperatures, low oxygen

levels and ‘blackwater’ events can occur and biotic interactions may

intensify. Streams can dry up with different spatial configurations, such

as upstream sections with no flow and flow continuing downstream.

As streams are basically unenclosed linear systems and droughts operate

at large spatial extents, a watershed approach to the impacts of drought is

preferable to studies based on a specific site or sites. However, the latter are

much more common.

As in lentic systems, the impacts of drought are better known than the

dynamics of recovery. As droughts set in, fish in streams may change their

usual habitats and, with flows reducing, theymaymove to refuges. Fish kills

can occur both in isolated pools and in flowing rivers with high water

temperatures. In some cases, the low flows of drought prevent fish from

migrating to spawn, or fish may lose condition and forego spawning. The

most reported type of refuges consist of pools, which may be used by specific

species or by fish assemblages. However, water quality may deteriorate in
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pools, stressing fish. Heavy predation by both terrestrial and aquatic pre-

dators can occur. Levels of parasitism can rise with drought.

Droughts can reduce an intact metapopulation of stream fish to a few

scattered sub-populations. As habitat is lost, habitat complementation (dif-

ferent accessible habitats for different life stages) can be weakened, jeopar-

dizing effective recovery. Drought can have direct and lag effects on stream

fish populations. Normally, brown trout populations can be under strong

density-dependent regulation, whereby recruitment is proportional to adult

spawning stock. With drought, as shown in a 34-year-long study Elliott

(2006), recruitment may be much less than expected, due to reduced food

resources and habitat space. On the other hand, with interactionswith trout

reduced, the populations of co-existing fish, such as bullheads, can increase.

Indeed, in a number of cases, drought favours particular fish species at the

expenseofotherpreviouslycommonspeciesandinvadersmaybefacilitatedat

the expense of native species. Brown trout populations at the edge of their

range are regulated by density-independent forces, such as droughts, that

may diminish populations. However, population recovery is relatively rapid,

due to the high fecundity of a low number of spawning females.

Populations of fish in headwater streams aremore resistant to the stresses

of drought than populations of fish in high-order streams. Where floods

break droughts, the resulting changes in habitat structure can greatly alter

the trajectory of recovery. In intermittent and perennial headwater streams,

upstream migration from downstream refuges is the major driver of recov-

ery. This depends on intact longitudinal connectivity and good dispersal

capacity of the fish. Where connectivity has been weakened or broken, the

recovery of fish, in particular, compared with other fauna, is delayed.

There is a small amount of genetic evidence that droughts can act as

a selection force inmoulding fish populations. Recovery after drought in lotic

fish populations appears to be relatively faster than recovery in lentic

populations. This may be because stream fish populations are normally

exposed to flow variability (as opposed to fish in lakes, where variability is

small) and also to the continuity of streams, compared with the isolation of

many lentic systems.

There are very few studies inwhich fish are studied alongwith othermajor

biotic and abiotic variables. The outstanding one is the study of Lake Chilwa

(Kalk et al., 1979), with observations on the morphology, water chemistry,

phyto- and zooplankton, benthos and fish of Lake Chilwa, before, during and

after drought. However, with an increasing interest in long-term ecological

research, one hopes that integrated studies of drought in aquatic ecosystems

will be forthcoming. In particular, it would bewonderful if such studies could

examine the patterns of primary and secondary production and the changes

in trophic structure.
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10

Estuaries and drought

We have now covered the ecological impacts of drought, from headwater

streams to floodplain rivers. The finalmovement of freshwater from exorheic

rivers is into the sea, and this generally occurs via estuaries, which are

critical transition zones between freshwater and marine ecosystems. Like

rivers, no two estuaries are alike and, thus it is not surprising to find that

there are numerous definitions of estuaries (>40; Gillanders, 2007). An

estuarymay be defined as ‘a semi-enclosed coastal body of water with one or

more rivers or streams flowing into it, andwith a free connection to the open

sea’ (Pritchard, 1967).

Basically, there are four types of estuaries (Little, 2000; Nybakken

& Bertness, 2005):

. coastal plain estuaries, which are formed by the sea inundating river

valleys;
. fiords, where glacial valleys are flooded by the sea;
. tectonic estuaries formed by the sea inundating subsided land;
. bar-built or barrier-built estuaries, where offshore sediments have built

spits and islands that impede the drainage of rivers into the sea.

Where the mouth of an estuary is restricted, coastal lagoons can occur;

these are usually shallow and may be extensive, with unusual gradients

in salinity.

Estuaries are transition zones between the saline water of the sea and

freshwater from rivers – and also, in many cases, from groundwater. The

mixing of sea and fresh waters takes many forms, dependent on

the magnitude of the river flow, the tidal amplitude and the morphology

of the estuary (Little, 2000; Gillanders, 2007). Where a large river enters

an estuary, the river water may move to the sea on top of a layer of dense

sea water – a salt wedge. Such estuaries are highly stratified and the

amount of mixing is low. In partially mixed estuaries with reduced river
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flow and strong tides, there is an increasing gradient of salinity from the

surface to the bottom. In some estuaries, the strength of the tide is such that

there is total mixing with no stratification.

In all of these types of estuary there is a dynamic gradient of water

from fresh to saline. The nature of this gradient varies immensely, being

influenced by fluctuations in the freshwater input (floods, droughts) and by

variations in tidal strength and wave action (storms). In some localities,

where the freshwater input is low and evaporation levels are high, salinity

may rise up the river and away from the mouth, creating ‘reverse estuaries’

(Mikhailov & Isupova, 2008), which may become longer and have sharper

salinity gradients in times of drought, especially supra-seasonal droughts.

Estuaries consisting of lagoons may be ‘reverse estuaries’; for example, the

St. Lucia estuary is the largest in Africa and consists of a narrow exit to

the sea and three large lagoons or lakes (Forbes & Cyrus, 1993; Cyrus

& Vivier, 2006; Taylor et al., 2006). In drought, with the river mouth

closed, salinity rises with distance from the mouth (Taylor et al., 2006;

Whitfield et al., 2006).

Salinity is a major force regulating the structure and function of the

ecological communities in an estuary. In the classical view, where the river

enters the estuary, freshwater biota are to be found, some of which may

tolerate brackish conditions. As salinity rises down the estuary, diverse

communities of euryhaline biota, from plankton to benthos, occur. At the

estuary mouth, fully marine stenohaline organisms occur along with

euryhaline biota. As salinities fluctuate, mobile species may move, whereas

sedentary biota in the estuary are tolerant of the normal salinity changes.

However, when disturbances such as floods occur and the estuary fills with

freshwater, sedentary biota may suffer high mortality (e.g. Matthews

& Constable, 2004).

Estuaries may be permanently open or intermittent and closed for various

periods of time. Many estuaries, especially in southern Australia, have sand

bars at their entrances which can close the entrance either seasonally, or for

long periods such as in droughts. Estuaries are ‘sediment traps’ (Little, 2000)

and the distribution of sediments coming from the river and the sea has a

very strong influence on the estuarine biota. In many estuaries, tidal

movement is strong. In these tide-dominated systems, the movement and

distribution of sediments are under tidal control.Where the tidal influence is

mild, wave action and river flow may control distribution of the sediments.

Although some estuaries, especially fiords, may have areas of hard surfaces,

in most estuaries soft sediments (silt, sand) dominate the bottom.

Estuaries receive organic carbon (OC) compounds (dissolved OC and

particulate OC) and nutrients (e.g. phosphorus, nitrogen, silicates) largely
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from their rivers, though some may come from groundwater, from the sea

and from atmospheric deposition. This influx of matter, both particulate and

dissolved, has a strong effect in governing estuarine productivity. Floods and

high flowsmay supply nutrients and create conditions for a post-flood period

of high productivity for everything from phytoplankton to fish (Gillanders

& Kingsford, 2002; Murrell et al., 2007). Retention of the nutrients is

essential for such high productivity. During periods of low flows, and

especially droughts, nutrient inputs to estuaries can be low and productivity

may be checked (e.g. Sigleo & Frick, 2007; Murrell et al., 2007).

Both biodiversity and production can be high in estuaries. The range of

different habitats, from mudflats to mangroves and salt marshes, and the

dynamic gradients of abiotic conditions, principally salinity, all serve to

make estuaries highly productive and commercially valuable ecosystems.

While the abiotic forces of salinity, water movements, water quality and

substrate availability exert a key role in moulding estuarine ecosystems, it is

important to realize that biotic forces, in particular predation, along

with competition and parasitism, also exert very strong effects on the

estuarine ecology.

Human-imposed low flows of rivers entering estuaries can have

strong deleterious effects on estuaries and their biota (Gillanders

& Kingsford, 2002). Consistent low flows can cause salinity in estuaries

to rise and move upstream. Nutrient, carbon and sediment inputs are

lowered, temperatures may rise and oxygen levels may be very low

in places. Such conditions also occur with droughts, especially extended

supra-seasonal ones.

10.1 Drought and abiotic variables in estuaries

In drought, especially supra-seasonal droughts, freshwater inputs to

estuaries are greatly reduced. This particularly applies to surface water

inputs, though groundwater inputs may also be curtailed (e.g. Drexler

& Ewel, 2001). Droughts may be created and maintained by the loss of

floods which may flush estuaries (e.g. Matthews, 2006). As drought is

usually associated with high air temperatures, high evaporation rates may

occur, reducing the volumes of fresh water. Evaporative losses can be very

significant from shallow water and mud flats (e.g. Forbes & Cyrus, 1993).

The loss of freshwater inputs and high evaporation serve to affect salinity

levels and gradients in drought-affected estuaries. Furthermore, the timing

of inflows into estuaries, which stimulate key events such as upstream

migration, may be curtailed during drought.
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10.1.1 Salinity

In river valley estuaries, distinct salinity gradients normally occur. In

drought, with reduced freshwater inflows, saline conditions can occur in

reaches of rivers that are normally freshwater:

. In the 1961–67 drought in the eastern USA, abnormally low river flows

caused salinity to extend up the Delaware River by 32 km (Anderson

& McCall, 1968).
. In the 1975–76 drought in Britain, salinity invaded normally freshwater

rivers to such a level that extraction for consumption and irrigation

ceased (Davies, 1978).
. In the river Thames, drought in 1989–1990, alongwith increasedwater

extraction, caused an increase in salinity at the normally freshwater

section of the tidal limit (Teddington weir), 110 km up the estuary

(Attrill et al., 1996).
. Low river inflows into the Mondego estuary in Portugal in the 2004–05

drought produced marked increases in salinity (up to 20) at sites that

were normally freshwater (Marques et al., 2007).
. A severe drought in 1999–2000 in Florida reduced river flows into the

Escambia estuary such that, from an average flushing time of 9.5 days,

flushing time (freshwater volumedivided by the estuarine discharge) rose

tomore than20days and salinity from�10 to�25 (Murrell et al., 2007).
. Similarly, in the Satilla River estuary in Georgia, the flushing time rose

from 31 to 119 days as drought developed (Blanton et al., 2001).

Thus, in river valley estuaries with drought, flushing times increase, as

does salinity, and these changes are powerful determinants of the structure

and function of estuarine ecosystems.

In subequatorial rivers inwest Africawhich drain low rainfall catchments

with high evaporation levels, drought can create ‘reverse estuaries’ for long

periods of time (Mikhailov & Isupova, 2008). In an extended drought in the

1980s, for example, the reverse estuary in the Senegal River extended

upriver for 330 km, with a salinity reaching 38 – three points above the

normal salinity of seawater. Not surprisingly, such conditions, accompanied

by low oxygen levels, reduced biomass and the diversity of fish, shrimps and

phytoplankton, and also caused both salinization and acidification of catch-

ment soils and groundwater (Mikhailov & Isupova, 2008; Figure 10.1).

Under natural conditions, the inflows from the Sacramento and the San

Joaquin River into the tectonically-formed estuary of San Francisco Bay

served to create an extended salinity gradient. To determine the dynamics of

the salinity gradient, the position of the 2 bottom isohaline (X2) appears to be
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a reliable indicator of habitat conditions and estuarine communities

(Jassby et al., 1995). In drought years (ENSO), the X2 moves away from

the sea toward the river mouths. However, the degree to which the

movement of X2 up the estuary is due to drought is debatable, as water

extraction and storage for human use make a significant contribution to

reductions in river inflows, although in times of drought, extraction may be

reduced (Knowles, 2002). This example, and that of the Thames, serve to

illustrate that droughts with abnormally low flows may be exacerbated by

human water extraction and storage.

In barrier-built estuaries, the changes in salinity may be complicated by

the variable morphology of these systems. There may be an entrance to the

sea that is open or periodically closed, and behind this theremay be a series of

coastal lagoons that receive freshwater inflows.

Such an estuary is the St Lucia estuarine system in South Africa. This

lake has been studied for a long time, and many aspects of its ecology have

been documented in over 300 reports and scientific papers available on

this system (Whitfield et al., 2006). The estuary (Figure 10.2) consists of a

channel, the Narrows, that periodically discharges into the sea. Above the

Narrows there are, in order of distance, three shallow lakes – South Lake,

North Lake and False Bay – which have an average depth of about

one metre (Forbes & Cyrus, 1993). Four small rivers flow into the two

top akes.

As drought sets in and river inflows drop, a normal salinity gradient is

present for a short period. However, as evaporation exceeds rainfall, the

water levels of the shallow lakes decline such that their levels may be below
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Figure10.1 The development of a hypersaline reverse estuary in the CasamanceRiver,

Senegal, during an extended drought from1978–1985. (1) The normal situation in June

1968. (2) September 1980. (3) July 1985. (4) June 1986. (Redrawn from Figure 7 (b) in

Mikhailov & Isupova, 2008.)
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Figure10.2 Map of the St Lucia estuarine systemduring drought. The numbers refer to

salinities recordedwhen the systemwas sampled for fish in December 2004. The drought

was severe and occurred from 2002–2009. (Redrawn from Figure 1 in Cyrus &

Vivier, 2006.)
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mean sea level (Forbes & Cyrus, 1993;Whitfield et al., 2006). This produces

hypersaline conditions in North Lake and False Bay and, as water levels

drop, more saline water is drawn from South Lake and sea water may be

drawn in if the mouth is open (Forbes & Cyrus, 1993). If the mouth closes,

as in the drought from 2002 to 2005, high evaporation causes lake levels

to decline, salinities to rise and the surface area of the lakes to decline by

25 per cent. These changes produce high salinities (which may be >70;

Whitfield et al., 2006), severely restricting diversity to a few species that

can tolerate these harsh conditions (Forbes & Cyrus, 1993; Pillay &

Perissinotto, 2008; Bate & Smailes, 2008). The 2002–2005 drought was

broken by Cyclone Domoina, which caused widespread flooding (Whitfield

et al., 2006). In spite of these dramatic oscillations, the system can support

a diverse and highly productive biota.

In estuaries in drought, increased retention and low flushing times can

cause stratification over a salt wedge and, with organic matter accumulat-

ing on the bottom, hypoxia and even anoxiamay occur in the bottomwaters

(e.g.Mackay &Cyrus, 2001; Burkholder et al., 2006; Elsdon et al., 2009). On

the other hand, in drought in well-mixed estuaries, with strong tides and

with a decline in nutrients due to curtailed streamflow, low oxygen levels

may not occur (Attrill & Power, 2000a). In drought in estuaries with

reduced freshwater inputs, pH will move toward the range of seawater (pH

7.5–8.4). Suspended solids and turbidity may drop, increasing Secchi disc

depths (e.g. Livingston et al., 1997) and water clarity, potentially aiding

aquatic photosynthesis. This decline may be a function of reduced inputs

from river catchments (Attrill & Power, 2000a), as well as the increased

extent of salinity, serving to precipitate suspended particles.

10.1.2 Nutrients and primary production

With thedecline in river inflows intoestuaries duringdrought, the inputs and

concentrations of nutrients required for photosynthesis, principally by phy-

toplankton, may become limiting. In the Yaquina river estuary in Oregon,

USA,most (>94 per cent) of the dissolved nitrate and silicawere transported

from the catchment into the estuary in wet winter months, whereas inputs

were three times lower in drought years (Sigleo & Frick, 2007). Dissolved

phosphate loads were low, but were not affected in drought. As explained in

Chapter 5, nitrate loads in high flows after drought can be very high, and a

pulse of high nitrate entered the Yaquina estuary in the first rains after the

drought (Sigleo & Frick, 2007). The effects of such post-drought pulses on

estuarine productivity and trophic structure remain to be described.

In the eutrophic Neuse estuary, North Carolina, USA, in a three-year

drought, total nitrogen concentrations declined, total phosphorus
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concentrations declined slightly, a long-term increase in nitrate concentra-

tions was reduced and the concentration of ammonium increased

(Burkholder et al., 2006). The increase in the latter may have been due

to maintained inputs from ‘inadequately controlled, increasing nonpoint

sources’ (Burkholder et al., 2006). The trends in nutrients were not reflected

in phytoplankton chlorophyll-a concentrations. In the Thames estuary in

the 1989–1992 drought, total nitrogen concentrations did not change, and

it was suggested that this was due to the greatly reduced inputs of

nitrogen from rivers being balanced by maintained inputs from sewage

outlets (Attrill & Power, 2000a).

These two cases illustrate that anthropogenic influences on catchments

can affect estuarine nutrient concentrations during drought. If inputs of

nutrients from catchments are greatly curtailed due to low inflows during

drought, nutrient levels during drought may not be affected by catchment

land use. This is indicated in South Australian estuaries during drought,

whennutrient levels in estuaries did not reflect differences in catchment land

use (rural vs. urban) (Elsdon et al., 2009). However, as pre-drought values

and freshwater inflows were not given, this conclusion must be regarded

as tentative.

By reducing freshwater inflows to estuaries, drought increases Secchi disk

depths (increasinglightavailability) favouringphytoplanktonproduction,but

decreased nutrient loadings and concentrations can inhibit phytoplankton

production. In the Escambia estuary, Florida, USA, dissolved inorganic phos-

phate concentrations roseduringdrought,while dissolved inorganicnitrogen

concentrationswerevery lowandprimaryproductivitywasunaffectedby the

drought (Murrell et al., 2007). When the drought was broken by a flood,

primary productivity dropped, largely due to the high turbidity. Following the

flood, and with decreased turbidity and increased nutrients, primary produc-

tivity boomed. From their observations,Murrell et al. (2007) suggested that in

drought, primary productivity was limited by nitrogen concentrations, while

in times of normal flow, phosphorus was the limiting nutrient.

In large estuarine lagoons, there can be spatial variability in nutrient

availability during drought. The Guaiba River flows into the northern end of

the large Patos Lagoon in southern Brazil. In a La Niña drought in 1988,

high phytoplankton production, largely by diatoms (Aulacoseira granulata)

occurred in the oligohaline northern part of the lake. Further down the

lagoon, with the depletion of silicates, primary production was lower, with

cyanobacteria becoming a significant component. Towards the outlet to the

sea, with marine salinity levels, primary production was low and limited by

low nitrogen and light levels (Odebrecht et al., 2005). Thus, in drought, over

the expanse of the lagoon, two nutrients – silicates and nitrogen – served to

limit primary production in different parts of the salinity gradient from

freshwater to the sea (Odebrecht et al., 2005).
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In the St Lucia estuary during the 2002–2007 drought, very high

salinities (114–125) were reached in the northern lagoons, and only a few

species of diatoms were present (Bate & Smailes, 2008). The few species

that were present at the high salinities were not planktonic but were

benthic. Indeed, throughout the estuary there did not appear to be a ‘true

phytoplankton community’, and the diatoms collected in thewater column

were re-suspended benthic species (Bate & Smailes, 2008). Over a lower

range of salinities in the estuary (5–44), epiphytic algae on submerged

macrophytes appeared not to be regulated by abiotic variables such as

salinity, but rather by the availability of biotic factors –the availability of

macrophytes and grazing pressure (Gordon et al., 2008). In short, with the

very high salinities and greatly reduced macrophyte cover, primary

production in the lagoon lakes of this estuary in drought was effectively

shut down.

Not only may nutrients be delivered to estuaries from rivers, they can be

delivered from offshore upwelling events. Pelorus Sound in New Zealand is a

large (50 km long) fiord estuary supporting a valuable mussel industry

(Zeldis et al., 2008). In El Niño years, nutrients, especially nitrates, are

delivered by nutrient-rich water from offshore upwelling being pushed into

the sound by northerlywinds and by high river inflows. However, in LaNiña

drought years, river inflows are decreased and southerly winds prevent the

entry of nutrient-rich offshore water. Consequently, in drought

(e.g. 1999–2002), concentrations of dissolved inorganic nitrogen, nitrates

and ammonia declined, as did particulate nitrogen (seston) and particulate

carbon. The decline in nutrients and in seston produced a 25 per cent

decrease in mussel yield from the sound (Zeldis et al., 2008). The supply of

nutrients from both marine and freshwater sources is unusual, but the

trophic consequences of the resulting decline in phytoplankton during

drought are documented in many studies.

In some estuaries, while the decline of freshwater inflows in drought is

related to the decline in phytoplankton, the actual causes are unclear. In the

San Francisco northern bay estuary, salinity rises and the X2 isohaline

moves towards the Sacramento-San Joaquin delta when supra-seasonal

droughts occur and produce low river inflows, which are accentuated by

water extraction (Jassby et al., 1995). When such El Niño droughts occur,

the phytoplankton community changes significantly and biomass declines

(Cloern et al., 1983; Lehman& Smith, 1991), but the cause or causes for this

are unclear. In contrast to the other cases, where such declines can be

related to low nutrient levels, during drought in this estuary they do not

appear to be limiting phytoplankton production (Cloern et al., 1983).

Conditions created by low inflows and salinity intrusion may have favoured

neritic (inshore) diatoms to grow rather than planktonic species (Cloern

et al., 1983). A further suggestion is that, in the drought, estuarine benthic
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grazers and filter feeders (e.g. bivalves, amphipods) were favoured by

the increase in salinity and migrated into the top normally brackish area

of the estuary, where their feeding was so effective that it reduced the

phytoplankton biomass (Nichols, 1985).

