Studies in Landscape Ecology

. -
A3 b 2 ;

8 Edited by Jianguo Liu & William W. Taylor

- % Integrating Landscape Ecology v

more information - www.cambridge.org/0521780152



This page intentionally left blank



Integrating Landscape Ecology into Natural Resource Management

Therapidly increasing global population has dramatically increased the demands for
natural resources and has caused significant changes in quantity and quality of natural
resources. Toachieve sustainable resource management, itis essential to obtain insight-
ful guidance from emerging disciplines such aslandscape ecology. This text addresses
thelinks between landscape ecology and natural resource management. Theselinks are
discussed in the context of various landscape types, a diverse set of resources,and a wide
range of managementissues. Alarge number of landscape ecology concepts, principles,
and methodsareintroduced. Critical reviews of past management practicesand alarge
number of case studies are presented. This text provides many guidelines for managing
natural resources from alandscape perspective and offers useful suggestions for land-
scape ecologists to carry out research relevant to natural resource management. In addi-
tion,itwillbeanideal supplementary text for graduate and undergraduate ecology
courses.

JIANGUO LIU isan Associate Professor at Michigan State University where he teaches
and researchesin the areas of landscape ecology and biodiversity conservation. He has
published extensively in scientific journals such as Science and has edited two other
ecology books. In recognition of his contributions to research, outreach, and teaching,
hehasbeen given anumber of awards includinga CAREER award from the National
Science Foundation, a Lilly Teaching Fellowship,and an Aldo Leopold Leadership
Fellowship from the Ecological Society of America.

WILLIAM W. TAYLOR is Chairperson and Professor of the Department of Fisheries and
Wwildlife at Michigan State University. Heis an internationally recognized expertin
fisheries ecology, population dynamics,and Great Lakes fisheries management. He has
received numerous accolades for his teaching, research, and outreach efforts, including
his tenure as President of the American Fisheries Society. He has authored numerous
articlesand has edited abook on fisheries policy and management.
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Foreword

As the scale of environmental problems expands, ecology, the basic science of
the environment, must then meet the challenge and expand the scale of
research and management recommendations. Fortunately, during the past 50
years or so, ecology has emerged from its roots in biology to become a stand-
alone discipline that integrates organisms, the abiotic environment, and
human affairs. Thus, we see the emphasis moving from the species level to the
ecosystem level on up to the landscape level that deals with complex systems
such as large watersheds. Size does matter; big is different from little, because
new properties emerge withan increaseinscale.

Anincrease in problems with pests is a good example of the need to consider
thebigger picture, rather than just continue trying to deal with pest species one
atatime. Alargeagricultural landscape with conservation tillage, a diversity of
crops, and lots of natural vegetation buffer strips separating crop fields has
much less trouble with insect pests than a continuous monocultural landscape.

Most important of all, preservation of the life-support environment can
only be accomplished on alarge scale. For instance, protection of water quality
and stream corridors cannot be achieved through local zoning but requires
political and management action at the state, regional, national, and ulti-
mately, the global levels.

Landscape ecology is a rapidly growing interdisciplinary field. Its concepts,
theories, and methods are uniquely relevant in addressing large-scale issues in
natural resource management (e.g., biodiversity conservation, land-use plan-
ning). The contributors of this book effectively show how natural resource
management can benefit from landscape ecology, and how landscape ecology
canbeadvanced by tackling challenging problems in natural resource manage-
ment. The diversity of articles and topics in this book is impressive, as is the
common theme of cross-disciplinary approaches. This book also provides valu-
able information that can be used for expanding the scope of environmental
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education beginning in grade school, increasing the general public’s under-
standing of the need for better land-use planning, and thereby sending a clear
message to policy-makers. Thus, this book lays a nice foundation for truly inte-
grating theory and practice at thelandscapelevel and beyond.

EugeneP.Odum

XV
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Preface

Traditionally, natural resources have been often managed using information
collected from small scales, resulting in variable and limited success. To improve
these results, many scientists and natural resource managers have recognized
the need to adoptalarge-scale approach to natural resource management, using
the concepts, principles, and methods of landscape ecology. At the same time,
many landscape ecologists have also realized that further development of land-
scape ecology will benefit from better connections with resource management
issues. However, as is often the case between academicand non-academic worlds,
landscape ecologists and natural resource managers historically have not com-
municated well. Landscape ecologists often do research without regard to the
needs for natural resource management, and managers often do not know how
toapply landscape ecology to managing natural resources.

To facilitate the communication between landscape ecologists and natural
resource managers, we hosted the 13th annual conference of the US Regional
Association of the International Association for Landscape Ecology (US-IALE)
on the campus of Michigan State University in 1998. The conference’s theme
was “Applications of landscape ecology in natural resource management.”
Clearly, this theme of linking landscape ecology with natural resource manage-
mentreflected the desire of many others, as more than 500 landscape ecologists
and natural resource managers from around the world participated in the con-
ference(thelargest number ever to attend a US-IALE annual meeting). The con-
ference was a huge success, but we were urged by many attendees to produce a
book expanding upon the ideas presented at the conference, reaching a larger
audience, and promoting further communication and collaboration between
thelandscape ecology and natural resource management communities.

Suchimpetus and urging from the conference attendees motivated us to edit
this book that addresses the gaps and linkages between landscape ecology and
natural resource management.
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The specific objectives of this book are to: (1) introduce fundamental con-
cepts, principles,and methods of landscape ecology; (2) provide practical infor-
mation for natural resource managers to use; and (3) offer suggestions for
landscape ecologists to carry out research relevant to natural resource manage-
ment. To accomplish these objectives, this book offers a critical review of past
management practices, synthesizes existing information, introduces innova-
tive ideas, presents a large number of case studies, and provides many insight-
ful guidelines and “rules of thumb” for managing natural resources from a
landscape perspective. Furthermore, we have designed this book to closely link
each major component of landscape ecology to a natural resource management
paradigm (i.e., “Landscape structure and multi-scale management,”
“Landscape function and cross-boundary management,” “Landscape change
and adaptive management,” and “Landscape integrity and integrated manage-
ment”). To highlight these links, we have chosen a wide range of landscape
types (e.g., forested, agricultural, urban, grassland, and aquatic),a diverse set of
resources (e.g., land, forests, wildlife, fish, plants, insects, and water), and
various management issues (e.g., biodiversity conservation, land use, timber
harvesting, fishing, and wildlife management).

This book has been written for a very diverse audience, including landscape
ecologists, natural resource managers, conservation biologists, social scien-
tists, non-government organizations, policy-makers, graduate students, and
advanced undergraduatestudents.It will also be helpful asasupplemental text
for many graduate and undergraduate courses, such as Landscape Ecology,
Natural Resource Management, and Conservation Biology.

We were fortunate that more than 100 landscape ecologists and natural
resource managers had enthusiastically participated in this book endeavor,
either as contributors (59) or as reviewers (53). To ensure the highest quality
possible and the appropriate coverage of perspectives from both landscape
ecologists and natural resource managers, two to four experts from both acade-
mic institutions and management agencies reviewed each chapter. Thus, it is
fair to say that the completion of this book is an excellent example of close col-
laboration between landscape ecologists and natural resource managers. We
hope that this teamwork will continue, and that this book will help to cement
the bond between landscape ecology and natural resource management.
Ultimately, by doing so, we can better manage the world’s natural resourcesina
sustainable manner.

JianguoLiu
William W. Taylor

xvii



xviii

Acknowledgments

First, we would like to express our sincere appreciation to the 59 contributors
of this book. This was an unprecedented endeavor for us. Usually, academics
write books for their peers. Writing this book was much more challenging
because the audience includes both academic and non-academic readers. It
took exceptional efforts to meet the needs from both groups. The contributors’
cooperation and enthusiasm are greatly appreciated.

The manuscripts for this book were reviewed by 53 experts from academic
institutions, natural resource management agencies, and private organiza-
tions. The reviewers’ insightful comments and constructive suggestions
have made this book better, clearer, and more readable. We gratefully
acknowledge the precious time and tremendous help of the following
reviewers: Jack Ahern (University of Massachusetts), James T. Anderson
(West Virginia University), Mack Barrington (Oregon Department of
Agriculture), David P. Bernard (ESSA Technologies Ltd., Canada), Dean Beyer
(Michigan Department of Natural Resources), Rene Borgella Jr. (Cornell
University), Dennis Boychuk (Integra Research, Inc., Canada), Han Chen
(Ontario Ministry of Natural Resources, Canada), Christopher P. Dunn (The
Morton Arboretum), Michael Francis (Colorado River Indian Tribes), Grant
Gerrish (University of Hawaii—Hilo), Frank Golley (University of Georgia),
Deborah Green (College of William & Mary), Timothy G. Gregoire (Yale
University), Jerry Griffith (University of Kansas), Michael Jones (Michigan
State University), Christina Hargis (USDA Forest Service), William Hargrove
(Oak Ridge National Laboratory), Jim Harrison (US Environmental Protection
Agency), Gilberto Herndndez Cdrdenas (Universidad Metropolitana —
Iztapalapa, Mexico), Barry L. Johnson (US Geological Survey), EricJorgensen
(US Environmental Protection Agency), Richard T. Kingsford (National Park



ACKNOWLEDGMENTS

& Wildlife Service, Australia), Joseph W. Koebel Jr. (South Florida Water
Management District), Tomas M. Koontz (Ohio State University),
Christopher Lepczyk (Michigan State University), Simon Levin (Princeton
University), Kristine D. Lynch (Michigan State University), Guy R.
McPherson (University of Arizona), Susan Miller (USDA Forest Service),
David J. Mladenoff (University of Wisconsin-Madison), Franz Mora
(University of Nebraska), Tony Olsen (US Environmental Protection
Agency), Diane M. Pearson (Northern Territory University, Australia), Karen
A. Poiani (The Nature Conservancy), Hugh Possingham (The University of
Adelaide, Australia), Harold Prince (Michigan State University), Jesse M.
Purvis (National Park Service), Samuel Riffell (Michigan State University),
Alistar Robertson (Charles Sturt University, Australia), George Robinson
(State University of New York—Albany), Vic Rudis (USDA Forest Service), Ike
Schlosser (University of North Dakota), Harold L. Schramm Jr. (Mississippi
State University), Lowell H. Suring (USDA Forest Service), Jack Ward Thomas
(University of Montana), Michael Walters (Michigan State University),
Deane Wang (University of Vermont), Lizhu Wang (Wisconsin Department
of Natural Resources), David Wear (USDA Forest Service), John F.
Weishampel (University of Central Florida), X. Ben Wu (Texas A&M
University), and Patrick A. Zollner (USDA Forest Service). We are particularly
grateful to Christopher Lepczyk for his exceptional help in the review
process.

We are pleased that this book is the first in the Cambridge Studies in Landscape
Ecology series of the International Association for Landscape Ecology (IALE).
Thanks to John Wiens (former President of IALE) for initiating this series and
for encouraging us to be part of this exciting initiative. It has been our great
pleasure to work with the outstanding staff at Cambridge University Press,
especially Shana Coates, Alan Crowden, Anna Hodson, Carol Miller, Maria
Murphy,and Claire Nugent.

The funding agencies that supported the 1998 Landscape Ecology
Conference of the US Regional Association of the International Association
for Landscape Ecology, which resulted in this book, are greatly appreciated.
These agencies include the National Science Foundation, National
Aeronautics and Space Administration, US Environmental Protection
Agency, US Fish and Wildlife Service, US Geological Survey, USDA Forest
Service, Michigan Department of Natural Resources, College of Agriculture
and Natural Resources and Office of the Vice President for Research and
Graduate Study at Michigan State University. We also thank the National
Institutes of Health and Provost Lou Anna Simon at Michigan State
University foradditional financial support.

Xix



XX ACKNOWLEDGEMENTS

During the process of preparing this book, we were fortunate to receive
excellent assistance from Kimberly Baker, Jayson Eageler, Linda Fortin, Kim
Groop, Robert Howe, Monica Kwasnik (all at Michigan State University),
Catherine Chung (University of Chicago), and Susan Robertson (Wavelength,
Inc., Michigan). We also want to thank Marc Linderman (Michigan State
University) for his permission to use a photo that he took as the book
cover and for his help with the cover design. This book was finished when
one of us (Liu) took a sabbatical in the Center for Conservation Biology
(CCB) at Stanford University. The hospitality of the staff at CCB, especially
Carol Boggs, Gretchen Daily, Anne Ehrlich, and Paul Ehrlich, is gratefully
acknowledged.

Last but not least, we are deeply indebted to our families (especially our
spouses Qiuyun Wang and Evelyn Taylor) for their understanding and extra-
ordinary support.

JianguoLiu
William W. Taylor



PARTI

Introduction and concepts






JIANGUO LIU AND WILLIAM W. TAYLOR

Coupling landscape ecology with natural
resource management: Paradigm shiftsand
new approaches

11 Introduction

Global human population has now exceeded 6 billion people and this
rapidly increasing population has significant implications for natural
resources. On the one hand, demands for natural resources have dramatically
increased and will continue to increase (FAO, 1997). On the other hand, natural
resources have been reduced in both quantity and quality as extraction has
become more intensive and extensive than ever before (Vitousek ez al., 1997). As
aresult, much of the world’s biodiversity has been lost (Ehrlich, 1988; Myers,
1990; Pimm and Gittleman, 1992), and many species have become threatened
and endangered (Wilson, 1988; Rutledge et al., 2001). Other ecological conse-
quences include degradation of ecosystem goods and services (Costanza et al.,
1997; Daily, 1997),landscape fragmentation (Harris, 1984), and unsustainable
use of natural resources (World Commission on Environment and
Development, 1987; Lubchenco et al., 1991). Furthermore, the management of
natural resources has become more constrained and complex due to the inter-
actions among ecological, political, socioeconomic, demographic, and behav-
ioral factors (Thrupp, 1990; Cairns and Lackey, 1992; FEMAT, 1993; Liu, 2001;
McCool and Guthrie, 2001; Chapter 19, this book). In order to address these
great challenges in natural resource management and to achieve sustainability
of natural resources in the future (Speth, 1992; MacDonald, 1998; Rogers and
Feiss, 1998; Kates et al., 2001), resource managers need insightful guidance and
new perspectives from emerging disciplines such as landscape ecology (Sharitz
etal., 1992; Swanson and Franklin, 1992; Noss, 1983; Daleetal., 2000).

Landscape ecology is an interdisciplinary field that studies landscape struc-
ture, function, and change (Forman and Godron, 1986; Hobbs, 1995).
Although the term was coined by the German biogeographer Carl Troll in 1939
(Turner, 1989), landscape ecology did not draw much attention outside of
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Europe until the early 1980s. During the last two decades, the field of landscape
ecology has been rapidly advancing (Naveh and Lieberman, 1984; Risser et al.,
1984; Zonneveld and Forman, 1990; Forman 1995a; Pickett and Cadenasso,
1995; Wiens and Moss, 1999). Such rapid advancement is evidenced by the for-
mation of the International Association for Landscape Ecology (IALE) in 1982
and its regional chapters (e.g., US-IALE, Europe-IALE, China-IALE), a large
number of national and international conferences, creation of the interna-
tional journal Landscape Ecology in 1987 (Golley, 1987, 1995), the proposition of
alarge number of landscape ecology concepts (e.g., Urban et al., 1987; Pulliam,
1988; Turner, 1989; Levin, 1992; Wiens, 1992; Hobbs, 1995), the formulation
of many principles (e.g., Risser et al., 1984; Forman and Godron, 1986; Forman,
1995a,b), and the development of numerous methods and techniques (e.g.,
Turnerand Gardner, 1991; Pulliamezal., 1992; Klopatek and Gardner, 1999).

Although landscape ecology provides a spatial systems perspective and has
greatrelevance to natural resource management (Hobbs, 1995), the application
of landscape ecology in natural resource management has been lagging
(Forman, 1986; Aspinall and Pearson, 2000; Chapter 18, this book). Likewise,
natural resource management actions have not been fully utilized for the
advancement of landscape ecology, even though they provide excellent oppor-
tunities for further landscape ecology development (e.g., Chapters 13 and 18,
this book). Given these needs and potential benefits, the main goal of this book
is to identify links and ways of bridging the gaps between landscape ecology
and natural resource management. In this chapter, we briefly introduce a
number of fundamental concepts, principles, and methods in landscape
ecology; discuss how natural resource management paradigms can be mod-
ified to fitinto alandscape ecology perspective; and provide an overview of this
book.

1.2. Abriefintroduction to landscape ecology: Concepts, principles,
and methods

In this section, we briefly introduce some fundamental concepts, princi-
ples, and methods in landscape ecology. More details can be found in other
chapters of this book and many publications cited throughout this book.

1.2.1  Landscapestructure, function, change, and integrity

Although the exact definition of alandscape can vary greatly, most land-
scape ecologists agree that a landscape is a heterogeneous land area (e.g.,
Turner, 1989; Forman, 1995a) (Fig. 1.1) that is often hierarchically structured.
Thebasicunitinalandscapeisa patch, which isarelatively homogeneous area.
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FIGURE 1.1

Adiagram of regional context (top row), landscape structure and function (middle
row), and landscape integrity (bottom row). Landscape changes are illustrated at two
time steps: time O (left column) and time n (right column). The top row illustrates
thatalandscape (white ellipse) is embedded in a region (shaded ellipse). Alandscape
(middle row) consists of patches with different sizes and shapes. Arrows refer to
landscape function (flows of energy, matter, and organisms) within and between
patches and landscapes. Landscape integrity (bottom row) can be represented by
different indicators such as productivity (p) and diversity of native species (d). In this
example, changes in landscape structure and function as well as regional context
(different shadings) cause a reduction in diversity of native species but no significant
change in productivity.

The size (extent or spatial dimension) of a landscape is dependent on research
and management objectives and varies with the perception of the organisms
(Pearson etal., 1996). Because different organisms view the same landscape dif-
ferently, alandscape could range from square meters (from a small insect’s per-
spective; Wiens and Milne, 1989) to thousands of square kilometers or larger
(from humans’ perspective; Forman and Godron, 1986).

Patches and landscapes are not isolated entities, but embedded in local,
regional, and global contexts (Forman, 1995a; Liu and Ashton, 1999) (Fig. 1.1).
A landscape is an open system with flows across landscape boundaries and
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interactions with other landscapes. For instance, nutrients and pollutants may
follow hydrologic flows from uplands to aquatic systems (Carpenter et al.,
1998). Landscape functions (or processes) include matter flows, energy flows,
and organism flows such as migration and dispersal among patches (Forman,
1995a) (Fig. 1.1). Through these various flows, patches and landscapes connect
withand influence each other (Fig. 1.1).

Both landscape structure and landscape function change over time and
across space due to natural and anthropogenic disturbances (Pickett and
White, 1985; Turner et al., 1997; Dale et al., 1998) (Fig. 1.1). Landscapes change
in a variety of ways. For instance, a contiguous large landscape may be frag-
mented into smaller pieces or some landscape elements may be lost (Forman,
1995a). Conversely, small landscapes or patches may coalesce into larger ones.
Rates of change can be differential across a landscape (Liu et al., 2001).
Depending on the intensity and frequency of disturbances, some changes are
very dramatic, while other changes are gradual or less obvious (Turner, 1987;
Baker, 1992; Swanson et al., 1998; Foster et al., 1999).

While landscape structure, function, and change have been extensively
studied, landscape integrity is a subject relatively unexplored. The concept of
landscape integrity is different from but related to ecosystem integrity
(Woodley et al., 1993; De Leo and Levin, 1997), ecological integrity (Crossley,
1996; Pimentel et al., 2000), and biological (or biotic) integrity (Karr, 1981;
Hunter, 1999). The major difference lies in that landscape integrity is a health
measurement at the landscape level (Fig. 1.1), while other integrity concepts
indicate the health status of ecosystems or communities. Landscape integrity
may result from complex interactions among ecosystems in the landscape and
is unlikely to be a simple summation of ecosystem integrity. Landscape integ-
rity can be measured by indicators such as productivity and diversity of native
speciesat thelandscapescale. The exact relationships between landscape integ-
rityand landscapestructure and functionare unknown butarelikely tobe non-
linear. Changes in landscape structure and function may or may not lead to
significant changes in landscape integrity (Fig. 1.1). For example, modifica-
tions of some patches in alandscape may not affect its integrity due to elasticity
or compensation of other patches in the landscape. Given its importance and
lack of knowledge about it, we suggest that landscape integrity should be on
the priority list of research by the landscape ecology community.

1.2.2 Principles

Like other disciplines, a set of principles has emerged in landscape
ecology. According to Forman (1995b), a general principle integrates various
sources of knowledge, addresses important questions, has a wide range of
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applications, has predictive ability, is established in theory, and has direct sup-
porting evidence. Based on these criteria, Forman (1995b) lists 12 principles of
landscape ecology. One of the principles states that spatial arrangement of
patches is a major determinant of functional movement across the landscape.
Additional principles have been proposed by others, such as Risser et al. (1984),
Urban et al. (1987), Turner (1989), Ahern (1999), Ludwig (1999), and Farina
(2000). These include the principle that local ecological conditions (e.g., organ-
ism abundance and species diversity) are affected by landscape context or
attributes of the surrounding landscape (Dale et al., 2000). For example,
Pearson (1993) reported that bird species richness within a stand is largely
affected by the vegetation structure in the surrounding areas. Likewise, Liu et
al.(1999) found that food in oil palm plantations supports higher levels of wild
pigs that, in turn, significantly reduce tree seedling regeneration and tree
speciesrichness in stands adjacent to the plantations.

1.2.3 Methods

Research methods inlandscape ecology have progressed remarkably fast
over the last two decades (e.g., Turner and Gardner, 1991; Klopatek and
Gardner, 1999; Farina, 2000). These methods include approaches and tools for
collection, analysis, and integration of both spatial and non-spatial data. In
terms of data collection, methods like sampling (Cochran, 1977; Chapters 3
and 11, this book) and observations (Hanski, 1991; Grossman et al., 1995) are
routinely used in landscape ecology. Experimentation is also becoming
popular (Lovejoy et al., 1986; Robinson et al., 1992; Wiens et al., 1995; Ims,
1999), even though it is frequently faced with challenges in identifying suit-
able replicates (Hargrove and Pickering, 1992; Chapters 3 and 13, this book)
because landscape-level experiments often must use large, yet heterogeneous
areas. While sampling and experimentation usually require researchers to be
physically in the field, remote sensing techniques collect information about an
object without direct physical contact and have become an essential tool for
obtaining large-scale spatial data in the forms of satellite imagery and aerial
photography (Lillesand and Kiefer, 1994; Jensen, 1996; Chapter 16, this book).
In addition, global positioning systems (GPS, satellite-based georeferencing
systems) are frequently used to gather spatial data, especially for purposes of
ground truthing (Liuetal., 2001).

Tools for data analysis and integration include geographic information
systems (GIS), spatial statistics, and modeling. Geographic information
systems (Maguire et al., 1991) are arguably the most important tool for storing,
manipulating, analyzing, and integrating both spatial and non-spatial data.
Spatial statistics or geostatistics (e.g., spatial autocorrelation, kriging, spectral

7
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analysis, trend surface analysis) are useful tools for analyzing landscape pat-
terns (O’Neill ez al., 1988; Legendre and Fortin, 1989; Turner and Gardner,
1991; Li and Reynolds, 1993; Gustafson, 1998), along with specifically
designed software, such as FRAGSTATS (McGarigal and Marks, 1994) and
Patch Analyst (http://flash.lakeheadu.ca/~rrempel/patch/). Because landscape
structure and management practices often vary across space, spatially explicit
models are especially useful (Pulliam et al., 1992; Liu, 1993; McKelvey et al.,
1993; Dunning et al., 1995; Turner et al., 1995). Spatially explicit models are
computer-based models that account for the ecological and socioeconomic dif-
ferences among differentlocations in landscapes and allow efficient analysis of
spatial interactions (Liu et al., 1994; Dunning et al., 1995; Verboom and
Wamelink, 1999). Combining remote sensing and GIS data, these models offer
great promise to natural resource managers, because the arrangement of land-
scape elements differs in space and time, and the visual display makes the com-
parisons of management alternatives and their ecological consequences much
easier (Franklin and Forman, 1987; Liu et al., 1995; Turner et al., 1995;
Gustafson and Crow, 1996).

1.3  Shifts in paradigms of natural resource management

While traditional natural resource management has met numerous soci-
etal needs, it has also caused a host of problems (Christensen et al., 1996; Kohm
and Franklin, 1997), such as conflicts between management for short-term and
long-term benefits, between management at small scales and large scales, and
between management of different natural resources (Liu, 1995; Scott et al.,
1995; Dale et al., 2000; McShea and Rappole, 2000). To overcome the shortcom-
ings of traditional management, it is necessary to facilitate shifts in manage-
ment paradigms using a landscape perspective. Specifically, it is essential to tie
landscape structure with multi-scale management; to link landscape function
with cross-boundary management; to connect landscape change with adaptive
management; and to use integrated management by incorporating multi-
scale, cross-boundary, and adaptive management to achieve sustainable land-
scapeintegrity (Fig. 1.2).

From single-scale management to multi-scale management
Traditional management has usually taken place at a single spatial scale. In
forestry, for example, management often occurred at the stand level (Crow,
1999). Because a landscape is usually heterogeneous and ecological conse-
quences are often scale-dependent (Toman and Ashton, 1996; Chapter 2, this
book), management must be similarly carried out at multiple scales such as
patch, patch group, and landscape. If no patches are the same, it may be neces-
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Landscape Change
(Adaptive Management)

Landscape Integrity
(Integrated Management)

Landscape Structure |4 > Landscape Function
(Multi-scale Management) (Cross-boundary Management)

FIGURE 1.2

Relationships among the four major aspects of alandscape and the four
management paradigms. Each box refers to a specificlinkage between landscape
ecology and natural resource management: landscape structure and multi-scale
management, landscape function and cross-boundary management, and landscape
change and adaptive management. Because landscape integrity and integrated
management encompass all three linkages, they are represented by the entire ellipse.

sary to undertake different management activities in different patches to
accommodate landscape heterogeneity. If two or more patches share the same
characteristics, these patches can be grouped and be managed in the same way.
For example, in an agricultural landscape with three patches (A, B, C), patch A
haslow soil fertility while Band C have high fertility, patches Aand B have high
density of pests whereas pest density in patch C is low, and all three patches
have low soil moisture. In order to increase productivity and reduce costs, a
multi-scale approach would be to enhance fertility (e.g., through applying
organic manure)in patch A, to control pests (e.g., through integrated pest man-
agement) in patches A and B (as a patch group), and to improve water condi-
tions (e.g., through irrigation) across the landscape (all three patches). Thus,
individual patches or patch clusters need to be assessed and managed in the
context of a landscape where management activities can be coordinated to
achieve the overall performance of designed management plans at the land-
scapelevel.

9
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From within-boundary management to cross-boundary management.
Conventional management was often conducted within the boundary of land
ownership or within the same patch or landscape, without taking account of
the interactions between the focal patch/landscape and other patches/land-
scapes (Reid, 1996). A cross-boundary management approach is thus needed to
incorporate landscape functions (i.e., flows of energy, matter, and organisms)
because landscape functions may not recognize political, management, owner-
ship,and natural boundaries, and because management within a patch orland-
scape may have tremendous effects beyond the boundaries (Knight and
Landres, 1998; Liu, 2001). The cross-boundary management paradigm consid-
ers the impacts of management within a focal system (patch or landscape) on
other systems, as well as incorporating the impacts of management in other
systems on the focal system (e.g., Chapter 7, this book). Also, it is important to
study ecological and socioeconomic factors affecting landscape functions so
that the functions can be enhanced or suppressed as appropriate (e.g., to create
barriers for the dispersal of invasive species and to remove barriers to the move-
mentof endangered species; Chapter 9, this book).

From static management to adaptive management

In the past, many management practices remained the same, even though sig-
nificant changes had taken place on the landscape. For example, fire suppres-
sion in many regions of the US continued despite accumulation in the amount
of fuel (Baker, 1994; Miller and Urban, 2000). Similarly, fishing pressures
remained high despite a sharp decline in fish stocks and degradation in fish
habitat (Rothschild ez al., 1994; Larkin, 1996). Because landscapes are con-
stantly changing due to natural and anthropogenic disturbances (including
management practices), management practices suitable for a previous condi-
tion are not always appropriate for new conditions. Thus, management strate-
gies need to be changed accordingly. Adaptive management (Holling, 1978;
Walters, 1986; Lee, 1993) has become an increasingly popular approach for
addressing such dynamic and uncertain issues. The purpose of adaptive man-
agement is to accumulate knowledge and, thus, reduce uncertainty about the
system. To achieve this purpose, adaptive management uses management
alternatives as experiments with testable hypotheses. Furthermore, it is an
iterative process that can adjust to new information, new management goals,
and landscape changes over broad spatial and temporal scales.

From isolated management to integrated management
Past resource management practices often had single objectives (Scott et al.,
1995), which caused many unexpected negative results and varying degrees of
socioeconomic and ecological conflicts (Kohm and Franklin, 1997). For
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example, the goal of forest management was usually to produce as much
timber as possible. However, timber harvesting had secondary effects of
improving habitat for white-tailed deer by creating an abundant supply of
accessible forage (Waller and Alverson, 1997). Improved habitat increased deer
numbers to the point that forest regeneration in many areas had been almost
completely eliminated and, thus, timber production could not be sustained
(Alverson et al., 1988). Additionally, overabundant deer populations caused
crop damage and traffic accidents (Xie et al., 2001). Furthermore, these conse-
quences vary at multiple scales over time. This example illustrates the need for
simultaneously and holistically managing deer, timber, and other natural
resources in the landscape. To eliminate or minimize such conflicts and main-
tain high landscape integrity, it is important to take an integrated approach
that incorporates multi-scale, cross-boundary, and adaptive management. It is
crucial that different types of natural resource management be coordinated in
both space and time. Integrated management shares many features with
widely discussed ecosystem management (e.g., Grumbine, 1994; Christensen
etal., 1996), but integrated management also takes a landscape perspective by
dynamically incorporating spatial interactions across heterogeneous land-
scapes toachieve sustainablelandscape integrity.

1.4  Linkinglandscape ecology with natural resource management

The main objective of this book is to link landscape ecology with natural
resource management. The linkages are discussed in six sections, comprising
20 chapters. The first section is introductory and contains this chapter, while
thelast section offers syntheses (Chapter 18)and perspectives (Chapters 19-20)
regarding opportunities and challenges in integrating natural resource man-
agement with landscape ecology. The middle four sections (Parts II through V)
link four different aspects of landscapes (structure, function, change, and
integrity) with four corresponding management paradigms (multi-scale,
cross-boundary, adaptive, and integrated management). Part II emphasizes
multi-scale management based on landscape structure. Part III discusses the
relationships between landscape function (e.g., flows of energy, matter, and
species) and cross-boundary management (i.e., management across natural
boundaries, ownership boundaries, political boundaries, and/or management
boundaries). Part IV ties adaptive management with landscape change. Part V
links landscape integrity with integrated management. We should point out
that while each of Parts II-V has a particular emphasis, a certain degree of
overlap is inevitable, as the four landscape aspects and the four management
paradigms are interrelated. Furthermore, each of the 16 chapters in Parts II-V
provides background information regarding numerous natural resource

11
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management issues; discusses relevant landscape ecology concepts, principles,
or methods thatare useful for addressing the managementissues; presents one
or more case studies (examples) that couple landscape ecology with natural
resource management; and offers implications and guidelines for future land-
scape ecology research and natural resource management practices.

This book encompasses a variety of landscapes, including forested (Chapters
7-8, 11-14, 18, and 20), agricultural (Chapters 4, 12, 17, and 20), grassland
(Chapters 2, 8, and 16), aquatic and riparian (Chapters 4-5,7, 9, 15, 18, and 20),
and urban (Chapters 6 and 12). The examples come from both publicly and pri-
vately owned lands. Public lands include federal lands (Chapters 4, 7, 10, and
13-14) and state and local government lands (Chapters 5 and 12), while private
lands (Chapters 12 and 20) range from industrial and non-industrial lands
(Chapter7),farmland (Chapters 4 and 12) to residential land (Chapters 6and 12).

Avariety of natural resources are discussed in this book, including both eco-
system services and goods (Costanza et al., 1997; Daily, 1997). Ecosystem goods
include fish (Chapters 5, 9, and 15), crops (Chapters 4 and 17), livestock
(Chapters 2, 4, and 16), and timber (Chapters 2, 7, 13-14, and 18). Ecosystem
services include water (Chapters 2, 4-5, 9, and 17-18), biodiversity (Chapters
2-3,5, 8,10-13, and 18), non-timber resources (Chapter 18), and pollination
(Chapter 4). Management issues associated with the natural resources are
diverse, ranging from biodiversity conservation (Chapters 2, 4-5, 7, 12, and
17), timber harvesting (Chapters 2, 7, and 13-14), fishing (Chapters 5, 9, and
15), production yield (Chapters 2, 4, and 14-17), landscape fragmentation
(Chapters 3, 12, and 14), soil erosion (Chapters 2, 4-5, and 18), pollution
(Chapters 4-6, 15,and 18), urbanization (Chapters 6, 12,15, and 18) to conflict-
ingobjectives (Chapters 2,5, 8,and 14-15).

A large number of landscape ecology concepts have been applied to the
various natural resource management issues discussed in this book. For
example, the concepts of patch and scale are used in all chapters, and the term
heterogeneity is used in almost every chapter. Other important concepts
include spatial arrangement or configuration (Chapters 2—4, 7-8, 12, 15, and
17-18),extent and grain (Chapters 2,4, 6-8, 10-16, and 18),landscape context
or surrounding conditions (Chapters 2-6, 8-9, 11-12, 14-16, and 18-20), cor-
ridor or connectivity (Chapters 2-5, 8-11, 13, and 15-20), and source-sink
habitat or metapopulation (Chapters 2-3 and 7-13). Many chapters discuss
how landscape ecology principles are useful to natural resource management
(Chapters 2, 5, 7, 9-10, 14, 18, and 20). For example, Wiens et al. (Chapter 2)
state that “habitat patches close enough together to allow dispersal tend to
support populations for longer periods than do patches that are far apart, and
that habitat patches connected by habitat corridors or set in alandscape matrix
of similar structure will foster frequent dispersal among patches” and illus-
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trate the utilities of these principles using spotted owl population dynamics
and persistence under different scenarios of landscape structure.

There are numerous landscape ecology methods developed and used in this
book. These methods include sampling techniques (Chapters 3 and 11), experi-
mentation (Chapters 2-3 and 13), observation (Chapters 3, 5, 8, 11, 13, and
16-18),and spatial statistics (Chapters 3,5, 12, 16,and 18).Inaddition, various
models are constructed and widely applied in predicting impacts of land use
(Chapter 10), monitoring landscape changes (Chapter 11), simulating organ-
ism response to landscape structure and change (Chapters 2-3 and 13), project-
ing consequences of management alternatives and designs (Chapters 4, 6-7,
14, and 18), and exploring edge effects on a wide range of species (Chapter 8).
Geographic information systems, remote sensing, and global positioning
systems are three increasingly important spatial tools. Hoch et al. (Chapter 16)
give a concise introduction to these tools and then apply them in grassland
landscape studies. Other authors use geographic information systems and
remote sensing techniques to detect and monitor landscape changes (Chapters
6, 10, and 12), to develop conservation priorities (Chapter 5), and to identify
appropriate samples (Chapter 11).

Besides convincing arguments and evidence that a landscape perspective is
very important in natural resource management, this book offers many specific
“rules of thumb” as well as general, yet explicit, guidelines for implementing
landscape ecology in the practices of natural resource management. Specific
“rules of thumb” include the 50-11-40 rule and 40-20-40 rule for the manage-
ment of the northern spotted owl (Chapter 2). While no management isidentical
in the details and the development of specific “rules of thumb” for various man-
agement actions requires detailed information, general guidelines are most
useful and, thus, are provided in every chapter. For example, research and man-
agementshould be conducted at multiple scales (Chapters 2-6 and 18), practices
should be identified to minimize negative effects and enhance positive effects
across boundaries (Chapters 7-9), modeling should be used as a cost-effective
method for monitoring and predicting ecological consequences of resource
management alternatives so that management actions can be adjusted accord-
ingly (Chapters 10-13), sustained yield and productivity can be enhanced by
managing natural resources in space and time (Chapters 14-17), natural and
social sciences should be integrated, and the communication between academic
and non-academicinstitutions should be enhanced (Chapters 5-6 and 18-20).

Although guidelines for landscape ecological research are often not as expli-
citly stated as those for natural resource management, landscape ecologists can
identify research needs using the guidelines for management. Landscape ecolo-
gists can also benefit tremendously from interacting with natural resource man-
agers who usually have rich field experience and can provide unique insights
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(Chapters 13 and 18). For example, management activities can be used to design
experimental treatments (Chapters 3 and 13), help landscape ecologists to main-
tain their landscapes of study, and assist landscape ecologists in understanding
the mechanisms of landscape structure, function, change, and integrity.

Summary

There are inherent interrelationships between natural resource man-
agement and landscape ecology. On the one hand, management activities can
provide unique opportunities for landscape ecology research and can change
the study subjects (i.e., landscapes) (Hobbs, 1997; Liu, 2001) because manage-
mentactivities are disturbances that affect landscape structure, influence land-
scape function, drive landscape change, and alter landscape integrity. On the
other hand, landscape ecology can offer useful guidance and tools for how
natural resources can be better managed. For instance, landscapes can be
designed and managed in a manner that spatial arrangement of patches can be
altered to enhance or impede the rates of movement of species, energy,
material,and disturbance.

A landscape perspective fosters multi-scale, cross-boundary, adaptive, and
integrated approaches to natural resource management. This book provides
numerous convincing arguments and case studies to tie landscape ecology
with natural resource management. Authors of this book demonstrate that
many landscape ecology concepts, principles, and methods are very useful for
paradigm shifts in natural resource management. The specific “rules of
thumb” and general guidelines proposed in this book are valuable to help
ensure the sustainability of natural resources around the world.
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PARTII

Landscape structure and multi-scale
management

Landscapes are often heterogeneous, hierarchically structured, and multi-
scaled. Ecological responses to landscape structure are usually scale-
dependent. Thus, to better manage landscapes, many important questions
regarding landscape structure and scale need to be answered. For example,
how can landscape structure and scale be incorporated into natural resource
management? How can the study and management of landscapes be coordi-
nated at multiple scales? How should small patches be managed in fragmented
and human-dominated landscapes? Are landscape ecology concepts developed
from studying terrestrial systems applicable to aquatic systems? It is generally
agreed that studying and managing landscapes requires the integration of
natural and social sciences, but how can the scaling issue be dealt with when
integrating these sciences? These and other related questions regarding land-
scapestructureand multi-scale managementare elegantly addressed in the five
chapters of Part II. The chapter by Wiens et al. gives a detailed discussion of the
general need for the multi-scale approach to landscape ecology study and
natural resource management, while the other four chapters recommend spe-
cificscales at which research and managementshould occur.

In Chapter 2, Wiens et al. stress that natural resource management takes place
in alandscape context, the effects of managementactions on organisms are scale-
dependent,and the responses of organisms to spatial structure and configuration
areoften non-linear and have thresholds. After discussing several recurrentissues
in natural resource management, they suggest that it is essential to understand
which scales are important to the organisms and management goals and that the
scale(s) of management should be modified to cover the range of these important
scales. Because thereare countless organisms and landscape patterns, itis not pos-
sible to consider an equally countless number of scales. Instead, for organisms
that share similar features and responses to landscape heterogeneity, Wiens et al.
believe that scaling functions could be developed to depict and predict shared
relationships, thus reducing the complexity of managementscales.
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Brennan et al. (Chapter 3) argue that multi-scale studies must be appropri-
ately designed to provide useful information for the management of wildlife
populations, because an ecological response variable is affected by both patch-
level and landscape-level characteristics. In multi-scale landscape studies, the
unit of observation is the landscape, and it is necessary to select a number of
non-overlapping landscapes that differ in structure. However, the area of a
study landscape is often large, which limits the number of landscapes that can
be sampled. To minimize the logistic limitation in sample sizes of landscapes,
the authors suggest using a focal patch design, where the ecological response
variable is measured intensively in patches located at the centers of non-
overlapping landscapes, while predictor variables are measured at both the
patchand landscapescales.

Landscapes often consist of large and small patches. Although large patches
in protected landscapes are important for biodiversity conservation, Corry and
Nassauer (Chapter 4) show that in settled landscapes, concentration of biodi-
versity occurs in small patches rather than in large patches. After describing the
characteristics, formation mechanisms, and values of small patches, they
suggest cultural factors to be considered in conserving them, increasing the
connectivity of small patches, and reducing the distances between them.
Further, they demonstrate how small patches in the Corn Belt of the United
States might be designed and managed for biodiversity using a multi-scale
approach(field, farm,and entire Corn Beltscale).

In Chapter 5,Rabeni and Sowa convincingly argue that the concepts of land-
scape ecology can be applied to aquatic ecosystems. They present many aquatic
concepts developed from alandscape perspective, including concepts onlongi-
tudinal changes of the biota, lateral interactions, as well as integration of longi-
tudinal, lateral, and vertical dimensions of streams. Because stream biota are
influenced by factors operating at different scales and the interactions of
factors between scales, the authors believe that biota should be studied and
managed at stream channel, riparian zone, and watershed levels in order to be
effective. As to recreational fishing, Rabeni and Sowa suggest that the manage-
ment take placeatreach, stream, and ecoregion scales.

Integration of natural and social sciences is essential for effective manage-
ment of natural resources, but Vogt et al. (Chapter 6) found that previous disci-
plinary studies were often conducted at different spatial scales, and these
incompatibilities in the scales of analysis prevented the appropriate linkage
amongdisciplines. They propose to usescaleas a critical and effective means for
integrating social and natural sciences to address natural resource issues. Their
Baltimore case study suggestsitis essential to collectand analyze dataatseveral
scales (neighborhood, residential area, watershed, and region) at the same time
when linking social and natural sciences for natural resource management.
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Integrating landscape structure and scale
into natural resource management

2.1 Introduction

Resource managers face an almost impossible task. They are confronted
with multiple goals thatare promoted by interest groups championing specific
and often conflicting agendas. Forceful arguments are made that management
should focus on maximizing yield, preserving ecosystem integrity, fostering
sustainability, enhancing biodiversity, protecting populations of endangered
species, or preserving natural values (Daily and Walker, 2000). Moreover, the
principles of ecology that guided management for so long — equilibrium,
stability, spatial homogeneity, density-dependence, carrying capacity, orderly
succession,and the like—have fallen on hard times. Predictability and certainty
have given way to uncertainty, and the new paradigms of ecology emphasize
spatial and temporal variability, thresholds, uncertainties, and contingencies
(Wiens, 1984; Westoby et al., 1989; Botkin, 1990; Pickettetal., 1992; Pickettand
Ostfeld, 1995; Stafford Smith, 1996). It is also apparent that these dynamics
and effects play out differently at different scales of time and space (Wiens,
1989; Levin, 1992; Peterson and Parker, 1998). Robust predictions are hard to
come by.

Faced with all this uncertainty, what is a resource manager to do? What help
can science provide? Our thesis is that, because it focuses explicitly on the
spatial relationships and dynamics of landscapes, landscape ecology can
provide a particularly useful framework for effective management of natural
resources. After all, most problems in resource management involve land and
water use. Management of wildlife populations, for example, is often accom-
plished by managing “habitat” (Verner et al.,, 1986; Morrison et al., 1998;
Rolstad, 1999), and many of the conflicts over grazing or timber harvesting
(e.g., Graetz, 1994; West, 1996; Hunter, 1999) revolve around different per-
spectives on land use and its consequences (Meyer and Turner, 1994; Dale,
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1997). Conservation in wetlands or riparian areas requires management not
only of theaquaticsystem, but of the the patterns and regulation of water flows
elsewhere in the landscape (e.g. Barendregt et al., 1995; Ward et al., 1999;
Kingsford, 2000).

There areatleast three challenges that confront ecologically sound land-use
management. First, parcels of land can be treated as discrete and isolated man-
agement entities only in the context of ownership, administration, or politics,
but not with regard to ecology. The management of land requires considera-
tion of the landscape setting that contains the parcels of interest. Second,
although land management is usually carried out over a restricted range of
spatial and temporal scales, natural systems are generally not so restricted in
their dynamics and interrelationships, and the scales of these dynamics may
not coincide with the scales of management. Effective land-use management
requires that ecological studies and perspectives be integrated across a broad
range of scales. Finally, developing resource-management policies with the
goal of ecological sustainability ultimately requires integration of ecology
with economics, land ownership, politics, and sociology — all the forces that
influence decisions about land use (COS, 1999; Daily and Walker, 2000; Dale et
al., 2000).

Our focus in this chapter is on the first two of these challenges. Specifically,
we ask: What insights or approaches does landscape ecology offer resource
managers or policy-makers who wish to base their actions on scientific knowl-
edge, given the variability and uncertainty of Nature? We address this question
by first developing the central themes of landscape ecology and then using
several examples to illustrate how these themes relate to specific problems in
management or conservation. We then consider some recurrent issues in
natural-resource managementin alandscape context. Finally, we address some
ways of implementing a landscape perspective in resource management and
dealing with the mismatch between the scales of ecological processes and those
of management.

2.2 The central themes of landscape ecology

Landscape ecology is a diverse discipline, with many perceptions about
what “landscape ecology” really is (see, e.g., Bunce and Jongman, 1993; Naveh
and Lieberman, 1994; Richling et al., 1994; Forman, 1995; Zonneveld, 1995;
Bissonette, 1997; Hobbs, 1997; Nassauer, 1997; Farina, 1998; Wiens and Moss,
1999). In our view, landscape ecology deals with the physical structure and
temporal dynamics of spatial mosaics (Wiens, 1999). It is concerned with how
the elements in a mosaic are located relative to one another, with the causes of
such spatial patterns, and with the ways in which the spatial configuration of
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landscapes affects ecological processes such as predation, dispersal, or nutrient
distribution.

This view makes no explicit mention of “landscape level” or “landscape
scale.” Some proponents of hierarchy theory have proposed that “landscape”
represents a level of organization between “ecosystem” and “biome.” Others
restrict the use of “landscape” to broad, kilometers-wide scales. These uses of
“landscape” mesh well with resource management, which is usually imple-
mented at the broad scales of parcels defined by habitat type, land ownership,
or administrative domains and which increasingly focuses on higher levels of
organization than individuals or populations (Franklin, 1993; Aber et al.,
2000). Considerations of hierarchies and scale are certainly importantin think-
ing about landscapes and their consequences (e.g., Kotliar and Wiens, 1990). A
“landscape,” however, is neither alevel nor ascale, for the reasons argued force-
fully by Allen (1998) and King (1997, 1999). Spatial patterning and its causes
and consequences are as relevant to individuals as to ecosystems or biomes, and
to small as well as large areas. This broadened view of “landscape” and land-
scape ecology may make the linkage to the customary scales and levels of
resource management less apparent, but it may also produce greater insights
into the ways in which land use affects ecological systems. We return to this
problem of meshing the scales of management with the scales of ecology in
section 2.5.

2.2.1 Spatial structure and configuration matter

Historically, ecologists have sought to simplify the complexity of real-
world landscapes (Wiens, 1995). Thus, most conceptualizations of spatial
patterning in ecology are founded on simple patch-matrix models; island-bio-
geography theory (MacArthur and Wilson, 1967) is but one example. The
spatial configuration of real landscapes, however, can be expressed in a bewil-
dering array of possible patterns, and there is a seemingly endless list of meas-
ures that can be derived from landscape maps or images (e.g., Forman, 1995;
McGarigal and Marks, 1995; Hargis et al., 1997; Frohn, 1998; Gustafson, 1998;
Fortin, 1999). All of this variety can be condensed into four essential ingre-
dients of landscapestructure.

Patch quality
Elements in a landscape are recognizable because they are different from one
another and from their surroundings. The differences are generally structural:
features of vegetation type, canopy height, or surface topography. A resource
manager may translate these differences into differences in potential economic
returns. To the organisms occupying the patches, however, they translate into
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differences in threats and opportunities. The abundance of predators or com-
petitors in a patch, the availability of food or nutrients, the potential mating
opportunities, the level of physiological stress, and a host of other factors all
combine to determine the costs and benefits associated with the patch, and
because these costs and benefits vary in time, patch quality is dynamic (Wiens,
1997).

Boundaries

The elements of a landscape are bounded, either by sharp edges or by a steep-
ened gradient in patch properties. Boundaries playacritical role in determining
the movement or flows of individuals, nutrients, materials, or disturbances
across a landscape (e.g., Wiens et al., 1985; Holland et al., 1991; Hansen and di
Castri, 1992; Gosz, 1993). A boundary that is permeable to flows contributes to
the linkages among the elements in a landscape; ecological dynamics are then
played outover thelarger landscape. A relatively impermeable boundary, on the
other hand, reflects movements back into the patch and internalizes dynamics
within landscape elements. The units of “habitat” that are mapped or managed
to enhance wildlife populations (e.g., reserves) are often regarded as having
closed boundaries, so external influences are usually ignored. If the boundaries
are permeable to the organisms of interest, however, the “habitat” is really
much larger than the defined units, and a study (or management action) that is
restricted within a patch may fail to capture the critical ecological dynamics.

Patch context

Alandscape patch is, by definition, bounded by something else. Exactly what
lies adjacent to a patch may influence both what goes on within the patch and
the permeability of the patch boundary. A patch of seemingly suitable habitat
for a species, for example, may be unsuitable if it is bounded by landscape ele-
ments that foster predators or competitors to which the boundary is highly
permeable (e.g., Andrén, 1992). Alternatively, organisms may be able to occupy
a patch of “habitat” that would otherwise be unsuitable if resources are avail-
ablein neighboring patches. The surroundings of a patchinalandscapeare not
just a featureless matrix, but constitute a variegated mosaic in which differ-
encesamong neighboringlandscape elements create differences in within-and
between-patch dynamics.

Connectivity
The degree to which organisms, materials, or disturbances can move across a
landscape is determined by its connectivity (e.g., Turner et al., 1989).
Conservation biologists and resource managers often equate connectivity with
corridors, linear landscape elements that link patches of similar habitat
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together. Quite apart from the debate about whether corridors are potentially
beneficial or detrimental to populations (e.g., Noss, 1987; Simberloff and Cox,
1987; Rosenberg et al., 1997; Beier and Noss, 1998; Bennett, 1999), thinking of
connectivity solely in terms of corridors is overly simplistic. The ability of
organisms to move through a landscape is a function of the boundary perme-
abilities and patch contexts that characterize a given mosaic(Taylor et al., 1993;
Tischendorf and Fahrig, 2000) and of the mobility of the organisms them-
selves. Movements can be affected by many aspects of landscape structure, not
justlinear strips of similar habitat.

The importance of the organism

Collectively, these four features — patch quality, boundaries, patch context, and
connectivity — describe the structure of landscapes in functionally relevant
terms. How each of these features is determined, however, is as much a function
of the organisms and processes one considers as it is of the physical landscape
itself. What is a boundary to one organism may not be to another, how patch
quality varies among landscape elements depends on whether one is empha-
sizing individual fitness or population persistence, and how connectivity
affects the propagation of disturbances across a landscape may differ for fire
versus flooding. Consequently, the “landscape” that we perceive, map, and
manage may not always coincide with the spatial structure and configuration
that most directly influence the organisms, ecosystems, or processes that are
the subjects of our efforts. To understand how landscape structure affects eco-
logical systems, it is necessary to focus on organisms, not just maps or images
(Wiens, 1989; Pearson et al., 1996; Haila, 1999; Mac Nally, 1999).

This focus on organisms need not inevitably lead to the hopeless manage-
mentsituation in which every species in every situation at every time requires a
specifically tailored management plan. Ecologists are increasingly turning
their attention to “functional types,” groups of species that share a common set
of life-history traits, morphological or behavioral attributes, or ecological func-
tions. Considerable progress has been made in defining functional types of
plants (e.g., Lavorel et al., 1997; Smith et al., 1997) and systems have been pro-
posed for functional groupings of ants (Bestelmeyer and Wiens, 1996;
Andersen, 1997) and stream invertebrates (Poff, 1997). We have used informa-
tion on body mass, length of migratory pathway, and habitat preferences to
organize shorebirds that use wetland stopover sites during their spring migra-
tion through the Great Plains of North America into five well-defined func-
tional groups (J. A. Wiens, B. Van Horne, and A. H. Farmer, unpublished data). If
several species sharing functional properties can be managed in the same way,
this would simplify the challenge of species-based management, while at the
same time emphasizing important ecological properties.
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FIGURE 2.1

Diagrammatic representation of the scaling windows of various organisms
occupying a western intermontane shrubsteppe landscape, and of the humans who
do research or have management responsibilities for these resources at varying
levels.

2.2.2 Scale matters

The prospects for developing a functional-type approach to resource man-
agement, however, depend on developing ways of dealing with scale. Organisms
respond to landscape structure over a restricted range of spatial scale —a “scaling
window” (Fig. 2.1). This window is bracketed by grain, the finest resolution with
which organisms perceive spatial variation, and extent, the overall spatial
domain that they experience over a specified time period (e.g., a year, a lifetime;
Addicott et al., 1987; Wiens, 1989). Other things being equal, larger organisms
view the environment through a broader scaling window than do smaller organ-
isms, and mobile organisms operate at broader scales than do more sedentary
organisms. Of course, other things generally aren’t equal; differences among
species in physiology, food habits, foraging behavior, social organization, or dis-
persal abilities all contribute to the determination of scaling windows. In turn,
the differences in scaling windows among organisms produce a wide array of
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scale-dependent patterns and dynamics in ecological systems (Wiens, 1989;
Levin, 1992). Moreover, the scaling responses of organisms are often hierarchical
(Kotliar and Wiens, 1990). For example, individuals may select breeding habitat
at one scale and foraging locations at another, sexes may differ in the scales on
which they use the environment, and populations often display hierarchical
structure in their spatial dispersion patterns (Hutto, 1985; Dale, 1999).

This hierarchical structure in scaling responses is a reflection of the broader
hierarchical organization of ecological systems. Proponents of hierarchy
theory (e.g., Allen and Starr, 1982; O’Neill et al., 1986; Allen and Hoekstra,
1992; see King, 1997) postulate that the slow dynamics seen at broad spatial
scales arise from faster dynamics at finer scales and, correspondingly, that pat-
terns and processes observable at higher hierarchical levels (communities, eco-
systems) derive from the properties and behavior of individuals and species
populations and their interactions. The structure and processes of systems at
broad scales or higher levels, in turn, dictate the range of possible dynamics of
ecological systems at finer scales or lower levels.

Of course, considerations of scale apply to time as much as to space, and tem-
poral and spatial scaling are often closely related. Small organisms, for
example, generally occupy small individual home ranges, perceive environ-
mental structure at finer scales, and have shorter life spans than do large organ-
isms. Several space—time “blob” diagrams that define the spatial and temporal
domains of various components of systems or ecological processes have
appeared in theliterature (e.g., Delcourtetal., 1983; Urban et al., 1987; Holling
etal., 1996; Spies and Turner, 1999). Although such diagrams are not quantita-
tively precise, they do serve to draw attention to both the scale dependency of
ecological phenomena and thelinkages between temporal and spatial scales.

Temporal scales have relevance to resource management quite apart from
their relationship to spatial scaling, however. As the temporal scale of the
dynamics of an ecosystem component broadens, for example, the recovery time
following disturbance becomes correspondingly long. This has two immediate
consequences. First, it increases the likelihood that time lags in the responses
of other components of the system to the changes produced by the disturbance
will produce transient dynamics. Second, it increases the chances that some-
thingelse(e.g., another disturbance) will occur before the system has recovered
to its former state, perhaps compounding the effects of the initial disturbance
and increasing the probability that the system will be driven to some threshold.

2.2.3 Thresholds matter

The restricted domain of response of organisms to scaling gradients
(e.g., Fig. 2.1) is just one example of a much more basic feature of ecological
systems: responses to environments generally exhibit strong limits and
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thresholds. In some respects, this is no surprise. Plant ecologists have recog-
nized for more than a century that plant species have restricted ranges of eco-
logical tolerance of environmental variation, and that their performance
within this range usually shows some sort of peak (e.g. Curtis, 1959; Whittaker,
1975). Classical niche theory has modeled species’ responses to environmental
gradients as normal (Gaussian) distributions (Austin, 1999). Nonetheless, it
has been commonplace (especially among animal ecologists) to regard the
response of a species to environmental variation within its zone of tolerance as
essentially linear. Indeed, this is the foundation of many of the functions incor-
porated into models of habitat suitability (HSI models) for wildlife manage-
ment(Van Horne and Wiens, 1991).

Some of the thresholds that characterize species’ responses to landscape
structure are clearly related to scale — changing the scale on which landscape
patterns are expressed may move one beyond the limits of the grain—extent
scaling window of a species. Even within a limited domain of scale, however,
there may be thresholds in the structural properties of landscapes and in how
organisms respond to them. It is now recognized from both empirical studies
and theoretical models, for example, that fragmentation of habitat within a
landscapeisanon-linear, threshold process (Gardnerezal., 1987; Andrén, 1994;
With, 1999; With and King, 1999). Erosion affects landscape structure, but dif-
ferences in the frequency and intensity of flooding events may produce thresh-
olds in landform change with changes in scale (Pickup, 1991). Thresholds in
demographic processes may occur when a population declines below some crit-
ical value (e.g., Lande, 1987; Lamberson et al., 1994; Hanski, 1999). Nature is
full of thresholds layered upon thresholds.

2.3 How do these themes relate to management?

The themes developed above now seem obvious to many ecologists, but
their relevance to management issues may still appear to be somewhat distant
and abstract. To illustrate how landscape ecology may relate to issues of real-
world management concern, we describe three general case studies that repre-
sentagradientof increasing complexity: northern spotted owls (Strixoccidentalis
caurina) in old-growth forests, wetland use by waterbirds, and grazing in range-
lands. In the first case, the focus is on timber harvesting as the dominant land
useand its consequences for a single species of interest. The management objec-
tive is to maintain viable populations of the owl and, secondarily, the old-
growth forests it occupies. The management emphasis in the second example is
on the maintenance of adequate wetland habitat in the face of highly variable
precipitation and on mitigating the effects of wetland loss due to changingland
use. The focus is on the suite of waterbird species that rely on these wetlands. In
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the third case, grazing by domesticlivestock is the predominant disturbance. It
has complex effects on both landscape structure and a multitude of organisms.
Here, management is concerned primarily with sustainability of the primary
land use (grazing), and concerns about the conservation of biodiversity are only
slowly becoming a focus of management (Sampson and Knopf, 1996).

2.3.1 Spotted owls and the management of old-growth forests

Humans have been clearing forests since the beginnings of civilization
(Perlin, 1989; Diamond, 1999), but the rate of change in distribution, struc-
ture, and composition of forests has accelerated dramatically over the past
century (Perry, 1994, 1998; Williams, 1994; Hunter, 1999). This is typified by
forests of the Pacific Northwest of the United States. As a result of high levels of
timber harvest since the 1930s, forests have become highly fragmented and the
age structure of these forests has changed from one dominated by trees >300
years old to one dominated by trees <70 years old. The natural structural het-
erogeneity of these forests, a consequence of historic disturbance processes
such as blowdown and fire, has been replaced by an artificial pattern produced
by road construction and clear-cut timber harvest.

The extent and nature of these changes are most apparent when viewed at
the broad spatial scales of satellite imagery. The landscape pattern in the Pacific
Northwest is now a mosaic of small patches of residual old-growth forests or
(increasingly) clear-cuts surrounded by an extensive matrix of younger forest.
The resultis a collection of discrete patches of old forest defined by sharp edges
and distinct boundaries. Changes in the spatial distribution of forest stands
and the landscape context of old-forest patches have produced significant
changes in ecological processes. For example, the microclimate of old-forest
patches is altered when they are adjacent to younger forest, changing forest
structure, composition, and successional dynamics (Chen et al, 1995).
Hydrological processes have also been altered: rivers and streams have become
laden with silt, lost their up-slope recruitment of coarse woody debris, and
experienced significant declines in anadromous fish populations (NRC, 1996).
Much of theattention, however, has focused on the northern spotted owl.

Because spotted owl populations are largely restricted to late-seral forests,
which now are highly fragmented and reduced in extent, populations of the
owl have a spatial structure resembling a metapopulation (Levins, 1969;
Hanski, 1999) — a collection of spatially distinct, local populations dependent
upon colonization via dispersal from neighboring populations. An ecologi-
cally defensible conservation strategy should therefore consider the spatial
context and degree of connectivity of owl populations rather than the dynam-
icsof afewlocal populations. Murphy and Noon (1992) invoked several themes
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of landscape ecology in addressing these concerns. The importance of patch
quality was evident in the principles that large habitat patches with less inter-
nal fragmentation containing large populations will tend to support a species
foralonger time than will small patches or patches thatareirregularin config-
uration. Patch context and connectivity were incorporated in the principles
that habitat patches close enough together to allow dispersal tend to support
populations for longer periods than do patches that are far apart, and that
habitat patches connected by habitat corridors or set in a landscape matrix of
similar structure will foster frequent dispersal among patches.

To examine how these principles might affect spotted owl population per-
sistence under different scenarios, McKelvey et al. (1993) used a spatially
explicitlandscape simulation model thatlinked the survival and reproduction
of individuals to thelocations of suitable habitat in the landscape. Holding the
overall amount of suitable habitat constant in the model, variations in the
spatial configuration of habitat produced markedly different population pro-
jections (Fig. 2.2). Clustering of suitable habitat produced both higher and
more stable population levels than did a random landscape structure (Fig. 2.2a
vs. 2.2b). Moreover, a cluster with a low ratio of edge to area enhanced popula-
tion stability relative to a more irregular but continuous cluster or habitat ora
fragmented habitat array (Fig. 2.2b vs. 2.2c and 2.2d). Other simulations sug-
gested that when habitat quality varies spatially, creating a mosaic of suitable
habitats surrounded by marginal (“sink”) habitat, population levels become
less stable over time. Clearly, the spatial configuration of landscapes can affect
population dynamics and the probability of long-term persistence.

In addition to considering features of landscape structure, the conservation
strategy that was developed for spotted owls in the Northwest also addressed
aspects of both spatial and temporal scale (Thomas et al., 1990; Murphy and
Noon, 1992; FEMAT, 1993; Noon and McKelvey, 1996; Lint et al., 1999).
Guidelines for maintaining habitat quality by managing vegetation structure
and composition were developed at scales relevant to both individuals (nest
tree, the nest stand, home range) and populations (local population, metapop-
ulation). Because harvested forest requires a long recovery time to return to
late-seral structure, the transient population dynamics of the owl during the
period of habitat recovery also needed to be addressed. This required that all
currently suitable habitat on publiclands be free from timber harvest until the
downward decline in the owl’s population was arrested and younger forest had
matured tosuitable habitat.

Throughout the range of the northern spotted owl, its preferred old-growth
habitat was probably naturally fragmented before the advent of widespread
timber harvesting, but the accelerating loss of old-growth forest has pushed
forest structure well beyond a fragmentation threshold. In addition, concerns
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havebeen raised that the owlis approachinga demographicthreshold, particu-
larly on the Olympic Peninsula of Washington and in the Coast Range of
Oregon. The theoretical model developed by Lande (1987) showed that territo-
rial populations, such as spotted owls, would exhibit a sharp threshold in the
probability of local and regional population extinctions with increased habitat
loss and fragmentation. Extension of Lande’s model, parameterized according
to the owl’s life history and vital rates (Lande, 1988; Lamberson et al., 1994),
showed the northern spotted owl to be not only vulnerable but, in terms of the
amount and fragmentation of forest in the Pacific Northwest, near an extinc-
tion threshold (Noon and McKelvey, 1996).

In this case, the management policy that has been developed draws heavily
upon the concepts of landscape ecology. It considers the spatial configuration
and arrangement of landscape elements at multiple scales and involves an eval-
uation of patch attributes such as size, shape, context, connectivity, spacing,
and quality. The spatial scale of the conservation strategy recognizes the effects
of thelandscape on individual dispersal and on thelinkages amonglocal popu-
lations, and the temporal scale is sufficient to model transient population
dynamics and demographic thresholds in persistence related to habitat loss
and fragmentation. Spatially explicit simulation models helped to frame the
consequences of alternative managementstrategies. And, of course, there wasa
tremendous amount of basic information on the natural history of the owls
that underpinned these efforts. Currently, the conservation strategy for the
northern spotted owl is the focal point for management of public lands in the
Pacific Northwest. The responsible agencies have adopted changes in timber
harvest practices and instituted efforts to accelerate the restoration of forests
with late-seral characteristics (FEMAT, 1993). Given the renewal time for forest
regeneration and thelife history of the owl, however, itisstill too early to deter-
mine if the rate of population decline will be arrested by these changes in man-
agement practices.

2.3.2 Useof wetlands by waterbirds

Wetlands face increasing threats from development, both through a
direct loss of habitat through draining and land-use conversion and through
diversion of the water flows that maintain them. Wetlands, and the organisms
that use them, therefore have a high conservation priority (the Ramsar
Convention; Davis, 1994). Their use by migratory birds, particularly waterfowl
thathaveimportant recreational values, adds to their conservation significance,
and many wetland areas are actively managed to enhance waterbird popula-
tions. How do the themes we developed earlier — the importance of landscape
structure, scale,and thresholds —relate to these management efforts?
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Two studies provide some insight on this issue. In one study, Roshier (1999,
2001) considered how waterbirds responded to variations in the availability of
wetlands in thearid zone of Australia. Roughly 70% of Australiais arid, butitis
not without wetlands, and waterbirds are unexpectedly abundant in this
region. The distribution of wetland habitat is highly variable in space and time
due to the erratic distribution of rainfall. Consequently, most wetlands retain
water for a short time relative to the life span of individual birds, and many
species are capable of long-distance, nomadic dispersal movements. Grey teal
(Anas gracilis), for example, may move an average of 180 km a day and cover as
much as 3200 km in straight-line distance in a few weeks (Frith, 1959).
Waterbird abundance on individual wetlands or within a larger catchment
may vary by as much as an order of magnitude over a three-month period
(Kingsfordetal., 1994).

The structure of wetland landscapes in arid Australia is dynamic, as wet-
lands fill through flooding and then diminish and dry during droughts.
Waterbirds might respond to these changes at the scale of local patches, at the
broader scale of catchments or watersheds, or at a scale extending beyond indi-
vidual catchments to even broader regions. Roshier used survey data from
several years for a 93000 km? area in northwestern New South Wales to
examine these possibilities. Using wetland area as a surrogate for local patch
quality, Roshier determined that neither the area of individual wetlands nor
wetland area in thevicinity of a patch explained much of the variation in water-
bird distribution and abundance. Moreover, the dynamics of abundance in a
given wetland were statistically unrelated to the dynamics of other wetlandsin
the surrounding area. Changes in abundance at a catchment scale over a time
period of afew months were most clearly related to changes in habitatavailabil-
ity in the Lake Eyre region, some 700 km away. For example, for fish-eating
species, diving ducks, and grazing waterfowl, changes in wetland area in the
Lake Eyre Basin accounted for 40-56% of the variation in abundance in the
Paroo River catchment. Not all functional groups of waterbirds responded in
the same way, however. Dabbling ducks showed an immediate decrease in
abundance in the Paroo when there had been floods in the Lake Eyre Basin,
which inundated wetland habitat. Abundances in the Paroo later increased as
the floods receded. Food availability increases rapidly after floods, and Roshier
suggested that birds move into the abundant habitat in the Lake Eyre Basin
during wet periods and return to the more persistent wetlands in the Paroo
River catchment during dry periods. On the other hand, the abundance of fish-
eating species and diving ducks in the Paroo showed positive correlations with
bothincreases and decreases in wetland area in the Lake Eyre Basin, suggesting
that these birds might emigrate into the arid zone from more mesic regions of
the continent when there had been a series of floods in the interior (cf.
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Kingsford and Porter, 1999). Different groups of waterbirds apparently
respond to rainfall in the Lake Eyre Basin on quite different scales of space and
time, although for all the scale was broader than the Basin itself.

Wetlands are not randomly distributed across the Australian arid zone, but
occur in clusters or networks defined by topography and water-flow patterns of
rivers or creeks during the occasional flooding episodes. These spatial relation-
ships contribute to the patterns of connectivity among wetlands within the
regional landscape, but temporal variations in water availability lead to
marked changes in wetland connectivity. Wetland availability is more
restricted during dry periods than during wetter periods, and the landscape
becomes more fragmented and the size of interconnected clusters of wetlands
isreduced (Fig.2.3a). Thescaleat which a series of wetlands becomes connected
so as to form a single functional unit to a waterbird varies among species,
depending on the mobility or dispersal capacity of individuals. Thus, the func-
tionally relevant patterns of wetland connectivity in the arid zone depend not
only on the geographic distribution of potentially suitable habitat and tempo-
ral variations in wetland quality (filling vs. drying) but on the dispersal capabil-
ity of an organism, the stage of its annual breeding cycle, and how it perceives
landscape structure. For example, heavy monsoon rains in northern Australia
in March 1993 filled many wetlands, producing a continent-spanning cluster
of wetlands for organisms with a dispersal distance of 200 km. The same set of
wetlands would be much less interconnected for a species with a dispersal dis-
tance of only 100 km (Fig. 2.3b). Moreover, given the geographic distribution
of potential wetlands, the relationship between wetland connectivity and dis-
persal distance is not linear, but rather is a threshold phenomenon. Small
increases in dispersal capability can produce large increases in wetland connec-
tivity (Fig. 2.4). As one might expect, the scale of dispersal distances at which
such a threshold in connectivity occurs is sensitive to the abundance of wet-
landsin thelandscape, and increases as more wetlands dry during a drought.

In North America, wetlands do not exhibit such dramatic variations in dis-
tribution and abundance, and the waterbirds that use these habitats are either
residents or migrants that follow defined flyways in their seasonal migrations.
Wetlands serve as vital stopovers at which birds accumulate energy stores for
subsequent stages in their migration. In a second study, Farmer (Farmer and
Parent, 1997; Farmer and Wiens, 1998, 1999) used a combination of field
studies and dynamic modeling to assess the consequences of changes in
wetland quality (indexed by calculated prey ingestion rate) and wetland distri-
bution (proximity) for pectoral sandpipers (Calidris melanotos) during their
migration from the Gulf Coast of Texas through the Great Plains to their breed-
ing grounds in northern Alaska. Migrating females face the combined chal-
lenge of accumulating sufficient body fat at stopover sites to complete the
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migration and still have sufficient energy reserves to lay a clutch of eggs (energy
limitation) while arriving at the breeding grounds in time to complete breed-
ing before the onset of poor weather in late summer and early fall (time limita-
tion). The modeling indicates that when wetland quality is high, a spectrum of
alternative movement strategies is suitable, ranging from a series of short
movements between nearby wetlands to a single direct flight from the coast to
the arctic. As wetland quality decreases, the range of alternative strategies con-
verges toasingle optimum. With further reductions in wetland quality, a point
is reached at which it is not possible for the birds to accumulate sufficient
energy reserves in the time available to reach the breeding grounds and breed
successfully,and the “optimal” strategy is to abandon migration. A threshold in
patch quality has been passed.

Farmer’s field studies also indicated that, as in Australia, the availability of
wetland stopovers is strongly influenced by rainfall. During wet years, agricul-
tural fields may be flooded in the spring and tilling by farmers delayed, provid-
ing abundant additional habitat to migrating shorebirds. In dry years, on the
other hand, such temporary wetlands are not available and the birds must rely
on more permanent wetlands, which are more widely spaced. Connectivity of
wetlands withinanarea of tens of km2 increases during wet years and individu-
als may effectively perceive multiple habitat patches as a single functional unit.
This enables them to move farther from a stopover site to forage, increasing
their rate of energy gain (Farmer and Parent, 1997). Farmer’s simulation analy-
ses, however, indicate that changes in wetland quality are far more important
than thespacing of wetlands inaregional landscape, in terms of their effects on
potential individual fitness (Farmer and Wiens, 1998, 1999; see also Weber et
al., 1999).

In both of these examples, the spatial distribution of elements (wetlands)in
alandscape, variations in patch quality, patterns of connectivity, and the scale
at which all of these are viewed have important consequences on the use of
wetland habitats by waterbirds. Because the characteristics of wetlands are tied
so closely to water, temporal variability is great. The patterns of distribution
and connectedness of habitat patches vary with climate, and the use of particu-
lar wetlands or entire catchments by birds may be strongly influenced by condi-
tions some distance away. The scales on which these dynamics and
relationships are played out are as much a function of the behavioral and eco-
logical traits of the organisms as they are of the landscape and environment.

How do these findings relate to wetland management? In contrast to the
spotted owl example, the landscape features that clearly influence the dynamics
of waterbird communities in wetlands have yet to be integrated into manage-
ment policies. Indeed, most current wetland management for waterbirds is based
on static views of wetlands as isolated entities. Under the Ramsar Convention, for
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FIGURE 2.3

Patterns of connectivity among wetlands in the Australian arid zone. (a)
Connectivity ata dispersal distance of 200 km in (1) March 1988 (dry period) and
(2) September 1990 (wet period).
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FIGURE 2.3 (cont.)

(b) Connectivity among wetlands after heavy monsoon rains in northern Australiain
March 1993, given dispersal distances of (1) 100 km, and (2) 200 km. From Roshier
(1999); see also Roshier et al. (2001).
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FIGURE 2.4
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example, the importance of internationally significant wetlands to waterbirds is
based on the regularity with which a given wetland supports significant numbers
of waterbirds or portions of waterbird populations (Davis, 1994), and most water-
bird conservation efforts are therefore focused on areas that have high seasonal
abundance(Haigetal., 1998). Certainly suchareasareimportant, but theyare only
part of the picture. Waterbirds may move over large areas, their abundance in a
particular wetland may vary dramatically within a short period of time due to
regional changes in wetland availability, and species that differ in dispersal capa-
bilities may respond at quite different scales. Because of the broad-scale patterns
of varying connectivity among wetlands, human land- or water-use practices that
affect one part of the wetland web could easily impact populations over much
wider areas. Decisions about resource management or the design of conservation
reserves that consider only local effects are inappropriate for wide-ranging and
nomadicspecies(Woinarski etal., 1992; Roshier, 1999).

2.3.3 Grazinginarid and semi-arid rangelands

In many arid and semi-arid regions of the world, native grasslands and
shrublands are extensively grazed by domesticlivestock. Management of these
rangelands is usually focused on maximizing livestock production and eco-
nomicreturns over aseveral-year period. Grazing often alters the structureand
composition of rangeland vegetation and redistributes resources within
and among vegetation patches, and the effects of these changes on the ecology
and biodiversity of rangeland ecosystems vary in space, time, and scale
(Friedel and James, 1995; Ash and Stafford Smith, 1996; Stafford Smith, 1996;
Wallace and Dyer, 1996; Milchunas et al., 1998; Bestelmeyer and Wiens, 2001).
Thisis wherelandscape ecology comes in.
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FIGURE 2.5

Mean values of a vegetation cover index derived from LANDSAT MSS imagery asa
function of increasing distance from a water source in alarge cattle-grazing paddock
in central Australia. Landscape type 1 is attractive for grazing but has been
historically degraded and suffers moderate to severe erosion, whereas landscape
type 2 is less attractive for grazing and less prone to erosional degradation, and it
contains more trees (mulga, Acacia aneura) and shrubs, especially near the water
source. The change in cover-index values between 1983 (—)and 1985 (M) largely
represents the loss of cover of ephemeral and perennial herbage from an
exceptionally wet period to a dry period. From Pickup and Bastin (1997).