10.2 Drought, salinity and estuarine macrophytes

With declining freshwater inputs and rising salinities in drought, aquatic

and semi-aquatic macrophytes may be expected to undergo major changes

in distribution. In the St Lucia estuary, in response to salinity gradients,

aquaticmacrophytes come andgo. In salinities above about 10,Potamogeton

pectinatus disappears, whileRuppiamaritima and Zostera capensis can tolerate

salinities up to about sea water (Forbes & Cyrus, 1993; Gordon et al., 2008).

However, in extended droughts in areas with high salinities (�50),Ruppia is

the survivor, while Zostera disappears (Forbes & Cyrus, 1993; Gordon et al.,

2008). In this reverse estuary, with severe drought, the macrophytes

disappear from the shallow hypersaline lagoons.

Similar results in terms of the effects of elevated salinity during a severe

LaNiña drought (1999–2001)were found byCho&Poirrier, (2005) in Lake

Pontchartrain, an estuary near New Orleans, USA. With drought, salinity

rose (�3 to �9) and water clarity increased. With this change, Ruppia

maritima expanded, while freshwater species either declined in area

(e.g. Vallisneria americana, Myriophyllum spicatum) or simply disappeared

(e.g. Potamogeton perfoliatus, Najas guadalupensis) (Cho & Poirrier, 2005).

Within two years of the drought ending and salinity and water clarity

declining, Ruppia had contracted and the freshwater species, excluding

Potamogeton, had returned. The switch from Potamogeton to Ruppia in

estuaries with increasing salinity may not occur necessarily due to drought,

but perhaps to other causes such as restriction of freshwater inputs

(e.g. Shili et al., 2007).

Fringing and marsh vegetation in estuaries may be affected by the high

salinities created by lack of freshwater inputs. In the St Lucia estuary, very

high salinities from drought in the upper lagoon killed the reed Phragmites

australis (Forbes & Cyrus, 1993). In the severe 1999–2001 la Niña drought

mentioned above, in the Barartaria estuary, near New Orleans, salinities

rose and altered the salt marsh vegetation (Visser et al., 2002). The changes

weremore severe in themarsh vegetationnormally exposed to low salinities,

in particular the ‘oligohaline wiregrass’ vegetation type dominated by

Spartina patens (Visser et al., 2002). In this vegetation assemblage, with

the change, Spartina remained the dominant, but freshwater species dis-

appeared. During the drought, the area of brackish and saline marshes
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expanded at the expense of the fresh and intermediate marches

(Visser et al., 2002). Presumably, as suggested by other studies, recovery

will involve a return to the pre-drought proportional areas. Spartina species

vary in their salinity tolerance, and thus different species may occur along

salinity gradients.

In the same 1999–2002 drought in the eastern USA, the salinity along

the Altamaha River estuary rose, increasing markedly in freshwater and

brackish regions (White & Alber, 2009). Consequently, Spartina cynosur-

oides, with a salinity tolerance up to �14, retreated 3 km or so up the

estuary. Spartina alterniflora, with amuch greater salinity tolerance, invaded

this new habitat area and remained there after the drought.With the return

of normal freshwater flows, S. cynosuroides returned to its pre-drought

position, but in the areas it had vacated in the drought, it now occurred

alongside S. alterniflora (White & Alber, 2009). Thus, in this case, drought

conditions facilitated the expansion of an invader.

As indicated above, Spartina salt marshes may be changed by the

increased salinity created by drought. Drought has thus been regarded as

a major trigger for a number of stresses (e.g. salinity, soil acidification),

producing the large-scale dying off of Spartina alterniflora in salt marshes in

the southern USA (e.g. McKee et al., 2004). However, it appears that, while

this dying off is associatedwith drought, grazing by snails (Littoraria irrorata)

is also a major contributing force (Silliman et al., 2005). The snail feeds on

pathogenic fungi associated with Spartina (Silliman & Newell, 2003).

Spartina plants stressed by drought are damaged by snail grazing, and fungi

subsequently thrive in the grazing wounds and are consumed by the snails.

Thus, the snails facilitate the spread and growth of an important food source

for them – a facultative mutualism (Silliman & Newell, 2003). In

these patches of die-off, snail populations progressively build up and

become transformed into ‘consumer fronts’, destroying Spartina (Silliman

et al., 2005). Once triggered by drought conditions, these fronts may

continue after the drought has broken. Thus, with drought creating stressful

conditions, grazing and fungal infection synergistically act to destroy

Spartina. No doubt in many other environments, drought acts to create

stressful conditions that allow particular biota to thrive and magnify the

drought’s effects.

10.3 Estuarine invertebrates and drought

Many invertebrates, beingmobile, canmove as drought effects set in. Hence,

mesohaline and oligohaline taxa may move into brackish or freshwater

areas if access is available, and fully marine stenohaline taxamaymove into
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estuaries; they have two refuges, depending on their physiology. Sedentary

taxa such as oysters, other bivalves and even meiobenthos must either

tolerate the conditions or die.

As freshwater inflow drops, marine water pushes further up estuaries.

This is reflected in the distribution of zooplankton. For example, in a

Portuguese estuary in severe drought, saline water pushed upstream into

the zone that was previously fresh water. The freshwater community was

replaced by one with marine affinities, being dominated by the copepod

Acartia tonsa (Marques et al., 2007). No doubt such upstream intrusions by

marine zooplankton in drought occur elsewhere and remain unreported.

Meiobenthos, being small and interstitial, have limited mobility and thus

may be substantially affected by drought. This was certainly true for the

meiobenthos of the St Lucia estuary in a severe drought. In the shallow

highly saline waters of the North Lake-False Bay region, the meiobenthos

was reduced in abundance and species, with only hardy ostracods and

nematodes remaining (Pillay & Perissinotto, 2009). In the lower seaward

region of the estuary, a normal marine meiobenthic fauna persisted

unaffected by the drought (Pillay & Perissinotto, 2009).

The macrobenthos of the St Lucia estuary showed a more drastic pattern

as the hypersaline and shallowNorth Lake and False Bay areawas ‘devoid of

macrofauna during any sampling season’ during drought (Pillay & Perissi-

notto, 2008). With much of this area drying up, drought (2002–2009)

created a fragmented scape that hindered movements of adults and their

larvae. In the southern part of the estuary, a diverse and abundant

community occurred. This drought was extreme, with the drying out and

fragmentation of large amounts of habitat, high water temperatures and

hypersalinity all affecting the biota, from diatoms to macrobenthos and fish.

Most bivalve molluscs are sedentary, as they are either fixed to hard

surfaces or live in sediments. With fluctuations in salinity generated by

either floods or droughts, they are thus very susceptible to stress if not death.

In high salinities generated by drought (1950–1957) in a Texan estuary,

reefs of the oyster Crassostrea virginica were replaced by the oyster Ostrea

equestris and themusselBrachidontes exustus (Hoese, 1960).With the return

of freshwater inflows and low salinities in 1957, the Ostrea reefs were

replaced by the more normal C. virginica and B. recurvus community.

High salinities favour many parasites and pathogens of oysters, and thus

low salinities with occasional short floods are regarded as beneficial, since

they reduce the parasite-pathogen load (Copeland, 1966). Extended floods

with long periods of low salinity are, however, harmful (Buzan et al., 2009).

Furthermore, in drought, as suggested by Wilber (1992), marine predators

may move into estuaries and increase the predation pressure on larvae and

spat. Drought may, however, benefit some estuarine bivalves. The small,
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sediment-dwelling clam Soletellina alba suffers mass mortalities whenwinter

floods flush the Hopkins estuary in southern Australia (Matthews, 2006),

but when droughts occur and winter floods are diminished, causing

moderate salinities (�10–20) to prevail, clam populations thrive.

Decreased freshwater inputs to large river estuaries means that salinity

moves upstream and, if drought is extended, major faunal changes occur.

In a severe drought (1979–1981) in the Hawkesbury River estuary in

Australia, species richness rose along the estuary, especially at the upper-

most sites, where two polychaete annelids and a bivalve mollusc dominated

the benthos during, but not after, the drought (Jones, 1990).

In drought in the Thames at its upper tidal limit, normal freshwater

conditions gave way to brackish conditions (salinity 3–5) (Attrill et al.,

1996). Consequently, at this site, freshwater fauna such as Caenidae

(Ephemeroptera), Leptoceridae (Trichoptera) and Hydracarina were deplet-

ed, while brackish-tolerant taxa such as the exotic snail Potampyrgus

antipodarum (previously P. jenkinsi) and the amphipod Gammarus zaddachi

were abundant (Attrill et al., 1996). Further down the Thames estuary, at

West Thurrock, Essex, rather than changes in salinity during drought being

significant, temperature and dissolved oxygen were important variables

affecting the fauna (Attrill & Power, 2000b). The abundance of the crab

Carcinusmaenas rose, whereas abundances of the amphipodsGammarus spp.

and the shrimps Palaemon longirostris and Crangon crangon declined sharply

in summer.

This study illustrates that changes in just a single variable (salinity)

during drought may not necessarily be influential in affecting estuarine

biota. The decline in Gammarus and Crangon, in particular, may have

changed the trophic structure of the estuary, as both taxa comprise a

major part of the diet of important fish species (Attrill & Power, 2000b).

The commercial catch of shrimps and prawns in estuaries has been

reported to decline during drought (Copeland, 1966), possibly due to a

drop in primary production because of reduced inputs of organic matter

and nutrients.

Asmentioned above, in a Texas estuarywith high salinities from drought,

there were major changes in the taxa associated with oyster reefs, including

the oyster species themselves (Hoese, 1960). With drought in the Texan

estuary, Mesquite Bay, large populations of stenohaline marine and polyha-

line estuarine species occurred including a thriving infaunal community

dominated by the clams Mercenaria campechiensis and Chione cancellata and

large colonies of marine sponges (Hoese, 1960). The drought was broken by

a large flood that produced an extended period of low salinity in the estuary.

The marine infaunal community ‘suffered complete mortality’, as did the

Ostrea equestris populations (Hoese, 1960). Similar to the findings of
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Matthews (2006) for bivalves in an Australian estuary, floods induced mass

mortalities of bivalves in the Texas estuary, illustrating the point that

drought-breaking floods may be highly damaging to stream and estuary

dwelling biota.

10.4 Drought and estuarine fish

Faced with changes in estuaries due to drought, marine fish may retreat to

the sea and freshwater species may move into the inflow systems. However,

as happens in barrier estuaries, the lack of inflows – and hence outflow –

from the estuary maymean that the mouth of the estuary closes (e.g. Hastie

& Smith, 2006). In the St Lucia estuary, with the mouth closing and high

evaporation, very harsh aquatic conditions occur, alongwithmajor losses of

habitat (Whitfield et al., 2006; Taylor et al., 2006). In barrier estuaries with

mouth closure in drought, fish populations may be drastically reduced, as

escape to the sea is not possible and access to upstream freshwater areasmay

be restricted.

In Portugal, in the Mondego estuary, during drought there were

increases in salinities and summer water temperatures, and changes

occurred in the proportions of ‘ecological guilds’ in terms of species richness

and abundance (Martinho et al., 2007; Baptista et al., 2010). Not surpris-

ingly, freshwater species disappeared, along with catadromous fish species

(fish that migrate from freshwater to the sea to breed). There was a marked

increase in abundance of four species of ‘marine adventitious’ (Martinho

et al., 2007) or ‘marine straggler’ (Baptista et al., 2010) fish, although

the abundance (but not the species richness) of ‘estuarine residents’,

declined but rapidly recovered within a year after the drought (Martinho

et al., 2007).

Drought in this estuary was characterized by increases in five species,

three of which are ‘marine stragglers’. During drought, fish production was

estimated to have dropped by 15 to 45 per cent, with major decreases in

European sea bass and two estuarine gobies (Dolbeth et al., 2008). While

there was substantial recovery of ‘estuarine residents’ after the drought,

overall estuarine fish production did not recover rapidly.

A quite different outcome from drought for fish occurred in the very large

barrier lagoon, the Patos lagoon estuary in southern Brazil (Garcia et al.,

2001). During a La Niña drought in 1995–96, freshwater inflows to the

lagoon dropped and salinity in the lagoon, while fluctuating, rose by �15.

Consequently, the abundance of estuarine-resident fish – especially

the silverside (Atherinella brasiliensis) – and of estuarine-dependent fish –

especially the mullet (Mugil platanus) – rose greatly. Freshwater vagrants
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virtually disappeared. Thus, in a La Niña event in this estuary, fish popula-

tions and production rose. The productivity of the estuary rose because

nutrient-rich marine water enhancing primary production was drawn into

the estuary during the drought (Garcia et al., 2001).

In summary, in the Portuguese river estuary, the estuary fish community

composition underwent some changes with drought, but fish production

dropped considerably. In the Brazilian lagoon estuary, with drought there

were considerable changes in fish community composition, but instead of

fish production dropping, it more than doubled as assessed by changes in

catch per unit effort. The differences may reflect the fact that the Portuguese

estuary, being much smaller, was sampled along its length, while sampling

in the immense Patos lagoon (280 km long, maximumwidth of 70 km) was

confined to near the ocean mouth. Both studies show that droughts, even

relatively short ones, can exert strong effects of estuarine fish populations

and production.

By altering the variability of salinity (temporally and spatially) in both

river and barrier estuaries, drought alters the fish biomass and, hence,

commercial fishing operations. A study of commercial catch per unit effort

for fish in nine estuaries in eastern Australia (Gillson et al., 2009) found that

with drought in2003–2006, therewere significant declines in the catches of

four species out of five. The exception was yellowfin bream (Acanthopagrus

australis), which can live in brackish and fresh water, and which moved

downstream with the drought into the estuary and thus into the fishery

(Gillson et al., 2009).

Recruitment of larval bass (Morone saxatilis) drastically declined in the San

Francisco Bay estuary in the 1987–1992 drought (Bennett et al., 1995). It

was suggested that lack of food (zooplankton)was amajor cause for this loss.

However, Bennett et al. (1995) found strong histological evidence that the

larvae had been exposed to toxic agents. They hypothesized that the larvae

had been exposed to agricultural pesticides which may have been concen-

trated because of the very low freshwater flows into the bay. This, alongwith

other drought-induced effects such as reduced food, acted synergistically to

reduce the larval bass populations – a further example of themultiple stresses

that drought, a decline in freshwater inflows, can create.

Reverse estuaries in which, as one moves upstream from the mouth,

salinity rises, are found in areas where freshwater inflows may be low or

highly variable, and where evaporation rates are high. Such estuaries were

described by Mikhailov & Isupova (2008) in rivers of west Africa, with the

most remarkable reverse estuary occurring in the Casamance River in

Senegal (see Figure 10.1). The saline region of the estuary extended

upstream for 230 km during a severe drought (Albaret, 1987; Mikhailov

& Isupova, 2008).
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The reverse salinity gradient resulted in a highly unusual distribution of

fish. Upstream from the mouth, for about 60 km, normal marine salinities

prevailed and the fish fauna was a rich one (30–45 species), consisting of

normal estuarine residents with some oceanic species (Albaret, 1987). From

there, for the next 150 km, salinity was high (50–83), without much

seasonal variability. Species richness dropped to 6–7 abundant species,

including the tilapia Sarotherodon melanotheron, the clupeid Ethmalosa

fimbriata, the mullet Mugil bananensis and ariid catfish (Albaret, 1987).

Above this point (207 km from the mouth), salinity dropped (1–8) early

on in the drought but, as the droughtwore on, the salinity in this section rose

to levels of �64. Not surprisingly, this zone of variable-rising-to-high

salinities harboured few fish, principally only three species – two cichlids,

S. melanotheron and Tilapia guineensis and a clariid catfish, Clarias anguillaris,

with S. melanotheron occurring in abundance. In terms of tolerance of

salinity, oxygen levels and temperature, S. melanotheron is a remarkable

fish and, in the severe conditions of the drought-stricken Casamance, it is the

last fish swimming. That this species is actually favoured by drought is

probably too grand a claim, but it is interesting to note that in salinities

stressful to other species, ‘seul S. melanotheron prolif�ere’ (Albaret, 1987).
The St Lucia estuarine system is probably the best studied estuary for the

effects of drought on the physico-chemical environment and on the biota –

algae, macrophytes, plankton, invertebrates, fish, birds, reptiles and mam-

mals (e.g. Forbes & Cyrus, 1993; Taylor et al., 2006; Whitfield et al., 2006).

The effects of long droughts on the estuary depend largely on whether the

mouth of the estuary is closed, as is normal in drought, or whether through

management intervention it is kept open (Taylor et al., 2006). In a recent

drought, (2002–2005) the mouth remained closed (Cyrus & Vivier, 2006).

The estuary dried and water levels dropped to such an extent that the water

body became fragmented into four distinct areas, with hypersaline condi-

tions (�70) in the North Lake and False Bay (Cyrus & Vivier, 2006; see

Figure 10.2). This fragmentation meant that fish could not move to refugia

containing lower salinities.

Near the mouth of the estuary, low salinities prevailed (8–15) and fish

species richness was high (17–24). The number of fish species dropped

(9–12) in the South Lake, with a salinity of 27–29. At Fanies Island at the

bottom of the North Lake, salinitywas elevated (40), with 12 species present

and the dominant fish being the cichlid Oreochromis mossambicus. Finally, at

Hells Gate, about 40 km from the mouth, hypersaline conditions prevailed,

with a salinity of �70, with numerous dead fish and with O. mossambicus

being the last fish swimming (Cyrus &Vivier, 2006). Clearly, in this drought,

salinity and fragmentation governed the distribution of the fish in the

estuary. Salinity may have acted as a powerful osmotic regulator of the
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fish, but asWhitfield et al. (2006) point out, salinity also had powerful effects

on primary production, such that it and food resources in general declined

with rising salinity. In hypersaline conditions, food resources for O. mos-

sambicus were reduced to microphytobenthos and detritus.

It is worth pointing out that across the range from low to hyper-salinity

in St Lucia estuary, the cichlid O. mossambicus not only survived but

reproduced. Similarly, in the reverse hypersaline estuary of the Casamance

River estuary, Senegal, across the wide salinity range, another cichlid

(Saratherodon melanotheron) survived and reproduced (Albaret, 1987).

In the 2002–2005 period of drought, the surface area of fish habitat

was reduced to 25 per cent of its original area and a large amount of this

area was hypersaline (Whitfield et al., 2006). Normally, the St Lucia

estuary occupies a large area (�35,000 ha), with salinities not exceeding

sea water levels. Accordingly, the estuary is a major nursery area for

many fish species. Thus, a major impact of the drought may be to cause a

substantial decline in fish abundance, not just at the local level, but more

significantly at the regional level (Whitfield et al., 2006). As estuaries,

besides harbouring resident species, are also major areas of fish recruit-

ment, the effects of droughts may have major implications for fish stocks

at the large regional scale.

In open estuaries, the effects of drought on fish are definitely more

predictable than they are for barrier estuaries. With the latter, the question

of whether the system remains open or becomes closed in drought is critical.

In barrier estuaries, the morphology of the basin containing the lakes or

lagoons is crucial to the responses of the fish because, in severe cases

(e.g. St Lucia), fragmentation of the water body can occur preventing fish

from moving into less stressful habitats.

10.5 Drought and changes in faunal biomass and trophic
organization

As detailed above, only a limited amount of information exists on the effects

of drought on the ecology of estuaries. Most studies have concentrated on

particular biotic components, be they phytoplankton or molluscs or partic-

ular fish species. A much wider appreciation of the effects of drought on

estuarine communities comes from the extensive and long-termwork on the

St Lucia estuarine system in South Africa. However, this work does not

readily provide an understanding of how the trophic organization of an

estuarine ecosystem may be changed by drought. Such an understanding

comes from the studies by Livingston (1997, 2000) and Livingston et al.

(1997) on the effects of drought on abiotic variables and biota of the

Apalachicola Bay estuary in Florida.
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TheApalachicola estuary is a barrier island estuarywith the unregulated,

pollution-free Apalachicola River providingmost of the freshwater inflow to

the Apalachicola Bay system, which consists of East Bay, Apalachicola Bay,

St Vincent Sound and St George Sound. East Bay, a shallow (�2m) bay, was

the focus for a 9.5–year study that produced before-drought (1975–1980),

during drought (1980–1982) and after-drought (1982–1984) data

(Livingston, 2002; Livingston et al., 1997). The strengths of this study are

the focus on trophic organization and the capacity to partition variability

due to season from changes due to drought.

Basically, in comparisonwith thenon-drought situation, thedroughtgave

rise to low freshwater inflows, higher salinities (�15), greatly increased

Secchi disc depth and reduced colour (Figure 10.2). The increases in light

availability andof higher oxygenanomalies strongly indicate that, in the first

year of the drought, therewere high levels of primary production, notably by

benthic microalgae (Livingston et al., 1997; Livingston, 2002). However, in

the second year of the drought, primary production dropped, possibly due to

low nutrient levels as a function of low river inflows. Similarly, detritus

inputs – both dissolved and particulate – declined in the drought.

The non-drought infaunal macroinvertebrate component of the bay

largely consisted of polychaetes (e.g. Streblospio benedicti, Mediomastus

ambiseta) and clams (e.g. Mactra fragilis, Macoma mitchelli), whereas the

epibenthic macroinvertebrates largely consisted of shrimps, prawns and

crabs. The fish of the bay consisted of planktivorous and benthic feeding

primary carnivores, secondary carnivores and tertiary piscivorous carni-

vores such as sea bass and gars (Livingston, 2002). During the drought,

species richness of the infauna initially rose, then tailed away as the drought

ended, while species richness of both the epibenthic macroinvertebrates

and the fish dropped, especially near the end of the drought. Both

infaunal and epibenthic macroinvertebrate biomasses rose in the drought,

notably at the end of the first drought year, while fish biomass peaked in

the winter at the end of the first drought year and then declined to very low

levels (Livingston, 1997, 2000).

Biomass of macroinvertebrates and fish were divided into five trophic

groups: herbivores, omnivores, and primary (feeding on herbivores and

omnivores), secondary (feeding on primary carnivores and omnivores) and

tertiary carnivores (feeding on omnivores, primary and secondary carni-

vores) (Figure 10.3). In the drought, herbivore biomass (mainly bivalves)

rose to an unprecedented high level in the first year, before tailing off in the

second year, while omnivore biomass rose sharply, coincident with the rise

inherbivore biomass, and then declined. Primary carnivore biomass reached

high biomass levels toward the end of the first year, followed by hitherto

unprecedented levels toward the end of the drought. Secondary carnivore
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biomass increased toward the end of the drought, while tertiary carnivore

biomass dropped sharply and these fish virtually disappeared from

the estuary.