Patch quality to livestock, for example, varies with palatability and nutri-
tional value of vegetation (Senft et al., 1987), and water availability varies spa-
tially as well. Grazing management often involves providing water at fixed
sources (e.g., bores, tanks), where livestock concentrate their grazing.
Consequently, the density of animals and the magnitude of grazing impacts
vary inversely with distance from water (Stafford Smith and Pickup, 1990;
Bestelmeyer and Wiens, 1996; James et al., 1999; Nash et al., 1999). The uneven
distribution of grazing can create spatial patterns in the landscape that have
cascading effects on the distribution and abundance of other organisms
(Bestelmeyer and Wiens, 1996; James et al., 1999). The reduction in vegetation
coverage near the water source (e.g., Fig. 2.5) may alter the distribution of rain-
fall runoff and change patterns of soil erosion (Bastin et al., 1993; Friedel and
James, 1995; Ludwig et al., 1997). In dry seasons or years, individuals may
forage more widely and degradation of vegetation near the water source may be
more severe than in wet periods (Fig. 2.5; Pickup and Bastin, 1997; Illius and
O’Connor, 1999; James et al., 1999). These effects may vary among landscapes
depending onrangeland productivity, food preferences of the livestock, or pro-
portions of woody and non-woody vegetation (Pickup, 1994; Pickup and
Bastin, 1997).
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FIGURE 2.6

The scales at which different organisms or ecosystem properties have been studied to
determine their responses to grazing-intensity treatments at the Shortgrass Steppe
LTER (Long-Term Ecological Research)site in northeastern Colorado. From Table 1
in Milchunasetal. (1998).

These spatially dependent grazing patterns may have effects that extend
beyond the vegetation-herbivore interaction. In the Argentine Chaco, for
example, ant diversity was greater in both intensely grazed areas close to water
sources and inlightly grazed areas farther away than in areas subjected to inter-
mediate grazing pressures, largely because of changes in the occurrence of
dominant ant taxa among the areas (Bestelmeyer and Wiens, 1996). In other
areas, however, ant communities are affected less by grazing intensity than by
soil features (Bestelmeyer and Wiens, 2001). In the shortgrass steppe of
Colorado, some taxa, such as macroarthropods and birds, changed in abun-
dance and species composition in response to differences in grazing intensity,
whereas other groups (e.g., rodents, microarthropods, nematodes) changed
little (Milchunas et al., 1998). Although it is difficult to generalize about the
effects of grazing on different taxa, it is clear that variations in patch quality,
the structure of landscapes, and the spatial pattern of land-use practices (e.g.,
drilling of bores, construction of fencelines, placement of feed) determine the
distribution of grazing and its impacts on biodiversity (Friedel and James,
1995; Brown and Ash, 1996; Stafford Smith, 1996; Jamesetal., 1999).

Grazing effects are also sensitive to the scales on which grazing levels are
designated, grazing effects are measured, and landscape heterogeneity is
expressed. Stocking rates of livestock and grazing impacts are usually assessed
atthe scale of entire paddocks. For example, Milchunas ez al. (1998) based their
evaluation of the effects of livestock grazing on shortgrass steppe rangelands
largely on comparisons among 130-ha paddocks subjected to different stock-
ing rates, but measurements of the responses to grazing by different compo-
nents of the system were made at quite different scales (Fig. 2.6). Their
conclusion that many components of this ecosystem are generally insensitive
to grazing may be correct, but it rests on the assumptions that grazing pres-
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sures are evenly distributed over the paddock as a whole and that any scale-
dependencies in the responses of system components will be neutralized by the
uniformity of the grazing treatment. It is clear, however, that grazing is not
evenly distributed in the large paddocks or open ranges that are used as man-
agement units in low-productivity arid and semi-arid rangelands (Coughenour,
1991; Pickup and Stafford Smith, 1993). Differences in the fine-scale distribu-
tion of grazing can affect system characteristics at the broad scale of entire pad-
docks or landscapes (Brown and Ash, 1996). The customary scale of grazing
management (a paddock of tens to thousands of ha) therefore may not coincide
with the scales of grazing activities, grazing impacts, or the responses of
various components of the ecosystem. Consequently, different parts of the
landscape contained within a single management unit may have quite differ-
entdynamics (Friedel, 1994). Management that assumes uniform grazing over
entire paddocks or that fails to consider scaling effects, or that measures
grazing impacts at inappropriate or incompatible scales, may reach conclu-
sions that ultimately compromise the stability and persistence of grazing
systems (Coughenour, 1991).

Then there is the matter of thresholds. The changes in system properties
that accompany changes in grazing intensity are often nonlinear. In the
Argentine Chaco, for example, the level of vegetation degradation due to
grazing changes abruptly at roughly 1 km from a water source (Bestelmeyer
and Wiens, 1996). Both goats and cattle graze these systems, but the goats range
only 1 km from water during their daily movements, whereas the cattle move
much farther. The spatial threshold in degradation is due to shift from multi-
species to single-species grazing with increasing distance from water. In other
situations, changes in grazing intensity can produce broad-scale, threshold
changes in vegetation composition that are essentially irreversible (Noy-Meir,
1975; Friedel, 1991; Laycock, 1991; Ludwig and Tongway, 1995; Schwinning
and Parsons, 1999). Thus, heavy grazing in the Sahel of Africa (Sinclair and
Fryxell, 1985; Rietkerk et al., 1996), the desert grasslands of the southwestern
United States (Schlesinger et al., 1990), and central Australian rangelands
(Ludwig et al., 1997, 2000) has led to sudden, “catastrophic” vegetation shifts
and soil degradation (van de Koppel et al., 1997). Intense grazing removes vege-
tation, causing greater precipitation runoff and increasing soil erosion. Scarce
resources are transported downslope to lower-lying areas or are intercepted by
patches of vegetation, increasing the spatial heterogeneity of soil water and
nutrient resources and reducing the net availability of these resources in the
system as a whole. In the Australian rangelands, such “runoff-runon” dynam-
ics concentrate soil resources in the vegetated patches (Ludwig et al., 2000),
increasing plant production and promoting the growth of trees. Ata threshold
level of greater grazing pressure, however, the integrity of the vegetated
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patches may be destroyed. Runoff and erosion increase, the system may lose
much of its nutrient capital, and rangeland productivity is reduced. In the
desert grasslands of New Mexico, the areas in which nutrients have accumu-
lated may be invaded by shrubs and nutrient cycling becomes increasingly
restricted to the zone beneath the shrubs (Schlesinger et al., 1990; Friedel,
1994).In both cases, a small incremental change in grazing intensity can move
the system across a threshold into a different state. In arid and semi-arid
systems, the feedbacks between plants and soil may be especially importantin
setting such thresholds, and thelikelihood of a system passing a threshold and
suffering a potentially irreversible change may depend on soil type and the
form of plant-growth limitation (water vs. nutrients; Rietkerk ez al., 1997; van
deKoppeletal., 1997).

Such threshold dynamics lie at the heart of a paradigm shift that has
occurred in rangeland grazing management over the past decade or two.
Rather than viewing rangelands as equilibrium systems in which stocking
rates can be optimized in relation to carrying capacity, managers now recog-
nize the temporally variable, non-equilibrium nature of these systems and the
need to adjust stocking rates opportunistically (Ellis and Swift, 1988; Westoby
et al., 1989; Stafford Smith and Pickup, 1993; Ash and Stafford Smith, 1996;
Stafford Smith, 1996). The “state-and-transition” framework (Westoby et al.,
1989; Walker, 1993; Bellamy and Brown, 1994), for example, recognizes that
rangeland ecosystems can exist in several alternative, relatively stable, states,
with events such as rainfall or heavy grazing triggering sudden transitions
between states. This framework has proven to be very useful in guiding oppor-
tunistic grazing management (Grice and MacLeod, 1994), but it considers only
variation in time, not in space (Walker, 1993; Brown, 1994; Ludwig and
Tongway, 1997). A comparable shift in thinking is required with respect to
spatial variation.

Several elements of this shift seem clear. First, grazed lands should nolonger
be viewed as spatially homogeneous management units in which grazing is
uniformly distributed. Instead, the interplay between spatial patterns of
grazingactivity and thestructural configuration of landscapes should be expli-
citly recognized. Second, because the scale of management units may not
capture important ecological processes, a multi-scale perspective is needed to
assess the impacts of grazing (or other factors) on ecosystems (e.g., Gibsonet al.,
1993). Third, because simple land-use decisions such as the provisioning of
watering points can have far-reaching effects, the spatial aspects of land use
become important. Fourth, because properties of rangeland landscapes may
exhibit strong threshold dynamics in response to grazing, it is necessary to
consider how the stocking rates that produce these thresholds vary with envi-
ronmental conditions or landscape types. Finally, sustainable management of
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rangelands for both conservation values and economic returns will need to
consider livestock grazing as a form of disturbance and manage it accordingly.
Strategies should be developed that maintain spatial heterogeneity at multiple
scales so that most species will be able to find some part of the landscape that
permits their persistence (Milchunasetal., 1998; James et al., 1999).

Many rangeland managers and pastoralists have appreciated these points
for years. In some cases they have been incorporated into management prac-
tices,atleastimplicitly. Both landscape ecologists and resource managers need
to consider how these points, and the broader principles of landscape ecology,
can be made a more central feature of rangeland management. One particu-
larly effective way to accomplish this integration may be through the use of
computer models that link the dynamics of livestock, stocking rates, range
condition, climate, and economics together in ways that are actually helpful to
managers and, ultimately, pastoralists (see, e.g., Ash and Stafford Smith, 1996;
Johnstonetal., 1996a,b; Atkinsetal., 1999; www.rangeways.org.au).

2.3.4 Synthesis

Overall, these case studies illustrate how the basic themes of landscape
ecology can affect how the nature and dynamics of ecological systems are
viewed, and thus how they can be managed. Landscape structure and configu-
ration produce both heterogeneities and complex spatial interactions in eco-
logical systems at all hierarchical levels, from individual organisms to
ecosystems. The processes that produce ecological structure and dynamics vary
not only in space, but with scale as well. Moreover, the form of scale-
dependency and the effects of landscape structure and configuration on eco-
logical systems often display distinct thresholds. The rules of the ecological
game change, but it is difficult to predict when or where such changes will
occur. Simulation models can predict specific threshold points given precise
rules for organism movement and dispersal (e.g., With and Crist, 1995).
However, it is often these fundamental details of life history and behavior of
organisms that limit our ability to forecast thresholds before they are crossed.
Because thresholds are likely to be organism-specific, the challenge becomes
even more daunting when one considers the task of multi-species manage-
ment.

Despite this complexity, some preliminary guidance is possible. In stochas-
tic systems, thresholds are best thought of as regions rather than discrete
points (Lamberson et al., 1992; Case, 2000). That is, functions characterizing
the behavior of dynamic processes (e.g.,a species persistence likelihood) do not
show discreteshiftsatagiven value of someindependentvariable(e.g.,amount
of suitable habitat). Rather, there is a region in which the rate of change is
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accelerated relative to points distant from that threshold. This fact suggests
that close monitoring of key ecological processes or species may be able to
detect accelerated rates of change and allow intervention before irreversible
changehasoccurred.

2.4 Issues in resource management

The case studies described above indicate that, to varying degrees, there
is an increasing awareness of the importance of a landscape perspective in
resource management. Indeed, many areas of resource management have
undergone shifts in perspectives in recent years (Haynes et al., 1996; Boyce and
Hanley, 1997). These changes can, for convenience, be cast as a series of issues
contrasting “old” versus “new” approaches. If landscape ecology is to contrib-
ute to ecologically informed resource management, it must have something to
say on theseissues.

2.4.1 Management units vs. mosaics

Traditionally, resource management focused on specified units (e.g.,
“plots,” “habitats,” treatments,” “allotments,” “paddocks,” “reserves”)

2 » » »”

stands,
to the exclusion of the surroundings of those units. Such units were treated as if
they were internally homogeneous and closed to external influences, and man-
agement operationally presumed that all of the critical components and pro-
cesses needed to maintain the system or meet the management objectives were
contained within the units. The relatively broad scale of these management
units (tens of ha to tens of km2; Fig. 2.1) was taken to assure that these condi-
tions were met.

Managers and management agencies have recently begun to shift toward
“mosaic management,” in which spatial heterogeneity and the effects of exter-
nal factors are explicitly considered (Franklin and Forman, 1987; Haynes et al.,
1996; Reid, 1996; COS, 1999; Crow, 1999). The focus on “habitat” as a unitary
property in wildlife management, for example, has given way to an approach
that recognizes that wildlife populations may depend on a variety of different
elements of alandscape which mustbe evaluated at differentspatial scales(e.g.,
Johnson, 1980; Lintetal., 1999; Rolstad, 1999). With this comes the recognition
that the way these elements are arrayed in space — the structure and configura-
tion of the landscape — may have important consequences. For example, the
final conservation strategy for the northern spotted owl is best portrayed as a
map that explicitly shows the size, shape, location, and number of late-seral
forest patches that collectively constitute the reserve design (Noon and
McKelvey, 1996).
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2.4.2 Species vs. ecosystems

Until recently, most management efforts dealing with wildlife or con-
servation were directed toward particular species that were of interest because
of their recreational value (e.g., white-tailed deer [Odocioleus virginianus|, ruffed
grouse [Bonasa umbellus)), their status as predators or pests (e.g., coyotes [Canis
latrans|, prairie dogs [Cynomys ludovicianus)), or their rare or endangered popula-
tion status (e.g., spotted owls, black-footed ferrets [Mustella nigripes]). With a
renewed emphasis on the value of biodiversity, managers have increasingly rec-
ognized thata species-by-species approach is often not practical, and emphasis
has shifted toward broader management targets. “Ecosystem management”
has become not only a legislated objective, but a new buzzword in the lexicon
of ecologists (see Christensen et al., 1996 and the associated responses; Boyce
and Hanley, 1997). “Ecosystems,” however, are ultimately defined by basic pro-
cesses such as energy flow and mineral cycling, and their boundaries are there-
fore not readily visible. In practice, the operational focus of ecosystem
management is frequently “habitat,” usually defined by the dominant vegeta-
tion type. There is clearly a risk that, in expanding from a species to an ecosys-
tem emphasis, the traditional approach to management units that ignores
landscape structure, temporal and spatial scale, and environmental and demo-
graphicthresholds will be perpetuated (cf. Simberloff, 1998).

Of course, the dichotomy of species vs. ecosystem management is ultimately
false. Even if the management focus is on a particular species, that species is not
divorced from the web of processes that operate at the ecosystem level, nor can
ecosystem processes be separated from the functional properties of the species
that produce them. Effective management must consider these interconnec-
tions. Nonetheless, the hope persists that the emphasis on species might be
retained without having to consider the impossibly large number of species
that contribute to biodiversity. This has led to the suggestion that some focal
species, variously termed “indicator species,” “keystone species,” “ecological
engineers,” “umbrella species,” or “link species” (Lambeck, 1997; Simberloff,
1998; COS, 1999), might serve as surrogates for a much broader suite of func-
tionally similar species, or as indicators of the overall integrity or “health” of
the larger ecological system. In most instances, the suggested focal species
operate over relatively broad scales. The rationale is that, by preserving their
habitats, “the ecosystem” will somehow be preserved and the elements of bio-
diversity that operate on finer scales will be sheltered. Usually such focal
species are charismatic vertebrates. For example, Noon and Bingham (in press)
have argued that, because of its large area requirements, its use of many late-
seral forest types, and its diverse habitat needs, the spotted owl can act as an
umbrella for many other species associated with late-seral forest in the Pacific
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Northwest. If this is so, then meeting the habitat requirements of the owl may
address the needs of other species with smaller area requirements and more
specifichabitat preferences (Berger, 1997).

Quite apart from the problem that the selection of an appropriate focal
species depends on which functions or system properties are emphasized, the
selection of focal species usually ignores the fact that by far the bulk of the
species in any ecosystem are small invertebrates that respond to landscape
structure at fine scales (Ponder and Lunney, 1999). It is not certain that manag-
ing “habitat” for wide-ranging species at broad spatial scales will adequately
capture the factors and processes that determine the distribution and abun-
dance of the many species that operate at much finer scales. By adopting a
broad-scale perspective, critical thresholds in the environmental responses of
such species may be overlooked. Rather than defining focal species in terms of
their broad scales of operation, their presumed functional roles in ecosystem
dynamics, or their charisma, it may make more sense to search for species that
respond to landscape structure and change on similar scales as other species
(Wiens,2001).

2.4.3 Yield vs.sustainability

For some time, the primary goal of resource management was maximiz-
ingyield, and the effectiveness of management was gauged in terms of overall
production, extraction efficiency, or economic return from some natural
product. Harvest levels of wildlife or forest resources or stocking rates on
grazed lands were set by some determination of how much pressure the
resource could bear, generally over a relatively short time period.
Determinations of renewal rates were central to this approach and notions
such as “carrying capacity” suggested thatsite factors and intrinsic characteris-
tics of the resource combined to determine a fixed yield. The primary tools in
wildlife management, for example, were based on mathematical models of
population dynamics (e.g., Getz and Haight, 1989; Clark, 1990) that empha-
sized age structure, recruitment rates, and mortality. Forest management tra-
ditionally relied on the concept of maximum sustainable yield. Such models
generally assumed that temporal and spatial variation were unimportant, and
thatscale did not matter (Clark, 1990).

Over the past decade, both the temporal and spatial perspectives of manage-
ment have changed, and “ecological sustainability” has become the new man-
agement goal. Broadly stated, the goal is to preserve species diversity and
productivity by maintaining the composition, structure, and processes charac-
teristic of an area or ecosystem (COS, 1999). The notion of “sustainability” is
scale-dependent: what is sustainable at a local scale may not be at a regional
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scale. Moreover, what it is that should be sustained inevitably entails value
judgments, whether based on science or other criteria (Lélé and Norgaard,
1996).In the end, “sustainability” is “one of those commonly used words which
convey a sense of meaning but which evade a consistent quantitative defini-
tion” (Pickup and Stafford Smith, 1993).

The shift in management thinking toward sustainability carries with it the
recognition that systems vary through time and extraction rates must be
adjusted accordingly. How such variability is incorporated into management,
however, may differ among systems. Where the coupling between environ-
mental conditions and resource dynamics is relatively tight, such adjustments
may be straightforward. For example, for a long time bag limits for waterfowl
hunters in migratory flyways in the United States and Canada have been set on
anannual basisin relation to climaticand wetland conditions in migratory and
breeding areas, with considerable success (but see Johnson and Williams,
1999). Where environmental conditions are more severe and less predictable,
or where time lags in responses to environmental changes arelong (e.g., in low-
productivity, arid rangelands), tuning extraction rates to variation in the
system may not be feasible. In these situations, conservative set harvest rates
may be the most realistic. Long-term sustainability of resources demands that
the natural variability of a system be considered over long time frames.

Achieving sustainability also shifts attention to the spatial linkages that
influence the production and stability of a resource. Sustainable management
of forests, for example, aims at the maintenance of a certain composition and
structure of forest stands over broad areas (Seymour and Hunter, 1999). Such
management can be severely compromised by natural events such as blow-
down or wildfire. The sensitivity of a forest stand to blowdown or the likeli-
hood that a wildfire will spread, however, are influenced by the structure and
configuration of the surrounding landscape mosaic, at multiple scales (Sato
and Iwasa, 1993; Turner et al., 1997a; Foster et al., 1998; Lertzman and Fall,
1999). The example of grazing systems discussed above also shows that the
functional and spatial linkages of resources and the environment may be sensi-
tive to thresholds that, once passed, move the system into a different state.
Temporal variability, spatial variability, and threshold dynamics all impose
formidable constraints on managing for ecological sustainability.

2.4.4 Equilibrium vs. natural variation and disturbance

The approaches to management that developed during the 1960s
t01980s relied on the assumption that resources could be managed with refer-
ence to a fixed equilibrium or target state, such as carrying capacity. Indeed,
management often included suppression of natural variations such as forest
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fires or outbreaks of defoliating insects, enhancing the equilibrium perspec-
tive. During the 1970s, however, the ecological paradigm of equilibrium began
to crumble (Wu and Loucks, 1995), and now most ecologists (and an increasing
number of resource managers) recognize that natural systems are variable and
that disturbance is an important natural process that should be incorporated
into rather than excluded from management policies. Indeed, “new manage-
ment” attempts to mimic the disturbance processes that characterize natural
ecosystems. This requires an understanding of the historical range of variabil-
ity (HRV) of an ecosystem (Haila, 1995; Cissel et al., 1999; Landres et al., 1999;
Lertzman and Fall, 1999; Seymour and Hunter, 1999; Spies and Turner, 1999).
The concept of HRV relates to the frequency distribution of environmental
conditions, including disturbances of various sorts, that have characterized a
resource or ecosystem over some period of past history (COS, 1999). The under-
lying premise is that the habitat conditions most likely to conserve native
species or foster natural resources are those under which they evolved.
Management that maintains the ecosystem within this HRV, then, should
create the conditions for sustainability. It is often difficult, however, to separate
the effects of natural variability from human impacts (Dayton et al., 1998).
Some of the concerns about anthropogenic effects on the environment center
on whether human actions have pushed a system beyond the HRYV, and thus
beyond a threshold of sustainability.

Common sense, observations, and hierarchy theory all suggest that as the
scale on which a system is viewed is expanded, the dynamics will generally
occur more slowly. As a consequence, landscapes at broad scales may give the
appearance of equilibrium, at least over the conventional time frames of man-
agement. This might lead one to believe that the assumptions of equilibrium-
based theory are met and recent concerns about variability are unjustified. This
conclusion would be wrong on two counts. First, there is mounting evidence
that infrequent but large disturbances have profound and lasting impacts on
ecological systems at many scales (Turner et al., 1997a; Dale et al., 1998). For
example, in central Australia, rainfall events beyond our modern comprehen-
sion have occurred within thelast 700-2000 years, and the resulting floods rad-
ically rearranged the landscape (Pickup, 1991). Much depends on how the
“historic” in HRV is defined. Second, the relative stability of a landscape at
broad scales may obscure the substantial variation that occurs at finer scales in
both time and space, butitis at these finer scales that many of the organisms of
interestactually respond to environmental conditions.

Management of ecosystems within an HRV perspective may also serve to
increase the compatibility of human activities with management objectives. So
long as human land (or water) use does not modify the structure or composi-
tion of landscapes too much, the ecosystem may remain within the domain of
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natural variability and the important ecological processes that contribute to
sustainability may be maintained. This is the rationale behind ecologically sen-
sitive approaches to timber harvesting or rangeland grazing. At some point,
however, humanland use may disturb the system beyond the boundaries of the
HRV; at this threshold, the adaptational limits of the component species may
be exceeded and the degradation of the system (from a management perspec-
tive) may become permanent. This is obvious, for example, when timber
harvest or excessive grazing on steep slopes leads to loss of soil and a perma-
nent reduction in the potential of that part of the landscape to produce
resources of interest or to contribute to the conservation of natural biodiver-
sity. Sometimes, however, it may be difficult to determine when a degradation
threshold has been passed. In the Argentine Chaco, for example, extreme over-
grazing close to water sources has removed so much of the vegetation that the
intensely grazed zones show clearly on satellite images. Nonetheless, these
portions of the landscape harbor ant species not found elsewhere and contrib-
ute to meso-scale ant community diversity (Bestelmeyer and Wiens, 1996).
While it may sometimes be necessary to exclude human activities from
managed areas toachieve conservation goals, in other situations it may be more
effective to manage a broader landscape mosaic that includes both natural
areas and human land uses.

2.4.5 Ecological integrity and ecological scales

All of the elements of resource-management philosophy that have
emerged over the past decade or two — the emphasis on mosaics rather than
management units, on ecosystems rather than species, on sustainability rather
than yield, on variability rather than equilibrium — are combined under the
banner of “ecological integrity.” Increasingly, maintenance of ecological integ-
rity is championed as the most comprehensive and ecologically sound goal of
management (Haynes et al., 1996; COS, 1999). A system has ecological integrity
when it can maintain its structure and function, total diversity, functional
organization, and critical processes (Norton, 1992). These conditions are pre-
sumed to make the ecosystem resistant to stresses imposed by changes in envi-
ronmental conditions and capable of rapid recovery — it is sustainable. When
the ecological integrity of an ecosystem is compromised, it becomes more sus-
ceptible to thresholds of anthropogenicenvironmental change.

The concept of ecological integrity is complex. It includes ecological pro-
cesses at all levels of ecological organization and acknowledges the dynamic
nature of ecological systems and natural processes, including disturbance.
Nonetheless, several operational measures of ecological integrity have been
proposed, most focused on aquaticecosystems (e.g., DeLeo and Levin, 1997). At

51



52

JOHN A. WIENS ET AL.

fine scales, assessments of ecological integrity emphasize the structural and
compositional aspects of ecological systems related to individual species and
their dynamics. At broader scales, the focus is on processes such as primary pro-
ductivity, nutrient cycling, and hydrological regimes, and less attention is
given to the composition and structure of the systems from which these pro-
cesses emerge (COS, 1999).

The differences among the criteria used to measure ecological integrity at
different scales indicate one of the weaknesses of the concept. The focus
depends on the scale, yet landscape ecology tells us clearly that patterns and
processes at multiple scales may all be important in ecosystem functioning
(e.g., Fig. 2.1). The use of measures of integrity focused on any particular scale
(or level of ecological organization) therefore may not include important rela-
tionshipsamong elements occurring at other scales —integrity at one scale does
notassure integrity at other scales. The spatial heterogeneity of landscapes also
complicates matters. If indeed the linkages and interactions among the ele-
ments in a landscape mosaic can have important effects on individual move-
ments, population dynamics, species distributions and abundances,
community structure, or disturbance spread, then “integrity” must be applied
to thelandscape mosaicasawhole.

AldoLeopold once observed that “to keep every cogand wheel is the first pre-
caution of intelligent tinkering” (Leopold, 1953: 147). It is not altogether clear
that ecological systems do require all the pieces (i.e., species) in order to func-
tion within normal bounds and retain their integrity (Walker, 1992; Dayton et
al., 1998). Often, however, the focus of management or conservation is on par-
ticular pieces (e.g., an endangered species or resource of substantial economic
value). The focus of “ecological integrity” then becomes ambiguous. A priority
for landscape ecologists and resource managers is to develop measures of eco-
logical integrity that recognize the effects of scale and heterogeneity, deal with
both the species composition and functional properties of ecosystems, and
applytoentirelandscapes (Reid, 1996).

2.5 Implications and guidelines for multi-scale landscape
management

One could easily conclude from this chapter that the primary contribu-
tion of landscape ecology to resource management so far has been to make life
much more difficult for the manager. The central themes of landscape ecology
—thatspatial structure and configuration matter, scale matters, and thresholds
matter — create complexities and uncertainties. Although there may be situa-
tions in which effective management may be accomplished without dealing
with these complexities, we suspect that they are few. Ecologically sensitive
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management requires that the complexities of real landscapes and their
dynamics be considered before concluding that they can be ignored in a particu-
lar managementsituation.

Managers, however, are rarely ina position to dwell on the esoterica of scien-
tificstudies or the abstractions of ecological theory. They have neither the time
nor the knowledge to conduct the experiments that might reveal exactly how
landscape structure or scale might affect the outcomes of a particular manage-
ment practice. They would like ecologists to tell them exactly what needs to be
done, so that they can atleast try to do it. Ideally, they would like to have a set of
“rules of thumb,” such as “If landscape heterogeneity is increased by x%, biodi-
versity will increase by y%,” or “Maintaining the coverage of suitable habitat in
alandscape above z% will prevent the habitat from becoming fragmented for
organisms that are smaller than 10 g.” For example, alternatives for managing
northern spotted owl habitat in the Pacific Northwest have been cast as “rules”
that specify particular management practices. The “50-11-40 rule,” which
applies to forests outside of specified habitat conservation areas, states that in
each quarter township (~23 km2) 50% of the forest must be maintained in
stands where the trunk diameter at breast height is =11 in (28 cm) and the
forest canopy is closed over at least 40% of the area (Thomas et al., 1990). The
“40-20-40 rule”, which applies to much of the remaining forest in the region,
requires maintenance of 40% canopy closure over 40% of each watershed, with
the bottoms of tree crowns averaging at least 20 ft (6 m) above the forest floor.
Although they are not spatially explicit, these “rules” recognize the impor-
tance of general features of landscape structure at specified scales, and they
were developed to provide habitat that would maintain owls above a popula-
tion-viability threshold. The “rules” were also developed after many years of
intensive study of the owls and the forests, innumerable committee delibera-
tions, and thousands of pages of government reports. They have contributed to
the management practices and constraints on allowable land uses that have
been implemented on public lands in the Pacific Northwest (FEMAT, 1993).
Although it is still too early to assess the adequacy of these conservation meas-
ures for owl persistence, a recent meta-analysis of owl survival based on long-
term monitoring data indicated that annual survival probabilities of adult
females no longer exhibited a negative trend (Franklin et al., 1999), in contrast
to the findings of a 1993 meta-analysis (Burnham et al., 1996). Based on demo-
graphic parameters across studies, however, the population of territorial
females has shown a 3.9% annual rate of decline through 1998. Thus, there is
still considerable uncertainty regarding the long-term viability of the northern
spotted owl.

Thespotted owl caseis an anomaly, however. Rarely do we have such detailed
knowledge on which to base management options. Instead, management must
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often be implemented with the barest of information. Given the attendant
uncertainties, the development of specific “rules” or prescriptions for manage-
ment action is therefore both unrealistic and unwise. Instead, a series of
explicit but general guidelines may be most useful (cf. Schroeder et al., 1998;
Schroeder and Askerooth, 1999). Such guidelines should generally follow the
approach defined by Christensen (1997), Rogers (1997), Talbot (1997), Walters
(1997), and others: establish management goals, identify management
options, assess management performance, and adjust the management
approach. To be effective in a world full of heterogeneities, scale-dependency,
and thresholds, however, such guidelines must also include an explicit consid-
eration of the landscape ecology themes that we have developed in this chapter
(see Frank and Wissel, 1998).

Our suggested guidelines (Table 2.1) are self-explanatory. Obviously, one
must begin by specifying the resource of interest and the management objec-
tives. Before going any farther, however, it is essential to consider which scales
are likely to be important, both to achieve the management objectives and to
acknowledge the scaling properties of the biological system. Unless this is
done, an otherwise excellent management plan may be doomed to fail because
itis inappropriately scaled. The problem, of course, is that management units
are normally much larger than the scales on which the greater share of the
earth’s biodiversity operates and on which relevant spatial variation in land-
scape features is expressed. Indeed, the incongruence of the scales of manage-
ment with the temporal and spatial scales of ecological processes “presents
perthaps the most daunting challenge to ecosystem management”
(Christensen, 1997; see also Pringle, 1997; Chapter 18, this book). Because the
scales of the elements of ecological systems are intrinsic to the system, one can’t
impose a management scale on Nature and expect Nature to make the neces-
sary adjustments. Rather, the scale(s) of management should be adjusted to
encompass the range of scales that are relevant to both the organisms and the
management goals.

This challenge isn’t entirely hopeless. The myriad of organisms and land-
scape patterns found in Nature does not necessarily imply that an equallylarge
myriad of scales must be considered. Organisms that are similar in such fea-
tures as body mass, physiology, life-history attributes, and ecological functions
may operate over similar ranges of scale and respond to the spatial and tempo-
ral variations in the environment in similar ways, and it may be possible to
derive “scaling functions” that capture and predict these shared relationships
(Ludwig et al., 2000; Wiens, 2001). Such scaling functions could help managers
decide the domain of scale that would be needed to address a particular
problem in a particular type of landscape. Rather than explicitly managing
over a broad spectrum of scales, it may be possible to stratify management. For
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Table 2.1. A generalized check-list of steps to be followed in incorporating an awareness of
the themes of landscape ecology into the development of practices for the management of
natural resources.

1.Determine the biological resource of interest (e.g., population, species, species
group, community, ecosystem, biodiversity).

2. Specify explicit, operationally defined management goals and objectives (e.g.,a
particular harvest rate, ecological sustainability, population viability, biodiversity
conservation).

3.Determine the relevant spatial and temporal scale(s) (grain and extent) to fit the
management goals and objectives and to recognize the ecological properties of the
resource of interest.

4. Stipulate which processes and disturbances are likely to be importantat the
specified scale(s), and assess their rates or frequency of occurrence.

5.Evaluate and measure landscape structure and configuration.

A.Identify patches and assess their relative quality.
B. Characterize patch boundaries (e.g., sharpness, edge:area ratios, permeability
to movements).
C. Characterize the landscape context of the patches using both structural
properties (e.g., patch context) and functional properties (e.g., movement rates of
organisms, dispersal distances, disturbance spread).
D. Evaluate landscape connectivity, both structurally (e.g., corridors,
fragmentation) and functionally (e.g., movement rates and habitat selection in
elements of the mosaic).

6. Evaluate thelikelihood and potential consequences of threshold dynamics.
A.Landscape structure (e.g., fragmentation or connectivity thresholds).
B. Ecosystem state (e.g., state-and-transition dynamics).
C.Demographic thresholds.

7.Assess the likelihood and potential consequences of changing land use due to such
factors as global climate change, changing economies, or changing societal values.

8. Use information from steps 3—7 to identify management options under current and
potential future scenarios.

9.Implement management action(s) on landscape mosaics.

10. Assess whether management practices are meeting the goals and objectives
identified in step 2, or whether the management approach should be adjusted or the
goals or objectives changed (i.e., adaptive environmental management). This
evaluation involves returning to step 2 and re-evaluating each step in the sequence.

example, management of landscape structure at scales of 10-1000 m?, of ha to
km?, and of 10s-1000s of km2 might all be part of a nested, stratified manage-
mentdesign to maintain the biodiversity of suites of organisms that respond to
environmental variation at these scales.
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Models may also play an important role in incorporating landscape configu-
ration, thresholds, and scale into management. Turner et al. (1997b), for
example, used a spatially explicit model to explore the effects of altering or
maintaining landscape heterogeneity at different spatial scales on the poten-
tial overwinter survival of ungulates in Yellowstone National Park. Many of the
projections of the consequences of alternative management practices on
spotted owl populations also relied heavily on spatially explicit models (e.g.,
Fig. 2.2). The technological capacity to model multi-scale environmental rela-
tions in detailed spatial arrays is expanding dramatically, so the value of spa-
tially explicit models in exploring the effects of varied landscape
configurations is likely to increase. This expanding technology, however,
carries with it the risk of substituting complexity in computer models for the
complexity of Nature. This may not help to resolve management issues,
although the complex models may prove very useful in indicatinghow much of
the complexity of Nature is likely to be important in a given management situ-
ation.

Notall models need be spatially explicit to be useful in management. A criti-
cal part of management is identifying management options and their conse-
quences, and different sorts of models may help in this arena. Possingham
(1997), for example, has outlined how Markov decision theory can be used to
assess alternative management strategies for metapopulations in a patchy
landscape, and Fordham et al. (1997) proposed using integrated scenario mod-
eling to examine the consequences of different management actions. Farmer
(Farmer and Parent, 1997; Farmer and Wiens, 1998, 1999) used dynamic opti-
mization models to evaluate the effects of changes in wetland quality and dis-
tribution on migratory shorebirds. Broad-based programs that seek to
integrate the perspectives of stakeholders, managers, and ecologists into a
unified process of evaluating and testing management alternatives, such as the
decision support system applied to Kruger National Park in South Africa
(Rogers, 1997) or the RANGEWAYS system in Australia (www.range-
ways.org.au), are built upon predictive models that include landscape proper-
ties. Modeling is also a key component of several of the steps of the adaptive
environmental assessment and modeling process (Walters, 1986,1997).

All of these approaches — modeling, developing scaling functions, propos-
ing management guidelines — can contribute to ecologically sensitive manage-
ment. Ultimately, however, implementing resource management that is
founded on principles of landscape ecology requires effective communication.
This isn’t easy. The goals, procedures, priorities, and language of ecology differ
from those of management, and each has a different perspective on the level of
uncertainty about conclusions or practices that is acceptable (Bradshaw and
Borchers, 2000). It takes commitment, understanding, and skill to bridge the
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gap and establish linkages. But everything we have said, and all of the other
contributions to this book, indicate quite clearly that the effort must be made.

2.6 Summary

Landscape ecology deals with how the elements in a spatial mosaic are
located relative to one another, with how these patterns come about, and with
how the spatial configuration and dynamics of landscapes affect ecological pat-
terns and processes. Because of its focus on spatial phenomena, landscape
ecology provides an important foundation for the management of natural
resources. Land management, after all, occurs in a landscape context, and bio-
logical systems respond to these actions over multiple scales.

Landscape ecology is characterized by three general themes: the spatial
structure and configuration of landscapes have important consequences, scale
matters, and thresholds in the responses of organisms to spatial pattern, or in
the physical processes driving those patterns, are ubiquitous. To illustrate
these themes, we develop three case studies. Northern spotted owls illustrate a
situation in which the dominant land use, timber harvesting, produces dra-
matic alterations in landscape composition and structure that have profound
effects on asingle species of extraordinary interest. The use of wetland habitats
by wetland birds, on the other hand, involves a different form of landscape
change that affects an entire suite of organisms, not all of which respond in
similar ways. Finally, grazing on semi-arid rangelands has a clear management
focus of maximizing sustainable yield, but the consequences of grazing on
rangeland ecosystems and biodiversity show strong spatial effects and impor-
tant threshold dynamics.

We build on these case studies to consider several ongoing issues in resource
management: whether to manage habitat as units or as mosaics; whether to
focus on species or ecosystems; whether to emphasize short-term yield or long-
term sustainability; whether to view natural systems as being equilibrial or
governed by natural variability and disturbance; and how to view the integrity
of ecological systems in the context of the scale-dependence that characterizes
everything about these systems. Collectively, these issues and case studies show
both the importance and the complexity of incorporating alandscape perspec-
tiveinto resource management.

Itis all well and good to argue the importance of a landscape perspective in
natural resource management, but ultimately managers are concerned with
how all of this should be implemented in practice. While recognizing that
every management situation is different from every other one in its details, we
nonetheless propose that some general guidelines may be useful in ensuring
that the potential influences of landscape structure, scale, and thresholds will
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be considered when evaluating specific management problems. Unless there
are strong reasons for thinking otherwise, effective management of natural
resources must begin with the assumption that spatial and temporal variation
arecriticallyimportant, and their effects differ at different scales.
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Focal patch landscape studies for wildlife
management: Optimizing sampling effort
across scales

3.1 Introduction

With ever-increasing loss and degradation of wildlife habitat, wildlife
management decisions depend on a solid understanding of the influence of
both patch characteristics and landscape structure on populations.
Appropriately designed multi-scale ecological studies are becoming more and
moreimportantin determining how currentand futureland-use management
decisions will affect the survival of natural populations. Effective management
plans for populations and regions depend on clear and interpretable results
from properly designed studies.

Historically, researchers designed studies to examine the effects of patch-
scale characteristics on population dynamics. A patch is defined as a discrete
area of contiguous and homogeneous habitat. Patch-based ecological studies
address the relationship between the inherent characteristics of the individual
patches (e.g., patch size, patch quality, patch isolation) and some ecological
pattern (e.g., distribution and abundance of organisms) or process (e.g., disper-
sal, disturbance regimes, predation, or competition) (e.g., reviews by Andrén,
1994 and Benderetal., 1998).

Recently, researchers have begun to recognize the importance of consider-
ing the effect of the landscape context of the patch. A landscape-scale ecologi-
cal study addresses one or more of (1) the effect of landscape structure on the
distribution and/or abundance of organisms, (2) the effect of landscape struc-
ture on an ecological process(es) (e.g., animal movement), or (3) the effect of
ecological process(es) (e.g., fire), or organisms (e.g., beavers; see Johnston,
1995), on landscape structure. Landscape structure implies spatial heteroge-
neity, which is described in terms of landscape composition and configura-
tion. Landscape composition is the amount of the different landscape
elements (e.g., habitat types, road cover) in the landscape. Landscape configu-
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ration describes the spatial arrangements of these elements. Without examin-
ing the influence of the landscape context in which patches and populations
are embedded, it is impossible to assess how changes in the properties of a
landscape will affect populations. Studies that examine effects at several
spatial scales have suggested the importance of considering landscape factors
as well as local or patch factors for successful wildlife management planning
(Jokimaki and Huhta, 1996; Findlay and Houlahan, 1997; Sisk et al., 1997;
Saab, 1999; Popeet al.,2000).

However, the very nature of landscapes, i.e., their potential complexity and
size, can make the definition of landscapes and the design of landscape-scale
studies difficult (Allen, 1998; Goodwin and Fahrig, 1998). If landscapes are
defined inappropriately and/or the designs of studies are improper, unsuccess-
ful management recommendations may follow from these studies. The
purpose of this chapter is to provide guidelines for the design of sampling
strategies for landscape-scale studies. These guidelines will assist managers in
critically evaluating the studies on which they base their management deci-
sions. We first discuss how to define landscape size relevant to the pattern or
process being studied or question being asked. We then address the decision-
making process required when designing a multi-scale landscape study and
selecting landscapes best suited for answering a particular question. Finally,
we provide information on the tools currently available for measuring and ana-
lyzing differences in spatial pattern and other landscape properties between
sample landscapes, and address some of the data considerations unique to a
landscape-scale ecological study.

3.2 Howbigisalandscape?

In landscape ecology, ecological patterns and processes are defined
and studied within the context of a landscape. It is therefore important to
define both the functional and physical size of a landscape for a particular
study. The size of landscape determines how a researcher or resource
manager will interpret observations and assess the impact of spatial pattern
on populations.

Landscapes are often defined as a geographical region that has a particular
heterogeneity of cover types (Forman and Godron, 1986; Wiens, 1992).
However, this definition is based on a human perception of heterogeneity
(Allen, 1998; Goodwin and Fahrig, 1998). Since ecological patterns and pro-
cesses occur over a wide range of scales, the size of alandscape should in fact be
tied to the scale of the pattern or process under study. For example, a single
hectare of forest may represent a heterogeneous landscape for a species of ant,
whereas a fire ecology study conducted in a 1000-ha continuously forested area
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should not be considered a landscape-scale study if the area is homogeneous
with respect to the process(es) studied. Landscapes are therefore “relative” enti-
ties, with the scale and heterogeneity of a landscape being determined by the
scale and heterogeneity relevant to the question being asked and the ecological
process under consideration (Wiens, 1989; Fahrig and Grez, 1996; King, 1997;
Allen, 1998; Goodwin and Fahrig, 1998).

We suggest two criteria for defining the scale of landscapes: (1) what is the
hypothesis concerning the relationship between landscape structure and the
ecological response of interest? and (2) what are the relevant processes and at
what spatial scale do they occur? For example, Henein et al.(1998) used empiri-
cal data and simulation models to study how the life-history characteristics of
two forest species, Eastern chipmunk (Tamias striatus) and white-footed mouse
(Peromyscus leucopus), affect their responses to differences in landscape connect-
edness. Henein et al. (1998) found that chipmunk movements through a land-
scape were restricted by the amount and configuration of both forest patches
and wooded fencerows. White-footed mice, on the other hand, were found tobe
habitat generalists. Their movements are much less dependent on the amount
and configuration of forest patches or wooded fencerows and they range much
more widely. From a design perspective, this affects the size of sample land-
scapes required to assess differences in mouse and chipmunk population
responses to landscape structure. The scale of landscape appropriate for assess-
ing effects of landscape pattern on chipmunk populations is smaller than the
scale required for white-footed mice in the same region. Therefore, the interac-
tion of ecological processes with landscape heterogeneity will determine the
scale of astudy.In the above example, alack of knowledge of dispersal or move-
ment distances could resultin inappropriate sampling designs and interpreta-
tion of results.

Recognizing that a particular landscape scale is appropriate does not
always mean thatlandscapes of thatsize and type are available, particularly if
alarge number of sample landscapes is required. It may then be necessary to
adjust sampling design to compensate for these problems (see section 3.4).
Also, whileitis difficult enough to determine the appropriate landscape scale
for a single species, in many instances management of natural systems
requires consideration of more than one species simultaneously. In these
cases, functional groupings of species by habitat use and movement scale may
be useful in determining appropriate landscape size (see Noble and Gitay,
1996). Most multi-species studies actually use a single definition of landscape
scale (e.g., Findlay and Houlahan, 1997; Jonsen and Fahrig, 1997; Holland
and Fahrig, 2000; A.J. McAllister, H. G. Merriam, and L. Fahrig, unpublished
data). Since different species respond to habitat structure at different scales,
the choice of landscape scale is somewhat arbitrary. When the appropriate
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size of the landscape is not obvious (or perhaps even when it is), analyses
should be conducted using several landscape sizes (e.g., Findlay and
Houlahan, 1997; Pedlar et al., 1997; Pope et al., 2000; Langlois et al., 2001),
spanning the known or suspected range of appropriate scales for all the
species in the study. The number and sizes of these landscapes will be dis-
cussed furtherinsections 3.4 and 3.6 (case study).

3.3 Importance of measuring multiple landscapes

Landscape ecologists often study the effects of landscape structure on
the abundance or distribution of organisms. Alandscape-scale study is there-
fore one that examines the effect of landscape context on an ecological
response (dependent) variable. It answers the question: Does the structure of
the landscape in which this observation is imbedded affect the observation’s
value? This question can be answered only by comparing the response vari-
able across several landscapes with different structures. This comparison
imposes a particular design on alandscape-scale study, where each data point
represents a single landscape. The entire study comprises several non-over-
lapping landscapes having different structures and the appropriate size of
each landscape is determined as described in the previous section. In the sta-
tistical analyses, measures of landscape structure are the predictor (indepen-
dent) variables and measures of abundance and/or distribution are the
response variables.

The use of non-overlapping landscapes is important for two main reasons.
First, the researcher’s ability to uncover effects of landscape structure on eco-
logical response variable(s) depends on the sample landscapes covering a range
of different structures. Since overlapping landscapes have similar structures,
the range of variation in the predictor variables would be low, and the ability to
detect relationships between landscape structure and ecological response(s)
would also be low. Second, the use of non-overlapping landscapes reduces
problems associated with lack of statistical independence of data points. Lack
of independence results in inflated measures of statistical significance in para-
metricstatistical tests.

Such a broad-scale sampling design, using individual landscapes as data
points, may seem impractical. However, this constraint is lessening with
increasing availability of remotely sensed data, allowing much easier measure-
ment of landscape structural variables. Measurement of the ecological
response variable across many landscapes usually presents a greater challenge,
and we propose as a practical solution the “focal patch study,” in section 3.4.
Recentstudies of effects of landscape structure on diversity, density,and/or dis-
tribution of organismsarelisted in Table 3.1.
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Table 3.2. Summary of multi-scale landscape study approaches based on the cost of
measuring the response and predictor variables

Predictor variable cost

Low High
Ideal Multi-patch landscape study
Low  —morewell-studied patches —more well-studied patches
—higherlandscapesamplesize  —lowerlandscape samplesize
Response (seeFig.3.1a) (seeFig.3.1¢)
variable
cost Focal patch landscapestudy  Notfeasible

High —fewerwell-studied patches
—higherlandscape samplesize
(seeFig.3.1b)

3.4 Trade-offsinlandscapestudy design

In the previous two sections we outlined the importance of conducting
empirical studies at theappropriate landscape scalein manylandscapes. Where
the process of interest occurs at a small spatial scale, studies designed with
these criteria in mind should be feasible. However, there can be logistic limita-
tions, such as time, funding, travel, or number of personnel, to conducting
multi-scale studies over a large area. For a given sampling effort, larger land-
scapes cannot be sampled as intensively as smaller ones. Furthermore, if a
manipulative approach is required rather than an observational one, applica-
tion of the “treatment” may not be feasible ata broad spatial scale, and creating
the treatment condition may be impossible if it requires removing threatened
habitat. For this reason, manipulative studies are difficult to conduct across
many large landscapes; it is usually more feasible to conduct the study at a
smaller spatial scale. Careful consideration must then be given to identifying
an appropriate compromise among spatial scale, sampling intensity, replica-
tion, and degree of experimental manipulation to achieve the most reliable
results asa basis for appropriate management decisions.

The appropriate trade-off between number of landscapes and within-land-
scape sampling intensity will depend on whether the cost of obtaining data is
higher for the response variable(s) or predictor variable(s) (Table 3.2 and Fig.
3.1). When remotely sensed information can be readily obtained, variables
describing landscape structure are usually more easily measured than those
describing organism abundance/distribution. In this case statistical power is
maximized by maximizing the number of landscapes sampled and minimiz-
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ing the intensity of sampling within each landscape. When remotely sensed
data are unavailable, the effort required to quantify the structure of each land-
scape is high, and the number of landscapes sampled will have to be smaller
(Table 3.2.). In this case, statistical power can be improved with more intense
sampling of the response variable within each landscape, thus reducing the
error associated with the response variable.

Another factor to consider is how many scales to include in a study design.
Dataare collected at both the patch and thelandscape scale as defined in section
3.2. However, there is always at least some uncertainty about the appropriate
scale forastudy because there is never perfect a priori information (e.g.,animal
movement ranges) from which to determine the appropriate scales. Assessing
the influence of landscape structure on the response variable (Fig. 3.2) at
several scales can allow one to determine the scale at which the landscape has
the strongest influence. Where possible, we suggest the range of scales should
cover from about an order of magnitude smaller to an order of magnitude
larger than the scale thought a priori to be most appropriate for the process or
species. For example, Findlay and Houlahan (1997) determined that wetland
species richness was strongly correlated with forest cover and road density up
to 1000 to 2000 m away. This distance was an order of magnitude higher than
the existing 120 m buffer to protect wetland diversity established in govern-
ment policy. In cases where landscape-scale measurements can be taken easily,
this range can be broken into a large number of sampling scales, thus increas-
ing theaccuracy with which the most relevantscale can be determined.

The trade-off between number and size of landscapes and sampling inten-
sity is evident from a comparison of two studies of the effects of landscape
forest cover and fragmentation on forest breeding birds. McGarigal and
McComb (1995) studied the abundance of breeding birds in 30 landscapes of
250-300 ha each, whereas Trzcinski et al. (1999) studied the presence/absence
of forest breeding birds in 94 landscapes of 100 km2 each. The smaller number
and size (250-300 ha) of landscapes studied by McGarigal and McComb (1995)
permitted them to conductintensive sampling ateachlocation (32-38 samples
points for each landscape=1046 sampling points) for each of 15 species of
birds.In contrast, Trzcinskietal. (1999) were limited to using presence/absence
BreedingBird Atlas dataresultinginamuchlessintensively studied response var-
iable.

The trade-off between experimental manipulation and landscape size is
illustrated in a study by Wiens et al. (1997). The authors created “mini-
landscapes” that were mosaics of grassy patches and bare ground. Each land-
scape was 25 m2, and five different landscape structures (treatments) were
studied. The response variable was the movement behavior of tenebrionid
beetles across the landscapes. Ten beetles in each of the five treatment areas
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—p  Focal patch
-Appropriate size for question
-Intensive sampling
*Dependent variables
examples:
Species presence/absence
Abundance
Reproductive success
*Independent variables
examples:
Patch habitat quality
Patch size
Amount of edge

—p  Multiple scales

To assess the spatial
extent of the influence
of landscape structure

Landscape

-Appropriate size for question

-Less intensive sampling (usually remotely sensed)

*Independent variables only
examples:

Landscape habitat quality
Amount ol forest cover
Number of paved roads

FIGURE 3.2
Focal patch landscape scale study sampling design.
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were followed and their locations recorded for 100 time steps. Because of the
short-distance movements of the beetle, the landscape size was large enough to
observe the process of interest (section 3.2). The study is thus atan appropriate
scale for the question, has reasonable sampling intensity and number of land-
scapes, and controls for the effects of extraneous variables by the experimental
design. The limitation of this type of study is that it is difficult to extrapolate
the results tolarger scales (e.g., long-distance movements over the life-time of a
beetle; larger movementdistances associated with other organisms).

One possibility for ensuring large sample size and intensive sampling effort
is the “focal-patch study” in which the response variable is measured inten-
sively in several focal patches, each of which is located in the center of a land-
scape. The landscapes are non-overlapping (section 3.5.2) and predictors are
measured at both the patch and whole landscape scales (Fig. 3.2). Focusing
sampling efforts of the response variable on focal patches allows for intensive
data collection on the species of interest that can then be related to the charac-
teristics of the surrounding landscape. The focus on a central patch for detailed
measurement of population response reduces the trade-off between sampling
intensity and replication (e.g., Pope et al.,2000).

Furthermore, because it is not always possible, or appropriate, to apply a
“treatment” to alandscape, we suggest a quasi-experimental approach toland-
scape sampling designs (this approach is not limited to focal-patch studies).
Landscapes are not manipulated butare chosen using strict, non-random selec-
tion criteria to ensure a wide range of values of the predictor variables and to
avoid correlations among predictor variables, thus increasing the power of sta-
tistical inferences. For example, Trzcinski et al. (1999) selected landscapes such
that the independent effects of the amount and fragmentation of forest cover
on bird distribution could be estimated. We suggest that the combined
approach of focal patches and strict selection criteria may be the mostappropri-
atedesign for obtaining reliable information from landscape ecological studies
tobe used as the basis for management decisions.

3.5 Overview of analysis tools and data considerations

In a multi-scale landscape study design, the researcher uses hybrid-
analysis schemes that examine both patch-scale and landscape-scale analysis.
For example, in the focal-patch design we advocate in this chapter,
spatial information from patch-scale analysis (e.g., patch size and shape) is
combined with landscape-scale attributes (e.g., total amount of breeding
habitat in landscape, density of barriers to movement such as roads). This
approach is termed multi-scale analysis because it integrates local (patch-scale)
information with landscape-scale information. We briefly address the
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approach to takeinanalyzing multi-scalelandscape patterns and provide some
of the data considerations unique to a landscape-scale ecological study. For a
more comprehensive discussion on landscape-scale analysis methods, the
reader should consult Klopatek and Gardner (1999) or Turner and Gardner
(1991).

3.5.1 Landscape patternanalysis

Landscape pattern analyses can take many forms, but generally they are
performed at two scales. One approach is to look within individual landscapes
to see how attributes of patches are related to ecological properties within the
patches. This approach has been popularized by metapopulation theory
(Hanski and Gilpin, 1991) which emphasizes patch occupancy and patch char-
acteristics, such as patch number, size, and isolation, to predict regional popu-
lation dynamics and persistence. Because this approach explicitly examines
patches within a landscape(s), this constitutes a patch-scale analysis. Another
approach is the landscape-scale analysis which explicitly studies properties
that emerge only at the landscape scale (e.g., landscape connectivity, percent-
age habitat cover, road density).

Two sets of methods are available for landscape pattern analysis. The first is
geostatistical methods, which are applied to data that consist only of mapped
points. We focus more on the second method, which is more common in land-
scape ecology: pattern-based analysis. This method isapplied to patch-based or
raster maps. A complete review of techniques from both types of methods is
beyond the scope of this chapter. For a more in-depth discussion of these tech-
niques, we recommend reviews by Legendre and Fortin (1989), Turner et al.
(1991),Legendre (1993),and Gustafson (1998).

Geostatistical methods

Geostatistical methods assume that some properties of a landscape (e.g., rain-
fall) vary continuously over space, and that one can estimate this variation by
samplingitat many (usuallyirregularly spaced)locations (Burrough, 1995).An
example of a useful geostatistical technique is trend surface analysis (Gittins,
1968). Trend surface analysis techniques are used to extrapolate from the
sample points to the broad-scale spatial pattern, using two-dimensional
non-linear regression techniques. They can be used either (1) among land-
scapes, to categorize each landscape with respect to some variable, prior to
hypothesis testing, or (2) within landscapes, to characterize statistically the
trend in a variable so that its effects can be removed statistically (detrended)
prior to hypothesis testing with another landscape variable (Cormack and Ord,
1979;Legendreand Fortin, 1989).
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Pattern-based methods

Pattern-based methods are used to quantify the composition and configuration
of landscapes. They include patch-based, landscape-based, and transect-based
measures. One should bear in mind that these approaches are not always inter-
changeable. For example, some landscape properties can be derived from
knowledge about thelandscape’s constituent patches (see below) but the reverse
is not true and, therefore, patch-scale pattern analysis is not equivalent to land-
scape-scale pattern analysis. Nevertheless, the patch paradigm is popular in
ecology (e.g., metapopulation theory; Hanski and Gilpin, 1991; see also review
by Andrén, 1994). In addition to patch size and isolation, various measures of
patch shape, such as edge:interior ratios or patch fractal dimension, are often
measured as predictors of ecological variables (e.g., Lindenmayer et al., 1999).
Isolation measures, such as nearest-neighbor scores and dispersion indices, are
generally calculated from point-based data. However, all the measures can be
calculated from patch-based or raster-based maps and can be performed on
binary and categorical data, so they are generally applicable. The main defi-
ciency with all pattern-based measures, particularly patch-based measures, is
that there is little consensus as to which properties are most significant for eco-
logical analysis in general (e.g., see Andrén, 1994; Bender et al., 1998; Hargis et
al., 1998). Also, many of the indices provide similar information, resulting in
redundancy when one performs analyses using multiple measures (Rittersetal.,
1995; Hargis et al., 1998; see also section “Data Reduction” below).

Comparison of pattern across landscapes requires landscape-based methods
for pattern analysis. Common landscape-based properties are the amount of
habitat in the landscape and landscape connectivity. Landscape connectivity
is an operational term rather than a quantifiable measure, but several
landscape-based indices have been reported as indices of connectivity (see
Schumaker, 1996; Tischendorf and Fahrig, 2000a). Landscape contagion
(O’Neill et al., 1988), fractal dimension (Palmer, 1988; Milne, 1991) and lacu-
narity (Plotnicketal., 1993)areall indices related to the connectedness or aggre-
gation of one type of landscape element (e.g., breeding habitat for a particular
species) for raster-based maps. Other commonly used landscape-based meas-
ures use aggregate properties of all the patches within a landscape (e.g., mean
patcharea, total amount of edge). Some progress has been made in establishing
general relationships among landscape-based measures through simulation
modeling thatexamines the behavior of differentlandscape-based measuresin
different types of landscapes (see Gustafson and Parker, 1992; Ritters et al.,
1995; Schumaker, 1996; Hargis et al., 1998; Tischendorf and Fahrig, 2000b).
Empirical support for this work, though, is still lacking.

Transect-based measures differ from the patch and landscape-based meas-
ures in thatlocation is expressed in one-dimensional (1D) space. Transects can
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be used to estimate landscape pattern (e.g., pattern of forest canopy gaps) by
sampling only a small portion of the landscape, assuming that the pattern
across the transect(s)is representative of the landscape. Transect-based datacan
be preferable to mapping entire regions when the spatial pattern under obser-
vation is fairly regular across the landscape. Also, some analysis techniques are
calculated more easily using 1D data than 2D data. For example, spectral analy-
sis methods such as Fourier analysis, which can determine the characteristic
scales of a repeated pattern like the pattern of clumping of grasses, can be per-
formed easily on transect data(Turneretal., 1991).

3.5.2 Statistical considerations associated with landscape-scale data

Landscape studies are subject to the same limitations that must be over-
come in any study. Any study should seek to maximize replication and inter-
spersion of observations while also minimizing sampling error (Hurlbert,
1984). However, at least three additional considerations unique to landscape
studies must also be addressed. First, spatial autocorrelation among data often
arisesinlandscapestudies, and this poses a problem when applying some of the
common statistical hypothesis tests, which assume independence of data
points. Second, the presence of broad-scale spatial trends in the data may mask
finer-scale patterns that may be of greater interest. Third, because many factors
that affect variables of interest are spatially dependent, there may be spatially
correlated common causes that exist in landscape data. This makes identifying
important determinants of the phenomenon under investigation (e.g., the dis-
tribution and abundance of a species) more challenging because non-causal
factors aredifficult to separate from causal ones. Each of these potential pitfalls
isdiscussed below with suggestions to minimize their influence.

Spatial autocorrelation

Spatial autocorrelation is a concern for landscape data, and it should be tested
for whenever one is concerned that proximate sites (or worse yet, overlapping
landscapes) consistently behave more similarly than distant sites with respect
to some variable (e.g., vegetation type). The most common techniques for sta-
tistical hypothesis testing are those statistics lumped together under the term
general linear models (GLM), which include familiar procedures such as multi-
pleregressionand ANOVA (Neter et al., 1990). Uncorrected spatial autocorrela-
tion among study sites (landscapes or focal patches) can artificially inflate the
significance of GLM tests, potentially leading the researcher to unreliable con-
clusions (for reviews see Legendre and Fortin, 1989; Legendre, 1993).

If spatially autocorrelated data must be used, one must resort to alternative
means for hypothesis testing. Legendre and Fortin (1989) and Legendre (1993)
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advocate the use of techniques such as the partial Mantel test for hypothesis
testing when faced with autocorrelated data. However, these methods have not
been quickly adopted by ecologists, probably because they are computationally
intensive and notentirely straightforward to interpret. Another potential solu-
tion is the use of distribution-free statistical procedures, such as randomiza-
tion and bootstrapping tests (e.g., Manly, 1997). These methods also have not
been readily adopted by ecologists, presumably because the randomization
routines necessary for calculating the statistics must often be customized on a
case-by-case basis, necessitating that the user be familiar with at least a rudi-
mentary level of programming or scripting.

Broad-scale spatial trends

When there are broad-scale trends in the data but the autocorrelation of the
response variable is small, one can statistically remove unwanted trends from
thedataand proceed with the standard GLM statistics. For example, if thereare
latitudinal and/or longitudinal trends in the data, one can correct for these
effects statistically using trend-surface analysis (e.g., Venier and Fahrig, 1998).
One creates a polynomial regression model where the response variable is the
variable of interest (e.g., species abundance) and the predictor variables are lati-
tude and longitude, expressed in units such as decimal degrees. Performing
subsequent statistical analyses on the residuals of the polynomial regression
(rather than on the original response variable) eliminates the effect of the
spatial trend. A similar method can also be performed using ANCOVA if the
unwanted trend varies in only one direction. Randomized blocked-ANOVA
(Neter et al., 1990) designs are also useful if there is a natural clustering or
grouping of sites, but one must be careful that variables of interest are not simi-
larly grouped. If the predictor variables of interest are not sufficiently inter-
spersed throughout the landscape, then blocking may remove any apparent
relationship between the response and predictor variables of interest.

A promising method for dealing with spatially correlated data is general-
ized additive models (GAM) (Hastie and Tibshirani, 1990; Hastie, 1992). GAM
statistics are an extension of GLM techniques, but make fewer assumptions
regarding the data, and are capable of modeling non-linear relationships.
Preisler et al. (1997) propose a method based on a GAM that (1) estimates the
spatial effects in the data, and (2) statistically controls for these effects while
simultaneously examining the effects of other predictor variables. The authors
claim that this method offers good explanatory power using predictor vari-
ables of interest, even when there are other unmeasured variables thatalso vary
spatially. The method is also appealing because it can be performed using the
standard output of existing statistical packages, and there is a broad choice of
designs(e.g.,ANOVA, regression, ANCOVA, etc.).
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Spatially-correlated common causes

Another problem that is common in landscape studies occurs when apparent
relations among the data are due to spatially correlated factors with a common
cause. For example, imagine that a researcher was interested in sampling frog
populations in areas with differing amounts of forest cover to assess the rela-
tionship between forest cover and frog abundance. One may select multiple
landscapes for investigation, choosing sites that display a wide range of
amounts of forest cover. However, also imagine that continuous forest cover
only occurs in areas where the soil is poorly drained, and areas with little forest
cover tend to occur in well-drained soils that have been cleared mostly for agri-
cultural purposes. Once the samples have been analyzed, it would be difficult to
interpret any observed relationships between forest cover and frog abundance
because of the effects of soil drainage (and therefore, presence of natural wet-
lands) and human land use. It may be that forest cover is correlated with frog
abundance, but there is no direct relationship between the two variables (i.e.,
forest cover has no causal effect on frog populations). Instead, the relationship
arises because frog abundance and forest cover have common causes (human
impacts due to difference in drainage) that produce a spatial correlation.

Although such confounding effects are not unique to landscape data, there
is certainly a strong likelihood that they will be encountered in landscape
studies because so many environmental and human factors are spatially depen-
dent. Statistical techniques such as path analysis (Li, 1975)and structural equa-
tion modeling (Maruyama, 1998) have been developed to analyze and interpret
causal relations among many variables. However, it is often easier to eliminate
confounding effects in the design stage by carefully selecting landscapes so
that confounding factors are not correlated. Non-random selection of land-
scapes can also help to eliminate problems with spatially autocorrelated data at
the source, and certainly can minimize broad-scale spatial trends when land-
scapes with varying degrees of some attribute are carefully interspersed.
Although this advice (non-random sampling) seems to violate statistical
dogma, we feel that the benefits of carefully selected landscapes far outweigh
the potential introduction of bias that might occur when sample landscapes
areselected in anon-random, quasi-experimental fashion.

Data reduction
Finally, one is often faced with a barrage of potential landscape pattern indices
with no a priori conception of which variables will be most useful and which
will be redundant. Although it is possible to construct statistical models that
test all possible predictor variables, this is undesirable because (1) more predic-
tor variables results in lower statistical power, (2) there is an increased chance of
spurious statistical relationships, and (3) the computations necessary for



Focal patch studies

finding the exact parameter solutions may take a long time or may not be pos-
sibleatall. Thus,some form of variable reduction may be desirable.

Gustafson and Parker (1992), Schumaker (1996), and Hargis et al. (1998)
demonstrate where redundancies are likely among landscape metrics, and
provide guidance as to what metrics should be used. An alternative solution is
to combine the landscape structure variables in some form of factor analysis,
such as principal components analysis (PCA), and use the first few PCA axes as
predictor variables in subsequent statistical analyses in place of the original
larger set of intercorrelated variables (e.g., Saab, 1999). This both reduces the
number of predictor variables and ensures that the predictor variables are
uncorrelated. This method has been used by McGarigal and McComb (1995)
and Trzcinski et al. (1999) to derive measures of habitat fragmentation thatare
independent of habitatamountin thelandscape.

3.6 Casestudy: Effects of landscape structure on the abundance of the
northernleopard frog

Pope et al. (2000) examined the effects of landscape structure on the
abundance of northern leopard frogs (Rana pipiens) in the region surrounding
Ottawa, Canada. The authors studied 34 circular landscapes, each with a radius
of 1.5 km (or 3 km in diameter). Within each landscape they (and 34 volunteers)
assessed the abundance of northern leopard frogs over four census periods.
They also surveyed all other potential breeding sites within these landscapes
for a total of 107 sampling sites. The authors demonstrated that the relative
abundance of R. pipiensin alandscape was influenced by the amount of summer
foraging habitat (grassy field or meadows), the amount of breeding habitat
(adjacent ponds), and the water pH and amount of spawning habitat in the
focal ponds.

Focal patch design
Thirty-four non-overlapping landscapes were selected in which the response var-
iable, relative abundance of the northern leopard frog, was measured intensely at
one focal pond in each landscape. The landscapes were selected using the criteria
described in the following section. The predictor variables were measured atboth
the patch (pond characteristics) and the landscape scale (amount of breeding and
summer habitatbased on remotely sensed information).

Strict selection criteria
This study was not an experimental one where “treatments” were applied.
Instead, it used a quasi-experimental approach where the ponds were chosen to
minimize correlations between the predictor landscape-scale variables. The
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landscapes were selected to minimize the correlations between the amount of
summer foraging habitat and the density of potential breeding areas in the land-
scapes, taking advantage of existing difference in landscape structure. In practical
terms, this means the authors selected ponds that had one of the following four
categories of landscape structure: summer foraging habitat near/breeding area
near, summer foraging habitat near/breeding area far, summer foraging habitat
far/breedingarea near,and summer foraging habitat far/breeding area far.

Landscape size

A circular landscape with a 1.5-km radius from the focal pond was selected
because it represented the shortest distance in which there was at least one site
(pond, stream, or large drainage ditch) from which dispersers might move.
Northern leopard frogs typically move 1 to 2 km between habitats within a
year, so the size of the landscape reflected this movement distance. Given the
size of the area sampled, the intensity of sampling conducted at each land-
scape, and the number of survey sites, a landscape sample size of 34 was the
largest possible.

Multi-scales - the patch, the landscape and sizes in between

The variables in this study were assessed at both the patch scale (the pond) as
well as at the 1.5-km radius landscapes scale, a size determined by the move-
ment habits of the northernleopard frog. The 1.5-km radius landscape was also
thelargest possible, given the requirement of non-overlapping landscapesand
that all breeding sites within each landscape had to be surveyed for leopard
frogs. The landscape structure variables were also quantified at several smaller
landscape scales to determine the scale at which the effect of landscape struc-
tureis strongest.

Patch-scale variables The pond’s habitat was assessed in detail to deter-
mine pond quality (patch scale predictor variables). The authors examined
pond perimeter length,amount of spawning habitat,and water pH.

Landscape-scale variables The amount of all possible types of summer
habitat was assessed in the surrounding landscape using remotely sensed data
that were later ground truthed. The number of all possible breeding sites was
also determined within 1.5 km of the pond based on remotely sensed data; the
number of sites with calling males was based on the surveys.

Multiple-scale variables The amount of all possible types of summer
habitat was also assessed within four smaller landscapes sizes 0of 0.25,0.5,0.75,
and 1 km from the focal pond, based on the remotely sensed information.
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Multi-scale analysis methods The authors conducted a multi-scale analysis
that simultaneously included variables from all scales in the study. They used a
stepwise Poisson regression analysis of the landscape and patch variables on
their estimates of core pond leopard frog relative abundance. They found a sig-
nificanteffect of two of the patch variables (water pHand the amount of spawn-
ing habitat) and two of the landscape structure variables (amount of summer
habitat within 1 km of the pond and number of breeding sites with calling
males within 1.5 km) on the relative abundance of the northern leopard frog.
There was a potential challenge in interpreting the results of the analysis
because of the presence of strong correlations among the landscape structure
variables across the five scales. The authors addressed this by calculating the
landscape variables in non-overlapping rings and re-analyzing the data. They
found qualitatively similar results, suggesting that the multi-scale analysis can
be used to determine the strongest scale of influence of landscape structural
variables.

Management implications

This case study illustrates the importance of managing populations at both the
local scale and the appropriate landscape scale. Leopard frog population survi-
val depends on both pond characteristics and landscape structure up to 1.5 km
away from the pond. Adequate amounts of both breeding habitat and summer
forage habitat must be maintained in the landscape. Maintaining good breed-
ing habitat is intuitively critical to maintaining frog populations, but in the
absence of good summer foraging habitat in the landscape, leopard frogs may
not survive to maturity. Considering only the number and arrangement of
breeding ponds would have led to erroneous conclusions about the potential
persistence of leopard frog populations.

3.7 Implicationsand guidelines for conducting multi-scale
landscape studies for wildlife management

In conclusion, we recommend the following four guidelines for con-
ductinglandscape-scalestudies: (1) determine the appropriate landscape scale,
(2) use multiple landscapes, at multiple scales if possible, (3) consider both
patch- and landscape-scale factors, and (4) consider design trade-offs of inten-
sity of sampling vs.adequate sample size.

To determine the appropriate scale the researcher or manager must first for-
mulatea hypothesis, with response and predictor variables clearly defined. The
response variable determines the species of interest and the measures required
(e.g., presence/absence, abundance, species richness). This in turn determines
the intensity of sampling required for the response variable. The hypothesized
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relationship between the predictor variables and the response variable deter-
mines the appropriate landscape size. For example, if the hypothesis relates
landscape structure to an individual-level response (e.g., foraging success),
then the appropriate landscape size depends on short-term (e.g., daily) move-
ment distances. If the hypothesis relates landscape structure to population
abundance, then the appropriate landscape scale depends on the scale of inter-
population dispersal events.

In most landscape ecological studies the objective is to relate landscape
structure to an ecological response. Therefore, many landscapes with different
structures are needed. When the application of an experimental “treatment” is
inappropriate (as it often is), ssmple landscapes should be chosen using strict a
priori selection criteria to minimize correlations among predictor variables,
and to ensure wide variation in the landscape structure (predictor) variables.

Studies have shown that failing to consider the effects of both patch and
landscape characteristics may lead to unsuccessful management decisions.
Findlay and Houlahan (1997) examined the effect of landscape structure on
species richness in 30 wetlands (Table 3.1). They determined thatan increase in
road density and adecrease in forest cover surrounding each wetland had aneg-
ative effect on species richness. They also determined that larger wetlands were
positively related to species diversity. One of the results suggested that increas-
ing the amount of road surface by 2m/ha within 1 km of the wetland, or
decreasing forest cover by about 20% within 2 km, had a similar effect on
species richness as reducing the size of the wetland by 50%. This illustrates the
point that the context of a patch is important. Management policies that only
considered wetland quality might have failed because the landscape context
was notaddressed.

Instudies wherelargelandscapes are required, trade-offs between sampling
intensity and sample size (number of landscapes) will be particularly severe.
The number of sample landscapes should be maximized in spite of these limi-
tations. We suggest that the focal-patch approach with strict landscape selec-
tion criteria is the best compromise when landscape structure variables can be
measured relatively easily. The focal-patch design reduces the trade-off
between sampling intensity and replication. It also increases the power of sta-
tistical tests through the use of strict criteria to select landscapes, thus reducing
therequired samplesize.

3.8 Summary

A multi-scale landscape study must be designed properly to provide
appropriate information for management of natural populations. Multi-scale
studies address the effects of both patch characteristics (e.g., patch size or
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quality) and landscape structural characteristics (composition, configuration)
on an ecological response variable. The size of the landscape must be deter-
mined based on knowledge of the organism and the research question. In a
multi-scale landscape study, the unit of observation is the landscape.
Therefore, several non-overlapping landscapes should be selected that differin
structure. Because of the size of study landscapes, however, logistical limita-
tions may reduce landscape sample size. To counter these limitations we
suggest the use of the focal patch design, where the ecological response variable
is measured intensely at patches located at the centers of non-overlapping
landscapes.
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Managing for small-patch patterns in
human-dominated landscapes: Cultural
factorsand Corn Belt agriculture

41 Introduction

Habitat fragmentation is the nearly inevitable result of contemporary
land use. Beyond the biodiversity shadow cast by reserves and habitat protec-
tion plans, settlement patterns continue to extirpate remaining habitats. This
reality should lead landscape ecologists and natural resource managers to vig-
orously investigate small patches of habitat. While accumulating knowledge of
landscape structure and functionleaves no doubt about the critical importance
of large indigenous habitat patches, knowledge of the ecological function of
small patches is comparatively meager. Yet opportunities for preserving or
creating small patches characterize human land use. Informed by landscape
ecology, conservation biology, ecosystem management, and restoration
ecology, humans have only recently begun to preserve and reconnect the pieces
of what were once large, continuous ecosystems. The undeniable trend of con-
temporary settlement patterns suggests that the small shall inherit the earth.
How these small patches can serve ecological functions is a pragmatic question
forlandscape ecology.

Abird’s-eye view of settled landscapes today presents a striking image of the
impact of humans on the natural world. The landscape pattern observed is pro-
foundlyinfluenced by culture, created according to political systems, economic
uses, aesthetic preferences, and social conventions (Nassauer, 1995). Culture,
defined as “the sum total of ways of living built up by a group of human beings
and transmitted from one generation to another” (Random House, 1987), not
only influences landscape patterns, it can also suggest new landscapes
designed to promote ecological function (Nassauer, 1995). New landscape pat-
terns designed without consideration of the appearance of cultural values on
the land are not culturally sustainable (Nassauer, 1992, 1997). Cultural values,
perceived and expressed in contemporary land uses, should influence new, nor-
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mative landscape patterns. This chapter examines the relationship between
cultural factors and small patch patterns in contemporary Corn Belt agricultu-
rallandscapes, and it suggests implications for new agricultural landscape pat-
terns that could be designed to promote ecological function.

Settled landscapes are composed primarily of large, human-constructed
patches, often controlled for economic production or aesthetic effect, and
exhibiting low biodiversity. Paving, buildings, mown turf, horticultural
species, and crop monocultures characterize these large patch types. For
example, crop monocultures of corn and soybeans in the Midwest can extend
across a square mile. Shopping centers, central business districts, and stadium
sites are large patches that typify urban areas. Settlement fragments formerly
large patches of native biodiversity, and results in the loss of habitat and the
creation of more small patches. Within the context of settlement, these small
patches may exhibit their own, more modest potential for habitat. We explore
how cultural values and traditions limit but also suggest possibilities for small
patch patterns that maintain or improve biodiversity amid the larger patches
of humanland use.