The herbivores clearly capitalized on the increase in primary productivity,

with a noticeable drop in the second year, due possibly to the decline in

primary production and/or predation by the primary carnivores. The

omnivore biomass may have benefited from the organic matter produced

by the boom in primary production which subsequently tailed off near the
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Figure 10.3 Monthly totals for river flow, estuarine salinity, and biomasses of herbi-

vores, omnivores, and primary, secondary and tertiary consumers in the estuary of East

Bay, Florida from 1975 to 1984. (Redrawn from Figure 7 in Livingston et al., 1997.)

Estuaries and drought 261



end of the drought. The increase in primary carnivore biomass after

the herbivore-omnivore biomass peak may have been due to increased

predation on herbivore-omnivore. However, with herbivore-omnivore

biomass declining, primary carnivore production was also checked. The

peak in secondary carnivore production occurred slightly after the primary

carnivore peak, suggesting a surge in production originating with the

herbivore-omnivore production pulse. The loss of tertiary carnivores sug-

gests that this group was more affected by stress from abiotic variables

(e.g. salinity) than by any check in prey availability.

With the end of the drought, thereweremajor and rather sudden changes

(over about six months) in the biomasses of the trophic groups. Herbivore

biomass dropped greatly, and the biomasses of omnivores and the carnivore

groups sharply decreased, except for the tertiary carnivores (Livingston et al.,

1997; Livingston, 2002). The causes of these marked changes are unclear.

The tertiary carnivores increased their biomass and, presumably, returned

from their refuges in freshwater (e.g. gars, smallmouth bass) or the sea

(spotted sea trout, southern flounder). However, they returned to an estuary

with relatively low biomass levels of suitable prey.

What is remarkable in this study is the rapidity in which the effects of

drought showed up, and the rapidity with which the biota of the estuary

returned to pre-drought levels, with the possible exception of the tertiary

carnivores. It is also clear from the river flow data that the drought did

not break with a devastating flood, as has occurred in other estuaries

(e.g. Hoese, 1960). The rapid changes with and after drought may be due

to mobile estuarine organisms using the sea and the freshwater river as

refuges from which they could rapidly return. The return of sedentary

organisms may be a result of the return of propagules from unaffected parts

of the large embayment system.

10.6 Summary

Clearly, the effects of drought on estuaries and their biota depend on the

nature of the estuary (whether open or closed), the inputs of freshwater,

the changes in chemical conditions (salinity, nutrients) and thenature of the

pre-drought biota, especially if the biota have been affected by human

activities (e.g. pollution, harvesting).

In drought, with lowered freshwater inputs and increased evaporation,

salinity in estuaries rises and can invade normally freshwater areas and, in

some instances, harsh conditions of ‘reverse estuaries’ can occur. If salt

wedges develop, then anoxia in bottom water can develop. As a transition

zone between the marine and freshwater domains, most estuaries are
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marked by a salinity gradient of considerable length, and normally under

tidal influence.With drought, the gradient can become sharp in salinity and

abrupt in distance.

Because drought reduces inflows, low nutrient concentrations in

estuaries can limit phytoplankton production in spite of increased water

clarity due to reduced suspended sediments from freshwater inflows. In

some urbanized estuaries, the reduction in nutrients from freshwater

inflows can be counteracted by nutrients from sewage and reduced

dilution. As described in Chapter 5, when droughts break, there can be

pulses of nutrients released from catchments downstream. These pulses

end up, presumably, in estuaries, but their effects remain unexplored.

Freshwater and brackish aquatic macrophytes are depleted in drought

due to increases in salinity. In some cases, depending on the duration of the

drought, euryhaline macrophytes may replace the low salinity species.

Drought can trigger the dying off of extensive areas of Spartina salt marsh,

but the mechanism for this is complicated. As drought stresses Spartina,

concurrently it is grazed by Littorina snails and the snails feed on pathogenic

fungi that grow in grazing wounds. Thus, a positive feedback is generated,

with snails grazing on fungi facilitated by snail grazing, which consequently

kills the Spartina.

Mobile freshwater benthic invertebratesmaymigrate upstream to refuges

with drought, while marine species, be they zooplankton or benthos, can

migrate into estuaries and thrive in times of drought. Indeed, in some cases

with the incursion of euryhaline and marine species, estuaries can become

highly productive. On the other hand, sedentary and interstitial inverte-

brates are at risk in drought, as they cannot migrate and thus may be killed

by the increased salinities.

Fish, being mobile, undergo quite rapid changes with drought, with

freshwater and brackish species withdrawing from the estuary and some

marine species invading. Of course, the movements of fish depend on

whether the estuary is open or closed. In closed estuaries, salinities can

rise due to evaporation and low freshwater inputs and reverse estuarine

conditions can occur. In the latter situation, few species survive. In reverse

estuaries, an unusual gradient may occur, with marine species moving in

from the sea; however, further upstream, very high salinities occur and few

species persist. Droughts may disrupt reproduction, especially in those

species that breed in estuaries and go to sea as adults. In general, fish

production in estuaries drops with drought, as does the production of

shrimps and prawns.

All of the above effects suggest that not only does drought alter species

assemblages, but that it produces major changes in the trophic structure

and production of estuaries. This is borne out by the study of Livingston
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(1997, 2002) and Livingston et al. (1997) on the effects of drought on the

macrobiota of the Apalachicola Bay estuary in Florida. Basically, as this

drought set in, water clarity increased greatly, producing a great increase in

primary production, which in turn stimulated a rise in herbivores, followed

by omnivores. This increase then tailed off in the second year of the drought,

perhaps due to the depletion of incoming nutrients or to the ravages of

predation. Certainly, the latter was important, as the biomasses of both

primary and secondary carnivores started to rise to high levels with the drop

in herbivores and omnivores. To summarise, in this case, drought induced

major changes in the trophic structure of the estuary. More striking was the

rapid return to ‘normal’ trophic conditions within a year of the breaking of

the drought.
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11

Human-induced exacerbation
of drought effects on aquatic
ecosystems

Human needs and socio-economic activities have for long been threatened

and damaged by drought. It is obviously a much feared catastrophe and, in

Christian tradition, for example, drought has been described as coming

to those societies which have turned their back on God. As described in

Chapter 4, drought has beenwholly or partly responsible for damaging, if not

demolishing, past societies. In modern times, droughts still diminish agri-

cultural productivity, force people to migrate, reduce industrial activities

and greatly deplete water resources for urban and rural societies and their

economic activities. The effects of drought on human social and economic

activities have produced a very substantial literature and given rise to a

considerable research effort. In contrast, the literature and research efforts

on the effects of drought on both natural and human-influenced ecosystems

have been much less, especially as regards aquatic ecosystems.

Previous chapters have described the effects of drought on aquatic

ecosystems. This chapter deals with howhuman activities have exacerbated

these effects – an area that has not receivedmuch scientific consideration or

research activity.

Increasingly, the onset of droughts have become able to be predicted,

allowing some measures to reduce the damage, but their intensity and the

duration are much harder to predict. Many other catastrophes (e.g. floods,

cyclones, earthquakes, etc.) may also be hard to predict but, being pulse

disturbances, they are invariably short-term events with discrete ends

(Bryant, 2005). Droughts, on the other hand, are ramp disturbances with

intensities and durations that are hard to forecast, and it is this property

which makes droughts so dangerous and feared. Their duration makes

supra-seasonal droughts disturbances that may be either ameliorated or

exacerbated by human activities as they occur. However, this can be
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substantially reduced if we come to understand how human activities can

exacerbate the effects of drought.

In examining the ways that human activities have exacerbated, and

possibly even produced, droughts, I have distinguished between human

activities on catchments which have effects on downslope aquatic ecosys-

tems and human activities that exacerbate drought in the water bodies

themselves, be they wetlands, lakes or rivers. The former may be seen as

indirect catchment-mediated effects, while the latter are direct effects.

11.1 Human activities on catchments and drought

11.1.1 Changes in land use and land cover which influence
regional climates

Large-scale changes in land use can influence climate (e.g. Foley et al., 2003;

Brovkin et al., 2006; Lawrence & Chase, 2010). In tropical and temperate

biomes, it appears that deforestation can lead to warming (Feddema

et al., 2005; Lawrence & Chase, 2010), whereas in boreal biomes, defores-

tation produces cooling (Betts et al., 2001; Bala et al., 2007) through an

increase in surface albedo.

The changes in tropical and temperate biomes are largely due to reduced

evapotranspiration rather than an increased surface albedo (Brovkin et al.,

2006; Lawrence & Chase, 2010), giving rise at a regional level to reduced

precipitation and runoff. In warmer parts of the world, deforestation and

land clearing lead to reductions in evapotranspiration and precipitation,

which can produce an increase in water table levels (McAlpine et al., 2007,

2009; Lawrence & Chase, 2010). It appears that in such warmer regions,

there is a positive feedback between vegetation and precipitation (e.g. Los

et al., 2006; Shiel & Murdiyarso, 2009) and between soil moisture and

precipitation (Koster et al., 2004). Thus, converting terrain covered with

forests and woodlands into grazed pastures and cropping land may decrease

precipitation – which, in turn, intensifies and prolongs droughts.

As described in Chapter 8, Lake Chad in the Sahel is drying, due to

ongoing drought and to water extraction from its inflowing streams. The

Sahel region of Africa occurs south of the Sahara Desert between 10�N to

20�N and 18�W to 20�E. This region has been locked in a megadrought

since 1973 (Dai et al., 2004a; Held et al., 2005; Lenton et al., 2008) and has

suffered a 40 per cent loss in rainfall, which has createdwidespread famine.

Up to a million people have died and lakes, wetlands and rivers have

dropped in volume,withmany having dried out. It is possible that there has

been a regime shift to a ‘dry Sahel’ climatic regime from a prior ‘wet Sahel’

regime (Foley et al., 2003). Indeed, this whole region has been identified as
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containing a ‘tipping element’ where a subsystem ‘of the Earth system . . .
can be switched . . . into a qualitatively different state by small perturbations’

(Lenton et al., 2008).

There has been extensive land clearance and loss of vegetation cover in

the region, especially in the Sahel (e.g. Leblanc et al., 2008), which may

increase surface runoff when rain occurs and, in the long term, increase

groundwater volumes. On the other hand, though, with a substantial

reduction in vegetation, the weakening of the feedback between vegetation

and rainfall may serve to prolong the drought and strengthen the ‘dry Sahel’

regime (Foley et al., 2003;Wang et al., 2004;Wang, 2004; Los et al., 2006).

Vegetation loss is only one contributor to the ongoing drought, however,

as the drought may have been produced by the interplay between ‘global

ocean forcing, human-induced land use/land cover changes, and the

regional climatic feedback due to vegetation dynamics’ (Wang et al.,

2004). It is worth mentioning that there is uncertainty about the future

dynamics of rainfall in the Sahara/Sahel region, with models predicting

climate change will weaken the West African monsoon, producing either

increased or decreased rainfall (Lenton et al., 2008).

Australia is the most arid inhabited continent, with a highly variable

climate. Like the Sahel/Sahara region, the climate functions as a ‘tightly

coupled ocean-atmosphere-land surface system’ (McAlpine et al., 2009)

with a similar legacy of extensive land clearing leading to changes in the

types and spatial extent of vegetation cover. Land clearing and conversion

to grazing and/or cropland have been very extensive in south-western

Western Australia and in eastern Australia, with �15 per cent of the

continent being cleared and/or greatly modified. From 1780 (just prior to

European settlement) to 1980, the areas of forest and woodland decreased

by 80 million hectares, which were mostly converted to grasslands and

croplands (Gordon et al., 2003). In the economically important Murray-

Darling Basin, 12–20 billion trees have been removed (Hatton & Nulsen,

1999). With the loss of wooded vegetation cover across Australia, it has

been estimated that there has been a �10 per cent drop in water vapour

flows or �340 km3 (Gordon et al., 2003), a loss that depletes precipitation

and could exacerbate droughts.

Recent modelling of droughts in Australia has concentrated on increased

temperatures and reduced rainfall, which have been regarded as being due to

global climate change.However, as indicatedbyMcAlpine et al. (2007,2009),

land use/land cover change (LUCC) could be significantly interacting with

global warming in increasing the severity of droughts, especially in south-

eastern Australia. In south-western Australia, clearance of land for grazing

and wheat production may explain the increased temperatures and reduced

precipitation. Removal of native vegetation reduces surface roughness,
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increasing horizontal wind velocities and thus allowing moisture-laden air

fromthe ocean tobepushed further inlandand lost to south-westernWestern

Australia (Pitman et al., 2004). Loss of riparian vegetation raises stream

temperatures and evaporation; thus, extensive riparian restoration is seen as

ameasure to counteract stream temperature increases due to climate change

(Davies, 2010). Large-scale reforestation of the extensively cleared regions is

posited as a policy option in contending with climate change.

Human-generated, large-scale deforestation can lead to an increase in

groundwater levels. In Australia, this rise has been accompanied by large-

scale dryland salinity problems in eastern and western Australia, with 5.7

million hectares of land and 24 of 79 river basins affected (National Land

and Water Resources Audit, 2001; Gordon et al., 2003, 2007). Thus,

wetlands and streams in areas of dryland salinity also face increasing

salinity when their volumes are depleted by drought.

For example, in the Wimmera River, Victoria, a river in a region of dry-

land salinity, the effects of drought on the aquatic faunawere exacerbated by

high salinities (Lind et al., 2006). Similarly, in areas of dryland salinity in

wetlands and lakes – especially closed systems – high salinities may be

reached in drought, taxing the biota (Williams, 2001).

A possible adaptive response to reduced precipitation and increasing

dryness/droughts comes from the ideas of Makarieva & Gorshkov (2007)

and Makarieva et al. (2009), which are summarized by Shiel & Murdiyarso

(2009). Basically, forests, with their high transpiration fluxes, generate

precipitation, and the consequential lowering of atmospheric pressure may

drawmoisture-laden air from the ocean. In transects from the coast to inland

regions, precipitationmay not decline along those that are forested, whereas

in transects that run from coastal forest to deforested inland areas, precipi-

tation drops sharply with distance from the coast (Makarieva et al., 2009;

Shiel & Murdiyarso, 2009). Such gradients of decline in precipitation where

there is loss of forest orwoodlandare very obvious inmuchofAustralia. If the

hypothesis of a ‘forest pump of atmospheric moisture’ proves sound, then a

powerful form of enhancing precipitation, restoring landscapes and amelio-

rating the effects of droughts and global climate change is extensive

reforestation of inland areas that were previously cleared (McAlpine

et al., 2009; Shiel & Murdiyarso, 2009; Makarieva et al., 2009). However,

it must be noted that the Biotic Pump Theorymay not be supported by ‘basic

physical principles’ (Meesters et al., 2009).

Removing deep-rooted native vegetation and replacing it with shallow-

rooted pasture grasses, or ploughing the land for shallow-rooted crops (e.g.

wheat), undoubtedly reduces evapotranspiration and increases air tem-

peratures (Glantz, 1994, 2000). The exposure of soils through ploughing or

overgrazing, coupled with the increased winds that occur in droughts,
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causes the likelihood of dust storms to increase sharply. As described by

Worster 1979), in the Dustbowl drought in the mid-USA in the 1930s,

immense and lengthy dust storms were generated. In the ‘Millennium’

drought (1997–2010) in south-eastern Australia, inland dust storms swept

hundreds of kilometres to the east coast, blanketing the city of Sydney. The

loss of valuable topsoil in dust storms during droughts is bad enough, but

raised dust and dust storms may also reduce solar radiation on the surface

beneath them and reduce both evaporation and precipitation (Miller &

Tegen, 1998), potentially increasing drought severity.

Modelling of the Dustbowl drought on the basis of sea surface temperature

variations does not satisfactorily predict the large spatial extent occupied by

that drought (Seager et al., 2008; Cook et al., 2008). However, its spatial

extent, especially its northward extension, can be satisfactorily accounted

for when data are included on atmospheric dust loads, which reduced

precipitation (Cook et al., 2008).

Overall, the loss of vegetation – forests, woodlands and deep-rooted

grasslands – can exacerbate droughts by reducing evapotranspiration and

consequently lowering precipitation and surface water availability. The

full extent of this influence on droughts awaits clarification, but recogni-

tion of the atmosphere-vegetation interactions could offer a policy for

ameliorating the effects of climatic drying and of droughts – namely,

reforestation.

11.1.2 Local effects on droughts: Accumulation and mobilization
of pollutants

As described earlier during droughts, materials may accumulate in catch-

ments and be changed by chemical processes, principally oxidation.Many of

thesematerials may be produced or greatly augmented by human activities.

A vivid example of this is the deposition of sulphur released from the burning

of coal onto wetlands in eastern Canada (see Chapters 5 and 8). The sulphur

may accumulate in the reduced form in wetland sediments (e.g. Dillon et al.,

1997, 2003). However, in drought, such wetlands can dry out and, the

reduced sulphur becomes sulphates. With drought-breaking rain, these

sulphates can generate sulphuric acid, which can acidify both standing and

running waters (Dillon et al., 2003; Laudon et al., 2004). Due to the acidic

conditions in catchment wetlands, heavy metals may be mobilized and also

released when rains break a drought (e.g. Adkinson et al., 2008).

In exposing sediments of rivers and wetlands to the air, drought can

generate acidic sulphate conditions. This is a particular problem along the

Murray River system in south-east Australia (Hall et al., 2006; Lamontagne

et al., 2006), where, during the 1997–2010 drought, large areas of acid
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sulphate soils in wetlands, lake beds and river channels have been exposed.

When the drought breaks, there is a danger of creating acidic conditions,

along with elevated concentrations of heavy metals, in water bodies of the

Murray River (e.g. Simpson et al., 2010).

Sulphur occurs in swampy soils of coastal floodplains and can be oxidized

to sulphates by exposure through land development, especiallywithwetland

drainage schemes. In eastern Australia, during droughts, sulphate concen-

trations build up and are released as acidic pulses into estuaries when the

droughts break, resulting in fish kills (Cook et al., 2000; Heath, 2009). It is

both past human development and current landmanagement practices that

have created and maintained this problem in coastal floodplains (White

et al., 2007).

Nitrogen, as nitrates produced from the burning of fossil fuels in high

compression engines, can be aerially deposited on catchments. Along with

nitrogen added as fertilizers and in animal faeces, it can accumulate in soils

during drought (Burt et al., 1988; Reynolds & Edwards, 1995). With the

breaking of a drought, elevated loads of nitrates may be exported down-

stream and into groundwater aquifers, affecting freshwater ecosystems

either in the short or long term (see Chapter 5). This threat appears to be

unstudied.

In the above situations, chemicals accumulate in the catchment during

drought and are then swept into downstream or downslope aquatic eco-

systems when the drought breaks. The post-drought effects of the chemical

pulsesmay be to delay the recovery fromdrought and/or, in the case of lakes,

to setback restoration.

11.1.3 Groundwater and drought

As described in Chapter 2, far less is known about groundwater droughts

than about surface water droughts. Two important points are that the onset

of groundwater droughts lags behind the onset of surface water droughts

and that the recovery from surface water droughts occurs long before the

recovery of groundwater droughts. In the Murray-Darling Basin of Aus-

tralia, surface water drought began in 2001 with loss of surface water

resources, with some groundwater losses at the same time (Leblanc et al.,

2009). By early 2007, surfacewater resources had reached a record low, but

in 2008, in the northern part of the basin, they increased with a return to

normal rainfall. On the other hand, groundwater resources continued to

decline in2008, even though the surfacewater droughtwas easing (Leblanc

et al., 2009).

Surface water is, in most situations but not all, linked with groundwater

storages. Groundwater aquifers may be unconfined or confined. Unconfined
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aquifers are usually recharged by precipitation andmay discharge to surface

waters. Many streams are spring-fed and heavily dependent on groundwa-

ter, especially in karstic catchments. Base flow and maintenance of hypor-

heic zones in streams is largely controlled by groundwater levels, as are

water levels in many wetlands (Sophocleous, 2002; Glennon, 2002; Evans,

2007). Many lakes and wetlands are groundwater-dependent and may be

sites of groundwater recharge. In drought, groundwater levels may drop

and, along with evaporation, may cause losses in the volumes of lakes and

wetlands. For example, in the Corangamite catchment, a lake region

in south-eastern Australia, the causes of water loss in the recent drought

varied from evaporation alone to evaporation combined with reduced

groundwater discharge (Tweed et al., 2009).

Human-induced reductions in recharge and excessive harvesting of

groundwater resources may alter the state of surface water systems and

strongly influence their responses to drought (Glennon, 2002). Indeed, in

many irrigation areas where groundwater is the major form of supply,

groundwater extraction far exceeds recharge – a situation that is unsus-

tainable and has been called ‘groundwater mining’ (Scanlon et al., 2006).

Humans can reduce the recharge of aquifers by creating large amounts of

impervious surfaces, such as in urban areas, by reducing the flooding on

floodplains by building flood control structures (levees) and by controlling

water flows from dams (Sophocleous, 2002). Aquifers can be reduced by

excessive water extraction (extraction > recharge), and excessive ground-

water depletion,mainly for irrigated agriculture, has occurred inmany parts

of theworld (e.g. northAfrica, theMiddle East, south and central Asia, north

China, north America and Australia; Glennon, 2002; Konikow & Kendy,

2005; Pearce, 2007). Excessive extraction of groundwater lowers water

tables and, as in the case of riparian hydrologic drought (Groffman et al.,

2003), water tables may move below the beds of streams and wetlands

(Sophocleous, 2002; Evans, 2007). Where the streams are connected with

active water movement between groundwater and channel water, gaining

streams may be converted into losing streams. Wetlands may lose water

such that their volumes decrease, and streamsmay lose water so that flow is

greatly reduced (Danielson & Qazi, 1972; Glennon, 2002; Sophocleous,

2002; Evans, 2007).