The classification of landscape patches as “small” or “large” depends on the
habitat typeand scale of managementinterest. Asmall patch in a forest may be
different from a small patch on a farm, and a small patch on a farm in New
England may be different from a small patch on a farm in the Midwest.
Descriptive patch size — large or small — refers to the scale of management in
these differentlandscapes. According to onedefinition, small patches interject
landscape heterogeneity on a scale of a few hundred square meters (Ludwig,
1999). Schwartz and van Mantgem (1997) characterize small patches in the
Corn Belt of the Midwest as areas less than 10 hectares in size. In our examina-
tion of Corn Belt agricultural landscapes, small patches range from several
square meters to 10 hectares, and include the elongated shapes of narrow
strips common to roadsides and field boundaries. Small patch types can be
labeled toindicate their origins or imply their functions (Forman and Godron,
1986). Biodiversity patches are resource-rich habitats with more species than
their surroundings (Ludwig, 1999) and are called habitat patches in this
chapter.

Small habitat patches in human-dominated landscapes change how ecologi-
cal systems function. Small patches provide habitat for edge species and species
that are dispersing, decrease erosion and fetch, and increase species density
(Forman, 1995). The spatial pattern of small patches within a landscape is
important to their ecological effect. Small patches change material transport by
altering wind flows (Ryszkowski and Kedziora, 1987; Hobbs, 1993). They affect
the accumulation of precipitation; areas adjacent to small woody patches expe-
rience altered moisture regimes and soil moisture and temperature (Ryszkowski
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and Kedziora, 1987; Ryszkowski et al., 1999). Small patches of perennial vege-
tation influence local carbon and oxygen cycles (Lal ez al., 1999), and small
woody patches remove nutrients and hold nitrogen, phosphorus, and potas-
sium in agricultural landscapes (Peterjohn and Correll, 1984; Edwards and
Owens, 1991; Cooperetal., 1995; Ryszkowskiet al., 1999). They provide asource
of soil invertebrates, pollen, and seeds to the adjacent landscape (Forman,
1995) and insects beneficial to adjacent crops (Nentwig, 1989; Thomas et al.,
1991; Colunga-Garciaetal., 1997; Dyer and Landis, 1997; Landis et al., 2000). In
the Western Australia wheatbelt, small fragments of indigenous vegetation
barely maintain the ecological processes that were once provided by intact
indigenous land covers (Hobbs, 1993). As habitat, small patches can also have
negative consequences — such as increased predation and parasitism and
increased environmental fluctuation — for some area-sensitive populations
(Herkert, 1994; Forman, 1995).

Though small patches cannot provide the same ecological functions as large
habitat patches, their present and potential contribution to the function of
human-dominated landscapes calls for further inquiry. Reserve and protected
area design have focused on the importance of large patches (Noss and
Cooperrider, 1994). While Forman’s (1995) aggregate-with-outliers principle of
land planning and management recommends a pattern of a few large patches
with several small patches for habitat and biodiversity functions, the signifi-
cance of small patches remains under-recognized. Beneficial locations for large
patches are known (Forman, 1995, lists these criteria: context, whole land-
scape, key locations, targeted ecological characteristics, and targeted spatial
attributes), but normative criteria for locating small habitat patches is uncer-
tain.

In this chapter we investigate some cultural factors that affect small patch
patterns in one human-dominated landscape type, Corn Belt agriculture. We
identify small patch patterns that express cultural values and traditions, and
we review the landscape ecological effects of those patterns. Finally, we illus-
trate possible landscape patterns that could enhance ecological functions and
are consistent with cultural values and traditions.

4.2 Cultural factors that affect small patch patterns

Since landscape patterns are informed and limited by culture, under-
standing culture allows us to better investigate and change landscape patterns.
Humans construct and manage landscapes based upon their perceptions —
what they see, know, and feel. New landscape patterns are expressions of
culture (Nassauer, 1995).
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Settled landscapes are shaped by many cultural factors, including:

+ land division, settlement patterns, and ownership traditions (including
land, trade, resource, and tax policy; land ownership rights, and envi-
ronmental law);

« applied science and technology values and traditions (including produc-
tivity and progressiveness); and

« stewardship values (including conservation and health), and aesthetic
values.

The particular spatial characteristics of these “ways of living” change with time
and vary from one culture to another. What makes the values and traditions
powerful in shaping landscape patterns is that they motivate human behavior,
often without articulation or deliberation. Cultural factors are the unseen
foundation for human actions that shape landscapes. We do things the way we
know how to do them. For example, eighteenth-century French settlers in
North America, who valued river access for fur trading, divided land into long
lots each of which had access to the river (Quebec, Canada; Michigan, Illinois
and Louisiana, USA; Hart, 1968, 1975, 1998). In contrast, eighteenth-century
settlersin New England, USA, divided land by a metes-and-bounds system that
incorporated visible landmark features like trees, rocks, and rivers as boundar-
ies. Each system created a different landscape pattern that dramatically affects
these same landscapes today.

The value farmers place on increased production and on being progressive
also leads to land management decisions that produce more food, but may not
always be more profitable(Cochraneand Runge, 1992).In the past 50 years, cul-
tural values of increased production and progressive agriculture have been
associated with bigger equipment, bigger fields, and bigger farms in the Corn
Belt of the United States (Hart, 1968; Nassauer and Westmacott, 1987). Given
this trend, small habitat patches are eliminated to allow large equipment to
maneuver efficiently. As different policy incentives and agricultural techniques
emerge, the landscape patterns associated with cultural values of increased
production and progressiveness could change.

While management decisions related to land division and ownership, or
applied science and technology are often related to economics, farmers make
stewardship and aesthetic decisions even when economic returns from these
decisions will not yield short term profits (Nassauer, 1988, 1989). Rather the
resulting appearance of the landscape, which shows that the farmer takes pride
in the farm or shows that the farmer is a good steward, is the more important
consideration. Particular stewardship practices and landscape patterns change
with time and new knowledge, while the cultural value of stewardship
remains.
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The same cultural factors that influence existing landscape structure can be
used to suggest more ecologically beneficial patterns. If cultural factors are
strategically employed in natural resources policy, planning, and manage-
ment, resulting landscapes can include small habitat patches that fit cultural
expectations while they enhance Corn Belt ecological functions. These new
landscape patterns not only will be ecologically beneficial, they will be cultu-
rally sustainable (Nassauer, 1997), maintained by people because their value is
immediately apparent.

4.3 Example: Small patches in the Midwest Corn Belt

4.3.1 Description of the Midwest Corn Belt

The Corn Belt is a 12-state region in the Midwest of the United States
(Fig.4.1)of low relief that was covered mostly by tallgrass prairie prior tosettle-
ment by Europeans. The pioneer settlement waves of the early 1800s, along
with thesteel plowshare, nearly eliminated the prairie (Schennum, 1986; Hurt,
1991; Hudson, 1992; Hart, 1998). By the late 1800s the dominant land use of
the Midwest was agriculture and the dominant crop grown on the farms
between Chicago and central Nebraska was corn (Hudson, 1992). Often called
the “heartland” of America, the Corn Belt is the epitome of American rural
culture — family farms, small towns, and people considered hard-working,
principled,and wholesome (Sayre, 1999).1In 1960, typical Towa farms produced
chickens, eggs, pork or beef, milk, corn, oats, and hay; every farm had a pasture
and garden (Hart, 1998), and the landscape displayed a variety of patch types.
Today, typical Iowa farms produce corn and soybeans only; chickens, eggs,
pork, beef, and milk are produced in specialized facilities in a decreasing
number of locations. Consequently, contemporary Corn Belt landscapes are
dominated by large, homogeneous patches of crop monocultures. Perennial
land cover, herbaceous or woody, is increasingly rare: less than 0.1% of native
tallgrass prairie communities remain in Illinois (Schwartz and van Mantgem,
1997).

Despite extensive modifications for row-crop production across the Corn
Belt, small habitat patches remain — woodlots, farmsteads, roadsides, railroad
rights-of-way, field boundaries, erosive or wet areas, some forms of grazing
agriculture, and stream corridors. Wisconsin woodlots average 5.6 hectares in
area(Dunnetal., 1990,1993). Half of the farmer-owned woodlots inIllinois are
less than 8 hectares in area (Young et al., 1985). On erodible land, Conservation
Reserve Program fields with perennial grass cover average 8.1 hectares in Ohio
(Swanson et al., 1999). Remnant ecosystems in Illinois are very small: of 253
high-quality prairie remnants, 83% are less than 4 hectares, and 30% are less
than 0.4 hectares (Robertson et al., 1997); 93% of Illinois’ wetland complexes
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FIGURE 4.1

The Corn Belt (central feed grains land resource region) of the USA. (Source: US
Department of Agriculture Natural Resources Conservation Service, Resource
Assessment Division. Map Identification Number 3966. September 28, 1998).

are less than 4 hectares and nearly 2/3 are less than 0.4 hectares (Havera et al.,
1997). Wetlands restored in Iowa under the North American Waterfowl
Management Plan have averaged 2 hectares in area (Bishop et al., 1998). A com-
prehensive survey of Iowa found over 1000 potential prairie remnants, most of
which occur as small patches (Schennum, 1986). Eighty-one percent of the
ungrazed, unmowed, native prairie remnants in Story County, Iowa, are small
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patches(about 1.2 hectares) on railroad rights-of-way (Braband, 1986). The cul-
tural tradition of harvesting “wild” hay (prairie vegetation) is one of the key
reasons that small prairie patches remain in Iowa (Schennum, 1986; Smith,
1998; Sayre, 1999). In the Corn Belt, the most pervasive contributions to biodi-
versity come from small patches.

In the context of Corn Belt agriculture, small patches are essential reposito-
ries of biodiversity. They exist as a consequence of cultural factors interacting
with ecological characteristics of the landscape. Below, we describe how cultu-
ral values and traditions affect existing small-patch landscape structure and
ecological function. In the following section, we describe how these values and
traditions could affect potential newlandscape patterns.

4.3.2 Theeffect of culture on small patch characteristics in the Corn Belt

Land division, settlement patterns, and ownership traditions

Land division, settlement patterns, and land ownership patterns can be
described as traditions, customary ways of living. Each represents a way of
doing things that seems self-evident, but that actually is one of many possible
cultural expressions on the land. Each influences the size and location of small
patches. Many forms of land division could have delineated the Midwest for
settlement by Europeans in the nineteenth-century (Johnson, 1976). Yet the
square-mile sections (note: the square mileis a cultural tradition, equivalent to
2.59 km2)imposed by the 1785 Public Land Ordinance are perpetuated to this
day in the roads that bound each section, in the description of farm land for
sale,and in mile-long (1.61 km) farm fields delineated for ease of management
by large farm equipment. For purposes of ownership and description, the
square-mile sections (640 acres) of the public land survey are further subdi-
vided into smaller squares (quarter sections of 160 acres, quarter-quarter sec-
tions of 40 acres). This Euclidean tradition, invented and applied without
reference to ecological characteristics (Johnson, 1957; Meine, 1997), accounts
for the highly regular rectilinear geometry of Midwest agricultural landscapes.

In the Corn Belt’s grid of land division, small habitat patches are likely to
occur at field and ownership boundaries, along streams, or on highly erodible,
less productive, or hydricsoils. Small woodland, wetland, or prairie patches can
be points of convergence of many different field types or they can be engulfed
by a single field (Schennum, 1986), so that each becomes an isolated island of
biodiversity within the crop. Functional responses like species flow are affected
by these patch type adjacencies (Forman and Godron, 1986; Forman, 1995).

In the Corn Belt, small patches that reflect natural constraints on cultivation
are managed differently on land division boundaries. Constraints like streams,
steep topography, droughtiness, or hydric soils are more likely to be managed
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as small patches if they occur on the edge of a field. In the center of a field or
farm, for instance, drainage may be a high priority to manage a wet area, but if
that same area occurs along an ownership or field boundary, drainage may be a
low priority. Natural constraints may be virtually ignored or overcome with
technology where they do not fall on aland division boundary. Such technolog-
ical management limits landscape ecological networks that depend on small
patch connections, for example the seasonal flows among prairie pothole wet-
lands of the Midwest (Galatowitsch and van der Valk, 1994). Incompletely
drained hydric soils that retain some of their previous, seasonally connected
wetland pattern are apparent in Story County, Iowa, where surface water accu-
mulates in the pattern of former prairie pothole wetlands (Fig. 4.2, color plate).

As Corn Belt fields get larger, their boundaries frequently correspond with
square-mile section lines bounded by roads. Homogeneous row-crop fields can
extend from one section road to another. Towa farms have increased from a
1964 average size of 88 hectares to a 1997 average of 137 hectares —over ¥ of a
square-mile section, not including extensive rented land (US Department of
Agriculture National Agricultural Statistics Service, 1999). Roadsides remain
areas of relatively high habitat diversity if they are managed to maintain biodi-
versity functions for mammals (Braband, 1986; Merriam and Lanoue, 1990;
Wegner and Merriam, 1990; Kirsch, 1997), birds (Braband, 1986; Best et al.,
1995; Sutter et al., 2000), and beneficial insects (Marino and Landis, 1996; Orr
and Pleasants, 1996). In the landscape matrix of large fields, roadsides also can
reducesoilloss and filter pollution from chemical fertilizers and pesticides.

Policy and market-based economicincentives for cultivation have encouraged
removal of small patches that do not correspond to field or ownership boundar-
ies. Small patches of woody or perennial herbaceous vegetation that were used
for shelter or grazing within traditional mixed livestock/grain farming typically
areeliminated in grain production. Farms have become more specialized, reduc-
ing the overall heterogeneity of any given square-mile section. Changes in Iowa
agriculture (Table 4.1) from mixed livestock and crop operations to exclusive
grain cropping with separate, intensive concentrations of livestock feeding have
increased cultivation pressures on formerly heterogeneouslandscapes, resulting
in the loss of small patches — pastures, barnyards, fencerows and field boundar-
ies,and livestock shelterbelts (Hart, 1998). Between 1939 and 1990, for example,
an Iowa watershed had a 50% decrease in the number of farm fields and a corre-
spondingincreasein field area(Waide and Hatfield, 1995).

The farmstead, where people live on the land that they farm, includes small
areas of greater habitat value relative to Corn Belt croplands. Farmsteads —
small areas of canopy trees and woody and herbaceous plants that can augment
the habitat value of cropland — are dotted across the more homogeneous
agricultural landscapeataninterval roughly corresponding to farm size.In the
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Table 4.1.Iowa farm diversity changes between 1964 and 1997

Amount of change

Production description 1964 1997 from 1964
Total number of farms 154162 90792 —41%
Number of farms producing hogs 106184 17243 —84%
Number of hogs produced 13700000 14700000 +7%
Number of farms producing beef 65402 27452 —58%
Number of beef cows 1247101 1029172 —-17%
Number of farms producing eggs 73804 1892 —-97%
Number of laying hens 19500000 24900000 +28%
Number of farms producing milk 59673 4208 —93%
Number of milk cows 735647 222142 —-70%
Areain hay production (ha) 1296000 638000 —51%
Areain corn production (ha) 3892000 4692000 +21%
Areainsoybean production (ha) 1689000 4025000 +138%

Source: US Department of Agriculture National Agricultural Statistics Service (1999).

drylands of Nebraska, farms are larger (state average is 358 ha) and farmsteads
are more sparse than in the higher moisture landscape of central Iowa (state
average farmsizeis 137 ha).In all of the Corn Belt, farms were bigger and farm-
steads were less dense in 1997 than they were in 1964, where the number of
farmsinTowahasdecreased 41% (Table 4.1).

Applied science and technology

Agricultural field equipment, a critical component of agricultural applied science
and technology, is a cultural phenomenon. The equipment that farmers choose is
areflection of their values. The value that Midwestern farmers place upon being
progressive and increasing production is demonstrated in their persistent inter-
est in new forms of equipment, from the four-row corn planter typical of the
1950s to the 24-row planter seen today. Not all forms of progressive agriculture
have been related to increased production. The moldboard plow typical in the
1970s has been widely replaced by the chisel plow used for conservation tillage in
the 1990s. Now, precision agriculture field equipment has begun to augment
large-scale farm equipment to implement finer-scale inputs of nutrients, pesti-
cides, and seeds according to soil and crop variability. Progressiveness may come
to be tempered by farmers’ valuing profits more than overall levels of production.
However, for the past 50 years, US agricultural policy has provided incentives for
farmers to value overall productionlevels (Cochraneand Runge, 1992).

The agricultural technology farmers choose and the way they apply it affect
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small-patch patterns within the larger landscape pattern of land division, set-
tlement patterns, and ownership traditions. Small habitat patches that do not
fit emerging agricultural techniques are removed, but new techniques may
introduce small patch opportunities. For example, farmers who plant newly
available, genetically modified Bt (Bacillus thuringiensis) corn are required, as an
insect resistance management strategy, to also plant small patches of non-Bt
corn as a refuge for European corn borer (Ostrinia nubilalis; Pioneer Hi-Bred
Limited, 1999). The very recent innovation of precision agriculture is leading
to changes in agricultural techniques that could bring small patches back into
the cultivated landscape by changing planting, crop protection, and harvest
patterns with better information and more responsive field equipment.

Bigger equipment, fewer and smaller patches Field equipment size has pro-
foundly influenced small patches in this century, in a continuous trend to
bigger machines and larger fields. This larger agricultural field equipment
requires more coarse rectilinear tillage patterns. Field equipment width has
increased (Quick and Buchele, 1978; Hurt, 1991), with a resulting increase in
field size (Hart, 1968) and a loss of small habitat patches (wet areas, field boun-
daries, small woods, remnant prairies, farm lanes, or other interstices). Small
habitat patches are removed if they interfere with crop tillage, planting, pro-
tection, and harvesting operations. Ecological functions of remaining small
habitat patches are affected by adjacent crop disturbance (Braband, 1986;
Freemark and Boutin, 1995; Boutinand Jobin, 1998).

When small patches are removed to support increasingly large farm equip-
ment, the distance between remaining small habitat patches increases, dimin-
ishing landscape diversity, and decreasing the ability of species to disperse to
suitable habitats through the farm landscape (Bunce and Howard, 1990;
Opdam, 1990; Mankin and Warner, 1997). Distance between wooded patches
in Wisconsin mixed farming increased from an average of 150 meters in 1882
to 400 meters in 1978 (Dunn et al., 1990, 1993). Grassland birds find suitable
habitats in Conservation Reserve Program grass patches thatare 10 hectares or
more, or aresmaller butadjacent to other grasslands (Swansonetal., 1999).

Agricultural drainage has been employed to accommodate farm equipment
access (especially as machinery increases in size and weight) and facilitate longer
cropping seasons. Subsurface drainage facilitates nutrient losses: nitrates lost
from row-crops by subsurface drainage flow are 35 times higher than losses from
Conservation Reserve fields (Randall et al., 1997). Subsurface drainage fragments
landscape structure by isolating and shrinking small wet patches (Spaling, 1995),
changes watershed boundaries, concentrates nutrients and chemical residues,
and increases rates of water and contaminant flows (Spaling and Smit, 1995).

With increased equipmentsize, more land is disturbed with each wider field
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pass. Farm equipment demands large homogeneous landscape patches for effi-
cient mobility. Tillage, planting, crop protection, and harvesting equipment
all differ in width and responsiveness because the physical size and maneuver-
ability of each piece of specialized equipment vary. A narrow planter may be
able to respond to a wet area by not planting crop seed (i.e., by maneuvering
around or suspending seed flow), but the same area may be unavoidable to
wider equipment during crop protection or harvest operations.

Large-scale agricultural equipment makes small habitat patch persistence
difficult, but it can create opportunities for small patches along boundaries. As
equipment increases in size and cultivation intensifies, small patches such as
wetlands or farmsteads may disappear. But inaccessibility to large field equip-
ment has allowed some indigenous prairie patches to remain in Iowa farm
landscapes (Schennum, 1986). Field corners where cultivation, planting,
spraying, and harvesting may be difficult or time-consuming with large equip-
ment can become small habitat patches if farmers’ aesthetic values do not lead
them to mow or eliminate weeds along these edges.

Precision agriculture, more small patches? Precision agriculture is an emerg-
ing technology that has been called “farming by the foot [of measure]”
(Batchelor et al., 1997). Precision agriculture involves four sub-systems: soil and
crop sensing to determine characteristics and yields; locational sensing (global
positioning systems); field data mapping (geographic information systems);
and precise, variable application mechanisms with automatic control (“smart”
farm equipment; Stafford, 1996). The greatest potential agronomic benefit of
precision farming is increased profitability and the decrease of unnecessary or
excessive crop inputs (Wallace, 1994; Fountas, 1998). Progressive farmers are
only beginning to adopt precision agriculture (Fountas, 1998), but like conser-
vation tillage or genetically modified crops, precision agriculture could perva-
sively affect small-patch patterns in the Corn Belt.

Precision agriculture’s variable farm equipment could change landscape
patterns both by removing some existing small patches and by creating oppor-
tunities for new small patches. Larger farm equipment and costly new technol-
ogies will be used, and farmers may seek to remove small patches that interfere
with mobility. But new equipment with variable application mechanisms will
respond flexibly to soil and crop information and identify areas that could
become small habitat patches.

If profitability increases with the use of precision agriculture techniques, it
may be another force that drives out smaller producers, those who cannot afford
the scale of farm equipment and technology necessary (van Schilfgaarde, 1999).
This would further reinforce the current trend toward larger fields and farms.
The technology and decision-support systems of precision agriculture could be
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used to estimate the profitability of fields and of areas (e.g., soil types) that are not
currently row-cropped. This could mean a conversion of non-crop cover toannual
row-crops where profitability is likely. On the other hand, it could mean the con-
version of cropland to non-crop cover where profitability is negative or erratic.

Much of the effect of precision agriculture is uncertain until widespread
adoption and successful management produces a record of results. However,
precision agriculture technology could support ecological ways of thinking
about small patches in agroecosystems by encouraging the conservation and
establishment of small habitat patches in areas where profitability is question-
able. New types of small patches could result, increasing heterogeneity and the
number of small patches throughout the crop field. Some of the increased het-
erogeneity could result from managing crop variability with differential
inputs or by creating new land covers among crops. More precise applications
of crop inputs could decrease non-point source pollution. Decreased unin-
tended drift of agrichemicals will reduce pollution of non-target ecosystems
(Paice et al., 1996, 1998). Precision agriculture could improve profitability
whileitdecreases unintended ecological effects.

New small habitat patches could be established if precision agriculture is
used to suspend all crop inputs (seed, fertilizer, pesticide) in small, unprofitable
areas (e.g.,an extremely eroded knoll or very wet soils) and replace them with an
alternative cover of perennial vegetation (Corry and Nassauer, 1998). The vege-
tative composition could vary, but would likely need to be herbaceous to reduce
interference with field operations. Small patches of forage (grasses and legumes)
could be purposeful to a livestock producer, or perennial polycultures (Soule
and Piper, 1992) may provide additional economic diversity to grain producers.
Federal (USA) agricultural policy could encourage farmers to enhance biodiver-
sity by planting herbaceous native prairie species on small patches identified by
precision agriculture, just as federal agricultural policy targeted parcel selec-
tion and biodiversity goals for Conservation Reserve parcels under the Federal
Agriculture Improvement and Reform Act of 1996 (P.L. 104-127). Finding her-
baceous compositions that can co-exist with common row-crops improves the
potential of precision agriculture to resultin new small habitat patch patterns.

Stewardship values and landscape aesthetic values
Stewardship values and landscape aesthetic values are different from land divi-
sionand ownership traditions, and different from applied science and technol-
ogy, in that they seldom are rationalized as purely economic choices. Instead,
farmers manage land for good stewardship or to display certain aesthetic char-
acteristics, like neatness, knowing that their values or the values of their com-
munity underpin their decisions. Corn Belt farmers value soil and water
conservation practices that they know represent good stewardship. Fields and
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farmsteads that look neat and weed-free are valued because they demonstrate
that the farmer is taking good care of them (Nassauer, 1979, 1988, 1989;
Nassauer and Westmacott, 1987). Because farmers employ stewardship and
aestheticvalues knowing that their management choices are not for short-term
profit, these values may be particularly powerful in enhancing small-patch pat-
terns. For example, one Iowa farmer whom we interviewed in 1998 told us that
while it made sense to him to use 24-row planting equipment across the 650
hectares of corn and soybeans that he farmed, he had planted a prairie restora-
tion on 4less profitable hectares simply because he enjoyed the way it looked.

While stewardship values tend to encourage small patches of best manage-
ment practices such as Conservation Reserve Program fields, grassed water-
ways, or riparian buffer strips, which are relatively diverse habitat in the
context of Corn Belt agriculture, the neatness aesthetic tends to discourage
diverse habitat. A neat agricultural landscape is likely to be one in which
patches of mixed herbaceous perennials along roadsides, railways, field boun-
daries, or untilled corners are replaced with row-crops or regularly mown turf
monocultures. A fence-line may be removed, or a curving field boundary that
skirts a riparian woodland may be simplified into a rectilinear shape to gain a
few square meters for cultivation but also to demonstrate the work ethic of the
farmer. Pride of ownership may yield agricultural landscapes that have been
tidied well beyond the point of economicreturn.

Elsewhere, Nassauer has discussed policy and design solutions to thisappar-
ent contradiction between the aesthetic of care and habitat diversity in agricul-
tural landscapes (Nassauer and Westmacott, 1987; Nassauer, 1988, 1989). She
demonstrates that when recognizable characteristics of care are incorporated
in the most visible areas, the good care employed in introducing habitat diver-
sity to the larger agricultural landscape is made recognizable to people by
visual cues. These recognizable characteristics include: highly selected areas of
mowing along trail or road edges; distinct, bold patterns (like strip cropping);
incorporation of vividly flowering forbs; labeling of ecological function with
explanatory signs. Neatness can be used sparingly (Nassauer, 1997). Small
patches can be sustained in the Corn Belt agricultural landscape to improve
ecological functions (e.g., sediment removal and habitat) if they display recog-
nizablelandscape characteristics that convey farmers’ good care or are immedi-
ately recognizable as good stewardship.

4.4 Recommendations to effect landscape change and apply multi-
scale management

Small-patch patterns are affected by the cultural factors of land division,
settlement patterns, and ownership, applied science and technology, and
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landscape aesthetics and stewardship. These factors create opportunities to
introduce and maintain small habitat patches on multiple scales: within fields,
within farms, and across the Corn Belt by technology or policy. To increase the
ecological function of small patches in Corn Belt agricultural landscapes, we
offer the following recommendations to policy-makers, planners, managers,
conservationists,and farmers:

4.4.1 Fieldscale

Enhance habitat by designing the shape and plant composition of small patches to
show immediately recognizable good care

Virtually all small patches are more likely to be sustained over time if they
exhibit recognizable good care. Policy incentives, conservation plans, and
farm management can make habitat patches immediately apparent as good
stewardship (e.g., with strip patterns, flowering vegetation, and recognizably
neat edges). Best management practices could be designed to enhance biodi-
versity while achieving stewardship, increasing the cultural value of small
patches in the agricultural landscape. Figure 4.3 (color plate) shows a simu-
lated, prospective stripcropping pattern of corn, soybeans, and native prairie
vegetation (Nassauer et al., 2002) that is designed to simultaneously achieve
biodiversity and yield benefits (Cruse, 1990; Ghaffarzadeh, 1997; Exneretal.,
1999). This attractive pattern of alternating row-crops and prairie cover is
likely to provide good habitat (Stallman and Best, 1996a,b; M. Clark and B.
Danielson, unpublished data) while it enhances the flows of native flora and
fauna and decreases the losses of nutrients and sediments across the culti-
vated landscape (Gilley et al., 1997). Corn Belt farmers value the recognizable
stewardship of this soil-conserving stripcropping pattern (J. I. Nassauer and
R. Corry, unpublished data). The same principles used in designing this
pattern can be used in designing other small patch types, like roadsides and
farmsteads.

Enhance the habitat value of small uncultivated patches within the agricultural

landscape: farmsteads, pastures, Conservation Reserve parcels.
While Corn Belt farms continue to become larger and more homogeneously
characterized by row-crop production, small patches of different land uses
remain. Several of these (e.g., farmsteads, pastures and Conservation Reserve
parcels) can be designed and managed to enhance biodiversity — either across
the entire land use or in small areas within that land use. For example, if the
design and management of the farmstead include gardens of native species,
rather than mown turf, the habitat value of nearby small patches is extended.
Farmsteads display neatness through mown turf, clutter-free yards, and
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well-maintained buildings and fences. Farmers typically apply the aesthetic of
care to uncultivated land uses. In pastures, care is displayed by removal of dead
wood and maintenance of an even, weed-free forage. Early in the Conservation
Reserve Program, some farmers were reluctant to enroll in the program
because the habitat created on the Program looked weedy and unkempt
(Nassauer, 1989). If neatness is used sparingly and other recognizable signs of
good care are employed as well, small habitat patches can be encouraged as part
of farmsteads, pastures, and other uncultivated land uses in agricultural land-
scapes.

4.4.2 Farmscale

Enhance habitat on land division boundaries: Roadsides, easements, and field

boundaries
These boundaries are places where small habitat patches are likely to occur,
even in a landscape of very large fields. Their function as habitat can be rein-
forced by their plant composition and management. By selecting plants from
native ecosystems and changing disturbance practices to enhance native biodi-
versity, management can improve the ecological function of small patches that
conform toland division and ownership boundaries.

Boundaries offer an opportunity to create a network of native, perennial
vegetation habitat linkages across farms and throughout the cultivated land-
scape. Figure 4.4 (color plate)illustrateshow a roadside network could improve
native biodiversity with prairie plant species and altered mowing and pesticide
application practices that create habitat for ground-nesting birds (Best et al.,
1995; Waide and Hatfield, 1995), reduce crop pest habitat (Pleasants and Bitzer,
1999), and enhance crop pest—predator habitat (Orr and Pleasants, 1996;
Landis et al., 2000). When native vegetation includes colorful, flowering plant
species, the boundaries become noticeably attractive while providing a nectar
source important to pollinators (Orr and Pleasants, 1996; Steffan-Dewenter
and Tscharntke, 1999).

Design field shapes to conform to the dimensions and capabilities of field

equipment and to intentionally enhance the patch size, connectivity, and

biodiversity of small patches that are difficult to access with field equipment
Farm landscapes are highly machined. The limited maneuverability of large
field equipment creates abruptly machined boundaries and opportunities for
small patches where planters or combines cannot gain access. New small
patches should take advantage of machinery access difficulties. Management
can maintain geometricboundaries and fit new small patches to common man-
agement patterns (e.g., corners, field borders, fencerows). More importantly,
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conservation planners and farm consultants could design field shapes toaggre-
gate small patches resulting from equipment access limitations. For example,
field shapes that include broad turning radii adjacent to roadside ditches, or
that create turning semicircles where adjacent fields intersect, could result in
larger small patches that could be managed for their herbaceous biodiversity
and still allow large equipment to pass over them at some times of the year.

Figure 4.5 (color plate) shows a remnant patch (10.1 ha) of wet tallgrass
prairie in Story County, Iowa. This part of the landscape was not converted to
cropland perhaps because of the difficulty or expense of providing drainage.
While the heterogeneous pattern of wet and dry patches within the remnant
patch indicates a diversity of shapes, the overall shape conforms to the needs of
farm equipment. The remnant occurs along field divisions, in the center of the
section, in a place where its interference with farm equipment is minimized.
Most noticeable are the straight boundaries around the patch, where edges are
maintained by machinery.

Oblique landscape elements, such as railways and powerline corridors, offer
opportunities to conserve or create small habitat patches in acute corners.
Where the grid system of land division meets with oblique features, machinery
inaccessibility is an opportunity to establish small habitat patches, and is one
reason why many small remnant patches still exist in the Corn Belt (Braband,
1986; Schennum, 1986).

4.4.3 CornBeltscale

Encourage new technology, like precision agriculture, to be applied in ways that

enhance small-patch biodiversity
Precision agriculture is being adopted by progressive farmers with large grain
operations, and will undoubtedly influence landscape change in the Corn Belt.
Precision agriculture’s data will lead to more fine-grained knowledge of soil
variability, and responsive (“smart”) farm equipment will vary inputs to
manage for highest profitability. Soil conditions that limit profitable produc-
tion of corn or soybeans suggest possible small-patch locations. If profitability
of small within-field areas is negative — such as might be the case in chronically
wet, droughty, or eroded soils — agricultural policy incentives could encourage
the planting of alternative cover types for biodiversity. Variable-rate farm
equipment could be used to create a more diverse pattern of small patches
(Corry and Nassauer, 1998). If farmers are encouraged through technical assis-
tance and agricultural policy to plant alternative covers that improve biodiver-
sity, “smart” farm equipment makes it easier to incorporate small habitat
patches while maintaining seed, fertilizer, and pesticide delivery to target
areas.
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Small-patch patterns in human-dominated landscapes

Such agricultural policy would be similar to criteria for selecting
Conservation Reserve Program fields that were relatively erodible. Small
patches of herbaceous perennial habitat dotted across cultivated fields could
extend the habitat functions of larger Conservation Reserve parcels or other
habitat reserves. The resulting landscape pattern would be consistent with
Forman’s aggregate-with-outliers land planning and management principle
(Forman, 1995).

The small patches that might result from applying precision agriculture are
approximated in a map interpreting soils data of the Walnut Creek watershed,
Iowa (Fig. 4.6). The effect of such actions across a watershed is striking, as new
small patches could appear in several fields and begin to create a landscape-
scale pattern of biodiversity.

4.5 Summary

Small patches are the most common repositories of biodiversity in the
Corn Belt. We have shown how small-patch characteristics resulting from the
cultural factors of land division, ownership, and settlement pattern traditions;
applied science and technology values and traditions; and aesthetic and ste-
wardship values can be examined for their ecological implications and designed
to enhance their ecological effects. Complementing large indigenous vegeta-
tion patches that function as core habitats, small habitat patches may improve
ecosystem functions in settled landscapes. We have demonstrated some of the
ways that small patches might be designed and managed in the Corn Belt.

Cultural factors should be considered in the development of management
strategies toimprove biodiversity in atleast three ways. First, managers should
seek opportunities to increase the number of small habitat patches by conserv-
ing them where they now exist, by establishing new patches, and by enhancing
thebiodiversity of small patches, while recognizably displaying cultural values
for the appearance of each land-use type. Second, connectivity of small patches
should be increased by using cultural boundaries to create a network of native
biodiversity. Third, management should use applied science and technology to
decrease interpatch distance between small habitat patches by increasing the
number and connectivity of small patches.

All of these management strategies should consider the opportunities and
constraints afforded by cultural factors because landscape patterns designed
without consideration of cultural factors are not sustainable (Nassauer, 1997).
Policy incentives and technical advice for creating and managing small habitat
patch patterns could help create new landscape structures for the Corn Beltand
other cultivated landscapes and ultimately improve the ecological functions of
everyday places.

109



Acknowledgments

110 ROBERT C. CORRY AND JOAN IVERSON NASSAUER

This research has been funded in part by NSF-EPA Project no. R8253335-01-0 and
aNatural Systems Agriculture Fellowship from The Land Institute. We appreciate
reviews conducted by Jianguo Liu, M. Elsbeth McPhee, and three anonymous peers.

References

Batchelor, B., Whigham, K., DeWitt, J., Heitt, T.
&Roth-Eastman, K. (1997). Introduction to
Precision Agriculture. Report no. Pm-1703.
Towa State University, Ames, IA.

Best,L.B.,Freemark, K.E.,Dinsmore,]J.J. &
Camp, M. (1995). A review and synthesis of
habitat use by breeding birds in agricultural
landscapes of Towa. American Midland
Naturalist, 134:1-29.

Bishop, R. A.,Joens, ]. & Zohrer, J.(1998). Iowa’s
wetlands, present and future with a focus on
prairie potholes. Journal of theIowa Academy of
Sciences, 105: 89-93.

Boutin, C. & Jobin, B.(1998). Intensity of
agricultural practices and effects on adjacent
habitats. Ecological Applications, 8: 544-557.

Braband, L.(1986). Railroad grasslands as bird
and mammal habitats in central Iowa.In The
Prairie: Past, Present, and Future: Proceedings of
the 9th North American Prairie Conference, July
29-August 1, 1984, Moorhead, Minnesota,

eds. G.K. Clambey & R. H. Pemble, pp. 86-90.

Tri-College University Center for
Environmental Studies, Fargo, ND.

Bunce,R. G.H. &Howard, D. C. (eds.)(1990).
Species Dispersal in Agricultural Habitats. Pinter
Publishers, Irvington, NY.

Cochrane, W. W. & Runge, C.F.(1992). Reforming
Farm Policy: Toward a National Agenda. Towa
State University Press, Ames, IA.

Colunga-Garcia, M., Gage, S. H. & Landis, D. A.
(1997).Response of an assemblage of
Coccinellidae (Coleoptera) to a diverse
agricultural landscape. Environmental
Entomology, 26: 797-804.

Cooper,A.B., Smith, C. M. & Smith, M. ].(1995).
Effects of riparian set-aside on soil
characteristics in an agricultural landscape:
Implications for nutrient transport and
retention. Agriculture, Ecosystems and
Environment,55: 61-67.

Corry,R.C. & Nassauer, J.1.(1998). Using
precision agriculture to enhance landscape

structure in a Corn Belt agricultural
watershed. In Proceedings of the 4th
International Conference on Precision Agriculture,
eds.P.C.Robert,R.H.Rust & W. E. Larson,
pp-547-557.Agronomy Society of America,
Crop Science Society of America, Soil Science
Society of America, St. Paul, MN.

Cruse, R. M. (1990). Strip intercropping. In
Farming Systems for Iowa: Seeking Alternatives,
ed. D.Keeney, pp. 39-41.Leopold Center for
Sustainable Agriculture, Ames, IA.

Dunn, C. P, Sharpe, D. M., Guntenspergen, G.
R.,Stearns, F. & Yang, Z.(1990). Methods for
analyzing temporal changes in landscape
pattern. In Quantitative Methods in Landscape
Ecology,eds. M. G. Turner & R. H. Gardner,
pp- 173-198. Springer-Verlag, New York.

Dunn, C. P, Stearns, F., Guntenspergen, G.R. &
Sharpe, D. M. (1993). Ecological benefits of
the Conservation Reserve Program.
Conservation Biology, 7: 132-139.

Dyer, L.E. &Landis, D. A.(1997). Influence of
noncrop habitats on the distribution of
Eriborus terebrans (Hymenoptera:
Ichneumonidae)in cornfields. Environmental
Entomology, 26: 924-932.

Edwards, W. M. & Owens, L. B.(1991). Large
storm effects on total soil erosion. Journal of
Soil and Water Conservation, 46:75-78.

Exner, D.N., Davidson, D. G., Ghaffarzadeh, M.
& Cruse, R. M. (1999).Yields and returns
from strip intercropping on six Iowa farms.
American Journal of Alternative Agriculture, 14:
69-77.

Forman, R. T.T.(1995). Land Mosaics. Cambridge
University Press, Cambridge, UK.

Forman, R.T.T. & Godron, M. (1986). Landscape
Ecology.John Wiley, Toronto, Canada.

Fountas, S.(1998). Market research on the views
and perceptions of farmers about the role of
crop management within precision farming.
MSc thesis, Silsoe College, Cranfield
University, Bedford, UK.



Small-patch patterns in human-dominated landscapes

Freemark, K. & Boutin, C.(1995). Impacts of
agricultural herbicide use on terrestrial
wildlife in temperate landscapes: A review
with special reference to North America.
Agriculture, Ecosystems and Environment, 52:
67-91.

Galatowitsch, S. M. & van der Valk, A. G.(1994).
Restoring Prairie Wetlands: An Ecological
Approach.Towa State University Press, Ames,
IA.

Ghaffarzadeh, M. (1997). Economicand
biological benefits of intercropping berseem
clover with oat in corn—-soybean—oat
rotations. Journal of Production Agriculture, 10:
314-319.

Gilley,].E.,Kramer, L. A., Cruse, R. M. & Hull, A.

(1997). Sediment movement within a strip
intercropping system. Journal of Soil and Water
Conservation, 52: 443—447.

Hart, J. F.(1968). Field patterns in Indiana.
Geographical Review, 58: 450—471.

Hart, ]. F.(1975). The Look of the Land. Prentice-
Hall, Englewood Cliffs, NJ.

Hart, J. F.(1998). The Rural Landscape. Johns
Hopkins University Press, Baltimore, MD.

Havera, S.P., Suloway, L. B. & Hoffman, J. E.
(1997). Wetlands in the Midwest with special
reference to Illinois. In Conservation in Highly

Fragmented Landscapes, ed. M. W. Schwartz, pp.

88-104. Chapman & Hall, New York.

Herkert, J.R.(1994). The effects of habitat
fragmentation on midwestern grassland
bird communities. Ecological Applications, 4:
461-471.

Hobbs, R.].(1993). Effects of landscape
fragmentation on ecosystem processes in the
western Australian Wheatbelt. Biological
Conservation, 64: 193-201.

Hudson, J. C.(1992). Crossing the Heartland:
Chicago to Denver. Rutgers University Press,
New Brunswick, NJ.

Hurt, R.D.(1991). Agricultural technology in
the twentieth century. Journal of the West, 30:
2-100.

Johnson, H.B.(1957). Rational and ecological
aspects of the quarter section: An example
from Minnesota. Geographical Review, 47:
330-348.

Johnson, H. B.(1976). Order upon the Land: The US
Rectangular Land Survey and the Upper
Mississippi Country. Oxford University Press,
New York.

Kirsch, E. M. (1997). Small mammal
community composition in cornfields,
roadside ditches, and prairies in eastern
Nebraska. Natural Areas Journal, 17: 204—211.

Lal,R.,Follett,R.F.,Kimble,]. & Cole, C. V.
(1999). Managing US cropland to sequester
carbon in soil. Journal of Soil and Water
Conservation, 54:374-381.

Landis, D. A., Wratten, S. D. & Gurt, G. M.
(2000). Habitat management to conserve
natural enemies of arthropod pests in
agriculture. Annual Review of Entomology, 45:
175-201.

Ludwig, J. A.(1999). Disturbance and
landscapes: Thelittle things count. In Issues
inLandscapeEcology, eds.]. A.Wiens & M. R.
Moss, pp. 59-63. International Association
for Landscape Ecology, Guelph, Canada.

Mankin, P.C. & Warner, R. E.(1997). Mammals
of Illinois and the Midwest: Ecological and
conservation issues for human-dominated
landscapes. In Conservation in Highly
Fragmented Landscapes, ed. M. W. Schwartz, pp.
135-153. Chapman & Hall, New York.

Marino, P. C. & Landis, D. A.(1996). Effect of
landscape structure on parasitoid diversity
and parasitism in agroecosystems. Ecological
Applications, 6: 276-284.

Meine, C.(1997). Inherit the grid. In Placing
Nature: Culture and Landscape Ecology, ed.J. I.
Nassauer, pp. 45-62.Island Press,
Washington, D.C.

Merriam, G. & Lanoue, A. (1990). Corridor use
by small mammals: Field measurement for
three experimental types of Peromyscus
leucopus. Landscape Ecology, 4: 123-132.

Nassauet, J. 1. (1979). Managing for naturalness in
wildland and agricultural landscapes. Report no.
PSW-35.US Department of Agriculture
Pacific Southwest Forest and Range
Experiment Station, Berkeley, CA.

Nassauet, J. 1. (1988). Landscape Care: Perceptions of
Local People in Landscape Ecology and Sustainable
Development, Landscape and Land Use
Planning no. 8. American Society of
Landscape Architects, Washington, D. C.

Nassauer, J.I.(1989). Agricultural policy and
aesthetic objectives. Journal of Soil and Water
Conservation,44: 384—387.

Nassauer,].I.(1992). The appearance of
ecological systems as a matter of policy.
Landscape Ecology, 6: 239-250.

111



112

ROBERT C. CORRY AND JOAN IVERSON NASSAUER

Nassauer, J.I.(1995). Culture and changing
landscape structure. Landscape Ecology, 10:
229-237.

Nassauer, J.1.(1997). The culture of nature.
Cultural sustainability: Aligning aesthetics
and ecology. In Placing Nature: Culture and
Landscape Ecology, ed.].1. Nassauer, pp. 65-83.
Island Press, Washington, D.C.

Nassauer,J.I., Corry, R. C. & Cruse, R. M. (2002).
Alternative future landscapes scenarios:
Ameans to consider agricultural policy.
Journal of Soil and Water Conservation, 57:2.

Nassauer, J.I. & Westmacott, R.(1987).
Progressiveness among farmers as a factorin
heterogeneity of farmed landscapes. In
Landscape Heterogeneity and Disturbance, ed. M.
G.Turner, pp. 199-210. Springer-Verlag,
New York.

Nentwig, W.(1989). Augmentation of
beneficial arthropods by strip management
2. Successional strips in a winter wheat field.
Journal of Plant Diseases and Protection, 1:
89-99.

Noss, R.F. & Cooperrider, A.(1994). Saving
Nature’s Legacy. Island Press, Washington, D. C.

Opdam, P.(1990). Dispersal in fragmented
populations: The key to survival. In Species
Dispersal inAgricultural Habitats, eds. R. G. H.
Bunce &D. C. Howard, pp. 3—17.Belhaven
Press, New York.

Orr, D. B. & Pleasants, J. M. (1996). The potential
of native prairie plant species to enhance the
effectiveness of the Ostrinia nubilalis
parasitoid Macrocentrus grandii. Journal of the
Kansas Entomological Society, 69: 133—-143.

Paice, M. E.R., Miller, P. C. H. & Day, W. (1996).
Control requirements for spatially selective
herbicide sprayers. Computers and Electronics in
Agriculture, 14: 163-177.

Paice, M.E.R., Day, W., Rew, L. J. & Howard, A.
(1998). Astochastic simulation model for
evaluating the concept of patch spraying.
Weed Research,38:373-388.

Peterjohn, W.T. & Correll, D.L.(1984). Nutrient
dynamics in an agricultural watershed:
Observations on the role of a riparian forest.
Ecology, 65: 1466—-1475.

Pioneer Hi-Bred Limited (1999). 1999/2000 Crop
Notes. Pioneer Hi-Bred Limited, Chatham,
Canada.

Pleasants, . M. &Bitzer, R.J.(1999).
Aggregationsites for adult European corn

borers (Lepidoptera: Crambidae): A
comparison of prairie and non-native
vegetation. Environmental Entomology, 28:
608-617.

Quick, G. & Buchele, W.(1978). The Grain
Harvesters. American Society of Agricultural
Engineers, St.Joseph, ML

Randall, G.W.,Huggins, D.R., Russelle, M. P.,
Fuchs, D.]J., Nelson, W. W. & Anderson, J. L.
(1997).Nitrate losses through subsurface tile
drainagein Conservation Reserve Program,
alfalfa,and row crop systems. Journal of
Environmental Quality, 26: 1240-1247.

Random House (1987). The Random House
Dictionary of the English Language. Random
House, New York.

Robertson, K.R., Anderson, R.C. & Schwartz,
M. W. (1997). The tallgrass prairie mosaic. In
Conservation in Highly Fragmented Landscapes,
ed. M. W. Schwartz, pp. 154-188. Chapman &
Hall, New York.

Ryszkowski, L. & Kedziora, A.(1987). Impact of
agricultural landscape structure on energy
flow and water cycling. Landscape Ecology, 1:
85-94.

Ryszkowski, L., Bartoszewicz, A. & Kedziora, A.
(1999). Management of matter fluxes by
biogeochemical barriers at the agricultural
landscapelevel. Landscape Ecology, 14:
479-492.

Sayre, R.F.(1999). Recovering the Prairic.
University of Wisconsin Press, Madison, WI.

Schennum, W. E.(1986). A comprehensive
survey for prairie remnants in Iowa: Methods
and preliminary results. In The Prairie: Past,
Present, and Future: Proceedings of the 9th North
American Prairie Conference, July 29-August 1,
1984, Moorhead, Minnesota, eds. G. K.
Clambey & R.H. Pemble, pp. 163-168. Tri-
College University Center for Environmental
Studies, Fargo, ND.

Schwartz, M. W. & van Mantgem, P.].(1997).
The value of small preserves in chronically
fragmented landscapes. In Conservation in
Highly Fragmented Landscapes, ed. M. W.
Schwartz, pp. 379-394. Chapman & Hall,
New York.

Smith, D. D.(1998).Iowa prairie: Original
extentand loss, preservation and recovery
attempts. Journal of theIowa Academy of Science,
105:94-108.

Soule, J. D. & Piper, J. K. (1992). Farming in



Small-patch patterns in human-dominated landscapes

Nature’sImage: An Ecological Approach to
Agriculture.Island Press, Washington, D.C.

Spaling, H. (1995). Analyzing cumulative
environmental effects of agricultural land
drainagein southern Ontario, Canada.
Agriculture Ecosystems and Environment, 53:
279-292.

Spaling, H. & Smit, B.(1995). A conceptual
model of cumulative environmental effects
of agricultural land drainage. Agriculture,
Ecosystems and Environment, 53: 99-108.

Stafford, J. V.(1996). Introduction: Spatially
variable field operations. Computers and
Electronics in Agriculture, 14: 99-100.

Stallman, H.R. & Best, L. B.(1996a). Bird use of
an experimental strip intercropping system
in northeastIowa. Journal of Wildlife
Management, 60: 354—362.

Stallman, H.R. & Best, L. B.(1996b). Small-
mammal use of an experimental strip
intercropping system in northeastern Iowa.
American Midland Naturalist, 135: 266-273.

Steffan-Dewenter, I. & Tscharntke, T.(1999).
Effects of habitat isolation on pollinator
communities and seed set. Oecologia, 121:
432-440.

Sutter, G. C., Davis, S. K. & Duncan, D. C. (2000).
Grassland songbird abundance along roads
and trails in southern Saskatchewan. Journal
of Field Ornithology,71: 110-116.

Swanson, D. A., Scott, D. P. &Risley, D. L. (1999).
Wildlife benefits of the Conservation Reserve
Program in Ohio. Journal of Soil and Water
Conservation, 54: 390-394.

Thomas, M. B., Wratten, S. D. & Sotherton, N.
W.(1991). Creation of island habitats in
farmland to manipulate populations of
beneficial arthropods: Predator densities and
emigration. Journal of Applied Ecology, 28:
906-917.

US Department of Agriculture National
Agricultural Statistics Service (1999). 1997
Census of Agriculture: Iowa State and County
Data.Report no. AC97-A-15.US Department
of Agriculture, Washington, D.C.

van Schilfgaarde,J.(1999).Is precision
agriculture sustainable? American Journal of
AlternativeAgriculture, 14: 43-46.

Waide, J. B. & Hatfield, J. L. (1995). Preliminary
MASTER Assessment of theImpacts of Alternative
Agricultural Management Practices on Ecological
and Water Resource Attributes of Walnut Creck
Watershed, Iowa. Report no. 07IMG1718:
68-C0-0050. FTN Associates, Limited, Little
Rock, AR.

Wallace, A. (1994). High-precision agriculture
isan excellent tool for conservation of
natural resources. Communications in Soil
Science and Plant Analysis, 25: 45—49.

Wegner, J. & Merriam, G. (1990). Use of spatial
elementsinafarmland mosaicbya
woodland rodent. Biological Conservation, 54:
263-276.

Young,R.A.,Reichenbach, M. & Perkuhn, F.
(1985). PNIF management: A social-
psychological study of owners in Illinois.
NorthernJournal of Applied Forestry, 2: 91-94.

113



CHARLES F. RABENI AND SCOTT P. SOWA

114

Alandscape approach to managing
the biota of streams

5.1 Introduction

Although landscape ecology is generally considered a terrestrial disci-
pline, ecologists working on streams and rivers havelongbeen interested in the
spatial relations and geographical distribution of aquatic organisms and their
habitats. In fact, if alandscape is defined as a spatially heterogeneous area, and
landscape ecology as the study of its structure, function, and change (Turner,
1989), then landscape ecology has the potential to be an important force in the
appropriate management of streams and rivers. The application of landscape
ecology to riverine management is particularly well suited to three classes of
activities: conservation of biodiversity, fisheries management, and restora-
tion/rehabilitation of biological integrity.

In this chapter we review relevant stream-ecology concepts that encompass a
landscape perspective and link these concepts to current management prac-
tices. Weargue, with examples, that scale-dependent processes that are valuable
to society underlie biotic patterns in streams. We show how recent evidence
links certain land-use activities with altered stream condition, and attempt to
present the underlying mechanisms responsible. To show the integration of
landscape principles with practical management, we present examples related
to stream restoration, recreational fishing, and a case study of an ongoing
project to prioritize the conservation of aquatic biodiversity on a regional basis.

5.2 Landscape elements of stream ecology

Several categories of concepts have been developed to explain how
streams function in the context of the landscape (Ward, 1989; Lorenz et al.,
1997): concepts that focus on longitudinal changes of the biota; concepts
emphasizinglateral interactions; concepts that integrate longitudinal, lateral,
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and vertical dimensions of streams; and concepts emphasizing spatial hier-
archies and temporal changes.

5.2.1 Spatial relations

The biological zonation concept examined the distribution of stream fauna
from headwaters to river mouth and was related to broad-scale influences of
flow and temperature for fishes (Huet, 1954) and invertebrates (Illies and
Botosaneanu, 1963). This concept detailed how species distributions changed
along a gradient, but was not much concerned with interactions outside the
wetted channel. Other concepts have related continuums of stream processes
to particularlandscape influences.

The river continuum concept (RCC) (Vannote et al., 1980) described both func-
tional and structural aspects along entire rivers: specifically that the resident
fauna evolved in response to changes in the physical environment. The abiotic
environment presents a gradient of physical and geomorphic conditions
throughout a river system that controls energy relationships and the corre-
sponding biota.In headwaters, primary production is limited by shading, and
inputs from riparian vegetation provide the major carbon inputs. The inverte-
brate community is dominated by shredders that break down coarse particu-
late organic matter. In midreaches, where shading is less prevalent,
within-stream primary production by attached algae is the dominant energy
source. Taking advantage of this energy source are invertebrates capable of
scraping algae from exposed surfaces. Environmental heterogeneity is high,
resulting in high species diversity. Farther downstream, in what are referred to
as big rivers, greater depths and turbidity reduce primary production, and
major energy sources are inputs of detritus from upstream, tributaries, and the
floodplain. Collector invertebrates, those subsisting on fine particulate organic
matter, tend to dominate. The river continuum concept linked invertebrate
associations to available organic resources that reflect the influence of the land-
scape through which theriver flows.

The spatial organization of nutrients within the context of the RCC was
examined by the nutrient spiraling concept (Newbold et al., 1981) to explain the
use of nutrients as they move downstream. Spiraling length refers to the dis-
tance along the river traveled by a nutrient element during a cycle between
abiotic and biotic components. Spiraling efficiency, the length of the spiral,
depends upon flow conditions and biotic and abiotic retention mechanisms.
The stream hydraulics concept (Statzner and Higler, 1986)argues that the longitu-
dinal zonation of stream faunais a result of distinct changes in stream hydraul-
ics determined by geomorphological and hydrological conditions on the river
rather than gradual gradients of abiotic factors.
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While many concepts involved influences and biotic changes occurring lon-
gitudinally along a stream, or lateral influences adjacent to the stream, others
have proposed a more catchment-oriented view to understanding processes in
lotic systems. Integrated catchment concepts, which recognized how stream biota
were influenced by general features of the landscape, were developed by Ross
(1963) using caddisflies as a model and by Hynes (1975) who synthesized
current thinking about how geology and vegetation influence water quality
and thus the productivity of streams. More recently there have been classifica-
tion schemes (e.g., Frissell et al., 1986) using a hierarchical theory framework
for streams that emphasized the relation of a stream to its catchment across a
widerange of spatial and temporal scales.

5.2.2 Temporal relations

Long-standing managementstrategies for rivers and streams thatempha-
size the stabilization of habitats, reduction of flow variations, and general
taming of running waters have been challenged and criticized by emerging ideas
thatadynamicstream subject to periodic unpredictable disturbances is a stream
with naturally high biodiversity and productivity. Increasingly, scientists are
understanding important temporal aspects of running water systems that
overlay spatial considerations. The intuitive notion that altering flows of rivers
and streams will detrimentally impact resident biota was formalized with The
natural flow paradigm (Poff et al., 1997). That synthesis examined how region and
scale-specific flow regimes, specifically the magnitude, frequency, duration,
timing, and rate of change of flows, regulate ecological processes and are of
central importance in sustaining ecological integrity.

The flood pulse concept (Junk et al., 1989) more fully integrated lateral and tem-
poral aspects of the river continuum concept by explaining the importance of
an intact channel floodplain system to the overall functioning of large rivers. It
examined the physical and ecological linkages between the main channel and
its floodplain as a holistic unit. Annual flooding brings carbon and other nutri-
ents, sediment, and biota onto the floodplain, which determines the overall fer-
tility of the floodplain. Systems undergoing periodic flooding show high
habitat diversity, but with varying stability and persistence. This encourages
high biotic diversities. Many river organisms have life-cycle events timed to the
annual flood and use it extensively for spawning, as a food base, and as a refuge.
Large rivers with intact natural floodplains provide the additional societal ben-
efits of reducing flood effects; stimulating fish production; and providing addi-
tional filtration of nutrients, toxins,and sediments by floodplain vegetation.

Disturbanceis a central organizing principle of landscape ecology and under-
standing its application to lotic ecosystems has the potential to contribute sub-
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stantially to effective management. Reice et al.(1990) concluded from an exten-
sive review of disturbance studies in streams that the resident biota often
conform to Huston’s dynamic equilibrium model (1979). This concept states
that if the recurrence interval of a disturbance is shorter than the time neces-
sary for biotic interactions of competition or predation to eliminate other
species, the poorer competitors persist in the system and diversity is high.
Thus, the natural state of a stream community, as measured by community
structure or as biodiversity, can be viewed as being in perpetual recovery from a
catastrophe.

As is known for terrestrial situations, the response of stream biota to a dis-
turbance is not uniform throughout the system but will depend upon the
number, size,and arrangement of habitats, or patches. A patchisahomogeneous
spatial unit defined on the basis of topography, substrate, habitat type, or any
other parameter of interest, the size of which is appropriate to the organism or
questionathand. A patch canbe of any size and examplesinstreamsareasingle
stone, a riffle, a riffle-run—pool complex, or an entire headwaters section. A
framework for the application of patch dynamics to problems in lotic ecology
was provided by Pringle et al.(1988) who viewed streams as mosaics of patches.
The mosaic of patches, their sizes, densities, relations to one another, and dura-
tions, all affectlotic system function. Patch characteristics influence taxonomic
diversity and abundance, and the simplification of patch characteristics
usually results in simplification of associated biota. Not only do patch mosaics
increase habitat diversity, they are differentially susceptible to various levels of
disturbance, so the patch mosaic influences, to a great extent, the overall
response of the biota to disturbances of different magnitudes, frequencies,and
durations. Such a hierarchical framework of both river and patch dynamics
concepts at the catchment scale allows the prediction of patterns of ecological
variables in the river basin (Lorenz et al., 1997).

Most stream ecology concepts reviewed here are based, to some extent, on
landscape ecology principles. They derive much of their explanatory power by
acknowledging the spatial or temporal heterogeneity of a stream system,
dividing that stream system into smaller, more homogeneous areas, e.g.,
upstream-downstream, channel-floodplain, and then explaining how the
structure and function of these small units interact to determine the overall
structure and function of the larger area. We will next explore the extent of
how these concepts are being transferred into useful management tools.

5.3 Issuesofscaleinriverine management

“Watershed management” and “ecosystem management” are common
phrases found in management plans and strategic planning documents of
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most natural resource agencies. Programs dealing with streams presently
emphasize a broader scale or landscape perspective, but rarely consider the
integration of landscape ecology principles. However, viewing a stream in its
geographic context is an important step for aquatic managers who have gener-
ally lacked the perspective of space and time long held by geomorphologists
and other physical scientists (Swansonetal., 1988).

5.3.1 Theimportance of scale

Understanding and predicting for management purposes requires elu-
cidating the mechanisms underlying observed patterns, and it is important to
recognize that these mechanisms often operate at differentscales than those on
which the patterns are observed (Levin, 1992). Management of stream biota is
usually carried out as management of habitat (primarily physical structureand
water quality, but also flow and food), and understanding the temporal and
spatial relations of organisms to their habitatsis vital. The habitat for a stream-
dwelling organism may be defined as the local physicochemical and biological
features of the site that constitute the environment throughoutits life cycle. Of
importance to a manager is that, although organisms respond to local condi-
tions, some of these conditions originate far from the stream. Some locally
expressed elements of the habitat — such as water temperature, nutrients, dis-
solved oxygen, sediment composition, and flow regime — are reflections of
broader-scale catchmentinfluences (Fig. 5.1). These watershed-level influences
may determine the overall livability of a stream and its capacity for production
and biodiversity. The US National Academy of Sciences report on the restora-
tion of aquatic ecosystems stressed that the recognition of watershed-level
factorsas agents of change within stream systems is the critical first step toward
conservationand restoration of the processes that create and maintain habitats
of native stream biota (National Research Council, 1992).

Becauseitislikely thatstream biotaare influenced by factors operating at dif-
ferent scales and the interaction of factors between scales, sorting out the causa-
tive variables is of paramount concern to managers. A scientist studying
site-specific phenomena of a stream views the world from a different perspec-
tive than ascientist using remote sensing to examine landscape-level features of
that same stream. It should not be surprising given these different perspectives
that different conclusions concerning the structure and functioning of any one
system occur. The most common approach to examining environmental influ-
ences on stream biota has been non-mechanistic and correlative. Wiley ez al.
(1997)showed how contradictory findings are possible when examining factors
controlling stream communities from different spatial scales in Michigan trout
streams. Landscape-level analyses determined that a biotic community was
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FIGURE 5.1

Influences on stream biota delineated into factors operating primarily at the local
sitelevel, requiring local management, and those originating at the watershed level,
requiring watershed-scale management. Adapted from Rabeni (1995).

responsive to large-scale patterns of geology and hydrology. Site-based studies,
however, showed local physical and biotic control. This study is also significant
because it provides a model, based on the decomposition of variances from
ANOVA, for integrating processes operating at different scales, and empha-
sizes that quantifying the importance of factors operating at different scales
requires not only sampling at different spatial scales, but also repeated site-
based sampling over time.

Managers of streams must recognize that the well-being of the fauna
depends upon conditions in the stream channel, riparian zone, and watershed,
and that larger spatial scales often relate to longer timeframes. Because influ-
ences are hierarchical in nature, where larger broad-scale factors influence
smaller-scale factors, but not vice versa (Wiens, 1989), management must occur
at the proper scale to be effective. This is easier said than done because while
much is known about small-scale processes that influence biota, little is under-
stood of the important influences of large-scale processes. Poff (1997) pre-
sented a potentially useful concept on how environmental constraints
imposed at different scales — termed “habitat filters” — may determine local
community composition. Species must have appropriate functional attributes
(species traits) to pass through the nested filters that can be associated with
many hierarchical levels, including the watershed, reach, or channel unit. This
is a biologically based approach that could offer more understanding than the
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more common correlative approaches to predicting causes of species distribu-
tions.

Hierarchies of space or time may not match hierarchies of processes and
factors affecting populations. For example, physical and biological factors
believed to be important to the production of Atlantic salmon (Salmo salar) were
arranged in a process hierarchy that was shown not to be particularly well cor-
related with ahierarchy of scale (Armstronget al., 1998) - thus emphasizing the
need to integrateacross scales in order to understand biotic conditions.

5.3.2 Scale effects: Interaction of land and stream

Interactions between scales that are of interest to management can occur
atmultipleareas within watersheds. For example,acommon practice toimprove
salmonid spawning habitat has been to add gravel to silted-in riffles. Most of
these efforts fail after a short period because the cause is a change in sediment
loading caused by the alteration of channel structure. An illustration at a water-
shed scale of the consequences of ignoring basic scale issues is the fish-habitat
restoration efforts at Fish Creek, on the Mt. Hood National Forest, in Oregon
(Reeves et al., 1997). This watershed was subjected to several decades of intense
road building and logging. Salvage logging occurred in the riparian zone prior
to the mid-1980s and an intensive debris-clearing operation was carried out in
the channel in 1964. Beginning around 1981 the US Forest Service embarked on
an ambitious program to restore in-channel habitat for salmon and trout.
During the period from 1986 to 1988 more than 500 log and boulder structures
were anchored together with cable and epoxy and located along the stream bank.
A major rain and associated flood in 1996 caused extensive landslides that deliv-
ered substantial sediment to the stream. Almost half of over 200 landslides that
were inventoried were caused by timber harvest, while a third were caused by
roads. The flood dislodged and destroyed over half of the habitat restoration
structures. Most structures were carried entirely out of the basin. In retrospect, it
isapparent thatland managers failed to link the effects of pastland management
activities with processes governing the stream. Efforts should have been made to
address catchment up-slope conditions before initiating in-channel projects.

5.3.3 Scaleissues in recreational fisheries management

Fisheries management can be considerably enhanced by a multi-scale
perspective which we illustrate with results of studies of the relations of a fish
population to stream conditions in the Jacks Fork River, Missouri, at three
spatial scales: the ecoregion, the stream system, and the stream reach (Rabeni
and Sowa, 1996) (Fig. 5.2). The question of interest was related to recreational
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Factors affecting population characteristics of smallmouth bass at three spatial
scales.
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fishing: What were the manageable factors to improve fishing opportunities
for smallmouth bass (Micropterus dolomieu) in Missouri streams? This necessi-
tated determining the most important factors influencing smallmouth bass
distribution and abundance.

First, we assessed reach-scale habitat influences. Habitat use of smallmouth
bass during warm-water periods was evaluated by underwater observation and
radio telemetry, where fish were found to be associated with some type of cover:
logs, rootwads, or boulders. With the onset of winter there was a shift in habitat
use from strong associations with downed trees, logs, and rootwads to a much
greater association with boulders. Water depth and current velocities were
important as elements of intraspecific segregation where larger fish occupied
slower and deeper habitats. Fish in all seasons avoided shallow water and
existed almost exclusively in current velocities below 0.2 m/s. Our conclusions,
derived from study at the reach scale, were that fish use of habitat was related
to,and probably influenced by, local depths, water velocities, substrate compo-
sition, and fish cover characteristics.

At the stream-system scale, we evaluated habitat use by modeling relations
of fish population characteristics to various habitat elements (Fig. 5.2). Our
multiple regression models showed little or no significant associations of
either density or biomass of smallmouth bass with any aspect of depth, veloc-
ity, substrate, or woody structure. Variables explaining the most variation in
smallmouth bass population characteristics were the amount of boulders and
theamountof undercutbank.

The fluvial-geomorphic forces shaping a particular reach of the Jacks Fork
River differ within the catchment. In upstream areas the stream is constrained
by limestone formations and water flows in narrow valleys with adjacent
bedrock bluffs and channel sinuosity is low. Along bedrock bluffs, cobbles and
boulders dominate the stream bed material. Between bluffs, fine alluvium sup-
ports dense and well-rooted riparian vegetation that has been undercut by the
forces of high water. Downstream the valley widens considerably and sinuosity
increases. Bedrock bluffs and undercut banks become a smaller proportion of
thestream’slength and the channel is increasingly bordered by alluvial materi-
als. Populations of smallmouth bass are greatest in upstream reaches and there
is a strong, significant inverse relation between valley width and fish abun-
dance. Thus, valley width appears to be a good indicator of the overall potential
of areach to supportasmallmouth bass population. This stream-scale analysis
demonstrates how the potential to support smallmouth bass in a particular
stretch of stream may be predicted by habitat variables controlled by
fluvial-geomorphic processes.

Finally, to assess the regional-scale influences, we performed a more encom-
passing analysis of smallmouth bass abundance in a number of streams
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throughout the Ozark Border region. Multiple regression models relating
habitat conditions to fish population density and biomass indicated that fewer
and smaller fish were found in streams that had higher summer temperatures
(due to reduced shading) and high pool-to-riffle area ratios. These significant
variables related to the broad-scale features of the physiographic setting. We
concluded that these variables were important because contemporary temper-
ature regimes have increased relative to historical conditions, and natural
pool-riffle morphology has changed to more uniform run—pool conditions
because of land-use activities related to agriculture in the region.

Cover characteristics were not related to the abundance of fish across
streams, which contradicts conclusions made from studies at smaller spatial
scales. However, when each stream of the regional study was partitioned in
half, the portion of stream with the most cover usually possessed the greatest
biomass and density of fish. This again supports the premise of the existence of
a hierarchical influence of scale effects in aquatic systems, where the broader-
scale influences set limits for smaller-scale determinants. The sum of informa-
tion gained from hierarchical investigations will help determine where the
most efficient management efforts should be placed. In our example, it is
evident that attempts at improving the smallmouth fishery will require more
than just local habitat manipulations. Efforts must focus on restoring more
natural thermal regimes and channel morphology, which will require wide-
spread land-use changes and riparian restorations.

5.3.4 Socialand political considerations of managing at multiple scales

Most stream management continues to deal with such matters as point-
source pollution, local physical fish-habitat repairs, the obvious effect of a dis-
turbance such as a road crossing, construction, or the stocking of a recreational
fish species. These small projects are relatively easy to attack and results of
actions are often immediate and therefore satisfying. Local activities often
garner strong political and agency support. Managementat the landscape level
is much more complex, both scientifically and politically. Management strate-
gies requiring control of a substantial percentage of a catchmentand which are
not likely to show results for several decades frequently have little political
support, regardless of how soundly grounded in science the strategies might
be.

Managementapproaches encompassing atleast broad-scale spatial perspec-
tives are becoming more common, although acknowledgments of, or interest
in, interactions across scales are rare. So-called “Big Picture” programs are
found within many US federal natural resource agencies. Examplesinclude the
Environmental Protection Agency’s Regional EMAP program, each region of
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which encompasses several states; the US Geological Survey’s (USGS)/NAWQA
(National Water Quality Assessment) program which is national but selective
in scope; many ecosystem-based research initiates (e.g., Yellowstone,
Everglades) by the Biological Resources Division of the USGS; and the
Ecosystem Teams initiatives from each of the regional offices of the US Fishand
Wildlife Service. Programs within a single agency are apt to show the greatest
success because there tends to be a single goal or at least a set of common goals.
However, using a broad-scale perspective usually means involving more inter-
est groups or “stakeholders.” Williams et al. (1997) report on 13 case studies
where coalitions of government agencies — federal, state, regional, and local -
along with diverse non-government agencies have implemented comprehen-
sive watershed-level restorations. While some were meeting restoration objec-
tives, the authors admit they had a difficult time finding many successful
examples of true watershed restoration — ones that incorporated watershed-
level ecological principles. Most so-called watershed restorations were nar-
rowly focused, without clear objectives, too short term, and with little or no
means of evaluation.

Even the most well-planned and funded programsare hindered by naturally
competing political interests. A case in point is the large-scale experimental
disturbance floods carried out on the Colorado River. As Schmidt et al. (1998)
explain, restoration of something the size and complexity of a major river will
involve different goals which will differentially affect the status of individual
resources. Trade-offs are required because no strategy will improve the status
of every riverine resource. Compromises often leave adherents of a particular
position unsatisfied and less likely to be strong proponents of further projects.

Another obstacle to practical broad-scale management is the presence of
political boundaries that do not capture the extent of the needed management
area. For example, Allan et al. (1997) examined the Raisin River basin in
Michigan and found scale-dependentinfluences on stream health. Local condi-
tions determined habitat structure and vegetation cover, whereas land use and
land coverat considerable distances from the stream influenced important pro-
cesses such as nutrient input, sediment delivery, and aspects of flow. However,
Allanetal.(1997) concluded that implementation of a comprehensive manage-
ment plan for this river would be nearly impossible due to the jurisdictional
complexity of governmental responsibility. Eighteen federal, state, regional,
and local entities were involved in regulatory and planning activities which
was entirely too many for effective coordination. In Michigan, local-level
governments wield the most authority, but their geographically limited
authority precludes appropriate efforts to manage entire river basins.

An extreme example of jurisdictional complexity is found in attempts to
properly manage fish species of the Mississippi River and its tributaries. Fish
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species that move between management jurisdictions create complex
resource-management problems related to development of regulations, licens-
ing, enforcement, and management strategies. In the Mississippi River basin
some fishes have limited distributions but may be differentially managed by
states on either side of the river, while many species (i.e., catfish species, stur-
geon species, and paddlefish) may move hundreds of kilometers during their
lifetimes which would involve multiple management jurisdictions. Recently
26 state conservation departments having fisheries management jurisdiction
in the Mississippi River basin (the Mississippi, Missouri, Tennessee, Ohio,
Arkansas, and Red rivers and their tributaries) have banded together to form
the Mississippi Interstate Cooperative Resource Agreement (MICRA) to share
resources, facilities, and funding for implementation of strategic plans to
address management needs of interjurisdictional fisheries. MICRA’s mission
includes improving the communication and coordination among responsible
management entities on a basin-wide basis. While it is too early to report on the
overall efficacy of the organization, it is heartening to observe that the agencies
involved recognize that biological concerns transcend state boundaries and
that effective management requires basin-wide perspective.

5.4 Linkinglandscape ecology concepts to management

While stream ecological theory has formed a good basis for the applica-
tion of landscape principles, advances in the aquatic arena lag substantially
behind those of terrestrial interests. Two views are emerging on how best to
apply landscape ecology principles to the management of streams and rivers.
One centers on determining the influence of watershed (terrestrial) factors on
stream biota, and emphasizes the lateral dimension. The second view is pri-
marily longitudinal and is concerned with factors within and immediately
adjacent to the channel. Each view incorporates important landscape perspec-
tives dealing with multiple spatial scales. While the two approaches are some-
times integrated, it may be useful, for management purposes, to view the
application of landscape ecology principles to riverine managementas two sep-
arate but complementary approaches. One or the other view will take prece-
dence, depending upon the management objectives.

5.4.1 Terrestrial patches

Managing stream systems effectively will require understanding how
the spatial extent, arrangement, and heterogeneity of surrounding terrestrial
landscape patches influence the structure, function, and quality of stream
resources. This has not yet been accomplished. But because of the development
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of remote sensing and GIS (geographic information systems) technologies, sci-
entists are quantifying associations between watershed-level attributes and
the resident biota of streams in that watershed. Information is fast accumulat-
ingon threeimportant management questions:

(1) How much of a particular land use (i.e., extent) is necessary to impact
stream biota?

(2) What is the relative influence of near-channel activities versus those
further removed in the watershed in structuring quality habitat and
bioticcommunities?

(3) Whatis the time-scale for restoration of stream biota?

Land use

Watershed-level factors that influence functional interactions at the stream-land
ecotone, and among physical habitat attributes and refugia, are often ulti-
mately linked to the quantity, timing, and quality of rainfall runoff and sedi-
ment supply, factors strongly linked to land-use alterations. However,
responses by biota to land-use changes within a watershed are not instantane-
ous, and are often difficult to predict. While it is relatively easy to document
alterations in physical habitat of streams, it is more difficult to determine
whether such changes are biologically relevant. Oftentimes the effects of land-
use changes are overshadowed by natural variation. Richards et al. (1996)
related the status of benthic invertebrate communities from 58 catchments in
central Michigan as being highly influenced by surficial geology’s control over
channel morphology and hydrologic patterns. Although land-use alterations
were substantial, their effects were masked by geology.

A consequence of land-use change especially in urban and agricultural areas
has been alteration of the water table and runoff patterns. Many landscapes in
formerly glaciated regions or on floodplains of large rivers were historically
wetter, where headwater and bottomland marshes and wetlands were more
common (Larimore and Bayley, 1996). An altered hydrologic regime has sub-
stantial effects onriverine fauna. For example, many fish assemblages were his-
torically adapted to the regular, slow springtime rises in discharge for
spawning and other life activities, and were able to complete the year with
moderate, but adequate flows (Poff et al., 1997). Many intensive land-use activ-
ities have reduced the water storage capacity of the soil, and drastically lowered
water levels. Species must now cope with much greater flows during limited
periods of the year and lesser flows the rest of the time. Land use that is differ-
ent from the historical, and which is substantial, may have influence on stream
biota. These relations are just beginning to be quantified. The health of fish
assemblages in some Wisconsin streams, as measured by a fish index of biotic
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integrity, was negatively correlated with the amount of upstream urban devel-
opment and the amount of agricultural land (Wang et al., 1997). Fish-assem-
blage health was positively related to the amount of upstream forest in the
watershed. There appeared to be threshold levels for the amounts of a particu-
lar land use before the fish assemblage was influenced. A decline in the condi-
tion of the fish assemblage was noted when 20% or more of the watershed was
urbanized. Impacts attributed to agriculture were noted when more than 50%
of the watershed was used for this purpose.