The process of streamflow and wetland depletion varies with the levels of

groundwater extraction andwith the distance that the extraction points are

from the stream channel or wetland (Evans, 2007).Wells near awater body

may draw water from the stream/wetland in a matter of days, while wells

kilometres from the water body, but using the same aquifer as the water

body, may take years to significantly deplete the water in the stream

(Glennon, 2002; Evans, 2007).
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In extreme cases, perennial streams, wetlands and lakes may become

temporary and some may even disappear. A particularly dramatic example

comes from Florida, where, due to excessive groundwater pumping, lakes

went dry, only to be refilled with groundwater pumped from other aquifers

(Glennon, 2002). Also in the southern USA, the basin of the Apalachicola-

Chattahoochee-Flint River system is subject to very heavy groundwater

extraction (Glennon, 2002). Such extraction undoubtedly serves to

strengthen the periodic droughts (e.g. 1999–2002) that affect this river

system and its impoundments, along with the highly productive Apalachi-

cola estuary (e.g. Livingston et al., 1997).

Quite simply, due to excessive groundwater extraction in their catch-

ments, water bodies with declining water tables are subject to extended and

artificial hydrological drought. Loss of groundwater connected with water

bodies also increases their vulnerability to the stresses of seasonal and supra-

seasonal droughts.

Particularly sensitive to damage from groundwater extraction are

streams flowing in karstic systems – chalk or limestone. In Britain, ground-

water extraction from chalk systems has exacerbated hydrological drought,

as indicated by changes in water levels and the invertebrate fauna (e.g.

Wright & Berrie, 1987; Armitage & Petts, 1992; Bickerton et al., 1993;

Wood & Petts, 1994; Castella et al., 1995; Wood, 1998). To maintain flows

in rivers for both human use and environmental protection in times of

drought, groundwater pumping may be used. For example, in England, the

Shropshire Groundwater Scheme pumps water from an aquifer into the

River Severn (Shepley et al., 2009). However, the scheme needs to be very

preciselymanaged, as such extraction threatens small groundwater streams

dependent on the aquifer (Shepley et al., 2009). The risk to groundwater-

dependent water bodies of unsustainable extraction has been recognized in

Britain, and steps have been put in motion to limit new and present

groundwater abstractions, based on comprehensive assessment of ground-

water resources at the groundwater catchment level (Burgess, 2002).

Hopefully, such a policy will prevent groundwater extraction from exacer-

bating surface water supra-seasonal droughts.

11.1.4 Catchment condition and drought

In land that has been cleared for grazing, soil compaction, direct exposure to

solar radiation and reduced vegetation cover due to grazing (which may be

increased in drought) can produce impermeable soil surfaces. Such soilsmay

also be poor retainers ofmoisture due to the loss of organicmatter by clearing

and grazing.When droughts breakwith heavy rain on sloping land surfaces,

high surface runoff can produce soil erosion. Sediments mobilized through
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both sheet and gulley erosion may be transported downstream, to be

deposited in areas with low stream power. These deposited sediments

drastically reduce habitat availability and diversity by smothering stream

bottoms. Pools and backwaters, which may be drought refuges, can be

filled in and lost in these systems choked with sand slugs (Davis &

Finlayson, 2000).

The clearing and grazing of land invariably results in the loss of riparian

vegetation. Intact riparian zones, with trees and shrubs, are key interceptors

of catchment-derived sediments and processors of nutrients. The high

amounts of nutrients and sediments which may come from catchments

when droughts break may be retained and processed by intact riparian

zones, thus protecting streams and wetlands. Intact riparian zones supply

particulate and dissolved organic matter which supports, wholly or partly,

the trophic structure of many running waters.

Furthermore, the depletion of the riparian vegetation can result in a loss of

shading of streams and other water bodies. As droughts are invariably

marked by having extreme high temperatures, the loss of vegetated riparian

zones, leading to there being little or no shading, can give rise to high water

temperatures, stressing the aquatic biota (Rutherford et al., 2004). Main-

taining and restoring intact riparian zones is thus a key measure to mitigate

the effects of drought, both during the drought and afterwards when

droughts break (Davies, 2010).

In many agricultural regions of the world, especially in dryland regions,

water may be stored on catchments in constructed farm dams or ponds.

The numbers of such farm dams have been steadily increasing, (e.g.

O’Connor, 2001; Schreider et al., 2002; Callow & Smettem, 2009). Each

farm dam captures the runoff from a small area of the catchment, but the

cumulative effect of many dams in a catchment is to decrease the total

runoff and streamflow (Finlayson et al., 2008; Callow&Smettem, 2009). In

South Australia, for example, farm dams have reduced the annual stream-

flow of the upper Marne River catchment by 18 per cent (Savadamuthu,

2002) and that of the Onkaparinga River catchment up to 20 per cent

(Teoh, 2002).

The effects of farmdamstorage on streamfloware especiallymarked in dry

periods and droughts, rather than in wet periods. These reductions in

streamflowcanhave damaging ecological effects. For example, in a southern

African stream, loss of water to farm dams significantly reduced streamflow

in drought to such an extent that riparian trees were stressed andmany died

(O’Connor, 2001). The volumes of water in farm dams after dry periods or

droughts are usually very low, so, when drought breaks in a catchment,

capturing considerable volumes of water in the refilling of farm dams may

delay the recovery from drought in streams (Finlayson et al., 2008). Thus,
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regulation of the volumes ofwater stored in farmdams on catchments can be

a strategic measure to mitigate the effects of drought.

Urbanization of catchments can increase the area of impervious sur-

faces, producing rapid runoff, especially where guttering and drains are

well developed (Walsh et al., 2005). During droughts, impervious surfaces

such as roads and parking areas accumulate nutrients, salts, heavy metals

and organic pollutantswhich, upon the drought breaking, can be delivered

directly in storm runoff to urban streams and wetlands (Hatt et al., 2004;

Walsh et al., 2005). Through the rapid drainage of precipitation from these

impervious surfaces, urban streams can have sharp storm hydrographs,

which have great erosional power and can cause channel incision in

unlined channels.

In urban areas with high levels of impervious surfaces, groundwater

recharge is limited, and thus groundwater levels drop and may move below

the riparian zones, especially in incised streams (Hardison et al., 2009).

A result of both rapid drainage and lowgroundwater recharge is thatmost of

the flow in urban streams is usually low and akin to hydrological drought.

Furthermore, the situation where the riparian zone is permanently perched

above the groundwater level, and thus is much drier than usual, has been

termed ‘riparian hydrologic drought’ (Groffman et al., 2003). This long-term

riparian drought reduces the vegetation and the processing of the riparian

zone, aswell as contributing to the impacts of supra-seasonal droughtswhen

they occur.

Many streams in urbanized catchments receive treated sewage and

industrial effluents and in normal times these are diluted by the streamflow,

reducing their potentially damaging effects. However, in drought, the

volume of natural streamflow decreases, and sewage and effluent volumes

may thus remain constant or be only partly diminished. The threat of

insufficient sewage dilution may be partly offset by the lack of storm flows

from impervious surfaces and reduced non-point pollution from agricul-

tural areas but nevertheless, during drought, declines in water quality due

to increases in effluent pollutants, in pathogenic bacteria and in low

oxygen concentrations have been recorded in rivers (e.g. Slack, 1977;

Davies, 1978; Chessman & Robinson, 1987; Andersen et al., 2004;

Zwolsman&van Bokhoven, 2007; VanVliet & Zwolsman, 2008; Canobbio

et al., 2009) and in estuaries (e.g. Anderson & McCall, 1968; Attrill &

Power, 2000a, 2000b).

The declines in water quality appear to be related to the nature and

volumes of the effluents, the quality and volumes of the receiving water,

water temperatures and, in the case of estuaries, the residence time. Hence,

when streamflow is reduced in droughts, treatment of wastes from point

sources must be upgraded to lower their polluting potential. Increasingly,
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with more efficient sewage and wastewater treatment, the lowering

of water quality by effluents in droughts can be diminished (e.g. Wilbers

et al., 2009).

In impoundments and lakes which have human activities such as

agriculture and urbanization on their catchments, water quality problems

may arise during periods of low water levels due to drought. Thus, in Lake

Eymir, a eutrophic lake in Turkey, drought increased the level of eutrophi-

cation, marked by increased concentrations of cyanobacteria (Beklio�glu &

Tan, 2008). In impoundments used to supply drinking water, the risk of

eutrophication and cyanobacteria blooms during drought is amajor cause of

concern, for example in Brazil (e.g. Bouvy et al., 2003) and in the USA

(Touchette et al., 2007b). During drought, with very low dam levels, anoxic

conditions and subsequent water column mixing may occur. These elevate

phosphorus concentrations and trigger cyanobacteria blooms which, trav-

elling with the released water, create potentially toxic conditions for

considerable distances downstream. Such a situation occurred in Hume

Damon theMurrayRiver in south-easternAustralia during the 1997–2010

drought (Baldwin et al., 2010). Toxic algal conditions occurred for about

150 km downstream the dam in the summer of 2007–2008 (Baldwin et al.,

2010) and re-occurred for a greater distance (�680 km) during the summer

of 2009–2010 (Ker, 2010).

At both the regional and local spatial extent, there are human-induced

changes that can exacerbate the damaging effects of droughts on aquatic

ecosystems. Some, such as the lack of sufficient dilution of wastes in

waterways, have been acknowledged for some time, but the majority of

threats ranging from the large-scale climatic effects of vegetation clearance

to the hydrological effects of groundwater extraction have only been

recognized recently. For any catchment with human settlement, it will be

a rare situation in which only one of these human-induced changes is

acting; usually it is the case that the changes are many, are cumulative and

interact in ways which may be difficult to disentangle. In a catchment, the

climatic effects of land clearance may be a panoply in which are embedded

local effects due to such problems as impervious surfaces, loss of riparian

vegetation and groundwater extraction.

In many localities, the goal of catchment management appears to be

to restore and/or maintain ecologically sustainable aquatic ecosystems.

However, in many others, this is clearly not a goal, and either ecosystem

degradation is accepted as the necessary price of human development or,

with no interest at all, unplanned neglect drifts on.

If the goal is to protect and restore catchments and aquatic ecosystems,

there are paths to follow in dealing with drought. To strengthen the

resilience of a catchment to drought, an audit of the strength and location
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of the human-induced changes and the forces causing them would be

a good step to guide planning. In an ideal situation, this could be followed

by targeted efforts of mitigation. As it stands now, throughout the world,

humans have created catchment conditions which may be economically

beneficial in the short-term, but which will produce a legacy of more

severe droughts and more severe effects when they do occur. Pro-

active measures include: increasing catchment tree cover (particularly

along riparian zones); capturing and storing stormwater in urban catch-

ments; reducing fertilizer and pesticide use; and avoiding catchment

overgrazing.

11.2 Human-induced exacerbation of drought effects within
water bodies

Human activities on water bodies themselves may clearly exacerbate the

effects of drought. The boundary between these effects and those occurring

on catchments is a blurred one. For example:

. groundwater mining can reduce streamflow and wetland water

volume;
. removal of riparian vegetation can lower stream water quality;
. non-point pollutants from catchment land use can create algal

blooms;
. salt from dryland salinity can salinize wetlands

Yet, in terms of management, there are explicit human interventions in

water bodies that do exacerbate droughts and their effects.

The range of water bodies to consider extends from ponds to wetlands to

lakes, and from small streams to rivers to estuaries. Across this wide range,

the effects of drought differ and the impacts of humanactivitywill differ, such

as between damming a low-order stream and damming and regulating the

flow of a large river. Unfortunately, little has been reported on how drought

may be exacerbated by human activities across the wide spectra of different

types of water bodies.

11.2.1 Dams and impoundments

Starting from the 1920s, worldwide there has been a massive program of

building large dams. This reached its peak in the 1970s and has since tailed

off in most parts of the world (Chao et al., 2008), with the notable exception

of China. It is estimated that large dams can now impound about
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10,800 km3 of water, including estimations of seepage, or 8,300 km3, based

on the storage capacity of 29,484 dams (Chao et al., 2008). Thus, large dams

store about 19 per cent of the global total of annual river flow. These figures

do not include the numerous small dams and weirs.

Globally, the total human-generatedwithdrawal ofwater from all sources

is estimated to be about 4,000 km3 annually, about one-tenth of the world’s

renewable water resources (D€oll et al., 2009). Of this amount, the consump-

tive water use is estimated to be between 1300–1400 km3 per year, 90 per

cent of which goes to irrigation (D€oll et al., 2009).
Along with impoundment and water extraction, the damming of rivers

has changed the flow regime and volumes of rivers – very starkly, in many

cases. Thus, due to water extraction and diversion, many rivers have had

significant reductions in their volumes. In some cases, the dams have been

used to divert entire rivers, leaving only a small volume to flow down-

stream. For example, in the Kosciusko region of south-east Australia, until

recently the Snowy River below Jindabyne Dam only received one per cent

of its annual flow, and similarly the Tantangara Dam on the upper

Murrumbidgee River also released only one per cent of the annual flow.

Below such dams, the rivers are in a permanent state of human-generated

drought, with reduced habitat space and biodiversity, terrestrialization of

the river channel, siltation of coarse sediments and increased variability of

water temperatures.

Most large dams are operated to regulate river flow, reducing floods and,

more importantly from an economic perspective, delivering water to con-

sumers – principally irrigated agriculture. The effects of river regulation and

alteration of flowregimes aremanyandarewell known (e.g. Poff et al., 1997;

Poff & Zimmerman, 2010; Bunn & Arthington, 2002; Postel & Richter,

2003; Nilsson et al., 2005).

In relation to the potential exacerbation of drought, river regulation can

have major effects. The obvious effect of dramatically reducing flows below

dams because of wholesale diversion has already been mentioned. The

effects of drastically limiting releases can resemble those generated by

progressive withdrawals of water downstream of a dam, resulting incre-

mentally in a diminished flowvolume. Suchwithdrawals are primarilymade

to meet irrigation demands, and they tend to fluctuate with the timing of

demand (e.g. Wilber et al., 1996; Miller et al., 2007). Indeed, in times of

natural drought, urban and rural pressures to extract water from water

bodies can increase sharply.

In a review, Dewson et al. (2007) concluded that the effects of artificially

decreased flow on habitat and stream invertebrates appear to be rather

inconclusive, though this may be due to there being marked differences of

the degree and duration of low flow periods in different studies examined,
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and to the aggregation of responses to both natural and artificial low

flow episodes.

Miller et al. (2007), in a study of an Oregon river with progressive

downstream extractions of water for irrigation, found that water extraction

exacerbated the effects of drought on macroinvertebrates due both to

reduced flows and to marked increases in water temperatures. In south-

eastern Australia, Finn et al. (2009) compared the responses of two

neighbouring rivers, with one river having natural flows and the other

subject to ‘artificial drought’ created by water extraction in the period of

seasonal low flow. With ‘artificial drought’, conductivity rose and periphy-

ton growth increased, though this growth appeared to be limited by low

nutrient levels, due to diminished runoff and consequential low nutrient

inputs. The response of the invertebrates was marked changes in species

composition, rather than changes in species richness and abundance. The

‘artificial drought’ produced an invertebrate fauna comprising taxa known

to be very tolerant of low flow conditions. More interestingly was the

suggestion that the fauna produced by the low flows was shaped more by

the long-term history of artificial droughts rather than the particular

drought event in which the streams were sampled (Finn et al., 2009). Thus,

a history of low flows created by heavy water extraction may mould a novel

fauna quite different from the natural one of the region.

So great can the extraction ofwater be from large rivers that the discharge

of water into the sea can be reduced to a mere trickle, thus creating drought

conditions at their mouths and in their estuaries. Vivid examples of this are

the lower Murray River in South Australia, where, due to no flows from

upstream, the mouth to the sea is now closed for 40 per cent of the time

(Brookes et al., 2009), and the Colorado River in the USA, which now only

occasionally flows through its delta to reach the sea (Adler, 2007). In both

cases, permanent estuaries have been converted into temporary ones.

In estuaries prone to closing and without adequate freshwater inputs,

hostile hypersaline conditions may set in, as found in the St Lucia estuary in

South Africa (Whitfield et al., 2006) and the Coorong arm of the Murray

River estuary (Brookes et al., 2009)

River regulation can greatly change the temporal nature of the flow

regime. Thus, in south-east Australia, the normal high river flows inwinter

and spring are curtailed as water is stored, while in summer, large volumes

of water are released to downstream irrigators. Thus, ‘anti-droughts’ occur

when normal seasonal low flow periods are replaced by high flows

(McMahon & Finlayson, 2003), even in periods of severe drought to meet

irrigation demands.

Dams can control floods; indeed this is a major management aim of many

dams. Hence, in many cases the floods that normally inundate floodplains
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are eliminated or greatly reduced, and only very large and rare floods

inundate floodplains. Lack of floodplain flooding, often combined with levee

construction and wetland drainage, weakens or eliminates the booms in

biotic production and diversity and the stimulation of key ecosystem

processes incorporated into the concept of the flood pulse (Junk et al.,

1989; Tockner et al., 2000, 2008; Lake et al., 2006). Flooding stimulates

ecological processes in a rich variety of habitats, and it generates vital

avenues of lateral connectivity between the river channel and the floodplain

and between the floodplain habitats – lagoons, wetlands, runners. This

connectivity is critical to the movements of nutrients and carbon (POM,

DOM) and of biota, be they seeds, invertebrates, fish or tortoises.

With flooding, lagoons and wetlands are filled, nutrients are mobilized,

groundwater may be recharged, primary and secondary production boom,

many species of invertebrates, fish and birds breed, and floodplain forests

flourish (Tockner et al., 2000, 2008; Lake et al., 2006). Indeed, provided the

flooding occurs, riverine floodplains are one of the most productive ecosys-

tems in the world (Tockner et al., 2008) – a classic case of pulse production.

With no or truncated flooding, the active floodplain is simply inadequate in

area and/or too briefly flooded to generate a legitimate flood pulse.

For example, elimination of the flood pulse by dams on the Paran�a
River, Brazil, and the consequential loss of floodplain lagoons, greatly

reduced populations of the important fish Prochilodus lineatus, which

depends on access to floodplain lagoons as part of its life cycle (Gubiani

et al., 2007). In south-east Australia, lack of flooding due to river

regulation has caused a large wetland complex – the Lowbidgee floodplain

on the Murrumbidgee River, which was once rich in biodiversity – to be

essentially destroyed (Kingsford and Thomas, 2004; Khan et al., 2009).

Around the world there are many examples of floodplain systems

impoverished by river regulation and floodplain development. Thus, one

can say that because floods are vital to the ecological integrity of

floodplains, their elimination or great reduction is a stark example of

severe and human-generated drought, or even megadrought.

11.2.2 Water extraction

Many cities and agricultural areas occur along rivers and on the shores of

lakes, and many of these draw water for domestic, industrial and agricul-

tural use fromwaterways.Water is extracted from impoundments, lakes and

flowing waters, and this can result in considerable decreases in water levels

and volumes in standing and flowing waters. Thus, prior to drought, water

bodies may have lost significant amounts of water. Furthermore, when

droughts occur, direct water extraction from streams and wetlands may
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increase, lowering volumes to artificially low levels (Gasith & Resh, 1999;

Dewson et al., 2007). In the1997–2010drought in south-easternAustralia,

in small streams, refuge poolswere pumped out by landholders andwetlands

were depleted to provide water for stock.

11.2.3 The critical importance of connectivity

Intrinsically linked with flow regulation by dams are the obvious impacts of

fragmentation, whereby the axes of connectivity that are vital to the natural

integrity of rivers are abolished or greatly reduced (Ward, 1989a; McCully,

2001; Nilsson et al., 2005). The three vital axes of connectivity are

longitudinal (upstream-downstream), lateral (channel-riparian zone-

floodplain) and vertical (surface water-hyporheic zone-groundwater

(Ward, 1989a). Dams obviously sever longitudinal connectivity, limiting

the downstream movements of water, sediments, nutrients and biota as

well as the upstream movements of migrating biota.

Even without droughts, the severing of longitudinal connectivity has

major impacts on ecological processes. Some biota may, under normal

conditions, be capable of migrating over dams – for example, in tropical

streams, shrimp may migrate through small dams (Benstead et al., 1999;

Pringle et al., 2000). However, when drought and water extraction

produce very low flows, these dams are an absolute barrier, preventing

juvenile shrimps from migrating upstream and replenishing upstream

adult populations. In the ‘bottleneck’ below the dams in drought, predation

greatly reduces the populations (Benstead et al., 1999; Crook et al., 2009).

Droughts and water extraction produce very low flows such that dams

become absolute barriers and fishways are ineffective (Pelicice &

Agostinho, 2008). After drought, by acting as barriers to both upstream

and downstream movements, dams curtail the movements of biota,

especially fish, from drought refuges to favourable habitats and to sites

vital for reproduction.

River flow regulation, combined with structures such as levees, have

isolated rivers from their floodplains. Such strictures can create permanent

drought conditions on the floodplains, and generate an environment in

which riparian trees lose condition and die (e.g. Doody & Overton, 2009;

Horner et al., 2009) and floodplain wetlands are reduced, if not eliminated

(Kingsford & Thomas, 2004; Pearce, 2007; Khan et al., 2009). Worldwide,

floodplain wetlands have been dried out and converted to agricultural land

producing crops and pastures.

Hydrological connectivity between a river channel and the hyporheic

zone and the water table can be reduced through the clogging of interstices

by fine sediment (colmation). Such colmationmay occur in the shallow, low
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velocity flows found belowmany dams as well as in streamswhose channels

have been filledwith sediments from catchment erosion. In times of drought,

colmation reduces the effectiveness of the hyporheic zone as a refuge

for invertebrates.

Fragmentation of rivers by dams and the consequential severing or

weakening of axes of connectivity – longitudinal, lateral and vertical –

have served to exacerbate the effects of drought on aquatic and riparian

biota. The loss of lateral connectivity through flow regulation and flood

mitigation measures (e.g. levees) have cut the vital links in nutrients, food

resources and biota between a river and its floodplain, have greatly

curtailed floodplain productivity and have prevented the breeding of

floodplain-dependent species. These conditions may be viewed as akin to

permanent drought.

Severing longitudinal connectivity not only fragments populations but

prevents migrations essential for successful breeding, for moving to refugia

before and during droughts and for moving to favourable habitat when

droughts break.