Influence of riparian buffers

The long-held view that the biological integrity of streams could be managed
solely by attention to the riparian buffer is being challenged, and the relative
importance of stream buffers in the context of overall watershed land uses in
determiningstream biotic health is beginning to be explored. The few compar-
ative studies available indicate two important points: That attention to buffer
strips alone may not be sufficient to protectaquaticlife,and that the scale of the
study may influence the strength of the predictive variables. In a study of
Michigan watersheds with differing land uses, Lammert and Allan (1999)
quantified both streamside and whole-watershed conditions. They concluded
thatbiological integrity was best associated with near-stream land use and hab-
itatsand notatall to regional land use. However, in a related study encompass-
ing a greater variety of regional land uses, Roth et al. (1996) concluded that
these catchment-scale factors were more important than streamside vegetation
as a determinant of fish assemblage structure. Richards et al. (1996) expanded
on these findings to show how the interacting influences on stream biota
between land use and streamside vegetation is mediated by the prevailing con-
ditions of catchment size and surficial geology. Clearly, the physical conditions
of the watershed, anthropogenic alterations to the landscape, and the quality
and quantity of the riparian vegetation areallimportantin influencing the bio-
logical communities of streams.

Time
Landscape influences on riverine biota operate on a variety of time-scales.
Differing flow conditions throughout a watershed, differing transport of sedi-
ment through drainage basins,and downstream movement of sediment toand
from floodplain storage can result in disturbances that propagate slowly
through drainage networks in unpredictable ways, in what geomorphologists
euphemistically refer to asa“complex response” (Schumm, 1977). Moreover, in
larger drainage basins, many different land-use changes and natural climatic
variations may take place simultaneously. Thus, it is probable that present
biotic conditions are a result of often unknown past events, and as a correlate,
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restoration activities will take an unknown, but likely long, time to show a
response from the biota.

It is encouraging that in some instances where land-use activities have
improved over time there has been a concomitant improvement in stream con-
ditions. For example, beginning in about 1940 there were substantial changes
in basin-wide agricultural practices in southwestern Wisconsin. Steep-sloping
pastures were abandoned and they reverted to forest. Contour and deep
plowing were initiated on a wide scale. These changes increased rainfall infiltra-
tion and decreased overland flow. Long-term flow records on streams showed a
corresponding decrease in peak flows and increased and more sustained base
flows (Gebert and Krug, 1996). This study indicates the potential benefits
accorded to aquatic biota from best management practices (BMPs) on agricultu-
ral watersheds, if our time frame is long enough. However, time frames for com-
plete restoration of stream biota within a watershed are likely to be
discouragingly long. For example, Harding et al. (1998) showed the best indica-
tor of present-day invertebrate and fish diversity in a set of North Carolina
streams was land-use practices of the 1950s rather than any present-day condi-
tion. Past land-use activity, particularly agriculture, may result in long-term
modifications of the biota regardless of reforestation of riparian areas.

These examples describing associations among the biota and particular
landscape features are an important first step in watershed management of
stream biota. However, management prescriptions having some generality
require elucidating the mechanisms behind the associations. The relevance of
landscape ecology to riverine management will be greatly enhanced when rela-
tions between some biological measure of stream quality and the spatial
arrangement or heterogeneity of landcover patches throughout a watershed
are better understood. We suspect that important factors influencing biologi-
cal integrity, such as runoff and soil erosion, are dependent upon where a given
land use exists on the landscape, e.g., ridge top vs. sides slope vs. valley bottom,
and its relation to other landscape patches, e.g., riparian buffers or grass filter
strips. Examining such complex spatial relations will likely be a major empha-
sis of stream scientists over the next decade, especially as more geospatial data
become readily available and exposure to GIS and remote sensing technologies
increases.

5.4.2 Stream-channel patches

While quantifying relations between land use in the watershed and the
biota of streams will advance our understanding of how large-scale watershed
factors affect the stream habitat, there is also a need to focus landscape princi-
ples on the stream and its immediate channel, and to examine how the spatial
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arrangement and heterogeneity of stream patches influence the structure,
function, and quality of stream resources. Stream ecologists are paying increas-
ing attention to this subject (an excellent example is the symposium on
“Heterogeneity in Streams” published in Volume 16(1) of the Journal of the North
American Benthological Society). We previously defined a patch as a relatively
homogeneous spatial unit whose size is appropriate to the organism or ques-
tion at hand. Unfortunately, most attention by aquatic biologists is at spatial
scales smaller than those commonly examined by landscape ecologists (e.g.,
patches >1000 m2) and that are most amenable to management. Patches in a
stream that we believe to be particularly useful to management, given with
typical longitudinal size ranges, are the hydraulichabitat unitsuch asariffle or
pool (1-100 m), a reach which is alength of stream between tributary junctions
(100-1000 m), and the segment which encompasses several reaches, e.g., head-
waters and midreaches (1000-10000 m).

There are compelling theoretical and practical reasons to examine streams
interms of distinct units or patches of a variety of sizes. We agree with Pringle et
al. (1988) that viewing stream systems within a catchment as a mosaic of
patches provides a fresh perspective for stream-related research and manage-
ment. Such a perspective can actually complement some of the dominant para-
digms in stream ecology which emphasize the upstream-downstream
linearity of lotic ecosystems by providing the necessary reductionist tool for
evaluating such concepts. For example, Townsend (1996) argues that the river
continuum concept is even more useful when viewed as a patch-dynamic
system because it emphasizes the nature of an open system and the linkages
needed to process organic matter from upstream to downstream.

The utility of viewing the stream as a mosaic of patches may be illustrated by
two recent studies. Researchers in Illinois found discontinuities in the gener-
ally accepted concept that fish species richness steadily increases from
upstream to downstream or from small to large streams (Osborne and Wiley,
1992). Significantly higher numbers of fish species were found in main channel
tributaries than in headwater tributaries, probably resulting from their prox-
imity to the main channel which acts as a refuge during drought periods and
also a colonizing source after periods of drought. These results emphasized
that the position of a stream in the drainage network was as important as
stream size in determining fish species richness.

Large-scale spatial habitat(i.e., patch) relations are important because many
stream organisms respond to or require particular microhabitat conditions of
current velocity, substrate type, or depth at one spatial scale, while also
responding to combinations of the same variables, termed habitat types —e.g.,
riffles, runs, and pools — at a larger scale. In a Minnesota stream, the composi-
tion of the fish community depended upon the large-scale spatial relation
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between the stream channel and the location of in-channel beaver ponds
(Schlosser, 1995). The ponds acted as reproductive “sources” for fishes on the
landscape while the stream channel acted as reproductive “sinks.” Stream flows
influenced the permeability of the boundary between habitats and influenced
theability of fish to disperse over fairly long distances.

Viewing the channel and riparian corridors of all streams ina catchmentasa
mosaic of patches may provide a more efficient management approach than
viewing the resource as a continuum of physical, chemical, and biological pro-
cesses. Effective management requires an accurate inventory of resources
(Fajen, 1981). Before an inventory is generated, there must be a classification
system, because an inventory without classification is simply an unorganized
list (Lotspeich and Platts, 1982). Classifying stream resources into distinct
patches and mapping their specific location enables resource professionals to
compile a variety of inventory statistics on the distribution and abundance of
each patch type. Thus, the patch approach that delineates discrete units is
amenable to a variety of spatial analyses while still retaining their ecological
importance. Viewing all streams in a catchment as a mosaic of patches can also
enhance communication among resource professionals. Humans naturally
think and communicate in terms of classes (Gauch, 1982), and cognitive scien-
tists have long understood that humans learn and communicate through a
process of categorization (Barsalou, 1992).

Advances in landscape ecology have been possible, in part, because of a
common understanding of what constitutes a landscape element or patch.
Vegetation, land use, and landform are the three most prevalent landscape fea-
tures used to delineate ecologically meaningful patches in the terrestrial
setting. Comparable aquatic analogs need to be identified and correctly
mapped, then stream ecologists will have the means to examine spatially
explicit questions dealing with how species distribution, abundance, composi-
tion, diversity, and persistence relate to landscape elements such as patch size,
juxtaposition of patches, isolation or fragmentation of patches, heterogeneity
of patches, and patch dynamics.

Aerial photography, satellite imagery, digital elevation models, and various
US Geological Survey maps are widely available and provide data to the terres-
trial landscape ecologist suitable for delineating, mapping, and spatially ana-
lyzing vegetation, land use, or landform patches (Risser et al., 1984). In
contrast, these same information sources do not typically provide stream ecolo-
gists with the data necessary to define ecological units or patches relevant to the
abiotic and biotic processes operating in stream environments. Some of the
most important environmental factors (e.g., current velocity) cannot be visual-
ized at all and can only be mapped through field investigations. As a result,
stream resource professionals who almost unconsciously view an individual
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stream reach as a matrix of patches (e.g., riffles, pools, and runs) have a difficult
time of viewing entire watersheds as a matrix of stream types or entire regions
as a matrix of watershed types. The only practical way such a view of stream
environments can be generated is withina GIS.

5.5 Assessingbiodiversity conservation needs

A comprehensive conservation assessment methodology for aquatic
environments is sorely needed as a tool to combat loss of biodiversity. The
potential extinction rate for North American freshwater fauna is five times
higher than that for terrestrial fauna (Ricciardi and Rasmussen, 1999). The
Nature Conservancy estimates that in the United States 68% of all freshwater
mussel species, 51% of crayfish species, 40% of amphibian species, and 39% of
freshwater fish species are either vulnerable, imperiled, critically imperiled, or
presumed extinct (Master et al., 1998). In addition, the status of only 4% of fed-
erally listed aquatic species with official recovery plans has improved (Williams
and Neves, 1992).

Attempts to stem the loss of biodiversity throughout the world have usually
proceeded on a species-by-species and threat-by-threat basis (Scott et al., 1993).
This approach has been shown to be inefficient, expensive, and likely to lead to
economic conflict (Pitelka, 1981; Hutto et al., 1987; Scott et al., 1987; Noss,
1991). Existing programs designed to prevent extinction of endangered and
threatened species do not usually address the larger problems of fragmenta-
tion, habitat loss, and disruption of ecological processes (Noss et al., 1995).
Whatis needed is a “coarse-filter” approach to biodiversity conservation which
assesses conservation needs at higher levels of biological organization, proac-
tively identifies opportunities for conservation, and complements the reactive
“fine-filter,” single-species, approach exemplified by the US Endangered
Species Act(Huttoetal., 1987; Scottet al., 1987).

5.5.1 Developing conservation priorities at multiple spatial scales

Gap analysis uses GIS for identifying the degree to which native species
and natural communities are represented in our present-day mix of conserva-
tion lands (Scott et al., 1987). The National Gap Analysis Program (GAP), spon-
sored and coordinated by the Biological Resources Division of the US
Geological Survey, develops geospatial data and conducts conservation assess-
ments for terrestrial environments. The Missouri Aquatic Gap Analysis Project
was initiated in 1997 as the first statewide project for the aquatic component of
GAP. This project has developed a broadly applicable assessment methodology
that identifies and prioritizes biodiversity conservation needs for riverine
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environments (Sowa, 1999). It is based on a classification system that charac-
terizes biodiversity by focusing on ecological and evolutionary processes
responsible for the formation and distribution of native aquatic assemblages,
and includes physical attributes. Spatially explicit GIS data layers of riverine
ecosystems at multiple scales with corresponding assessment statistics allow
users to evaluate the relative distinctiveness and conservation status of each ecosys-
tem and have a sound basis for establishing conservation priorities. The project
is briefly explained here with emphasis on the utility of the resulting informa-
tion and its relation tolandscape ecology.

The Missouri Aquatic Gap Analysis Project uses a hierarchical classification
framework based on those developed by The Nature Conservancy (Higgins et
al.,1999) and the US Forest Service (Maxwell et al., 1995), as well as elements of
Frissell et al. (1986), Pflieger (1989), and Seelbach et al. (1997) to describe river-
ine ecosystems according to natural physical and biological factors that exert
primary control over the ecological and evolutionary processes operating at,
and the patterns observed at, each spatial scale (Angermeier and Schlosser,
1995) (Table 5.1). Digital maps (1:100000) were developed for three levels in
the hierarchy: Ecological Drainage Units (EDU), Aquatic Ecological Systems
(AES),and valley segment types (Fig. 5.3a—c, color plate; Table 5.1). Units delin-
eated in each map were attributed with the upper levels of the hierarchy of
which they are partand all of the fish, mussel, crayfish, and snail species known
to occur within the unit. The biological potential for each valley segment is then
predicted by matching taxa habitat affinities, developed from the literature, to
every valley segment type likely to provide suitable habitat.

The relative biological distinctiveness and relative conservation status of all AESs
within an EDU are determined (Abell et al., 2000) (Fig. 5.3b, d, color plate).
Metrics associated with several factors are used to calculate both indices for
each (Fig. 5.3d, color plate). The biological distinctiveness and conservation
status indices are assigned into more general categories and integrated to gen-
erate an overall conservation priority for each AES similar to Abell et al.(2000) (Fig.
5.3b,d, color plate).

The conservation priorities of each AES are transferred to the corresponding
valley segments, where some additional criteria refine and establish the final
priorities unique to particular valley segments (Fig. 5.3c, d, color plate). The
result of this assessment methodology is a fully attributed map with an ecolog-
ically meaningful set of priorities at a scale that planners and managers can
understand and use to guide their conservation efforts (Fig. 5.3d, color plate).

Conservation priorities are not an end in themselves but the beginning of a
difficult decision-making process to determine what conservation actions are
necessary to effectively conserve aquatic biodiversity. For riverine environ-
ments our objective should be to identify the minimum set of stream segments
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in the proper spatial arrangement to ensure the maintenance of the ecological
integrity of each EDU (Sowa, 1999). Efforts to identify this minimum set of
stream segments must be guided by the principles of landscape ecology and
conservation biology. We must encourage stream ecologists to utilize the tools
and data generated from Aquatic GAP projects to elucidate how such principles
specifically apply to stream ecosystems.

The principles of landscape ecology that have been incorporated into the
Missouri Aquatic Gap Analysis Project make it more ecologically realistic. For
example, in the first six levels of classification hierarchy, two of the primary
classification criteria are homogeneity of pattern (both biological and physical)
and connectivity or isolation of units. At the valley segment scale, principles of
landscape ecology are used to define boundaries between valley segment types.
For example, each stream segment is initially classified into one of four patch
sizes (i.e., headwater, creek, small river, large river). Boundaries of valley seg-
ments are further refined according to the proximity of patches (e.g., a head-
water flowing into another headwater versus a headwater flowing into a large
river) and juxtaposition (i.e., mid-valley stream segment versus adjacent to the
valley wall).

The digital format of the data is easily incorporated into a portable and
updateable decision-support system that can be used in the office or the field. A
digital data source documenting critical stream segments, watersheds, and
riparian corridors could be used by a variety of resource professionals.
Examples include assisting managers with permit review processes of Sections
401 and 404 of the Clean Water Act; identifying specific locations for imple-
menting federal and state landowner incentive programs such as riparian set-
aside programs; and identifying locations of new state parks, national wildlife
refuges, or expanding existing reserves. Fisheries managers could use the
species distribution data, valley-segment data, and conservation status data to
help establish or refine recreational fishing regulations. In addition, since the
valley-segment data layer accounts for natural variation among stream seg-
ments it can be used for developing sound experimental designs for stream
research or biomonitoring. Using this data layer will substantially increase the
probability that any observed differences among sites are due to treatment
effects or anthropogenic factors. Finally, as an educational tool for the public,
the system would assist in visualizing and simplifying complex ecological con-
cepts, watershed processes, and thestatusand trends in stream resource health.

Digital maps developed from Aquatic GAP projects will provide researchers
with digital tools and data for elucidating relations between spatial pattern
and ecological processes at multiplescales. For example, researchers can use the
data to examine if the spatial heterogeneity and arrangement of habitat units
within valley segment types influence species composition, abundance, or
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resilience to disturbance. These same questions could just as easily be
addressed atany other level in the hierarchy.

When these digital tools and data become more widely available, as more
states begin to implement Aquatic GAP projects, stream ecologists will become
more prominent in the field of landscape ecology and in the development and
refinement of landscape ecology principles. This level of involvement will be
critical to conserving aquatic biodiversity and making full use of the data and
information generated from an Aquatic GAP project.

5.6 Guidelines for riverine management

To best use what is known about how landscape ecology can benefit
riverine management, we offer the following “rules of thumb” and sugges-
tions, some of which can be immediately applied and some which require
further research.

(1) Adopt a landscape perspective. Spatial scale has to become a primary
focus of the planning and operational aspects of management. Applying
landscape ecology concepts is not just examining a larger geographical
area, but it is a necessary first step. Because broad geographical concerns
are likely associated with long time frames, a different perspective on
time is also required. Natural processes disrupting stream biota, and
natural restorative processes, both operate in time frames far different
from management agency budget cycles, graduate studies, or even
entire careers.

(2) Apply landscape principles. Develop standard analogs to terrestrial
landscape concepts of vegetation, land use, and landform. Apply what is
known about how terrestrial land uses affect biota. Develop a better
understanding of the role of riparian buffer strips as mitigators of par-
ticular land uses. Apply the most basic tenet of landscape ecology by con-
centrating on the spatial structure of entire heterogeneous mosaics,
determine the biota—patch relations within the mosaics and the interac-
tions among patches over time.

(3) Develop digital layers and technology specific to theaquaticrealm. The
technology available to organize and quantify spatial data on the terres-
trial landscape is well in place (Johnson and Gage, 1997). Tools to apply
landscape principles to aquatic systems are somewhat different and
involve not necessarily retrofitting those used by terrestrial biologists,
but developing those that will give the ability to map underwater envi-
ronments and “observe” biota. Doppler and side-scanning radars, mini-
aturization of radio and sonic transmitters for tracking, bathometric
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mapping integrated with geographic positioning systems (GPS) and GIS
all show promise in allowing a better understanding of biota and their
habitats. However, the scarcity of GIS layers of natural resources and
human uses is limiting to progress and it is necessary to promote the
development of high-resolution data to characterize aquatic resources.

The lack of standards for how data are collected, stored, coded,
georeferenced, and analyzed seriously hinders the sharing of informa-
tion among professionals. Standards should not be viewed as a con-
straint to progress but as a necessity for conservation.

(4) Learn to deal effectively with competing interests. The technology will
no doubt provide the necessary tools to properly analyze the natural
world. The ability to interpret these data for meaningful ecological out-
comes is a current challenge eagerly embraced by scientists. The most
problematic step in managing riverine systems is effectively operating
inthehuman dimensions arena. Itis likely thata high percentage of bio-
logically sound plansand projects that encompass a broad-scale view are
either never initiated or never brought to completion because of the
increased complexity when projects cross agency lines, political boun-
daries, or competing interests. Translating new knowledge into practi-
cal management strategies will be easy in theory, but will involve
coordination with numerous interest groups atunprecedented levels.

5.7 Summary

Managing the biota of riverine ecosystems — be it for watershed restora-
tion, conserving biodiversity, or for improving recreational fishing — requires
aboveallaholisticunderstanding of ecological processes underlying biological
attributes of importance. The well-being of fauna depends upon conditions in
the stream channel, riparian zone, and watershed. Because influences are hier-
archical in nature, where larger broad-scale factors influence smaller-scale
factors, management must occur at the proper scale to be effective. Only the
landscape perspective allows the potential for understanding the full integra-
tion of processes operating throughoutariver system.

Managing stream habitat is usually the focus of programs charged with
managing stream biota, but habitat is influenced by factors operating at differ-
entscales and the interaction of factors between scales, so sorting out the causa-
tive variables is of paramount concern to managers. While much is known
about small-scale processes that influence stream biota, little is understood
about the influences of large-scale processes. In Missouri, it was necessary to
take a multi-scale research approach in order to reveal factors limiting small-
mouth bass populations in the state and the spatial scale at which fisheries
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management efforts should be focused. As evidenced by this and other studies
discussed in the chapter, fisheries management can be considerably enhanced
by such multi-scale perspectives.

Landscape ecology principles have traditionally been woven into the fabric
of stream ecological theory. Concepts that focus on longitudinal changes of
biota, concepts emphasizing lateral interactions and catchment-level pro-
cesses, as well as spatial and temporal scale, are all part of modern stream eco-
logical theory. Much of the explanatory power of these concepts is derived by
acknowledging the spatial or temporal heterogeneity of a stream system, by
breaking stream systems into relatively homogeneous areas — e.g., upstream-—
downstream, channel-floodplain — and explaining how the structure and
function of these homogeneous units interact to determine overall structure
and function of larger areas. Still, the lack of stream-related research publica-
tions in journals that focus on landscape ecology is evidence that many stream
ecologists have not yet recognized either the importance of landscape ecology
to the conservation of lotic ecosystems or their ability to scientifically advance
such concepts.

Advances in landscape ecology have been possible, in part, because of a
common understanding of what constitutes a landscape element or patch. To
answer some of the most basic questions of interest to landscape ecologists, a
similar common understanding must be developed among stream ecologists.
Stream ecologists must develop analogs to separating forests from grasslands
(e.g.,streams and lakes), separating forest types (e.g., stream types), fragmenta-
tion factors (e.g., channelization), and barriers to dispersal (e.g., reservoirs).
Once these analogs have been defined, and more importantly, mapped, stream
ecologists will more readily examine spatially explicit questions that relate
species distribution, abundance, composition, diversity, and persistence to
patch size, juxtaposition of patches, isolation or fragmentation of patches, het-
erogeneity of patches, or patch dynamics. Only by answering such questions as
they pertain specifically to lotic environments will the more difficult task of
integrating principles of landscape ecology into the management of stream
ecosystems begin.

The relevance of landscape ecology to riverine management will be greatly
enhanced when relations between the biological measures of stream quality
and the spatial arrangement or heterogeneity of landcover patches throughout
awatershed,and the spatial arrangement and heterogeneity of stream-channel
patches throughout drainage networks (at multiple spatial scales), are better
elucidated. Such a patch-dynamics perspective can assist in integrating some of
the dominant paradigms in stream ecology into management programs by
providing the necessary reductionist tool for evaluating such concepts, by
delineating units amenable to generating inventory statistics, and by enhanc-
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ing communication among resource professionals, since humans naturally
think and communicate in terms of classes or categories. Examining such
complex spatial relations in this manner will likely be a major emphasis of
stream ecologists over the next decade, especially as more geospatial data
become available and as more stream ecologists become exposed to remote
sensing, GIS, and spatial statistics.

Incorporating principles of landscape ecology and conservation biology
into riverine management over large geographic areas will be critical to stem-
ming the loss of freshwater biodiversity. The Missouri Aquatic GAP Analysis
Project has developed a broadly applicable assessment methodology thatiden-
tifiesand prioritizes biodiversity conservation needs for riverine environments
atmultiplespatial scales. Itis based onaclassification system that characterizes
biodiversity by focusing on ecological and evolutionary processes responsible
for the formation and distribution of native aquatic assemblages and includes
physical attributes. Spatially explicit GIS data layers of riverine ecosystems at
multiple scales with corresponding assessment statistics allow users to evalu-
ate the relative distinctiveness and conservation status of each ecosystem and
to haveasound basis for establishing conservation priorities.
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Linking ecological and social scales for
natural resource management

6.1 Introduction

Natural resource management has moved from asingle disciplinary and
one resource management approach to an interdisciplinary and ecosystem-
based approach. Many conceptual models are being developed to understand
and implement ecosystem management and forest certification initiatives that
require an integration of data from both the social and natural systems (Vogt et
al., 1997, 1999a,b). These changed approaches to natural resource manage-
ment arose from a perception that variables critical in controlling the health
and functioning of an ecosystem could only be determined by integrating
information from both the social and the natural sciences (Vogt et al., 1997).
However, it has been difficult to take many of the theoretical discussions and
the frameworks or conceptual models that they have produced and to opera-
tionalize or put theminto practice on the ground.

Despite these discussions and the recognition of their importance, social
and natural science data have been ineffectively incorporated into the manage-
mentand trade-off assessments of natural resources (Berry and Vogt, 1999). We
hypothesize that some of this has occurred because of the distinct spatial scales
being used by different disciplines which have not allowed for integration of
information to occur at a causal level. The complexity and uncertainty of data
needed to understand ecosystems by both social and natural scientists have
also made it difficult for managers to recognize when the wrong indicators are
being monitored or whether a system could degrade due to management
(Larson etal., 1999; Vogt et al., 1999c¢). The need to link data causally from both
disciplines as part of ecosystem management has given greater impetus to
develop practical tools that would allow this integration to be accomplished.
However, today much of thatintegration has been mainly occurringat thelevel
of conceptualization and development of frameworks of analysis.
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Table 6.1. The smallest to large-scale levels of analysis existing in the social and natural

sciences

Natural sciences

Social sciences

Bioticindividual approach
1.Genes
2.Protoplasm
3.Cells
4. Tissues
5.0rgans
6.0rgan systems
7.Individual (e.g., producers,
consumers, carnivores, omnivores,
decomposers — fungi, bacteria, etc.)
8.Family
9.Population
10. Community

Functional ecosystem approach
1.Inorganicororganic substrate
2.Patch or microsite
3.Stand or plot

Bioticindividual approach
1.Individual
2.Household
3.Kin, clan, caste
4.Neighborhood
5.Village or city
6. Watershed
7.County
8.State
9.Region

10.Society

11. Country

Functional ecosystem approach

1.Social order
identity (age, gender, class, caste, clan)
hierarchy (wealth, power, status,

4.Vegetative type knowledge, territory)
5.Ecosystem type 2.Social order and cycles
6.Soil type (a) physiological
7. Watershed (b)individual
8.Landscape (c)social norms or rules for behavior
9.Region (d)institutional
10.Biome 3.Social institutions
11.Globe health, justice, faith, commerce,
education, leisure, government,
sustenance
institutional cycles
4, Cultural resources (organizations,
beliefs, myths)
5.Socioeconomic resources (information,
population, labor, capital)
6.Environmental cycles
energy,land, water, materials,
nutrients, flora, fauna
environmental cycles (natural
disturbances)
Note:

The scale of analysis increases from a smaller to alarger scale with increasing category
numbers — the smallest scale starts with category number 1. Only within the functional
ecosystem approach in the social sciences does each category potentially not have the
ability to contain scales ranging from the smallest to the largest.

Sources: Odum (1959); Burch (1988); Grove (1996); Machlis et al. (1997); Vogt et al. (1997).
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The focus of this chapter will be to discuss one issue, the spatial scales of
analyses, that we feel is a significant constraint reducing the ability of manag-
ers to conduct holistic analyses of their resources. The spatial scales commonly
used in assessments are defined by the boundaries of the management unit (see
Table 6.1 for the typical scales used by researchers). To satisfactorily achieve
holistic management of natural resources, implicit consideration of spatial
scale and identification of what scales are appropriate need to become an inte-
gral part of the suite of tools used by a manager. The primary objective of this
chapter is to further advance the dialogue on scale issues and to discuss more
explicitly how consideration of scale would allow for more effective manage-
ment. Several points will be considered that have constrained integration in
natural resource management. First, each discipline tends to utilize its own
spatial scales of analyses which are generally different from other disciplines.
Second, thereis a tendency within each discipline to identify the most sensitive
spatial scale of analysis for each natural resource problem as determined by the
dominant scales of analyses particular to that discipline. Finally, there is a ten-
dency of the scale of analysis in the social sciences not to match the scale used in
the natural sciences. If these assumptions are correct, they suggest a need for
managers to identify relevant scales of analyses for each management unit that
should vary based on the spatial characteristics of the management unit and
the matrix landscape within which it is imbedded. This would require the
manager to select a scale based on causal or mechanistic relationships that are
sensitive at the selected scale and may even suggest the need to examine several
scales simultaneously.

This chapter will not summarize much of the previous scientific discussion
thathas occurred on scale but will emphasize how managers should use spatial
scale when integrating social and natural science sides of management. A case
study of the Baltimore Ecosystem will be used to highlight some of the points
being made with respect to scale and to demonstrate how scale can be used to
resolve natural resource problems at different scales of analysis.

6.2  Spatial scales relevant for natural resource managers

Any discussion of spatial scale issues in the social and natural sciences
should begin with an examination of how scale has been incorporated into
research and an understanding of why particular scales were selected. This dis-
cussion will begin to inform a manager of the appropriate scales to consider
when linking social and natural science information and whether it is realistic
toassume that this integration should occur at the same spatial scale. The dom-
inant and sensitive spatial scales relevant in the different subdisciplines in
ecology, conservation, and the social sciences will be analyzed in the next
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section. This will be followed by a discussion of scaling and scale issues that
must be considered when integrating social and natural science data to achieve
ecosystem management.

6.2.1 Dominantscale uses assessed from publications in the social and
natural sciences

Itisinformative to review theliterature and determine what similarities
and differences exist in the typical scales of analyses used by the dominant dis-
ciplines germane to natural resource management. We documented the spatial
scale of analysis used by researchers who published in two ecological journals
(i.e., Conservation Biology, Ecology) and two social science journals (i.e., Human
Ecology, Society and Natural Resources). Journals were selected for inclusion in this
analysis that published interdisciplinary papers, but were written primarily
for audiences in the natural or social sciences, since the purpose of this exercise
is to inform ecosystem managers. The results of this survey are given in Table
6.2 fortheyear 1996.

A surprisingly high number of articles published in the social and natural
sciences do not even give the spatial scale of their study (the exception is Human
Ecology). For example, spatial scale was not mentioned in 60.7% of the articles
published in Conservation Biology, 38.2% of the articles in Ecology, and 66.6% of
the articles in Society and Natural Resources (Table 6.2). In articles where scale was
not reported, scale was not considered relevant in half of the studies and was
not “place-based” for the other half. Human Ecology had a higher percentage of
the articles having clearly defined spatial scale — only 14.4% of the articles did
not specify a scale. The tendency for studies not to give the scale at which their
research is being conducted suggests a perception that the spatial scale is not a
critical factor for understanding the system. Since many studies did not
mention scale nor define their spatial scale of analysis, it suggests that research-
ers have (1) alternative conceptualizations of what scale is and how to define it,
and (2) different perceptions of the importance of locating their analysis unit
(e.g.,village ecosystem) within the landscape.

Summarization of the scale data by groupings for the four journals also
shows a lack of a common spatial scale of analysis among them (Table 6.2). In
general, this small survey of a few journals suggests that most social science
studies were conducted at larger scales than what was commonly used in the
natural sciences.

ConservationBiology was characterized by having no one scale being the domi-
nant unit of analysis — the smallest scale (<0.01 ha) was equally represented
(7.1%) as was the largest scale (>10000) (5.7%) (Table 6.2). This reflects the ten-
dency of this discipline to undertake plot studies to understand smaller
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Table 6.2.Scale of analysis used by studies published in four journals (Conservation
Biology, Ecology, Human Ecology, and Society and Natural Resources) for a one-

year period in 1996
Number of times cited in 1996 (% of total citations
in each spatial scale category by journal)
Conservation Human Society and

Spatial scale (ha) Biology Ecology Ecology Natural Resources
<0.01 10(7.1%) 95(39.9%) 0(0%) 1(2.1%)
>0.01to <0.1 6(4.3%) 6(2.5%) 0(0%) 0(0%)
>0.1to<1 6(4.3%) 14 (5.9%) 0(0%) 1(2.1%)
>1t0<10 4(2.9%) 13(5.5%) 10(37.0%)  2(4.2%)
>10to <100 6(4.3%) 7(2.9%) 2(7.4%) 0(0%)
>100to <10000 7(5.0%) 4(1.7%) 6(22.2% 5(10.4%)
>10000to <100000 8(5.7%) 1(0.1%) 4(14.8% 5(10.4%)
>100000 8(5.7%) 7(2.9%) 1(3.7%) 2(4.2%)
Not given® 40(28.6%) 55(23.1%) 2(7.4%) 16(33.3%)
Scale not relevant? 45(32.1%) 36(15.1%) 2(7.4%) 16(33.3%)
Total number articles 136 219 23 38
Notes:

¢ Many of these articles may have given scales in terms of household, village, national
park, etc., but did not give an explicit mention of the areal measurement unit.

b Articles not spatially based (e.g., models, conceptual theory oriented articles,
measurements taken from “populations” without saying where).

animals or bounded activities as well as landscape studies to understand the
territory necessary for survival of a species. The results from Conservation Biology
markedly contrasted with the Ecology journal. Ecology showed a dominance of
the smallest scale of analysis (<0.01 ha, e.g., 10 m X 10 m plot) with 40% of the
total studies being conducted at this scale. The Ecology journal publishes many
articles by population and community ecologists who tend to conduct their
research on small plotsizes.

Human Ecology did not record any studies that had research plot sizes less
than 1 hectarein size (Table 6.2).In 1996, Human Ecology had 37% of the articles
having study plotareas that were greater than 1 butless than 10 hectares insize
(e.g.,100m X 100 m to 316.2 m X 316.2 m). Most of the studies in this journal
were at the household or village level. The scales in the two social science jour-
nals, if mentioned, were given in terms of socially determined areas, e.g.,
village, province, rather than landscape or ecosystem differentiations. Human
Ecology also showed that 22.2% of the studies used study areas 100 to 10000 ha
insizeand 14.8% used study area sizes of 10000 to 100000 ha. Similarly, Society
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and Natural Resources had over 20% of the articles reporting their research areas
to vary between 100 and 100000 ha in size. At least during 1996, Society and
Natural Resources published no studies that were conducted at the second small-
est size grouping (0.01 to 0.1 ha) and in a middle-level spatial area (10 to 100
ha).

6.2.2 Scaledelineation rationale in the sciences contributing to natural
resource management

Many of the scales selected for use by different disciplines are based on
the selection of those scales that are the most sensitive to answering the ques-
tion being pursued by each researcher in their field of specialty. For example,
the smaller scale of analysis selected by an ecophysiologist is the only scale at
which a physiological process in particular tissues of a plant can be detected
mechanistically. Clarification of study area sizes selected by scientists imple-
menting ecosystem management or conservation follows below.

The past tendency by ecologists to study systems using a biotic or functional
approach (Vogt et al., 1997) have reinforced a few spatial scales of analysis (see
Table 6.1). Early in ecology, the biotic approach was the dominant tool being
used to study ecological systems (Clements, 1916; Whittaker, 1953; Billings,
1985; Ashton, 1992). In the 1980s, the importance of the ecosystem and func-
tional approaches was finally recognized (Vogt et al., 1997). Since ecosystem
ecologists generally used larger spatial scales than the bioticapproach, the scale
of system analysis increased with the adoption of the ecosystem approach.
Researchers using the biotic approach focus on individual interactions with
nature. Those using a functional approach are ecosystem based and frequently
the individual is nota relevant unit of analysis and therefore not ever explicitly
considered. Natural scientists using the bioticapproach focus on smaller scales
of analysis compared to those who use a functional research focus where the
spatial scales of analysisarelarger (Table6.1).

In ecosystem ecology, the spatial scale is identified by the boundaries of eco-
systems where the function of the system changes. However, determining the
exact boundaries of an ecosystem is a subjective process because the scale at
which thesystemis being observed influences this decision (Giampietro, 1994).
By definition, the boundaries of the ecosystem should be demarcated where
there is a significant change in the rate at which energy or materials move
between two systems (Allen and Hoekstra, 1992). In practice, it is impractical to
study the entire ecosystem so representative areas are identified within that
larger ecosystem for study. Ecosystem ecologists have used two dominant
spatial scales of analysis within this larger system — the stand or plot, and the
watershed. The stand typically varies from 0.05 to 1.0 ha in size and is a small
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fraction of the total ecosystem under study. Site selection becomes crucial at the
stand scale since the heterogeneity of the system may mask the processes being
studied. When selecting replicate stands, ecosystem ecologists spend a consid-
erable amount of time locating plots that are similar to one another and repre-
sentative of the ecosystem but distant enough to decrease chances of
pseudo-replication. Plot-size choices often reflected the assumption that the
processes and patterns examined are indifferent to scale (Wiens, 1989). The
other scale used by ecosystem ecologists is the watershed where there is no sub-
jectivity insite selection because thescaleis clearly defined by the boundaries of
the watershed. Watersheds selected for scientific study (vs. all watersheds) are
typically <100 ha in size (Bormann and Likens, 1979; Hornbeck and Swank,
1992). Traditionally, the watershed was defined as a topographically specific
area where all the precipitation falling into that area drained into one stream.
Since a watershed-scale approach does integrate the heterogeneity that can be
found within itsbounded space, some researchers use the word watershed asan
equivalent term toalandscape.

More recently, landscape ecologists have also focused on the landscape as a
spatial unit of measure. Landscape ecology looks at broad spatial scales and
attempts to understand the development and dynamics of spatial heterogene-
ity, interactions and exchange across heterogeneous landscapes, and the influ-
ences of spatial heterogeneity on processes (Turner, 1989; Forman, 1995). The
landscape scale contrasts the watershed approach because it explicitly incorpo-
rates the heterogeneity in the system. It also does not limit studies to an area
necessarily linked by flows of water, nutrients,and other materials.