11.2.4 Habitat availability and refuges

The building of dams and weirs, divorcing floodplains from their chan-

nels, diverting water away from rivers and lakes, draining wetlands, and

many other forms of deliberate human intervention, have all greatly

reduced habitats for many aquatic, semi-aquatic and riparian biota.

Habitat loss and the fragmentation of species populations have reduced

populations and made many such populations increasingly vulnerable to

the hazard of drought. In addition to these impacts, there are the

deleterious effects of introduced species through predation, competition

and parasites/pathogens.

For example, in a severe drought (2008), a hitherto unknown protozoan

parasite, Ichthyophthirius multifilis, was detected in a population of redtail

barb (Barbus haasi) in a Spanish stream. The new parasite infected 21 per

cent of the population and reduced both fish density and average fish size

(Maceda-Viega et al., 2009). The virulence of the parasite may have been

due to the fish being stressed by the low water availability and high water

temperatures created by the drought.

Not only have forces such as channelization and the construction of

barriers greatly reduced habitat availability, but in many cases refugia have

also been destroyed. In the widespread practice of ‘river improvement’,

coarse wood (logs) or snag loadings were greatly reduced in stream chan-

nels. Not only is coarse wood valuable habitat, but it may offer biota refuge

during drought. For example, in a drought in the Flint River basin inGeorgia,
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USA, depressions underneath coarse wood acted as an effective refuge for

mussels (Golladay et al., 2004). In two Australian streams heavily sedi-

mented by massive amounts of sand, pools were created by placing log

structures into the stream channel. These structures, with associated pools,

served as refuges for fish species in the early part of the 1997–2010 drought.

Eventually, however, surface water in the streams disappeared and the fish

were lost (Bond & Lake, 2005).

As mentioned before, a major effect of drought in small low-order

streams is to greatly reduce or stop flow and for pools to form – pools that

may be valuable refuges. Unfortunately, as water availability in the

landscape declines, such pools become targets for water extraction or for

the watering of domestic stock. In larger rivers, during drought, particular

pools in which fish populations become concentrated may be subject to

heavy fishing pressure. Decreases in the volumes of floodplain lagoons due

to drought can produce a concentration of fish populations that may be

heavily exploited by an increased fishing effort (e.g. Merron et al., 1993;

La€e, 1995).
Climate change is causing sea levels to rise, which could marginally

reduce brackish and freshwater habitat area in open estuaries. With more

sea water entering estuaries with high tides, salt wedges may lengthen and

the boundary between fresh and sea water could become more abrupt. In

times of low freshwater inputs, especially in droughts, estuaries, instead

of having a gradient between fresh and sea water, may become fully

marine environments.

11.2.5 Invasive species

The biodiversity of freshwater ecosystems is declining at a higher rate than

for either terrestrial or marine ecosystems, with a major threat, especially

to lentic ecosystems, being ‘biotic exchange’ –the impacts of invasive

species (Sala et al., 2000). The decline of native species at the expense

of invasive species, from population reductions to local extinctions, occurs

through a variety of processes. An unfortunate outcome of the success of

invading species has been not only the reductions in populations of native

biota but marked fragmentation of their distribution. This is clearly

illustrated by the current distribution of many galaxiid fish populations

in streams in Australia and New Zealand, where the galaxiids are confined

to sections of headwater streams, above barriers to trout and their

predatory impact (McDowall, 2006).

Invasions, by reducing and fragmenting populations of indigenous

species, by altering habitat availability and by altering trophic structure,

have reduced the capacity of native species to resist and recover from
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supra-seasonal droughts in many cases. Indeed, in some cases, it appears

that droughts may favour introduced alien species, as exemplified by

mosquito fish in Australia and Tamarix in the south-western USA. Fur-

thermore, species such as thesemay not only have their invasion facilitated

by drought, but may be able to persist and thrive after the drought ends.

In both depleting native species and in being favoured, invasive species in

aquatic ecosystems can exacerbate the ecological impacts of drought.

11.3 Climate change and drought

Climate change refers to overall effects accompanying global warming

created by the greenhouse effect in the atmosphere, due to a steady

build-up of greenhouse gases – principally carbon dioxide and methane.

The principal force generating the greenhouse gas build-up is the burning of

fossil fuels by humans. In the pre-industrial era, the level of carbon dioxide

concentration in the world’s atmosphere hovered around 280 ppm, but this

concentration had risen rather sharply to 379 ppm by 2005, and that of

methane had risen from a pre-industrial level of 715 ppb to 1774 ppb in the

same period (IPCC, 2007). The greenhouse warming may be moderated by

aerosol concentrations, which, due to pollution abatement programs, have

declined greatly in recent years (e.g. Cox et al., 2008).

Nevertheless, these greenhouse gases have caused the earth’s tempera-

ture to rise by 0.5 �C between 1910 and 2000, and it is estimated that, as

greenhouse gas concentrations reach double their pre-industrial levels,

there will be a net rise in the range of 2–4.5 �C, with 3 �C being the most

likely estimate. Driven by the thermal expansion of the sea and themelting of

glaciers and ice sheets, it is projected that the temperature rise will also be

manifested in sea level riseswhichwill range from0.1 to0.2m (IPCC, 2007).

Increases in surface temperatures due to global climate change are

expected to increase evapotranspiration rates and change precipitation

levels, with differences between evapotranspiration and precipitation being

dependent on the region.With these increased temperatures speedingup the

hydrological cycle, extreme events – principally floods and droughts – are

expected to increase in frequency and strength. Also, overall changes in

surface water runoff are expected to be reflected in changes in surface water

resources and in groundwater, albeit with lags. Thus, water levels in

wetlands and lakesmay rise or fall and streamflowmay increase or decrease,

depending on the region (Milly et al., 2005; Kundzewicz et al., 2007).

With climate change, runoff is expected to increase in the high latitude

regions of North America and Eurasia, in the La Plata basin of South

America, in eastern equatorial Africa and on equatorial islands of the
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eastern Pacific (Milly et al., 2005). Regions with decreasing runoff include

southern Africa, southern Europe, the Middle East and western North

America (Milly et al., 2005). Overall, modelling suggests that the area of

decreased runoff will increase with time (Milly et al., 2005, Kundzewicz

et al., 2007).

Decreased runoff affects both lotic and lentic ecosystems, or at least those

systems not subject to significant human interference. Drying of a region

could occur through extended and constant loss of moisture – a drying

phase. However, this is not usually the case; extended drying usually occurs

with a series of droughts interspersed with wet periods.

In some cases, as indicated in Chapter 4, regional drying occurs through a

long period of constant drought – amegadrought. Alongwith the runoff and

streamflow declines, droughts are expected to increase in duration, severity

and spatial extent with climate change (Dai, 2010; Dai et al., 2004b).

Modelling by Burke et al. (2006) predicts that the number of moderate

drought events may not alter with global climate change, but the number of

severe and extreme droughts will double by the end of the 21st century.

Consequently, the proportion of the land surface in drought annually is

projected to sharply increase from �1 per cent at present to �30 per cent.

Severe drying (drought) is expected to increase over the 21st century in

Amazonia, the United States, northernAfrica, southern Europe andwestern

Eurasia (Burke et al., 2006). Furthermore, regional analyses predict that

droughts will increase in southern Europe (Lehner et al., 2006), Amazonia

(Cox et al., 2008), southwestern North America (Seager et al., 2007), west

Asia and Middle East (Kim & Byun, 2009) and Australia (Mpelasoka et al.,

2008).With the exception of Amazonia, the regions are in themid-latitudes,

whichmay be affected as the climate changes by themovement polewards of

‘the descending branch of Hadley Cells’ (Seager et al., 2007). However, it

does appear that the projected changes in droughts are not going to be driven

by significant changes in the strength or frequency of El Niño events (Coelho

& Goddard, 2009).

While climate change unleashes an array of many disturbances (e.g.

higher temperatures, sea level rise, floods, droughts), it is intricately inter-

meshed with the formidable array of ongoing human-created and non-

climatic generators of disturbances such as pollution, land use change,

water extraction, urbanization and invasive species. Thus, withmore severe

droughts in the future, it may be difficult in many cases to distinguish the

effects of climate change from those exerted by the pre-existing and ongoing

array of forces of human interventions that have exacerbated, if not created,

drought conditions.

For example, changes in land cover, principally deforestation, have

increased surface temperatures and evaporation to the extent that droughts
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in south-eastern Australia are strengthened both in duration and severity

(McAlpine et al., 2007; Deo et al., 2009).Water extractions frommany rivers

are high, and when these extraction levels are combined with declines in

flow due to climate change, severe reductions (up to 75 per cent) of fish

species in riverine assemblages are forecast (Xenopoulos et al., 2005).

Planned and implemented reductions in water extraction may offset the

losses due to climate change.

Human extraction and diversion of water from standing and flowing

waters have greatly alteredwater availability (both surface and ground) and

hydrological seasonality. With rising human populations, the pressures to

extract water from natural and man-made water bodies will increase.

Hence, both present and future pressures to meet ever-growing demands

will tend to blur climate change signals. Overall, the hydrological changes

from climate change, especially regional drying with droughts, will

undoubtedly increase the stresses on human populations and economies

(Alcamo et al., 2007; Palmer et al., 2008). Particularly affected will be

populations dependent on dammed rivers in drought-prone regions (Palmer

et al., 2008) such as the Middle East (e.g. Kura River), north-eastern Brazil

(e.g. Parnaiba River), central Africa (e.g. Lake Chad region) and southeast-

ern Australia (e.g. Murray-Darling Basin).

Linked with climate change, there are effects that will undoubtedly

interact with those of drought. With the overall rise in global surface

temperatures, evaporation levels will rise, as will the temperatures of

freshwater ecosystems. High evaporation levels (possibly accompanied by

lower precipitation) independent of drought events may lower the volumes

and levels of lentic systems, be they small ponds or large lakes.Many shallow

wetlands, both temporary and perennial, may simply dry out even without

droughts (e.g. Covich et al., 1997; Nielsen & Brock, 2009). In the process of

wetlands drying, salinities can rise, altering biotic communities and hinder-

ing possible future restoration efforts (Nielsen & Brock, 2009). Rising

temperatures in lakes may increase thermal stability and the intensity of

stratification, which in turn reduce mixing (Adrian et al., 2009). Conse-

quently, hypoxic, if not anoxic, conditionsmay occur or last for longer in the

hypolimnion of lakes, limiting the hypolimnion as a thermal refuge for fish

and allowing phosphorus to be re-mobilized from sediments. The latter

outcomewill serve to increase the risk of cyanobacteria blooms (Johnk et al.,

2008; Williamson et al., 2009).

Over the long term, and influenced by drought events, temperatures have

also been rising in flowingwaters (Webb, 1996). For example, temperatures

in the upper Danube since 1901 have risen by 1.4–1.7 �C (Webb & Nobilis,

2007), the temperatures of French rivers rose by about 2.6 �C from 1979 to

2003 (Daufresne & Bo€et, 2007), temperatures of Welsh streams rose by 1.4
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to 1.7 �C from1981 to 2005 (Durance&Ormerod, 2007) and, inNewSouth

Wales, Australia, stream temperatures are estimated to be rising by 0.12 �C
per annum (Chessman, 2009). It is indicated that the increases in water

temperatures have changed both invertebrate (Durance & Ormerod, 2007;

Chessman, 2009) and fish assemblages (Daufresne & Bo€et, 2007), with cold

water species and families declining. Warm water species may be favoured,

provided that migration pathways are not blocked by such barriers as dams

(e.g. Daufresne & Bo€et, 2007).
Human activities have played a major role in exacerbating droughts by

changing land cover and in extracting and diverting large volumes of surface

and groundwater, and also in largely inducing climate change. However, it

maystill bepossible topredict theeffects that climatechange-induceddroughts

may have on aquatic systems. Given that climate change will lead to more

severe supra-seasonal droughts, the effects on both lentic and lotic systems

couldbe extremely stressful, taxingnot only the biota’s resistance capacity but

also impairing its resilience. Climate change is predicted to increase the

frequency and strength of extreme events, and this poses a particular

problem for droughts as the likelihood increases that droughtsmay be broken

by extreme floods. The coupling of these two extreme events can be highly

damaging to aquatic ecosystems and very difficult to manage effectively.

Severe droughts deleteriously change the physical, chemical and biologi-

cal components of freshwater ecosystems and these impacts can be expected

to increase with climate change. For example, with higher temperatures,

water quality deterioration in drought may increase. In standing waters,

thermal stratification and hypolimnial anoxia may intensify and increase

outbreaks of cyanobacteria blooms.

With the increased temperatures in severe droughts, conditions for the

fauna of small streams may lead to local extinctions with poor recoveries

after droughts. Indeed, fragmentation due to drought and climate change

can become a major problem for the biota of flowing waters. In flowing

waters and open lakeswith incoming and outgoing streams, climate-change

droughts could favour the expansion ofwarmwater species at the expense of

cold water ones.

In lakes and wetland complexes, especially shallow systems, harsh con-

ditions may arise (such as described for Lake Chad and Lake Chilwa), with

low volumes, higher ionic concentrations and temperatures and low oxygen

levels leading to fish kills and the demise of invertebrate populations.

In closed lakes, loss of populations and species in drought may mean

long-term loss of diversity, due to isolation of the lake restricting the

immigration of new species.

In summary, the inexorable changes due to climate change (e.g. increased

water temperatures), the already degraded state worldwide of many aquatic
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ecosystems due to human activities, combinedwith the predicted increase in

extreme events (floods and droughts) will further degrade, if not destroy,

many aquatic ecosystems. It must also be emphasized that human popula-

tions and their activities are now, andwill – especially in poorer nations – be

badly affected by the trio of major forces outlined above (Alcamo et al., 2007;

Palmer et al., 2008; Kundzewicz et al., 2008). Indeed, climate change effects

on water resources will be one of the major stresses on natural and human

populations, communities and ecosystems. However, while it seems that

climate change will very difficult to arrest, let alone reverse, we can initiate

actions now to repair and restore aquatic ecosystems and increase their

capacity to contend with droughts.

11.3.1 Mitigation and adaptation

Facedwith increasing human demands for freshwater, the degraded state of

many freshwater ecosystems and the steadily building threat of climate

change, measures should be set in train to mitigate the impacts of climate

change and to adapt to the pressures of climate change. In many cases,

addressing these initiatives means accepting that many freshwater ecosys-

tems are in a degraded condition and are being (mis)managed in an

unsustainable way. There are, of course, a few freshwater ecosystems in

remote regions that have not been changed by past and current human

intervention, but these nevertheless will now be affected by climate change.

In particular, we are dealing with the likelihood that the strength and

duration of droughts will increase due to climate change.

Basically, in dealing with climate change, there are two courses of

action – reactive and proactive (Palmer et al., 2008). Reactive manage-

ment means implementing measures in response to current impacts.

Proactive management means the implementation of measures in

response to current impacts – and much more importantly, it means

acting in anticipation of future threats and impacts. In the case of droughts,

management measures should be designed to aid the biota of aquatic

ecosystems to resist, where feasible, the impacts of drought, and more

importantly to recover after drought has broken. Reactive measures are

usually short-term (Palmer et al., 2008, 2009) and, in the case of drought

would involve such activities as the emergency release of water from dams,

the pumping of groundwater to maintain streams and wetlands, facilita-

ting the movement of aquatic fauna to refuges, the identification and

protection of refuges and the destratification of lakes/reservoirs (Bond et al.,

2008; Palmer et al., 2009).

Although these measures may significantly reduce the damage

inflicted by droughts on aquatic ecosystems, their effectiveness may be
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compromised and they may impede, for funding reasons, the development

and implementation of a long-term proactive strategy. Proactive measures

are now, andwill be inmost cases, linkedwith restoration. They operate on

the basis that, in restoring an ecosystem to an ecologically sustainable

state, both resistance and resilience for contending with drought are

strengthened. In the long term, the costs of implementing proactive

measures for drought, while initially high, may be less than the costs

incurred by doing nothing and then acting reactively when drought hits

(Bond et al., 2008).

Faced with the threat of climate change, there is clearly a need for a

feasible strategy for managing both standing and flowing water ecosystems

at the appropriate spatial extent (Palmer et al., 2008, 2009). Palmer et al.

(2009) have suggested what they call a ‘place-based approach’, with the

obvious place being the catchment level. Manageable catchments would

need to be local enough to not be overwhelmed by complexity, but large

enough to allow flexibility in planning and implementation.

In terms of contending with increasing dryness and drought, climate

change predictions based on scaled-down climatemodels with predictions of

human population and land use trends could be used to compile future

scenarios of changes in temperature, precipitation, runoff and streamflow or

water volumes in lentic systems. Although very provisional, the outcome

of such an exercise would allow identification of vulnerable ecosystems, of

communities, species, populations and habitats worth protecting and

of ecosystems and habitats that, although they are degraded, would be

worthwhile to restore. In dealing with drought, it is important that there is

sufficient monitoring to detect changes in surface water volumes and in

groundwater levels.

Based on the modelled climatic scenarios and the distribution of natural

and human-affected ecosystems, restoration and protection measures

should be planned and implemented. Large-scale restoration is invariably

a proactive measure, as effective restoration takes time (years to decades) to

come to fruition. Restoration measures that increase the resistance and

resilience of rivers, lakes and wetlands to drought include:

. the restoration of riparian zones;

. the reinstatement of lost avenues of connectivity (e.g. river channel to

floodplain);
. changes in water management to install ‘natural’ flow regimes, or at

least key flow events with environmental flows;
. changes in catchment land use to protect wetlands and to curtail the

leakage of chemicals and sediments from catchments.
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Currently, many floodplain systems are divorced from their rivers because

of barriers, levees and flow regulation, and are thus locked into permanent,

artificial drought. Therefore, a powerful form of restoration would be the

return of regular floods to these floodplains, whichwould allow the recharge

of groundwater, the reinvigoration of riparian vegetation and the build-up of

floodplain-dependent fauna – all of which would, in turn, increase resilience

to drought. As the full effects of suchmeasures are speculative,monitoring of

key projects with adaptive management is essential to improve the science

and practice of restoration ecology.

Besides restoration, there is also a requirement to identify and protect

particular species, communities and habitats. This may involve such activi-

ties as removing barriers in streams to allow stream animals to migrate,

removing harmful invaders, preventing dry wetlands from being ploughed

and/or grazed and replicating habitats for isolated populations or species

(Palmer et al., 2009).

Overall, at the catchment level, and among stakeholders, there is the

prime need to produce a water management plan that returns and then

maintains ecological integrity to the aquatic ecosystems of the catchment in

the face of droughts and of meeting essential human needs.

The challenge of dealing with, and adapting to, climate change and

forthcoming extreme events is a daunting and very challenging one.

Currently, in terms of aquatic ecosystems, their management in drought

is at present poor to marginal at best, and yet we now know enough to

improve management substantially. The difficulty lies in convincing

management authorities and governments to make proactive measures

rather than, as they are tending to do currently, acting reactively with

emergency measures.
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12

Conclusions

Drought has long been recognized and feared by human societies, and it

has played a major role in deciding the fate of human societies and

their economies. It could be argued that humans, in building economies

which are basically dependent on having reliable water supplies, have

developed social and economic systems which are particularly vulnerable

to drought. As expected, given this vulnerability, there is a voluminous

literature on the social and economic impacts of drought, and there has

been considerable research on ways to mitigate drought impacts and to

decrease the vulnerability of human enterprises to drought. By contrast, the

literature on the impacts of drought on natural ecosystems, especially

aquatic ecosystems, is meagre, fragmentary and geographically scattered

in terms of its spread. Thus, this book has attempted to review the impacts

of drought on the biota and ecological processes of aquatic ecosystems

and to assess the vulnerability of these ecosystems to the extreme forces

of drought.

One would expect that the biota of natural ecosystems may be shielded

from the effects of drought to some extent, as they have evolvedmechanisms

over millions of years to contend successfully with droughts. However, this

evolved tolerance must be tempered by the fact that particular droughts, in

terms of severity and duration, can be very taxing to biota. Furthermore, in

many instances, the forces of drought are accompanied by other natural

disturbances, such as extreme temperatures and wildfire. With the expan-

sion of human population, many of the disturbances that now accompany

drought are human-induced, such as loss of habitats and refugies, along

with excessive water extraction and imposition of barriers, all of which can

exacerbate the effects of natural droughts (see Chapter 11). Thus, in many

droughts, both natural and human-generated disturbances act in concert

and may together overwhelm natural ecosystems.
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12.1 Large-scale, long-term ramp disturbances

As a disturbance, drought is unusual in that it rises from a deficiency of

water, as opposed to most other disturbances that arise from excesses.

Drought is particularly damaging because it occurs across a large spatial

extent, across large regions and can last for a long time. Comparedwithmost

other disturbances, which are usually pulses, droughts occurs as ramps,

emerging slowly and then steadily expanding in strength and in area (see

Chapters 1 & 2).

While the focus of research on drought has been on its development and

persistence, the ways in which droughts end have been neglected. How

droughts end may make a big difference to the strength of recovery. For

example, droughts that end with the pulse of a large flood may be more

damaging than those that end with a ramp of steady precipitation. This

speculation awaits exploration.

In recent years, stimulated undoubtedly by concerns about global

climate change, research directed at understanding the climatology and

meteorology of droughts has increased sharply. Evidence is steadily emerg-

ing that most droughts arise from oceanic dipole oscillations in sea

surface temperatures and air pressure; this understanding, coupled with

real-time data on sea surface temperatures and winds, has undoubtedly

increased the capacity to predict droughts. At the same time, however, it has

become clear that many droughts occur not from the operation of a single

dipole oscillation but from themore complicated combination of two or even

more dipole oscillations. This makes predicting and understanding the

origins and persistence of droughts a difficult challenge, but one which

needs continued and concerted research effort. This effort will also need to

increase knowledge on the effects that global climate change is having and

will continue to have on drought frequency and severity. In this regard, one

of the very few benefits to emerge from the concern about climate change

has been the increased interest and support for research on climate,

especially on extreme events, and the effects of changing climate on biota

and ecosystems.

12.2 Meteorological, hydrological and groundwater droughts –
a sequence in time and severity

Meteorological droughts lead on to hydrological droughts, with surface

waters being obviously affected. In time, groundwater droughts may devel-

op. These lag in their beginning behind surface water droughts, and they

may persist long after surface water droughts have ceased. Groundwater
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drought is clearly a major hazard in many areas of the world, yet it remains

neglected in terms of research effort. This deficiency should be addressed

urgently, especially as, in many parts of the world, groundwater extraction

by humans is now way beyond sustainable levels.

Meteorological droughts may be reliably and readily measured in terms of

indices such as the Rainfall Deciles Index and the Standardized Precipitation

Index. The same does not apply to hydrological droughts. The rather

complicated Palmer Drought Severity Index, based on soil moisture levels,

is used to indicate agricultural drought and may be modified to indicate

hydrological drought (see Chapter 2). However, this is unsatisfactory, as it

relies on extensive data on soil moisture levels at the regional level.

Hydrological drought is due to a deficiency of water in the landscape that

causes standing and flowingwaters to lose water beyond normal levels. This

deficiency is reflected in lake volumes and streamflows, but there is still no

universally accepted index to indicate hydrological drought in surface

waters and in groundwater. Such an index needs to be standardized in

terms of local conditions and capable of distinguishing between normal low

flows, seasonal droughts and the more unpredictable and lengthy supra-

seasonal droughts. These requirements may necessitate the development of

other reliable indices.

The distinction between normal, seasonal droughts and abnormal supra-

seasonal droughts is important to make, because many accounts on the

ecology of drought, especially from areas with Mediterranean climates, are

simply concerned with seasonal droughts. A standardized hydrological

drought index would greatly improve our understanding of the effects of

drought, as it would allowmeaningful comparisons to bemade from place to

place and from drought to drought. At present, in making ecological

comparisons between different localities and/or droughts, the severity of

the effects may be the only guide.

12.3 Recognizing the importance of past droughts

Over the Holocene period (the last 10,000 years) droughts – especially

megadroughts (those lasting ten or more years) – have occurred, with the

evidence of such droughts coming mainly from lake sediments. In many

places, the mid-Holocene was marked by lengthy and severe megadroughts

(see Chapter 4). For droughts inmore recent times (i.e. the past 1,000 years),

tree rings can be used to detect droughts with finer temporal resolution than

lake sediments. Both of these sources of evidence strongly indicate thatmany

past droughts have been severe and lengthy, and thatmanyhuman societies

are ill-equipped to deal with them (see Chapter 4).
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Currently, a detailed appreciation of past droughts, especially over the last

1,000 years, is only available for North America. An international research

effort to develop the drought history of other regions of the world would

therefore be veryworthwhile, not only to the discipline of palaeoclimatology,

but also in terms of providing a forewarning ofwhat sort of droughts could be

expected in any one region. Such a research effort may also be able to assist

inmakingpredictions of the effects that global climate changemight exert on

future droughts. Mapping and measuring megadroughts of the past could

provide an estimate of future droughts and could thus be used to assess how

contemporary societies could contend – successfully or not – with the threat

of megadroughts in the future.

12.4 Ecological effects of drought

12.4.1 Disconnections and variable effects

Across landscapes, there are waterscapes consisting of disconnected and

connected water bodies (e.g. lakes, ponds, rivers). Connectivity may be

between different surface waters and between surface waters and ground-

water. In any one catchment, there can be a great variety of temporary and

permanent water bodies differing in many factors, including levels of

connectivity, size, catchment condition, morphology, chemical composition

and their biota. As a large-scale disturbance, drought can affectwater bodies

across catchments and across regions to greatly varying extents.

The differing impacts of drought and the varying responses to it that

undoubtedly occur over catchments or regions havenot been investigated at

the large spatial extent, and thus we have a poor understanding of the

integrated effects of drought across a variety ofwater bodies. To gain such an

integrated understanding may be seen as an impossible task but, with a

rapidly increasing interest in long-term ecological research, and with the

rapid advances being made in remote sensing, such a task may become

feasible. It may even become possible for the effects of drought on compo-

nents of both terrestrial and aquatic ecosystems to be assessed and integrat-

ed across large areas. Such an integrated approach to the study of droughts

would be great value to managers, as it may identify features of land- or

waterscapes that are at ahigher risk of damage bydrought thanothers. Such

knowledge could then be used to build resistance and/or resilience to the

effects of drought.

Droughts set in by decreasing the amount ofwater in catchments through

the lack of precipitation and increases in evapotranspiration. There is a sharp

decline in inputs of chemicals – especially nutrients, sediments and organic

matter – from catchments to their water bodies. Within catchments,
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chemicals such as nitrates and dissolved organic carbon can accumulate

with drought.

The vegetation of riparian zones during drought typically becomes

stressed and declines, especially in long droughts, when the water table

may recede. This decline may impair the recovery processes in water bodies

after drought. Knowledge of biogeochemical processes in catchments (and

riparian zones) during and after droughts is limited and fragmentary.

12.4.2 Abiotic and biotic effects

As with other disturbances, droughts exert a variety of different effects on

both abiotic variables and on aquatic biota and on their ecosystems. The

changes in abiotic variables, such as changes in water quality, may be a

majormeans bywhich the biota are affected and to which the different biota

have evolved different adaptive responses. The main target of research on

abiotic variables during drought has focused on the changes in such

variables as temperature, oxygen concentrations and salinity (electrical

conductivity). When droughts break, high loadings of many chemicals (e.g.

nitrate, dissolved organic matter (DOC), heavy metals) may be delivered

from catchments to aquatic ecosystems (see Chapter 5). These high loadings

of inorganic chemicals and organic matter into both lotic and lentic systems

may impair or stimulate recovery, but this phenomenon remains unstudied.

Linked with the recognition of catchment inputs influencing the

responses of aquatic biota to drought is the realization that for both

catchments and their water bodies, the antecedent conditions prevailing

before drought exert a very strong influence on the impacts of drought. For

example, if a catchment has a lingering water deficit due to past droughts,

the effects of a further droughtwill bemore severe than if the catchment and

its water bodies were at normal water levels. As mentioned in Chapter 11,

the antecedent conditions of catchments and water bodies created by

human activities can exert a strong influence on the impacts of subsequent

droughts. This influence is an important and unstudied area of research. A

prime reason for this knowledge gap is simply thatmost studies of drought in

aquatic systems have been begun with droughts developing or already

developed, and they have not included catchment factors.

As drought sets in and water is steadily lost from a water body, distinct

thresholds with major ecological effects may occur. In lentic systems (lakes,

ponds), a critical threshold is the loss of connection between the littoral zone

and the water. A further threshold evident in shallow lakes is that the loss of

volume can lead to the emergence of separatewater basins. Other thresholds

dependent on the nature of the standing water body include the cessation of

surface and groundwater inflows and outflows. In most flowing waters, the
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major thresholds are the loss of the littoral zone and of longitudinal

connectivity.

In both systems, a further threshold is the drying from free surfacewater to

dry sediment. The crossing of these thresholds undoubtedly has major

ecological effects and yet, in most cases, and especially in lentic systems,

these effects have been poorly described both in terms of abiotic and

biotic changes.

Of particular note are the effects of drought on floodplain systems.

Longitudinal connectivity may be maintained throughout a drought, albeit

with greatly reduced flow. With drought, lateral connectivity between the

river channel and the floodplain can be severed, and consequently the

wetlands of the floodplain are not replenished by floods and progressively dry

out. This leads to losses of biota, of biotic production and of the subsidies both

between a river channel and its floodplain, and between the floodplain and

its hinterland.

Human activities causing river regulation and water extraction have

meant that many floodplain systems are now locked into permanent

hydrological drought, and it has taken a long time for the full implications

of this sad state to be realized by water resource managers. To restore

floodplain ecosystems that have been in prolonged and human-created

droughts, an integrated approach is required which involves much more

than allowing occasional floods on selected parts of floodplains.

Neglected until recently has been the effects of drought on estuaries. The

type of estuary – whether open or closed – can have a major bearing on the

effects of drought. In closed estuaries, with low or no freshwater inputs and

with high evaporation, very high salinities can eventuate. Salinities may

also rise in open estuaries, but not to the same extent – and, with open

passage to the sea, many species may escape to refuges. As in freshwater

systems, the breaking of a drought can lead to high loadings of nutrients,

with consequential changes in phytoplankton and attached algae. Many

estuaries are centres of human settlement, and human activities such as

pollution often exacerbate the effects of drought.

The responses of the biota to drought, as for other disturbances, have been

divided into those that involve resistance (the capacity to withstand) and

those which involve resilience (the capacity to recover after losses). This

division is useful, although formany biota, both resistance and resilience are

present in varying degrees. Many organisms –microbial, plant and animal –

have mechanisms to resist drought, and the presence and strength of these

mechanisms vary immensely.

For example, in the case of variable resistance, freshwater fish mostly

require free water with normal water quality, but some can survive by air

breathing in foul, deoxygenated waters and a very few can survive in
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cocoons in dry mud. Similarly, and linked with resilience, there are many

mechanisms for populations of biota to be depleted by drought and yet allow

some to survive and recover through migration or reproduction or both.

Many fish, especially inwetlands, appear to be able to detect the drying out of

their habitat, and they consequentlymove to areaswhere watermay persist

(refugia).With the breaking of the drought, the survivors and their offspring

may return and repopulate their former habitat.

There has been considerable research on the effects of drought on biota

in terms of resistance or lack of it, but little on the mechanisms of resilience.

A clear reason for this lack is that many studies are short-term and do not

follow recovery after drought.

Key to both resistance and resilience of biota is the presence or use of

refuges. In the past 20 years or so, in the study of freshwater ecology there

have been many reports on various forms of refuges to disturbance, notably

in relation for floods and, to a lesser extent, for droughts. For droughts,

refuges involving particular life histories and traits, patterns of habitat

changes, and migration pathways have been described and categorized.

However, due to the abovementioned lack of recovery studies, the value

of refuges for the recovery of many organisms after drought remains

rather uncertain.

Linked with the availability of refuges for recovery, especially in flowing

waters, is the critical need for recovery also to restore connectivity in order to

allowmigration fromrefuges to the newly availablehabitats. Inmanaging to

identify and protect drought refuges in rivers, the key to successful recovery

lies not just in maintaining the refuges, but in ensuring that connectivity

after the drought is maintained and/or restored.

12.5 Recovery from drought – a neglected field

In terms of the capacity to survive drought and to effectively recover, there

are wide differences between groups of plants and animals. A consistent

finding in lentic water bodies, notably shallow lakes and lagoons, is that, as

drought sets in, the normal phytoplankton may be supplanted by blooms of

cyanobacteria, and the normally crustacean-dominated zooplankton may

become dominated by rotifers.

In flowing waters, biofilm bacteria and algae are diminished by drought,

yet their recovery with re-wetting can be rapid. In the invertebrates, there

are wide differences among groups but as, a generalization in comparison

with other groups (e.g. oligochaetes, crustaceans, molluscs), insects appear

to be more effective in surviving droughts. No doubt this tolerance is a

function of the great diversity and high mobility of insects, although some
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groups (e.g., Plecoptera, Ephemeroptera, Odonata) are much more suscep-

tible to depletion by droughts than others such as the Coleoptera, Hemiptera

and Diptera.

An interesting finding in recovery from drought in both flowing and

standing waters is the short-term high abundance of otherwise rare species

which briefly flourish and then disappear – possibly examples of disturbance-

dependent fugitive species. In standing waters, the recovery by fish after

droughts can take time and there is generally a succession of species, with

small-bodied, short-generational species coming before large-bodied, long-

generational fish. In flowing waters, with the restoration of connectivity

after drought, the recovery of fish populations can be relatively rapid.

Perhaps with further research on population densities and assemblage

structure, consistent findings on drought tolerances and capacities to

recover will emerge, although such findings will need to be tempered by

the particular geographical and ecological settings of the affected water

bodies. For effective conservation of biota, it is imperative that the drought

tolerance and recovery capacities of species of high conservation value be

determined, so that strategies for them to survive drought can be devised

and implemented.

As a broad generalization, supra-seasonal droughts exert much stronger

effects on the biota of permanent water bodies than that of temporary

water bodies. This is not surprising, as the fauna and flora of temporary

water bodies have presumably evolved adaptations to contendwith seasonal

drying and wetting and even the very occasional and unpredictable

presence ofwater, interspersedwith long dry periods. The biota of temporary

water bodies have many adaptations to contend with drought, such

as seeking and using refuges and having specialized physiological adapta-

tions to tolerate adverse aquatic physico-chemical conditions. However,

if temporary or permanent streams or lakes dry down to remnant pools

and then to dry sediments, the loss of biota, notably fauna, can be

quite considerable.

The differences in contending with drought are illustrated by the fauna of

floodplains. To survive drought, most fish have to migrate to permanent

water (e.g. a river channel), whereas both the aquatic flora and most

invertebrates have resistant mechanisms to persist in the dry sediments

of the floodplain. Although reliable evidence on recovery (resilience) is

rather limited, it does appear that recovery in permanent systems, such as

shallow lakes and rivers, can be lengthy and incomplete, in that some species

remain missing. This difference is very evident when comparing the high

resilience to drought of the biota of streams inMediterranean-climate areas,

which seasonally have low flows or even dry out, with the highly variable

resilience of biota in perennial streams. Again, as stressed above, a vital gap
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in our knowledge of the effects of drought lies in the lack of extensive studies

of ecological recovery from drought.

From studies up to the present time, an understanding of the effects of

drought on biota is emerging for a wide variety of aquatic ecosystems (lotic

and lentic, permanent and temporary, freshwater or saline or estuarine).

However, there have been very few studies of ecosystem properties and

processes. Ecosystem properties that have been barely touched upon include

trophic structure and food webs, and ecosystem processes in need of further

study include primary and secondary production, decomposition and nitro-

gen dynamics, to mention just a few. Clearly, the ebbing and flowing, the

contraction and expansion of ecosystem processes and structure with

drought remains a large knowledge gap – a gap of major importance, given

the predictions of climate change.

12.6 The future: studying drought and human interactions

Drought is a very difficult phenomenon to study. To understand drought

in a holistic sense at a locality requires coordinated monitoring of

meteorology, hydrology (surface and groundwater), biogeochemistry

and ecology. Rarely has such a coordinated effort been executed. Conse-

quently at present, in practical terms, coming to understand droughts

ecologically means evaluating studies with quite different aims and

variables across different droughts (usually poorly defined) or even, in

some cases, different studies with different variables for the same drought.

Being large-scale disturbances of long duration, and also being relatively

unpredictable, droughts do not fit into the normal agendas of researchers.

Short-term, small-scale experiments may provide insights into such aspects

as physiological and behavioural adaptations to drought, but they do not

allow an appreciation of drought as a ramp disturbance acting on ecosys-

tems. To understand drought adequately requires long-term research with

adequate funding. If this is possible, cross-disciplinary, long-termmonitoring

at selected localities could provide a holistic appreciation of droughts from

their initiation, their peak and their cessation with ecosystem recovery.

Humans and their activities have directly and indirectly affected many, if

not most, inland water bodies in the world. In altering catchments by

changing land cover and land use, humans have indirectly affected water

bodies by altering the inputs from catchments into water bodies. By actions

such as pollution, river regulation, barrier construction, channelization,

water extraction and introducing alien species, humans have been the

major force of degradation of many aquatic ecosystems. It seems that, as

human activities have spread, the scale of human-generated disturbances
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has also inexorably increased from small local ones to global-scale distur-

bances such as climate change. Many of these disturbances, both local and

regional, have, as described in Chapter 11, served to exacerbate the

damaging effects of drought on aquatic ecosystems. This strengthening of

drought effects is widespread and has, in many instances, greatly increased

the extent of damage due to drought. In other instances, such as floodplain

ecosystems, by long-term prevention of seasonal flooding, humans have

actually created long-term hydrological drought.

Awareness of how humans exacerbate the effects of drought is increasing

but, as yet, steps to reduce this exacerbation have been very limited. Where

steps have been made to reduce the effects of drought, they are invariably

reactive measures to ameliorate a crisis, such as the threatened extinction

of a species. A more sensible approach to ameliorating the human-

induced exacerbation of drought would be to take a comprehensively

planned and implemented proactive strategy of restoring or rehabilitating

damaged catchments and aquatic ecosystems. Such a strategy rests upon

the concept that if an ecosystem is restored, the capacity for that ecosystem

to contend with the stresses of drought (and other disturbances) would be

increased. This concept clearly warrants a major research effort in order

to develop effective restoration measures for increasing the resistance/

resilience of the biota of damaged ecosystems. Again, as in the case of

drought research, the need is for adequately resourced long-term interven-

tion and research.

With global climate change, it is likely that, in many areas, droughts may

increase in frequency and duration. This threat heightens the need for

proactive, restorative measures to be implemented now. Droughts have

always damaged human societies and they remain a very threatening

disturbance which we poorly understand, and with which we contend

quite inadequately.
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Artigas, J., Roman�ı, A.M., Gaudes, A., Muñoz, I. & Sabater, S. (2009) Organic matter

availability structures microbial biomass and activity in a Mediterranean stream.

Freshwater Biology 54, 2025–2036.

Aspbury, A.S. & Juliano, S.A. (1998) Negative effects of habitat drying and prior

exploitation on the detritus resource in an ephemeral aquatic habitat. Oecologia

115, 137–148.

Australian Bureau of Statistics (2004) Impact of the drought onAustralian production in

2002–2003.Yearbook Australia 2004. Australian Bureau of Statistics, Canberra, ACT.

Attrill, M.J. & Power, M. (2000a) Modelling the effect of drought on estuarine water

quality. Water Research 34, 1584–1594.

Attrill, M.J. & Power, M. (2000b) Effects on invertebrate populations of drought-induced

changes in estuarine water quality. Marine Ecology Progress Series 203, 133–143.

Attrill, M.J., Rundle, S.D. & Thomas, R.M. (1996) The influence of drought-induced low

freshwater flow on an upper-estuarinemacroinvertebrate community.Water Research

30, 261–268.

Axtell, R.L., Epstein, J.M., Dean, J.S., Gumerman, G.J., Swedlund, A.C., Jarburger, J.,

Chakravarty, S., Hammond, S., Parker, J. & Parker, M. (2002) Population growth and

collapse in a multiagent model of the Kayenta Anasazi in Long House Valley.

Proceedings of the National academy of Sciences 99 (Suppl. 3) 7275–7279.

Babbitt, K.J. & Tanner, G.W. (2000) Use of temporary wetlands by anurans in a

hydrologically modified landscape. Wetlands 20, 313–322.

Baber, M.J., Childers, D.L., Babbitt, K.J. & Anderson D.H. (2002) Controls on fish

distribution and abundance in temporary wetlands. Canadian Journal of Fisheries and

Aquatic Sciences 59, 1441–1450.

Baker, T.L. & Jennings, C.A. (2005) Striped bass survival in Lake Blackshear, Georgia

during drought conditions: implications for restoration efforts in Gulf of Mexico

drainages. Environmental Biology of Fishes 72, 73–84.

Bala, G., Caldeira, K., Wickett, M., Phillips, T.J., Lobel, D.B., Delire, C. & Mirin, A. (2007)

Combined climate and carbon-cycle effects of large-scale deforestation. Proceedings of

the National Academy of Sciences 104, 6550–6555.

Balcombe, S.R. & Arthington, A.H. (2009) Temporal changes in fish abundance in

response to hydrological variability in a dryland floodplain river.Marine and Freshwater

Research 60, 146–159.

Baldwin, D.S. & Mitchell, A.M. (2000) The effects of drying and re-flooding on the

sediment and soil nutrient dynamics of lowland river-floodplain systems: A synthesis.

Regulated Rivers: Research & Management 16, 457–467.

Baldwin, D.S., Rees, G.N., Mitchell, A.M. & Watson, G. (2005) Spatial and temporal

variability of nitrogen dynamics in anupland streambefore and after a drought.Marine

and Freshwater Research 56, 457–464.

Baldwin, D.S., Hall, K. C., Rees, G.N. &Richardson, A.J. (2007) Development of a protocol

for recognizing sulfidic sediments (potential acid sulfate soils) in freshwater wetlands.

Ecological Management and Restoration. 8, 56–60.

Baldwin, D.S., Gigney, H., Wilson, J.S., Watson, G. & Boulding, A.N. (2008) Drivers of

water quality in a large water storage reservoir during a period of extreme drawdown.

Water Research 42, 4711–4724.

Baldwin, D.S., Wilson, J., Gigney, H. & Boulding, A. (2010) Influence of extreme

drawdown on water quality downstream of a large water storage reservoir. River

Research and Applications 26, 194–206.

302 References



Ballinger, A. & Lake, P.S. (2006) Energy and nutrient fluxes from rivers and streams into

terrestrial foodwebs. Marine and Freshwater Research 57, 15–28.
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Cladophora 126, 203

climate change 283–287, 288, 291

abrupt 57

adaptation to 18, 287–289

amphibian population decline 159

lake impacts 50

regional 266–269

sea level rise 282

Climatologically Appropriate for

Existing Conditions (CAFEC)

quantities 27

coarse particulate organic matter

(CPOM), riparian zones 74

coastal lagoons/coastal plain

estuaries 243

Coleoptera 113, 140–141, 200, 201,

204, 205

Dryopidae 121–122

Dytiscidae 124, 190

Elmidae 128

Haplipidae 190

Hydraenidae 197

Hydrophilidae 140, 168, 191, 202

Psephenidae 204

colmation 280–281

colonization, influence of dispersal 120

Colorado River 49, 240, 278

Combourg Lake (France) 184–185

community structuring

intermediate disturbance

hypothesis 40, 118

neutral theory and “niche

selection” 120

persistence 199–200

competition Intraspecific 111

estuaries 245

fish 216, 227, 228

complementarity 38–39

conductivity

lentic systems 50, 76, 79, 83, 84,

136, 166, 211

lotic systems 77, 89, 206

see also salinity

connectivity 69, 118, 280–281

breaks in streams 69, 79, 97, 240

lateral connectivity 80, 280–281, 295

longitudinal 97, 189, 280–281, 295

vertical 280–281

copepods 127, 139, 167, 170, 176,

178–179, 181, 197, 203

Corixids see Hemiptera

cosmogenic isotopes 8–9

cottonwoods, riparian zone 74–75

crayfish 151–152, 193–194, 196, 201

croplands, land conversion to 267,

268–269

crustaceans see anostracans,

cladocerans, copepods,

ostracods, amphipods, isopods,

decapods
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cyanobacteria 84, 102, 138, 167,

170, 172, 174, 175, 185

cyanobacterial blooms 55, 91–92,

102, 174, 185, 211, 275

anoxic conditions 84

eutrophication 91, 174–175

lakes reservoirs 55, 92, 211

Lake Chad (central Africa) 174

Lake Chilwa (Malawi) 167, 169,

170, 172, 174, 215

phosphorus levels 275, 285

rivers 91–92

dams (reservoirs) 69, 92, 148, 174,

212, 271, 276–279, 280

farm 273–274

river fragmentation 280–281

Decapod crustaceans

crabs 255

crayfish 128–129, 131, 151–153,

193–194, 196, 199, 201, 202,

207

shrimps/prawns 152, 193, 207, 255

decomposition 71, 80, 94–95, 123,

130, 131, 136, 223

deforestation 266, 267, 268, 284–285

dendrochronology 47, 48–49, 54, 55

late Holocene 60–61

monsoons 65

denitrification, drying sediments 92

deoxygenation 56, 201, 214

desert streams 121

detritivores 128

detritus processing 39, 123, 128,

130, 136, 260

diatoms 53–54, 55, 102, 138, 172,

176, 181, 251

dinoflagellates 175–176

Diptera 205

Ceratopogonidae 113–114,

190–191, 199, 200

Chaoboridae 140

Chironomidae 54, 122–123, 126,

190–191, 196–197, 201–203

acid streams 200–201

community structure change 126

floodplain lakes 140, 141

Lake Chilwa (Malawi) 168,

170–172, 185

pool recolonization after

drought 127

resilience in Mediterranean

streams 122–123

temporary waters 111, 113,

127, 128

Culicidae (mosquitoes) 110–111,

115, 116, 117, 118–119, 204

Dolichopodidae 140

Muscidae 140

Ptychopteridae 199

Tabanidae 140, 199

Simuliidae 190, 192, 198

Stratiomyidae 113, 204

Syrphidae 201

Tipulidae 198, 199

disconnections 138, 280–281,

293–294

disease 5

dispersal 109–110, 113, 119–122, 133

fish 210

waterbirds 162–163

dissolved inorganic nitrogen (DIN),

streams 89

dissolved organic carbon (DOC)

accumulation in soils 90, 94–95

blackwater conditions 223

catchments 72–73

drought breaking 95, 131

ecological importance 72–73

estuaries 244

fish 223, 225

lakes 72–73, 84–85, 175, 180

leaching with flooding 93–94

riparian zones 73

streams 89, 90, 95, 223, 226–227

dissolved organic matter (DOM) 73,

80, 134, 223

dissolved oxygen concentration 79,

80, 82, 85, 88, 172, 211,

223, 255
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disturbance 6, 35–40, 266,

290–291

history 118–119

see also hazards of drought

drift ice activity 9

drought

characteristics 6–7

definition 2

dependent/ independent 31–32

disconnections 293, 294

duration 6, 7, 265–266

dynamic nature 36

ending 32, 291

formation 7–9

indices 25–28

intensity 6, 7

monitoring 25

physical effects 6, 293–296

prediction 265, 291

ramp disturbance 6, 40, 96, 291

regionalization 33

seasonal/supra-seasonal 22–23,

36, 292

severity 6, 7, 8

social damage 3–5

social reactions 18, 19

socioeconomic 3–5, 21, 24

spatial extent 7

thresholds 30–31

types 20–34

variable effects 293–294

see also groundwater drought;

megadroughts; meteorological

drought; past droughts; recovery

from drought; seasonal drought;

supra-seasonal drought

Drought Area Index (DAI), Asia 65

drought atlases 66

see also named atlases

drought breaking 93–96, 131, 291

acidification 95–96, 180–181

dissolved organic carbon 94–95,

131

estuaries 250, 255–256

floods 6, 8, 199–200, 239

lakes 86–87

precipitation 96, 130

streams 80, 95, 131

Drought Monitor 7, 8, 33–34

drought-resilient societies 4–5

drought tolerance 104, 222–225,

290, 297

drought-vulnerable societies 4, 5

drying phase 284, 295

dust storms 3, 4, 5, 6, 269

Dustbowl drought (USA) 5, 6, 65,

227, 269

ecological drought 21

ecologicalmemory 39, 111, 177, 235

economic damage of drought 3–5

ecosystems 37–40, 286, 288–289,

290

aquatic 43–45, 70–71

changes in lakes 55, 56

estuarine 245

pulsed 135, 136

resistance-resilience 37–38

respiration in summer drought 123

ecosystem processes 35, 38–40, 44,

55–56, 72–74, 92, 94, 98, 123,

126, 131, 134–136, 176–177,

149–150, 260–262, 279,

298

egg banks 104–105, 110, 115

eggs, dessication-resistant 42, 108,

109, 145, 181, 209

El Niño/Southern Oscillation (ENSO)

system 9–15

Australian droughts 17–19, 96

fish impact 211–212

Niño regions 12

offshore upwelling events 251

phytoplankton in estuaries 251

teleconnections 11

see also La Niña events

emigration from drying waterbodies

108–109, 155, 162–163, 215,

219–221, 241

endorheic systems 69
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England

chalk streams 186–187, 189–192

groundwater extraction

controls 272

ephemeral and episodic water

bodies 68, 69, 100

Ephemeroptera 128, 191, 196–197,

203, 205, 207, 255

erosion 4

soil 272–273

estuaries 69–70, 243–264, 295

abiotic variables 245–247, 248,

249–252

agricultural pesticide inflows 257

ammonia 250, 251

biodiversity 245

biotic forces 245

catchments 250

closure 244, 258, 278

competition 245

crustaceans 255

diatoms 251

dissolved oxygen concentration 255

ecological communities 244

ecosystems 245

evaporative loss 245, 246

faunal biomass 259–262

fish 256–259, 260–263

floods 245

freshwater inputs 245, 250

habitats 245

intermittent 244

invertebrates 253–256, 260–261

lagoons 250

low flow conditions in rivers

entering 245

macrobenthos 254–256

macrophytes 252–253, 263

marsh vegetation 252–253

meiobenthos 254

molluscs 253–256, 260, 263

nitrates 249, 250, 251

nutrients 244–245, 249–252,

263

offshore upwelling events 251

open 244, 259

organic carbon

compounds 244–245

organic matter accumulation 249

parasitism 245

phosphates 249–250

phytoplankton 251–252

pollution 295

polychaetes 260

predation 245

primary production 249–251,

260–262

productivity 245

reverse 244, 246, 247, 257–258

salinity 246–249, 251, 278

fish 256, 257–259

invertebrates 254–256

macrophytes 252–253

salt wedge 243, 249

sea level rise 282

sediments 244

silica transport 249

Spartina salt marsh 253, 263

species richness 255, 256

surface area reduction 259

tidal movement 244

trophic organization 259–262, 264

types 243–244

vegetation 252–253

volume of water delivered 90–91

water temperature 255, 256

zooplankton 254

euphotic zone of lakes 85

Europe, past droughts 65–66

eutrophication 91, 275

lakes 84, 174–175

evaporation 76–77, 82

climate change 285

estuaries 245, 246

lakes 271

evapotranspiration 3, 23, 89

catchment areas 70

changes with human activity 266,

269

windy periods 78

Everglades see Florida Everglades (USA)

exorheic systems 69
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facilitation 38–39

facultative mutualism 253

false starts 130

famine 5, 266

fauna

benthic littoral 184–186

estuarine biomass 259–262

extinctions with climate change 286

low flow conditions 278

stress with low oxygen

concentrations 88

temporary waters 107–115, 116,

117–118

fine particulate organic matter (FPOM),

riparian zones 74

fiords 243, 244, 251

fire 4, 5, 18

fish 209–242

aestivation 108, 144, 169, 209

air-breathing 144

aquatic surface respiration 143, 144

assemblages 229–234

composition 212, 234–239

drought resistance 220–221

flowing waters 219

headwater streams 234–236

intermittent streams 234–236

Lake Chad 214, 215

pools 223–224

structure 234–239

tropical reservoirs 212

barriers to movement 220

behaviour 216, 218–220

benthic 219

blackwater conditions 223

centrarchids 108, 153, 213, 224,

228, 237, 238, 239

changes with receding lakes 55, 56

cichlids 146, 148, 211–212, 214,

215, 220, 235, 258, 259

competition 216, 227, 228

compression of populations 216

connectivity 79

cyprinids 108, 144, 146, 148, 153,

212, 215, 219, 222, 228, 229,

233, 235, 237, 238, 240

density 221, 224, 227, 230–231

density-independent factors 233

deoxygenation 80, 82, 88,

143–144, 169

dessication-resistant eggs 108,

145, 209

dispersal 210

dissolved organic carbon

tolerance 225

El Niño-induced droughts 211–212

estuarine 256–259, 260–262

exotic invaders 228

feeding mechanisms 209

floodplain breeders 146

floodplain rivers 80, 141–142,

146–150, 297

floodplain water bodies 141–145

Florida Everglades (USA) 150–155,

216

fluvial 217–218, 239–240

food resources 227

free water requirement 209

genetics 239–240

gill ventilation rate 143–144

habitats 218–220, 229–234, 230

headwater streams 217, 222–223

heterozygosity 240

hypoxia 88, 143–144, 223, 225

invasive species 282, 283

Lake Chad (central Africa) 213–215

Lake Chilwa (Malawi) 169, 170,

171–172, 211, 213, 215–216

lotic systems 217–218, 222–225

low flow conditions 234

microcystin accumulation 211

migration 108–109, 209, 210,

216, 219–220

directed to refuges 225

recovery 230, 237

mosquitofish Gambusia spp. 108,

153, 155, 224

mud burrowing 108, 169

parasitism 228–229, 281

pelagic 212–213

perennial lentic systems 210–217

perennial streams 236–239
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fish (Continued)

pools 223–224

populations 155,216,229–234,240

predation 153–154, 216, 227–228

by birds 153–154, 161

recovery from drought 218,

229–234, 238, 239, 297

recruitment affected by drought

bullheads 231–233

sardines 212–213

trout 231–233

refuge use 210, 216, 218, 220–222

Mediterranean region 236

pools 224–225

recovery 239

species differences 221–222

tropical region 236

reproduction for population

recovery 237

resistance to drought 295–296

s�abalo 146–147

salinity 211, 256, 257–259

selection pressures 239–240

small streams 201, 222–225

spatial distribution 218

stresses of drought 218–222, 223

sub-population isolation 240

supra-seasonal drought 150, 236

temporary lentic waters 101,

107–109, 209–210

temporary streams 217

vegetation changes 213

water quality 218

water temperature 216, 220, 222,

229, 256

white spot disease 228–229

fish adaptations 222–223

fish assemblages 234–236

fish species 217

invertebrates general 192–202

fish kills 225–229

anoxic conditions 84

biotic interactions 227–229

blackwater events on

floodplains 136

Dustbowl drought 227

El Niño-induced droughts 211–212

eutrophic lakes 175

Florida Everglades (USA) 150

Lake Chilwa (Malawi) 215

lake freezing 78

oxygen concentrations 225,

226–227

salmon 225, 226–227

shallow lakes 286

starvation 227

water temperature 88, 225,

226–227, 229

flashy flow conditions 29, 274

flood control structures 271, 278–279

flood(s)/flooding

breaking of drought 6, 8, 198–199,

239

dams 278–279

dissolved organic carbon

leaching 93–94

estuaries 245

extreme 40–41

floodplains 93–94, 134, 136

failure 146–147

reduction 279

groundwater 279

lagoons 279

pulse 40, 134–135

seasonal of wetland

complexes 135, 150–156

stream bed scouring 125–126

tolerance in vascular plants 104

water bodies 69

wetlands 135, 150–156, 279

floodplains 134–150

amphibians 156–159

aquatic macrophytes 137–138

benthos in lakes 140–141

biodiversity 135

biota 137–141, 149, 295, 297–298

blackwater events 136

connectivity 134, 143, 149, 295

dissolved organic matter 134

failed wet season 136

fish 142–145

assemblages 145–150

flooding 93–94, 134, 136, 279

failure 146–147
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groundcover vegetation 137

human activity 295

lagoons 138, 149, 282

leaf litter accumulation 136

particulate organic matter 134

pH 136

phytoplankton in lagoons 138, 149

productivity 135

pulsed production 135

rare species booms 139–140, 150

receding waters 135

reptiles 159–161

rivers 80, 141–145, 210, 281

salinity 136, 137

sediment drying 136–137

soils 93–94

systems 136–137

trees 74, 75, 137

vascular plants 137–138

vertebrates 156–163

waterbirds 161–163

wetlands 280

zooplankton in rivers 139–140, 150

see also lake(s), floodplain; rivers,

floodplain

flora see algae, phytoplankton, trees,

vascular plants, vegetation

Florida Everglades (USA) 135,

150–156

crustaceans 151–153

fish 152–155, 216

flow

base flow 29

catchments 29

decline 218, 273

drought thresholds 30–31

duration curves 30–31

regulation 277–281

return 93–96

running waters 28–34

see also low flow conditions

flowing waters 28–33, 69–70

biofilm 296–297

changes with drought 77, 79–81,

87–91, 93–96, 188–189

critical thresholds 294

fish 217–218, 229, 234–239

floodplains 134–136

suspended particles 90

temporary water bodies 100,

123–132

turbidity 90

water quality 87–92

see also lotic systems; rivers; stream(s)

forest production 4

fossil fuel burning 269, 270

frogs 157–158, 159

galaxiid fish 107–108, 219,

221–223, 228

gastropods

trematode parasites 185

see also snails

general crossing theory 31

genetic bottleneck 240

genetic drift 240

genetics of fluvial fish 239–240

geomorphological change 6

gerrids see Hemiptera

grass mats, floating 147

grazing 273

land conversion to 267, 268–269

riparian zones 75

Great Plains (USA) 15

greenhouse gases 283

groundwater 270–272

aquifer draw down 189

deforestation impact 268

discharge 29

drought breaking 96

extraction controls in England 272

flooding 279

human extraction 33, 202, 271,

272

impervious surfaces in urban

areas 271, 274

recharge 30, 279

seeps 78

groundwater-dominated streams,

benthos 189–192

groundwater drought 23, 24, 28, 37,

291–292
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habitat

complementation 230

estuaries 245

fish 218–220, 227, 229–234

isolation 119–120

local conditions 199

loss and degradation 77, 205,

281–282, 288

refuges 41–42

river damming 277–278

hazards of drought 1–2, 3, 6

headwater streams 80–81, 102–103,

192

Hemiptera 205

Corixidae 168, 190, 204, 205

Lake Chilwa (Malawi) 168, 172

Gerridae 201, 202, 204

Veliidae 204

herbivores, estuarine fauna 260,

261–262

heterotrophic production 90, 123,

131, 134–135

heterozygosity in fish 240

high-pressure systems 8

Holocene 46–47, 57–67, 292–293

dendrochronology 57, 60–61

early 47, 57–58

late 59–67

megadroughts 292

mid- 50, 57–58

human activity 2–5, 18–19, 21,

265–289, 295

amphibian abundance 158–159

barriers to flowing waters 69,

280–281

catchments 272–276

climate change 285–287

drought interactions 298–299

farm dams 273–274

flowing water system creation 69

groundwater harvesting 271

hydrological drought 23

invasive species 282–283

mitigation of damage 287–289

stream impacts 202–203

urbanization 274

water bodies 276–282

water management plans 289

water quality 274–275

humans 4

cyanobacterial bloom hazards 211

mortality 5, 266

vulnerability to drought 290

Humboldt Current upwelling 11

Hydracarina 197

hydro-illogical cycle of drought 18,19

hydrological drought 20–21, 23, 24,

291, 292

dendrochronology 48–49

flow duration curves 30–31

indices 28–34

low flow frequency curves 30, 31

perturbation 35–45

reduction in available water 36–37

riparian 274

sustained 47

hypolimnion 56

Hyporheic zone 121, 124–125, 129,

200, 208, 280

hypoxia

fauna stresses 88

fish 88, 143–144, 223, 225

floodplain lakes 84, 139, 173, 214,

275, 285

pools 80

standing waters 211

imperviouscatchmentsurfaces 29,274

India 5, 12, 14, 138, 139, 140

Indian Ocean Dipole (IOD) 17

Indonesia 12, 17, 64

Indus civilization (west Asia) 58

industrial production 4

inorganic ions, riparian zones 73

insects 109–119, 121–130, 140, 205

desert streams 121

dispersal from temporary

waters 109

drought tolerance ranking 205

emergence 111
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floodplain benthos 140–141

Florida Everglades (USA) 152

fossil in lake sediments 54

grouping for vernal ponds 109–110

lake benthos 168, 170–171, 172

low-order streams 189–203, 206

migration 121–122

small streams 201

survival 296–297

inter-basin transfer 69

interflow 29

intermediate disturbance

hypothesis 40, 118

intermittent water bodies 68, 100

invasive species 228, 282–283

invertebrates 109–111, 112–115,

116, 117–118

dessication-resistant eggs 109

estuarine 253–256, 260–261

grouping for vernal ponds 109–110

lakes 168, 170–171, 172

large-scale monitoring 203–205

low-order streams 193–203

macrophyte importance 186

propagules 110, 112–113, 140

recovery 238

riparian zones 74

river damming 277–278

streams 188–205

survival 296–297

temporary pools 109–120

temporary streams 121–131

water quality 204–205

irrigation 202, 277, 278

isopods 200–201

karstic catchment areas 70, 272

Kennett River (England) 191

La Niña events 9, 11–12, 13, 14, 15

macrophytes in estuaries 252

nitrate levels in estuaries 251

La Niña-like state 15, 16

lagoons

coastal 243

estuarine 250

flooding 279

floodplain 138, 145, 146, 282

reverse estuaries 244

lake(s)

acidification 92–93, 95, 96, 180–181

anoxia 285

area 50

breaking of drought 86–87

connected 85–87

dimictic 84

dissolved oxygen concentration 79,

85

drainage 86, 87

drawdown 77–79

drying out 55

dystrophic 85, 177

ecosystem changes 55, 56

elevational gradient 86, 87

euphotic zone 85

eutrophic 174–175

fish kills 175

floodplain 137–138, 149–150

freezing 78

groundwater flowthrough 86, 87

hydraulically modified 86, 87

hypolimnion 285

littoral fauna 184–186

nutrients 79, 83–84, 183, 211

oligotrophic 84, 85, 175–177,

178

oxygen concentrations 78

perennial systems 173–183

pH 93

phytoplankton 173–178

precipitation inputs 86

re-acidification 180–181

reptiles 159–161

salinity 55, 56, 63

sediments 78

shallow 55, 78, 79, 83–84

climate change 286

fauna effects of drought 188

volume reduction 211

zooplankton 179
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lake(s) (Continued)

stratification 84

turbidity 78, 79

volume 50, 55

water levels 49, 50, 55–56, 56

early to mid-Holocene 58

late Holocene 59

water temperature 78

zooplankton 178–179

Lake Balaton (Hungary) 184

Lake Chad (central Africa) 172–173,

213–215, 266–267

basins 78–79, 173

eutrophication 174

fish 213–215

macrophytes 181

phytoplankton 174

zooplankton 179

Lake Chilwa (Malawi) 166–172

catfish 215–216

chironomids 168, 172

cladocerans 170

corixids 168, 172

cyanobacteria 167, 169, 170, 172,

174, 215

depth 168, 171

eutrophication 174

fish 169, 170, 171–172, 211, 213,

215–216

fish kills 215

hypoxia 211

levels 166

marginal vegetation 167, 171

molluscs 170–171, 172

nutrients 215

phytoplankton 170, 172

recovery from drought 188

rotifers 170

salinity 166, 167, 168, 172

sediments 215

snails 170–171, 172

species richness 168, 171

turbidity 170

volume decline 215

zooplankton 167–168, 170, 172, 179

Lake Kariba (Zambia/

Zimbabwe) 212–213

Lake Okeechobee (USA) 150, 170,

177, 178–179, 181–182

Lake sediments 47–48, 49–55

aquatic biota 53, 56

benthic 92–93

drying 92

Holocene 57

Lake Chilwa (Malawi) 215

Lake Titicaca (Peru/Bolivia) 60

late Holocene 59

Mayan civilization time 59

ostracods 52, 53, 56

past drought detection 47–48,

50–55, 57–62, 64

re-wetting 93

sulphur 92–93

Lake Titicaca (Peru/Bolivia) 56, 59,

60, 64

Lambourn River (England) 190, 191

land clearance 266, 267

land cover changes 266–269,

284–285, 286

land use

changes 266–269

hydrological drought 23

large infrequent disturbances

(LIDS) 36

leaf litter

accumulation on floodplains 136

inputs from riparian zones 74

leeches 192, 200

lentic systems 69, 70, 165

ammonium salts 84

biota 165

carbon dioxide levels 81–82

critical thresholds 294

dissolved organic carbon 72–73

dissolved oxygen concentration 82

drawdown 77–78

fish 210–217

macrophytes 181–183

nutrients 83–84

oxygen concentrations 82
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oxygen decrease 81

perennial 166–183, 210–217

phosphorus 84

salinity 82, 83

temporary 101

vegetation 181–183

water quality 79–80, 81–85

water volume loss 77

see also named features

Little Ice Age 62–65

Little Stour (England) 190–191

littoral zone lakes 77–78, 186–188

Living Blended Drought Atlas

(LBDA) 48, 66

lotic systems 70, 77, 165

critical thresholds 294

crustaceans 192–196

dissolved organic carbon 72–73

fish 217–218, 222–225

molluscs 192–196

perennial 184–206

see also flowing waters; named features

low flow conditions 3, 19, 29–31

algae 102

fauna 278

fish 220, 234

Mediaeval (Colorado River) 61

North Atlantic Oscillation index

values 16

rivers entering estuaries 245

streams 90

low flow frequency curves 30, 31

lungfish 144

macrobenthos, estuarine 254

macroinvertebrate community index

(MCI) 204

macrophytes

estuarine 252–253

floodplains 137–138

lakes 167, 181–183, 207

streams 186–188

temporary waters 103–107,

135, 151

magnesium salts 55, 64, 83, 86

magnetic susceptibility, lake

sediments 50

maize growing 61–62

marsh vegetation 252–253

Mayan civilization 59

mayflies see Ephemeroptera

Mediaeval Warm Period/Mediaeval

Climate Anomaly 61, 62, 64,

66–67

Mediterranean region 65–66, 236

Mediterranean streams 22, 102,

121–126, 186, 224, 233–234,

236

biota resilience 122–123,

297–298

megadroughts 4, 27, 284

genetic bottleneck 240

Holocene 292

late Holocene 62

Little Ice Age 63

reconstruction 48

Sahelian drought 149, 266

tree stump evidence 49

water levels of lakes 55–56

meiobenthos, estuarine 254

metals, mobilized 95–96

meteorological drought 20, 23, 24,

291, 292

indices 25–28

methane 283

microbial activity, re-wetting 93

microcystins, cyanobacterial

blooms 211

migration 133

fish 108–109, 209, 210, 212,

216, 219

barriers to movement 220, 238

directed to refuges 169, 219,

221, 225, 239

downstream 219–220

floodplain rivers 141–142,

143, 150

recovery 131, 208, 230, 237

wetlands 108–109, 154, 155

insects 121, 122, 127, 197, 202
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migration (Continued)

migration model for wetland

plants 106–107

reptiles 160

waterbirds 162–163

Milankovitch variations 58

Millennium drought (Australia) 269

Ming Dynasty Drought 65

Mixotrophy 175–176

moisture anomaly index 27

molluscs

estuarine 254–255

Lake Chilwa (Malawi) 170–171,

172

littoral zone 184, 186

lotic systems 192–196

low-order streams 193

shells in lake sediments 52–53

wetlands 113, 114

see also bivalves; snails

monsoon 5, 11, 65, 267

Monsoon Asia Drought Atlas

(MADA) 65

Moran effect, fish in Florida Everglades

(USA) 155

mosquitoes see Culicidae

mud burrowing fish 108, 169

mussels 162, 184, 195–196, 203

mutualism 38–39

facultative 253

natural hazards 3, 4

nematodes 118–119, 127, 197

Neutral Theory of community 120

newts 156

Niger river fisheries 148

nitrates

accumulation 71, 94, 270

discharge into rivers 91

estuaries 249, 250, 251

streams 89, 90, 94

subtropical hypertrophic lake 174

nitrification

drying sediments 92

re-wetting 93

nitrites, discharge into rivers 91

nitrogen 76, 77, 92

accumulation in soils/wetlands 71,

94, 270

discharge into rivers 91

eutrophic lakes 83, 84, 175

North American drought 16, 65–66

see also Drought Monitor

North American Drought Atlas

(NADA) 48

North Atlantic Oscillation (NAO) 10,

16, 67

North Atlantic Oscillation index

(NAOI) 16

North Pacific Oscillation 10, 11

Northern Annual Mode (NAM) 17

nutrients

drought breaking in streams 80,

93, 94, 96, 131, 207

estuaries 244–245, 249–252

floodplains 134, 135

groundwater seeps 78

Lake Chilwa (Malawi) 211, 215

lakes 76, 79, 83–84, 85, 183,

207, 211

oligotrophic lakes 85, 176

re-wetting 93–94

riparian zones 73, 74

sediments 92, 93, 94

streams 77, 89, 90, 91

oceanic dipole oscillations 9–17,

291

Odonata 121, 127, 198, 199

oligochaetes 109, 114, 127, 191,

197, 200, 201, 207

oligotrophic lakes 84, 85, 175–177,

178

omnivores, estuarine fauna 260,

261, 262

operational drought 21, 25

organic carbon (OC)

estuaries 244–245

see also dissolved organic carbon

(DOC)
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organic mats, Holocene 57–58

organic matter

buildup in stream channel 200

estuarine accumulation 249

floodplain lakes 139

pools 80

see also particulate organic matter

(POM)

ostracods, lake sediments 52, 53, 55,

56, 63

overgrazing 5, 24

overland flow 29

oxygen-18, lake sediments 52–53

oxygen concentrations

dissolved organic matter in

streams 223

fish tolerance 88, 143–144, 222,

223, 225, 226–227, 241

lentic systems 76, 78, 81, 82, 211,

214

pools 80

stratification 211

streams 77, 88, 91, 218

stress on fauna 88, 211, 214,

222–223, 225

see also dissolved oxygen

concentration

PacificDecadalOscillation(PDO) 16–17

Pacific Ocean, stratification of water 11

palaeoclimatology 46–47, 293

Palmer Drought Severity Index

(PDSI) 27–28, 48, 55,

65, 292

Palmer Hydrological Drought Index

(PHDI) 27, 28

Palmer Z Index 27

parasitism 186, 228–229, 245, 281

particulate inorganic matter (PIM),

streams 89

particulate organic matter (POM) 80,

89, 90, 131, 134

past droughts 46–67, 292–293

dendrochronology 47, 48–49,

54, 55

Holocene 57–67

impact on lakes 55–57

indicators 47–55

lake sediments 47–48, 49–55

spatial extent 54–55

Patagonia (Argentina) 62, 64

peat/peatlands 94–95, 180

perennial systems 68, 69, 164–208

floodplain rivers 143, 146, 148

groundwater-dominated 189–192

lentic 166–183

lotic 184–206, 236–239

perturbations 35–45

phosphates 91, 249–250

phosphorus 76, 77, 79, 80, 84, 89,

174, 175, 176, 177

cyanobacterial blooms 275, 285

re-mobilization from sediments 285

retention in drying sediments 92

water column mixing 275

photosynthetic activity 123, 177

phytoplankton 165, 170, 172,

173–178

acidification recovery 180

anoxic conditions 84

blooms 167, 172, 211, 212, 214

changes with filling lakes 172,

174, 176

changes with receding lakes 55,

56, 167, 174–177

dissolved oxygen concentration 85

estuaries 245, 250, 251–252

floodplain lagoons 138

phytotelmata 110, 118, 119

plankton see phytoplankton;

zooplankton

Plecoptera 128, 191, 196–197, 205,

207

Pleistocene 47, 54

pollen record 9, 54

pollutants, accumulation/

mobilization 269–270, 274

pollution 71–72, 91, 95–96, 203,

269, 270, 275, 295

polo-club type refuges 42, 128–129
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ponds 69, 81, 82, 92–93, 109–110,

112, 114–115, 117, 118, 120,

130, 152, 156, 157, 158, 273

pools 37, 69, 79–81, 97, 121, 127

blackwater conditions 80, 90,

102, 123

detritus 39, 123

dissolved oxygen concentration 80

fish 153, 218, 220, 221, 222,

223–225, 229, 234, 236, 241

recolonization after drought 127

refuges 41, 102, 103, 122, 129,

142, 280

streams 130, 189, 282

temporary 107, 111, 130–131

vascular plants 105–106

potassium 89

prairie streams 127–128

precipitation 3, 8, 20, 23, 24, 26–28,

70–71, 266, 268

drought breaking 96, 130

estuaries 245, 254–255

fish 145, 152–154, 161, 216, 220,

228, 260–262

lake inputs 86

low in winter 78, 236

perennial streams 192–203

predation 111, 115, 118, 119

terrestrial predators 202, 209,

227–228, 242

press disturbance 36

prey subsidy 74

primary production 103, 123, 131,

134–135, 149, 174–175

estuaries 249–252, 260, 261–262

lakes 55, 84

protozoans 118–119, 139, 281

proxy records for drought 46, 47, 48

see also dendrochronology; lake

sediments

pulse disturbance 6, 36, 40

Rainfall Deciles Index 26, 28, 292

ramp disturbance, drought 6, 35, 40,

265, 291

rare species and drought 115,

139–140, 150, 207, 297

re-wetting 76–77, 80, 93–96,

98, 105

recolonization of streams 121, 202

recovery from drought 130–132,

149–150, 296–298

fish 218, 229–234, 237–238, 239,

241–242

invertebrates 113–114, 125,

127–128, 139, 140, 237–238

redundancy in communities 39

reforestation 268

refuges 41–42, 109, 121

algae 103

fish 146–147, 210, 216, 218,

220–222, 236, 258

human activity effects 281–282

invertebrates 128–130, 133

in Florida Everglades 154–155

pools 224–225

recovery 239

tropical region 236

recovery of biota 296

use by returning species 128–130

waterbirds 162, 163

regional drying 284

reptiles 159–161

resilience of biota 4–5, 37–38, 39–40,

41, 107, 127, 133, 295–296

Mediterranean streams 122–123,

297–298

regional level 118

resistance of biota 37, 41, 107, 127,

133, 295–296

algae 103

fish 107, 108, 242

respiration

aquatic surface respiration in

fish 143, 144

ecosystem in summer drought 123

restoration 40, 275–276, 288–289

reversibility 39–40

riparian zone 73–75, 273, 274,

280
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rivers 20, 29, 31, 49, 69, 73, 81, 88,

90, 91, 97, 124, 238, 246–247,

251, 255, 257–258, 268,

277–278, 280, 281–282

floodplain 80, 134–135, 141–150

fish 142–143, 210, 217, 220,

226–227, 240, 297

fish assemblages 145–149,

238–239

intermittent 124–125

lowland 200

pollution 203

predictable 29

spatial patterns of drying 81

water loss 4

see also low flow conditions

rotifers 118–119, 139

impact of drought 176, 178

Lake Chilwa (Malawi) 170, 172

post-drought acidification 180

Sahelian drought 147–149, 266–267

salamanders 157, 158

salinity

catchments 88, 268

estuaries 244, 246–249, 251, 278

fish 256, 257–259

invertebrates 254–256

macrophytes 252–253

evapotranspiration 89

fish 211, 256, 257–259

floodplain lakes 139

floodplains 136, 137

intrusions 90–91

Lake Chad (central Africa) 173

Lake Chilwa (Malawi) 166, 167,

168, 172

lakes 55, 56, 63–64, 139

lentic systems 82, 83

streams 88–89, 266

salinization 203

salmon 88, 220, 225, 226–227, 228

salt marsh 253

salt wedge 243, 249

sand slugs in streams 81

sardines 212–213

scavengers, dry streambeds 202

sea level rise 282

sea surface temperature 9, 10, 11, 12

North American drought 15, 16

oceanic dipole oscillations 16, 17,

291

seasonal drought 22, 36, 44

differences from supra-seasonal

drought 22, 125, 292

Mediterranean streams 126

tropical savanna regions 127

sediments

catchment accumulation 94

clogging of interstices 280–281

downstream deposition 273

drying 92

estuaries 244

lakes 47–48, 50–56, 57, 59, 60,

62–64, 78

mobilization from catchments 273

nitrogen 93

phosphorus re-mobilization 84, 285

pools 80

re-wetting 93

riparian zone 73, 74

sulphur 92, 95–96, 180–181

traps 244

see also lake sediments

seed banks 105, 106

seed viability of vascular

plants 104–105

sewage 91, 202–203, 274

silica 90, 249

Simulidae, see Diptera

snails 127, 168, 170–171, 172

littoral zone 185–186

small streams 198, 201–203

Spartina grazing 253

snakes 160–161

snowmelt ponds 114

social damage of drought 3–5

social reactions to drought 18, 19

socio-ecological systems (SESs) 38

socioeconomic drought 21, 24
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soil(s) 93–95

erosion 272–273

moisture levels 27, 266

solar forcing 8–9

solar radiation, Holocene droughts 58

source-sink population dynamics 234

South America

past droughts 51, 54, 56, 58, 59,

60, 62, 63, 64

Southern Annual Mode (SAM) 17

Southern Oscillation (SO) 10

Southern Oscillation Index

(SOI) 11–14, 36

Spartina salt marsh 253

spatial extent of drought 6, 7, 203–205

species

abundance 124–126

complementarity 38–39

diversity 40

species richness

disturbance 119

estuaries 255, 256, 258

fish 256, 258

floodplain lakes 139, 149–150

intermittent rivers 124–125

Lake Chilwa (Malawi) 168, 171

low-order streams 196, 198

multiple microcosms 119–120

ponds 117

streamflow 126

supra-seasonal drought 125

water extraction 278

springs 189

stable isotopes, lake sediments 52–53

Standardized Precipitation Index

(SPI) 26–27, 292

stepping-stone refuges 42

stoneflies see Plecoptera

Strange Parallels Drought 65

stream(s)

acid 200–201

acidification 96

benthic algae/

macrophytes 184–186

blackwater conditions 90, 201, 223

breaking of drought 80

breaks in connectivity 79

community persistence 199–200

components 165

depth 79, 194

desert 121

detritus processing in summer

drought 123

dissolved organic carbon 90, 95

dissolved organic matter 80

dryland 127–130

effluent 70

English chalk 187, 189–192

ephemeral 124, 126

false starts at filling 130

fragmentation 130–131

gaining 70

groundwater storage 29–30

headwater 80–81, 192, 217,

222–225, 234–236

high flow following

drought 198–199

human activity 202–203

influent 70

intermittent 124, 125, 126,

127–128, 234–236

invertebrates 188–189, 203–205

littoral zone 184–185

losing 70

low flow 90

low-order 196–202, 282

lowland 200

man-made barriers 42

Mediterranean 121–126, 297–298

migration barriers 42

mussel populations 194–195

nitrates 89, 90

nutrients 89

organic matter accumulation 128

particulate organic matter 80, 90

perennial 124, 126, 236–239

chalk 186, 189–192

low-order 196–202

precipitation-

dependent 192–196
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pollution 91, 203, 274

pools 80

prairie 127–128

predictable 29

recolonization 202

remnant pools 189

re-wetting 93, 200–201

salinity 88–89

salinization 203

scouring of bed by floods 125–126

seep-fed 199

spatial patterns of drying 80–81

surface flow cessation 189

surface water loss 189

temporary 101, 130–132

biota 120–130

velocity decrease 188–189

volume decline 188–189

water volume 79

wetland-fed 199

see also low flow conditions

stream channels, break up 37

stream havens see refuges

streambed, dry 37, 202

streamflow 29, 31, 32, 33–34

evapotranspiration 70, 89

groundwater effects 271

Southern Oscillation Index 13–14

species abundance/richness 126

water storage in

catchments 273–274

sulphates 95–96, 269–270

sulphides 180

sulphur 92–93, 95, 269–270

sulphur dioxide 71–72, 180

sulphuric acid 92–93, 95, 269–270

sunspot activity 8–9

supra-seasonal drought 6, 22, 24,

36, 43

adaptations 125

biota effects 297

crayfish 194

differences from seasonal

drought 125, 292

duration 44

fish 150, 236

floodplain rivers 80, 149

lag effects on species recovery 128

lakes 86–87

mussels 195

severity 125

Southern Oscillation Index 36

species abundance/richness 125

studies 44

surface water drought 24

temporary waters 101

tropical savanna regions 127

surface runoff 24, 29, 283–284

surface water drought 24, 28–32

Surface Water Supply Index 28

suspended particles, flowing waters 90

Syrphidae see Diptera

tectonic estuaries 243, 246

teleconnections 11

temperature

earth 283, 285

see also sea surface temperature;

water temperature

temporary waters 68, 69, 100–133

algae 101–103

avoidance strategies 108, 109

biota 101–107

fauna 107–115, 116, 117–118

fish 107–109, 209–210, 217

invertebrates 109–111

streams 120–130

catchments 101

cyanobacteria 102

drought flow thresholds 30–31

drying 130–132

dryland streams 127–130

emigration 108–109

experimental studies 118–120

false starts at filling 130

fauna 107–115, 116, 117–118

fish 107–109, 209–210, 217

groundwater extraction 272

hydroperiod length 114–115

invertebrates 109–111
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temporary waters (Continued)

Mediterranean streams 121–126

predator elimination with

drought 115

recovery 130–132

supra-seasonal drought 101

taxa elimination with drought 115

varying response to drought 103

vascular plants 103–107

wetlands 106–107

see also stream(s), temporary

temporary water bodies,

definition 100–101

terrestrialization 106, 132, 188

theory of runs 31

thermal stratification 211

throughflow 29

Tipulidae (Diptera) 113, 199

Tiwanaku civilization 60

toads 156–157

tortoises 160

total inorganic carbon (TIC), lake

sediments 50–51

traits 42–43, 124–125, 199

tree(s) 4, 267

riparian 74–75, 137, 280

tree holes, mosquito

populations 110–111

tree-rings see dendrochronology

tree stumps 49, 57, 62

trematode parasites 184, 229

Trichoptera 123, 125–126, 128,

189, 191, 196, 199, 201–202,

203, 204, 205

trophic organization in

estuaries 259–262

tropical savanna regions 127

trout 218, 219, 220, 228, 229–231,

232, 233, 234, 235

Turbellarians 197, 205

turbidity 78, 79, 90, 139, 170

turtles 160

upwelling events, offshore from

estuaries 251

urban areas 29, 271, 274

urbanization effects on

catchments 29, 271, 274

USA 5, 6, 27–28

El Niño/Southern Oscillation

system 14–15

La Niña events 15

past droughts 4, 6, 9, 14, 15, 48,

49, 54, 57–58, 60, 61, 62, 63,

64, 65

see also Dustbowl drought (USA)

varves, lake sediments 50

vascular plants

estuarine 252–253

floodplain 137–138

lakes 167, 181–183

streams 186–188

temporary waters 103–107

wetlands 151

see also tree(s)

vegetation

change impact on fish 213

clearance 2

estuarine 252–253

groundcover on floodplains 137

lentic systems 181–183

littoral 181–182

loss 4, 267–268, 272–273

marginal in Lake Chilwa

(Malawi) 167, 171

marsh 252–253

precipitation relationship 266

removal of native 268

riparian 74–75, 268, 273, 288

temporary waters 103–107

see also tree(s); vascular plants

Victorian Great Drought (Asia) 64–65

vulnerability to drought 4, 5

Walker circulation 10

warm pool of the western Pacific

(WPWP) 10, 11, 18

waste, water-borne 91

wastewater 202–203
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water beetles see Coleoptera

water bodies 68–70, 76–81

acidification 96

critical thresholds 294–295

diversion from 285

human activity 276–282

intermittent 68, 100

water column mixing 275

water extraction 2–3, 278, 279–280,

285, 286

water impoundments 276–279

water management plans 289

water quality 79–85, 87–92,

274–275

aquatic ecosystems 71

fish 218

Florida Everglades (USA) 155

Lake Chad (central Africa) 214

macroinvertebrates 204–205

water restrictions 4

water storage for

agriculture 273–274

water stress 4

water supply, human consumption 4

water table, riparian zone 74, 271

water temperature 77, 78, 80

climate change 285–286

estuaries 255, 256

fish 216, 220, 222, 229, 256

fish kills 88, 225, 226–227, 229

rise with vegetation loss 268, 273

see also sea surface temperature

water transport 4

water use, hydrological drought 23

waterbirds 161–163

fish predation 152–153, 161,

227–228

Waterston Stream

(England) 191–192

weather conditions, wildfires 89–90

weirs 202, 238

wetlands

acidification 96

amphibians 156–159

break up 37

depletion 271

dry-down 135

drying 37

fauna recovery after

drought 112–113

flooding 135, 279

floodplain 280

groundwater extraction 271

inundation 135

invertebrates 112–113

migration model for

plants 106–107

molluscs 113, 114

mosquito populations 115, 116,

117

nitrate accumulation 94

permanent 115, 116, 117

reptiles 159–161

salinization 203

seasonal flooding 135, 150–156

semi-permanent 115, 116, 117

sulphide accumulation 180

sulphur pollution 269–270

temporary 106–107, 115, 116,

117, 130–132

types 115, 116, 117

vascular plants 103–107

vertebrates 156–163

waterbirds 161–163

white spot disease, fish 228–229

wildfires 6, 89–90

wind 6, 11, 78, 268–269

winter droughts 6, 78

Winterbourne (England) 190

zoobenthos changes with receding

lakes 55

zooplankton 167–168, 170, 172,

174, 179

blooms 212

changes with receding lakes 55

community structure changes 114

estuaries 254–256, 260–261

floodplain rivers 139–140

lakes 55, 178–179
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D0 Abnormally Dry

D1 Drought - Moderate

D2 Drought - Severe

D3 Drought - Extreme

D4 Drought - Exceptional

Plate 1.2 An example of the output from the DroughtMonitor, showing the extent and

severity of drought in central and southern USA on October 9, 2007.

(A) El Niño

(B) La Niña

Plate 1.3 (a) Map of the world, indicating regions liable to incur drought conditions

with an El Niño event. (b) Map of the world, indicating regions liable to incur drought

conditions with a La Niña event. (Adapted from Allan et al., 1996.)



Plate1.4 The spatial extent and severity of theDustbowl drought in 1934,with regions

in drought depicted by the Palmer Drought Severity Index PDSI (in red with negative

values) and wet regions (positive PDSI and in blue). (Drawn using data from Cook, E.R.,

2000.)

Plate 6.3 Bands of adult dryopid beetles (Postelichus immsi) plodding upstream to

persistent water as drought develops in the Santa Maria River, Arizona, USA. (Picture

from Figure 1 (right) in Lytle et al., 2008.)



Plate 8.2 The shore of Lake Chilwa as the lake dried, showing the cracked, salt-

encrusted surface of themud and a retractingwaterway used to gain access to the body of

the lake. (From a slide kindly provided by A.J. McLachlan.)

Plate 8.4 An exhausted clawless otter, Aonyx capensis, attempting to move across the

drying lake, is intercepted and is about to be killed and subsequently eaten. (Slide kindly

provided by A.J. McLachlan and which appears as Figure 517(a) in Kalk et al., 1979.)



Plate 9.1 A persistent pool on Middle Creek, Victoria during the 1997–2010 drought.

This pool was the only refuge for kilometres, both upstream and downstream, and it

harboured an abundant fish fauna consisting of at least 1,153 flathead gudgeons

(Philypnodon grandiceps), 66 Australian smelt (Retropinna semoni) and 11 mountain

galaxiids (Galaxias olidus), along with 687 yabbie crayfish (Cherax destructor). (Photo

courtesy of Paul Reich.)

Plate 9.2 Fish kills on the Manaquiri River, northwest Brazil, in the severe drought

in 2009. (Photos sourced from Reuters.)
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