Conservation Biology has focused on the species of interest and defined thescale
of analysis by the habitat requirements for that species so that no fixed spatial
scale is common (see Table 6.2). Out of all of the subdisciplines in ecology, con-
servation biology has most explicitly dealt with spatial relationships since the
early 1960s when the relationships between the amount of habitat area and
number of species were converted to mathematical relationships (Preston,
1962). MacArthur and Wilson further developed these relationships between
species and habitat area in 1963 when they published their island biogeography
theory(MacArthur and Wilson, 1963). These ideas are still an important element
of conservation biology although the patterns predicted by the island biogeog-
raphy theory are not always supported by subsequent studies (Smith, 1990).
Species—area relationships focused conservation biologists into explicitly
examining the spatial scale of their management area as defined by the species
of conservation priority. For example, the scale of interest can vary significantly
since the habitatarea forasalamanderis astand while forabearitisalandscape.
This lack of a specific spatial scale of analysis compared to other disciplines was
quiteapparent from the datasummarized in Table 6.2.
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In the social sciences, the spatial scale of analyses frequently varies from the
small to the large scale within one study. The small scale typically consists of
household surveys while the large scale assesses the condition and changes in
the natural resource-base across a village or other defined area utilized by the
people in question. Conway (1986) included a hierarchy of information needs
in both the social (e.g., the family to kin group and tribe) and natural systems
(e.g., village to mini-watersheds and to the valley). Freudenberger (1997) also
used the larger scale of the landscape (e.g., remote sensing to identify locations
with significant land-use changes) to identify locations of her more in-depth
small-scale studies at the household level. The focus in Table 6.2 on the larger
scales of analyses in the two social science journals reflects the inclusion of the
natural system to identify the largest scale of assessment. Many social scientists
conduct research at the household or community/village level as these are seen
to be the most fundamental units of productivity and social order (Moran,
1984; Siraltetal., 1994). Traditional data-gathering techniques in the social sci-
ences are geared towards these two scales (Molnar, 1989). Broader political and
economic issues have only recently been included as important factors influ-
encing smaller-scale decision-making, and social and natural systems (Moran,
1984; Fox, 1992).

Othersocial science studies require information to be collected at several dif-
ferentscales. In order to conduct impactassessment for their human ecosystem
model, Machlis et al. (1994) recommended analyses that would include the
family unit, the community, country, region, nation, and eventually the globe.
The study by Grove and Hohmann (1992) was a landscape study that used
social data collected at the household, community, regional, state, and national
levels.

The use of similar scales and theoretical frameworks by social and natural
sciences can be found in the literature. Use of similar scales was not the result of
social and natural scientists working in interdisciplinary teams or reading each
other’s literature. These frameworks evolved from each discipline attempting
to deal with their own problems. Excellent examples showing the develop-
ment of similar conceptual frameworks by social and natural scientists is the
research on urban expansion (Burgess, 1925; Park et al., 1925) and the design of
biosphere reserves. Burgess (1925) did not consider the environment as part of
his theory on urban expansion but emphasized the relations between humans
and theartificial construct of a city. That study defined specific activities occur-
ring within concentric circles that radiated out from the center of the city. The
center of the city was dominated by the business sectors and radiated out to the
urban parts of the city. The key unit of analysis for Burgess (1925) was the city.
The concept of the human community articulated by Burgess (1925) is similar
to the reserve design adopted by the Man and the Biosphere (MAB) program.
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The MAB reserve concept does not use the city analog butinstead focuses on the
interactions of humans with the surrounding environment (typically forests).
The MAB reserve concept consists of a core area in the center of a reserve that is
not to be utilized by humans, but should remain as habitat for native animals
and plants. The next concentric circle located adjacent to the core area is
defined as areas where humans can harvest products from the forest but this
utilization should not visibly change the character of the forest. The last outer
circle is the zone of intensive human activity (e.g., villages, agricultural fields)
and has few, if any, of the characteristics of the core area. Both the city model
and the biosphere reserve model define zones of human activity using the con-
centric circle concept. This separation of activities by spatial scale is very artifi-
cial and in practice does not typically occur (e.g., human activities are difficult
to exclude from the MAB reserve core areas).

6.2.3 Scalingissues

Scaling is an important research topic because most of our past data col-
lection has occurred at smaller scales and not at the larger scale where natural
resource decisions and policy need to be formulated (Levin, 1992). Scaling
issues are further compounded by the fact that different scales (given in Table
6.2) are also not discrete or disjointed in time and space (Magnusen, 1990) so
that temporally distinct activities can feed back to affect a different scale rela-
tive to where the activity was originally generated. Several factors have contrib-
uted to making it difficult for managers to translate information collected at
smaller scales to make practical decisions at larger scales. Three of these factors
will be briefly discussed here: (1) changing amount and type of data with scale,
(2) preference by scientists to study smaller scales because of the ease of experi-
mentation and use of controls for the experimental system (see section 6.2.1),
and (3) the loss of predictive ability (i.e., causal relationships) when transfer-
ring information between scales.

In the 1980s, much attention began to be placed on producing tools to scale
data from the small to the larger scales of the landscape and the globe in the
natural sciences. Developing scaling tools was important to allow the signifi-
cant volumes of data already collected by physiologists as well as community
and ecosystem ecologists to be used (Running and Coughlan, 1988; Running
and Nemani, 1988; Ehleringer and Field, 1993; Running and Hunt, 1993). At
the same time, model development in the social sciences began to integrate
information from differentscales (Burch, 1988; Fox, 1992; Cortner et al., 1996).
This need for linking data between small and large scales was an impetus for
the development of hierarchy theory.

Already in the 1980s, hydrologists realized the problems resulting from
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modeling watershed dynamics as uniform. This realization stimulated
research tolink hydrologic models with geographicimformation systems (GIS)
to spatially analyze a watershed to incorporate its heterogeneity (Beasley et al.,
1982; Young et al., 1989; Arnold et al., 1990; Fraser, 1999). Hydrologists have
also accepted the importance of the spatial resolution of input variables in
determining the results of their modeling efforts (Fraser, 1999). This conclu-
sion resulted from the use of non-linear equations in models so that “their sta-
tistical properties (mean and variance) for a given area will change if input data
are aggregated to a coarser resolution” (Fraset, 1999). Dubayah et al. (1997)
demonstrated this phenomenon when they obtained different results from
inputvariables aggregated ata 1-km compared to a 10-km resolution. This last
example again demonstrates the importance of identifying the most sensitive
scale of analysis for each natural resource problem.

Scientists generally accept the statement that the type and amount of data
needed to assay the resistance and resilience characteristics of an ecosystem are
sensitive to scale of analysis. As a generality, the smallest scale has the largest
data requirements to explain how that ecosystem functions (Gosz, 1993).
Other variables and, in most cases, fewer variables are needed to predict ecosys-
tem characteristics as one progresses up to larger scales. Each scale also has dif-
ferentstresses thatareimportantin regulating processes at that scale (Turner et
al.,1995). Therefore, there is an inability to automatically sum up the partsofa
system at one scale and then examine that system from a larger scale. In addi-
tion, each scale itself may have many linked scales (e.g., forested landscape to a
drainage basin or watershed to a forest stand or ecosystem to gaps within the
forest and individual trees). Therefore when analyzing landscapes at different
scales, it is important to recognize that each organism defines and perceives
patches differently within that landscape (Wiens, 1989; Levin, 1992; Milne,
1992; Turner etal., 1995).

The difficulties of transferring data between scales have generated much of
the discussion related to hierarchy theory (O’Neill et al., 1986, 1989).
Unfortunately, the tools or good examples demonstrating the implementation
of hierarchy theory have been slow to develop (Turner e al., 1995). Some of this
difficulty is a result of the non-linear transformations of process and relation-
ships that occur when making transitions among scales (Walters and Holling,
1990). The existence of “chaos” or the loss of predictive capability between dif-
ferent scales of analysis creates problems for global-scale policy analyses when
utilizing information generated at smallerscales (Sternetal., 1992; Nilssonand
Schopfhauser, 1995; Lele and Norgaard, 1996). Depending upon what data
from the lower scale are used may skew the results synthesized at the higher
scale. This is especially relevant when the scaled-up data results are associated
with datafrom alower scale thathasalarge degree of variation.
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Global warming and carbon sequestration in forests (Schroeder, 1992;
Brown et al., 1993; Houghton, 1996) also illustrate problems arising from
aggregating incomplete data collected at lower scales to address a problem ata
larger scale. We suggest that some global warming debates are being analyzed
at the wrong scale because the final scale of analysis is not sensitive to the vari-
ables initially used to drive the analyses. This lack of sensitivity at the global
scale results from inadequate data summarization and how existing data are
being scaled to the globe. When scaling data, any errors in the synthesis of the
data will strongly affect the conclusions that are reached. For example, most of
the global warming studies cited above did not adjust their data analyses to
account for the selectivity of data from a few study sites. They also did not
adjust their analyses to compensate for missing information. Vegetative com-
munity classifications and aboveground biomass data have been used as the
main data to scale-up plot specific data to address global warming issues.
However, belowground vegetative biomass and soil organic matter can seques-
ter carbon at levels two to three times higher than the aboveground biomass
(see Lugo and Brown, 1993; Vogt et al., 1996). Therefore, the synthesis and
scaling of ecological information to produce the global value should be highly
suspect. These analyses result in an assumption that particular management
practices will be useful for counteracting global warming when in fact averag-
ing and lack of data on several ecosystem components means that the sugges-
tions may not be supported by data. Instead of assuming the need to scale-up to
answer global environmental questions, it may be more important to identify
which scale is most sensitive in reflecting the processes relevant for policy-
makers and for which credible data can be produced.

Tools and approaches to scale information from the smaller to the larger
scaleare evolving and mathematical models are an integral part of these analy-
ses. For example, ecophysiologists have used process-based models for address-
ing scaling issues from leaf to canopy levels and from stand to ecosystem levels
(Ehleringer and Field, 1993). These models have used either a bottom-up or a
top-down approach (e.g., Reynolds et al., 1993; Running and Hunt, 1993).
Bottom-up modeling, scaling from smaller to higher scales, involves extend-
ing calculations from an easily measured and reasonably well understood unit
to processes at a more encompassing scale. The most familiar bottom-up
models have taken knowledge at leaf or sub-leaf scales, combined these with
environmental information, and derived descriptions of how a stand functions
under a range of circumstances (Jarvis, 1993). A major problem with the
bottom-up models is the complexity of information needed, especially in
heterogeneous systems. Bottom-up models can thus be too complicated to be of
general use in scaling to higher levels. Furthermore, the output from bottom-
up models is open-ended, which makes the models more sensitive to input
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errors (Jarvis, 1993). In contrast, top-down approaches have been constrained
totally through an experimentally determined relationship with a crucial
driving variable. The empirical relationships that have been derived prevent
the extreme predictions that may result from the bottom-up models. Top-
down models have, however, less mechanistic insight and are thus limited in
their application to scaling information up to another level. Dawson and
Chapin (1993), Reynolds et al. (1993), and others have argued that these two
modeling approaches are interdependent and should be used concurrently for
addressingscaling issues. In order to simplify the task of scaling withoutlosing
predictive power, Dawson and Chapin (1993) also suggested that the plants
within a community should be grouped together according to their form-
function relationships.

6.2.4 Ecological and social systems and their integration

The disciplinary focus of scientists and the use of specific scales by disci-
pline have resulted in the development of constraints to integrating ecological
and social systems (see Tables 6.1, 6.2). A historical precedence exists for
natural scientists to consider spatial scales in their study system that was not as
prevalent in the social sciences. It is only recently that social scientists have
been explicitly making their data scale dependent. Although natural scientists
considered scale explicitly, their use of a few scales by discipline (see section
6.2.1) have also created problems for integrating ecological and social scales.
Forexample, the currentintegration of ecological and social scales is being con-
ducted atlarger scales than the study system was originally studied, necessitat-
ing the development of new scaling tools that are still evolving (section 6.2.3).
The following section will presentabrief introduction on how researchers have
linked social and natural systems and how each perceives spatial scale.

The types of data collected by social and natural scientists have contributed
to difficulties in integrating information from different disciplines. The quan-
titative type of data collected by many natural scientists has been easier for
policy-makers to utilize compared to the more qualitative data collected in the
social sciences (Rifkin, 1996). Frequently, social science data was ignored in
past policy-making decisions because of the difficulty of using qualitative data.
The predominant use of economics as a natural resource assessment tool is
based on its ability to give quantitative results. Since natural scientists appear
to give more credibility to quantitative data, this has made it difficult for both
the social and natural scientists to interact and integrate their studies. The rise
of the Rapid Rural Appraisal and the more broadly focused Participatory Rural
Appraisal (Chambers, 1994) approaches have partly been an effort by social sci-
entists to decrease the need to conduct cumbersome surveys to obtain quantita-
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tive results thatare easily transmittable and utilizable in policy-making. These
approaches allow meaningful results to be obtained, since there is an ability to
quantify multipleactivities and patterns even if they cannot be analyzed statis-
tically. Rifkin (1996) suggested that the value of the Rapid Rural Appraisal
approach for social scientists has been to provide a framework for data collec-
tion and analysis thatis spatially explicit.

Several decades ago, social scientists recognized the interactions and con-
straints placed by the ecological system on the social system (Hawley, 19505
Duncan, 1961; Young, 1974; Rambo, 1983; Rosa and Machlis, 1983; Vayda,
1983; Hawley, 1986; Burch, 1988; Grove and Burch, 1997). However, although
they recognized the importance of these linkages, they did not explicitly
address or produce a model to deal with the spatial relationships between
humans and natural resources (Machlis et al., 1997). This means that the social
sciences did not deal with the issues of scale and hierarchy theory in any way
comparable to the high attention given to these topics by the natural sciences.
Although thesocial sciences have not explicitly dealt with the issue of scale and
hierarchy theory (Fox, 1992), scale probably drives the conflicts perceived to
exist between the different disciplines in the social sciences. For example, the
arguments and differences existing between psychologists (Lynch, 1960;
Sommer, 1969), sociologists (Firey, 1945; Schnore, 1958; Bailey and Mulcahy,
1972; Young, 1974, 1992; Field and Burch, 1988; Catton, 1992, 1994), geogra-
phers (Agnew and Duncan, 1989), and political scientists (Masters, 1989) may
be attributed more to the use of different scales and criteria (Allen and
Hoekstra, 1992) than questions of who is right or wrong. For instance, psychol-
ogists and sociologists argue about whether individual behavior creates social
structures or whether social structures determine individual behavior. Rather
than seeing this asa mutually exclusive dichotomy, it may be more appropriate
to conceive of such a question as a matter of scale and to ask about the relative
relationship between individual behavior and social structure for a given ques-
tion. With this approach, research questions are more resolvable by actually
promoting discussions between scientists.

Natural scientists historically did not incorporate people into their analysis
of a natural system but focused on finding ecosystems to study that were
“virgin” (e.g., minimal human influence) and that could be isolated from the
social system (Vogt et al., 1997). The philosophy was that there was a need to
understand the natural system first and that most human activities could be
treated more as harvesting or removal of products from that system. The
approach taken by most natural scientists was to link human communities
with the natural resources by measuring the impact of a particular human
activity (e.g., chemical pollution) on a defined natural resource area (Bormann
and Likens, 1979). This approach maintains the idea that ecological systems are

155



156

KRISTIINA A. VOGT ET AL.

mostly constrained by the natural system and that the social system is a minor
constraint to its functioning. Only recently has the importance of the social
system as a driver of natural resource conditions been articulated (Stern et al.,
1992). Other natural scientists have moved beyond these strictly ecological
approaches to assessing the health of natural resources by attempting to see
what concepts can be derived from comparing natural systems to human
health (Rapport et al., 1985; Levin, 1989; O’Laughlin et al., 1994). However,
these ecosystem health assessments have been mainly driven by satisfying the
human desired values/products from a natural system and not from under-
standing the constraints of the ecological system (Vogt et al., 1999c¢). The impor-
tance of human legacies, other than chemicals or land-use patterns, in
controlling or constraining ecosystem function has been only recently
addressed by natural scientists (Vogtetal., 1999b).

Already in 1994, Miller suggested that part of the data analysis problems
encountered between integrating social and natural sciences can be traced to
how each discipline measures and records spatial data. For example, it is not
unusual to collect georeference data in the natural sciences. In contrast, the
social sciences had not previously considered georeferenced data important to
collect (Fox, 1992). In fact, many of the important driving variables studied by
social scientists (e.g., cultural, political, institutional, and economic condi-
tions) do not appear to be driven by spatial scale processes (Miller, 1994). This
suggests that social scientists did not explicitly consider space itself as a factor
that affected the resistance and resilience characteristics of human ecosystems
(see Table 6.1). However, each social science variable listed in Table 6.1 has an
implicit scale inherent to itself even when no scale is implied. For example,
each institutional structure has a zone of authority that it influences which can
bespatially expressed. This zone of influence becomes the spatial scaleat which
the impacts of an institution should be examined. In fact, social scientists have
typically defined spatial scales to include the political boundaries that con-
strain the activities occurring in the area being studied. However, in most cases
the political boundaries do not track the ecological boundaries as identified by
ecologists so that the scales of analysis are distinctly different (Lee ez al., 1990;
Miller, 1994) (Table 6.2). In fact, boundaries generated by social variables have
not been typically analyzed by natural scientists. Natural scientists have been
historically more interested in understanding the processes and functions
occurring at the scales of vegetative communities or soil types (see Vogt et al.,
1996).

Increasingly, social scientists are beginning to realize the need for the adop-
tion of a hierarchical or multi-scale approach to their research. This approach
has been adopted for use in several interdisciplinary research projects where
natural scientists are adapting and integrating approaches from various disci-
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plines to understand a specific phenomenon (Pickett et al., 1989; Grimm et al.,
2000). Watershed-scale research (e.g., hydrological studies) has been especially
amenable to linking social and ecological data in human-dominated land-
scapes (see section 6.3.). Hydrologists had already developed the tools needed
to combine GIS technology with modeling to examine how abioticattributes of
different areas within a watershed contribute variable amounts of water and
nutrients to stream flow (Hewlett and Nutter, 1969; Dunne and Leopold, 1978;
Black, 1991). Recently, these techniques have been successfully used to link the
bioticattributes of a watershed with their social attributes (e.g., indirect effects
from land-use change and forest/vegetation management and direct effects
frominputs of fertilizers, pesticides, and toxins). By spatially linking social and
ecological information within a watershed and determining how these related
to different types of allocation mechanisms, the differential flows and cycles of
critical resources within the watershed could be understood (Burch and
DeLuca, 1984; Zonneveld, 1989; Parker and Burch, 1992; Grove and Burch,
1997).

6.3 Amulti-scaleapproach to social ecological research: The case of
the Baltimore Ecosystem Study

The Baltimore Ecosystem Study (BES) is one of 21 long-term ecological
research sites (LTER) of the National Science Foundation. The BES is distin-
guished from nearly all the other LTER sites because it is one of only two urban
sites (the other being the Central Arizona Project, Phoenix, Arizona) where
integration of information from the social and natural sciences was a primary
focus for establishing these LTERs. Research scientists for these two urban sites
have been recruited from both the social and biophysical sciences and have
adopted integrated, multi-scale approaches from the inception of the research.

The research described here was conducted for the Gwynns Falls Watershed
of the BES. The Gwynns Falls Watershed (76°30'W, 39°15’N) is approximately
17,150 hain size. This watershed lies in Baltimore City and Baltimore County,
Maryland and drains directly into the Chesapeake Bay. The research briefly
described here illustrates the usefulness of a multi-scale approach tolink social
(e.g., social stratification) and natural science variables (e.g., vegetation struc-
ture) to understand what regulates the health of this watershed.

6.3.1 Description of the research

The Baltimore Ecosystem Study LTER has adopted a multi-scale (e.g.,
within and between watersheds) approach to its research that considers social
and natural science variables at several, broad scales of ecological analyses:
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organismal, population, community, ecosystem, and landscape (Grove and
Burch, 1997; Pickett et al., 1997). Both biophysical and social drivers and
endogenous and exogenous change can drive the system dynamics. For
instance, endogenous change in a neighborhood may include changes in dem-
ographic structure, housing conditions, or vegetation, while exogenous
change may include changes in financial markets, regional transportation, or
climate.

This multi-scale approach focuses purposefully on different social and eco-
logical scales. Some social scales include different levels of social organization
such as individuals, families, communities, and societies. BES uses a hierarchi-
cal, multi-scale approach because it attempts to understand the strong and
weak ties within and among scales in order to uncover the ways that compo-
nents at different scales are related to one another. Thus, lower-level units
interact to generate higher-level behaviors and higher-level units control those
at lower levels. For instance, a hierarchical approach to urban ecological
systems may attempt to understand the ways that the interactions among
households within a neighborhood may affect the ability of a neighborhood to
attract publicand private investments (Grove, 1996). At another level, the com-
petition among neighborhoods in terms of relative political power subse-
quently affects the quality of government services that each household receives
(Grove, 1996).

Some examples of theory that that may be used in this hierarchical approach
are:

 Regional variations: Urban—rural dynamics (Morrill, 1974; Cronon,
1991; Rusk, 1993)(Fig. 6.1a, color plate).

 Municipal variations: Distribution and dynamics of land-use change
(Burgess, 1925; Hoyt, 1939; Harris and Ullman, 1945; Guest, 1977) (Fig.
6.1b, color plate).

+ Neighborhood variations: Power relationships between neighborhoods
(Shevky and Bell, 1955; Timms, 1971; Johnston, 1976; Agnew, 1987;
Loganand Molotch, 1987; Harvey, 1989) (Fig. 6.1c, color plate).

* Household variations: Household behavior within communities
(Fortmann, 1986; Fortmann and Bruce, 1988; Fox, 1992; Grove and
Hohmann, 1992; Burch and Grove, 1993; Grove, 1996) (Fig. 6.1d, color
plate).

The answer to whether one scale is more dominant or sensitive than another
will vary in relationship to the research or management question. Thus, it is
crucial that researchers and managers begin to conceive of their questions in
terms of scale.

A particular area of interest has been to understand how social stratification
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of groups (i.e., power structures) affects green investments made by private
firms and public agencies in neighborhoods within the watershed (Grove,
1996) (Fig. 6.1b, color plate). The theoretical foundation for this question
comes from Logan and Molotch’s (1987) political economy of place theory.
Logan and Molotch argued that patterns and processes of social stratification
between people and place have significant environmental implications.
According to Logan and Molotch’s theoretical framework, the key social vari-
ables affecting access to power, the allocation of private and public resources,
and subsequently the biophysical characteristics of wealthy residential areas
include: (1) The presence of homeowners and the absence of renters or absentee
landowners, (2) residents who are either able to migrate to more desirable and
healthy areas, who are effective at community organizing, or who are willing to
become involved in local politics, (3) elites who have differential access to
government control over public investment, pollution control, and land-use
decision-making. Conversely, low income and heavily populated minority
areasaredisproportionatelyin or next to polluted areas, have residents who are
unable to migrate to more desirable and healthy areas, and have fewer human
resources in terms of leadership, knowledge, tactical and legal skills, and com-
munication networks to manipulate existing power structures.

Logan and Molotch (1987) and Choldin (1984) described these sociocultural
and biophysical interactions as a dynamic process. In this process, residents act
individually and collectively to control and maximize the exchange and use
values of their neighborhood. This results from residents restoring, maintain-
ing, or improving their current place or migrating to a more desirable place.
Some of these acts of restoring, maintaining, or improving include changing
the biophysical characteristics of residential areas (e.g., planting trees, parks,
lawns, and community gardens, and keeping clean streets). These restoration
activities produce an environment that is both socially and biophysically
heterogeneous.

Logan and Molotch’s theory was applied to one of the watersheds of the BES
study area. The selection of variables and indices of social stratification for the
classification of social areas or neighborhoods used the theoretical parameters
identified by Logan and Molotch (1987), Choldin (1984) and Bullard (1990).
These variables and indices were also further adjusted to incorporate recent
adjustments recommended by Johnston (1976), Murdie (1976), and Hamm
(1982). These indices of residential social stratification included a socioeco-
nomic index (income and education), a household index (homeownership),
and an ethnicity (race and ethnicity) index.

A classification of vegetation structure was developed using Bormann and
Likens’s(1979) theory of vegetation regulation of watershed hydrology and the
data requirements of various hydrologic ecosystem models. At the ground
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surface, areas were classified as impervious or pervious. At the canopy level,
areas were classified as having or not having a vegetation canopy layer. The four
classes of vegetation structure included: (1) Impervious surfaces/no canopy
cover, (2) impervious surfaces/canopy cover, (3) pervious (vegetation cover)/ no
canopy cover, and (4) pervious (vegetation cover)/canopy cover. Statistical anal-
yses of data were conducted for residential land uses only. In addition, the
research included a temporal component (1970-90) to explore possible time
lagor non-linear relationships.

6.3.2 Results of the interdisciplinary watershed analysis

The results indicated a significant relationship between two of the three
indices of social stratification — socioeconomic factors and ethnicity —and vege-
tation structure. Further, a time lag was found between independent variables
and dependent variables (1970 social data and 1990 biological data) (Fig. 6.2,
color plate). In retrospect, these results were realistic considering that the
primary response variable being measured — tree canopies — takes time to grow
and die. This highlighted the importance of considering the rate at which
response variables may change and the time frames necessary to measure that
change thus demonstrating the linkage between spatial and temporal scales
that needs to be considered when determining what scale is appropriate to
study foragiven problem.

The absence of a relationship between indices of homeownership and vege-
tation structure was puzzling since theliterature suggested such a relationship
should exist. Extensive literature from rural forestry has indicated the impor-
tance of ownership and property regimes to land cover (Coase, 1960; Hardin,
1968; Ciriacy-Wantrup and Bishop, 1975; Fortmann and Bruce, 1988;
MacPherson, 1989; Raintree, 1985; Ostrom, 1990; Bromley, 1991). Further,
community foresters and community organizers in Baltimore City reported
the significance of ownership to their activities. Thus, alternative explanations
needed to be explored.

The spatial structure of the three social stratification indices was re-
examined to try to tease apart thelack of a relationship between ownership and
land cover. It was apparent that there was strong spatial structure for socioeco-
nomic status and ethnicity, but not for homeownership on a watershed or
city/county basis. These results suggested the need to examine these dataata
different scale — that the data were reflecting a scale phenomenon. Perhaps, the
relationship between homeownership and vegetation structure was effective
at an alternative scale. Based on an initial exploratory data collection, scale-
dependency for this relationship was verified (McManus and Steer, 1998). The
relationship between ownership and vegetation structure occurred at a neigh-
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borhoodlevel (i.e., Fig. 6.1d, color plate: vegetation structure varied in relation
to household ownership patterns within aneighborhood).

The research described for the Baltimore Ecosystem Study illustrates the
significance of scale for deductive and inductive (exploratory) research, partic-
ularly for interdisciplinary research. In particular, it highlights the need for
researchers to be explicit about the relationships among theory, methods, and
measures within an hierarchical contextand to consider specific tools and tech-
niques to assess the spatial and temporal structure of their research question
(Grove, 1999; Gustafson, 1998). The results also have significant implications
for natural resource management. The results from this research have helped
planners and community foresters to recognize and understand the impor-
tance of a multiple-scale approach, particularly the idea that different pro-
cesses occur at different scales. For instance, strategies for targeting
community forestry activities, community organizing, and local capacity
building areimportant considerations ata citywide scale (Fig. 6.1c, color plate)
while community participation is related to ownership patterns ata neighbor-
hood scale (Fig. 6.1d, color plate). Therefore, community forestry activities
need to focus on the development of private or community ownership of open
access/abandoned lands at a neighborhood scale. These findings provide an
example of how natural resource managers may develop more comprehensive
and effective strategies by knowing what to do, where to do it, and at what scale.

6.4 Integration of social and natural science spatial scales for
management

Adequately incorporating spatial scales into natural resource manage-
ment requires a practical approach that can be easily implemented but where
decisions are based on specific guidelines that will allow non-subjective iden-
tification of the scale or scales of analysis. Managers need to recognize the large
contrast that exists between scientific research conducted by academia and the
research needed to inform management, that the information and analytical
needs are different, and that these differences need to be taken into account
when planning research to be used to answer management questions. It is also
important to recognize that the problem definition is itself linked to a scale. So
in contemplatingissues of scale for management, managers must take one step
backwards and use scale as part of an analysis to ensure the right question is
being answered.

Few research investigations have integrated the social and natural sciences.
Even if the hurdle of deciding to include both social and natural sciences in the
same investigation was removed, their integration is formidable because of the
propensity of each to use different spatial scales of analysis (Table 6.2). It is
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important to identify what types of environmental problems can be dealt with
at the same social and natural science scales and what type of problems require
differentscales of analysis. Answering these points will begin to allow us to use
“scale” as one of the common integrating tools to link the social and natural sci-
ences. At the same time, it is also important to understand that no one scale will
automatically address all environmental issues. Fox (1992) found that deter-
mining the appropriate scale of analysis is an iterative and not a one-step
process, especially when conducting interdisciplinary research. This finding
also reinforces the possibility that the social and natural science scales will
differ so that the bestapproach should be decided on a case-by-case basis. If this
generalization is correct, it can be a useful tool for integrating research from
thesocial and natural sciences.

To determine the most appropriate scale(s) to use, the first step would be to
ask if the study’s hypothesis dictates the scale that should be used (Fig. 6.3). If
this is the case, this scale must be used regardless of the specific disciplines
required to answer the question. Usually the scale will not be dictated by the
hypothesis alone and mustbe selected using a procedurelike that shown in Fig.
6.3.

Now the most important question becomes which discipline is most suit-
able for proving or disproving the hypothesis (Fig. 6.3). The most suitable disci-
pline, whether from the social or natural sciences, should have the greatest
impact on the quality of the conclusions. Each discipline prefers particular
scales of analysis as shown in Tables 6.1 and 6.2. Traditionally the focus has
been on which discipline has a better approach for evaluating the problem, but
the discussion should be shifted to which particular discipline is more impor-
tant for solving the particular problem. Once the evaluator determines which
discipline is best suited for solving the specific environmental problem, the
selected discipline will dictate the scale of analysis. It is impossible to separate
the question of the most appropriate scale for the analysis from the question of
the discipline having the greatestimpact on the conclusion.

After choosinga discipline, other factors must be considered (Fig. 6.3).1s the
primary scale of analysis used by this discipline incompatible with the scales
used by the other disciplines relevant to the problem? If there is no incompat-
ibility, then the scale selected by the appropriate discipline should also be used
for all other disciplines. If there is incompatibility, one must determine if the
primaryscale can be modified. If it is impossible to eliminate this incompatibil-
ity, multiple scales must then be utilized.

Some natural resource problems can be studied at the scale of a substrate or
small plots. For example, a piece of coarse wood, hedgerows and even soil
aggregates can be meaningful ecological scales for management when conserv-
ing microbes and soil animals whose life cycles occur at micro-site scales
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FIGURE 6.3
A conceptual model of one decision-matrix approach to determine what scale of

spatial analysis is appropriate for any natural resource problem.

(Franklin, 1993). When human use has to be factored into this management,
however, the small scale will not be adequate as a study scale. For example, if
the microbes produce sporocarps harvested by humans, the scale of analysis
will have to be alandscape. In this example, it will be important to understand
the distribution of the successional stages of the vegetative communities that
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are the sources of spores needed to reinoculate and maintain the sporocarps in
each managementunit.

Managers may want to routinely consider multiple scales of analysis when-
ever dealing with a management problem because of the complexity of natural
resource issues. Although one scale may ultimately be identified as the most
sensitive scale for a particular problem, the initial approach should include
multiple scales so that a manager can be confident that the appropriate scale is
ultimately selected. No consistent rules have been reported in the literature
that would allow a manager to link natural resource problems with their sensi-
tive scales of analysis. For example, Farmer (1981) suggested the landscape
level was too large when conducting macro-scale planning of agricultural
development and the intervillage variation was more important to monitor.
However, Moran (1984) suggested that hypotheses should be restricted to one
level but thatit is important to understand how other levels affect the process.
For example, Moran (1984) recommended studying resource use in the
Amazon using a nested approach involving a systematic sampling of localities,
districts, and sub-regions, because information flows through each level of
analysis. Spaling and Smit (1995) suggested that assessing the health of agro-
ecosystems needs a watershed management plan that combines landscape
analysis with examination of fields.

Managers in the past used the boundaries of the management unit as the
spatial scale of analysis. However, using property boundaries to define the
spatial scale can be flawed. This type of approach assumes that there is no
impact of the management unit on adjacent systems. It also assumes the man-
agement unitis,oris not, influenced by the landscape within which itis imbed-
ded. Agrosystems are a good example of the problems in defining the spatial
scale by ownership boundaries (Conway, 1986). The activities occurring on the
farm are not restricted to the human-defined borders. Depending on the type
of agriculture being practiced, the zone needing to be analyzed may expand
considerably outside the zone of the fields themselves. For example, the
impacts of applying pesticides and/or fertilizers can be frequently measured
outside the boundary of the farm itself and change how systems outside of the
farm function (Spaling and Smit, 1995).

At times, the largest scale of analysis as defined by political or institutional
boundaries may be insufficient to manage a resource when a resource cannot be
contained within the defined boundaries or where there is an overlap of insti-
tutional control over a given resource. Many examples of the defined boundar-
ies being inadequate as a management scale can be found in the literature
(Clark and Minta, 1994). For example, the park boundaries for Yellowstone
National Park are defined as the core area of what is needed for the conservation
of the grizzly bear (Ursus arctos), however the administrative boundaries of the
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park are inadequate to conserve the grizzly bear. Likewise, property boundar-
ies are insufficient in the Everglades National Park where the park boundaries
do not match the jurisdictional boundaries that control local and regional uses
within the landscape (Harwell et al.,, 1996). Therefore, the scale of the
Everglades needs to be larger than the park boundaries in order to study the
drivers of ecosystem health.

There is a need to produce the tools to determine what scale is most appro-
priate to measure in any system. This is greatly facilitated if a formal process
will allow the scales of analysis to be determined in a non-subjective manner.
Past studies can be used as examples to direct us to understand what scale of
analysis was considered most relevant or sensitive. They are useful to consider
because they suggest the scale that was most successful in addressing a specific
natural resource problem.

A decision matrix that can be used by managers to determine what scales of
analysis are appropriate for them to consider is diagrammed in Fig. 6.3. A flow
diagram similar to this can be used as a tool or guide to help determine the most
appropriate scale(s). For the diagram to be useful, one must focus on the rela-
tionship of the disciplines to the solution and the linkage of disciplines using
scales. With a tool such as this, one can more effectively manage natural
resources and determine their relevant spatial scales for analysis.

The decisions being made in forest management highlight the utility of the
decision matrix diagram presented in Fig. 6.3. Forest management decisions
need to be addressed at different scales depending on the questions and objec-
tives. Furthermore, the questions being asked are best addressed by certain dis-
ciplines and each of these disciplines uses different scales. For example,
problemsin analysis emerge if the questions being asked change. One example
is intensive management of plantations. If the question concerns tree growth
and timber yield, the relevant disciplines are tree physiology and biometrics
and the resulting appropriate scale is a single tree or a small plot of trees. If
questions arise concerning treatment effects on site productivity, the scale may
be the forest stand because the appropriate disciplines are soil science and com-
munity ecology. If, however, the effects of intensive management on the total
ecosystem were questioned, ecosystem ecology would be the relevant field and
anareamuch larger than the forest stand mustbe studied.

In forest management, the issue of appropriate scale becomes more interest-
ingif the question involves asocial science component. If the economic value of
the intensive management is questioned, then mixed scales might have to be
used because timber yield studies must be used in conjunction with regional
price studies. In some cases, the answer will be much more sensitive to price
fluctuations than tree growth so that economics might be the dominant disci-
pline for theanalysis at the regional scale.
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If natural forest dynamics are expected to occur in areas with less intensive
management, it might be necessary to study landscape size areas to study the
impact of these dynamics. To address questions of biodiversity, the landscape
will have to include the different developmental stages relevant for maintain-
ing that biodiversity (Oliver and Larson, 1996). The relevant disciplines might
be forest stand dynamics or landscape ecology, and the scale necessary for
study would depend on which discipline most sensitively reflects the
problem.

This same decision matrix can be used to define the relevant scales in the
social sciences as well (Fig. 6.3). Identifying social science scales is further com-
plicated by some social variables appearing to not have an inherent scale or to
have multiple scalesembedded within each variable (see Table 6.1). Identifying
adiscipline to focus on does not necessarily facilitate scale determination in the
social sciences. For example, even if the dominant discipline is constant (e.g.,
political science), the appropriate scale can vary. Governments at several differ-
ent scales control how natural resources are managed (Machlis et al., 1997) and
which scale of government is most important should determine the scale of
analysis even when political science has been identified as the relevant disci-
pline. The impacts of policies are felt at different scales (Walters and Holling,
1990) —a fact that is important to keep in mind when determining the scale of
investigation. The government boundary will probably not be the sensitive
scale of analysis for many natural resource problems. For example,
Freudenburg and Gramling (1994) suggested that the government level is
not sufficient to explain poverty occurring at the smaller scales of resource-
dependent communities.

6.5 Summary

Since the acceptance of the ecosystem management and sustainable
development paradigms as the management philosophy of many federal agen-
cies that manage natural resources, there has been an impetus to determine how
to link social and natural systems. Yet, frameworks or models that integrate the
natural and social sciences have been difficult to operationalize for natural
resource management. We propose that the explicit incorporation of scale can
be used as a critical and effective means for integrating different social and bio-
physical disciplines to address specific natural resource problems. The ecosys-
tem management paradigm does require the explicit delineation of the spatial
scales and boundaries of the management unit (Vogt et al., 1997, 1999c).
However, the definition of the scale of the management unit has created prob-
lems because it tries to define the scale by the natural system and as the spatial
extent of the management unit (Fox, 1992). The social system has not been used



Linking ecological and social scales

by natural scientists to influence the scale-dependency of an analysis for ecosys-
tem management. In practice, identifying the spatial scale of analysis appears to
be somewhat arbitrary. Researchers in both disciplines have tended to use con-
crete, uniform definitions of what spatial scales are relevant for research (Table
6.2) that followed disciplinary lines.

The watershed scale has been generally accepted as the relevant scale for
implementing ecosystem management (FEMAT, 1993; Montgomery, 1995). It
is not clear if resource managers recognize the implications of choosing this
scale of analysis for their management unit. On the surface, selecting this scale
appears to simplify the decisions that have to be made by a natural resource
manager because the problems of scale identification are eliminated. This
approach also reflects the shift from, for example, managing forests from a
product-based approach to the management of processes. Acceptance of the
watershed scale as a unit of measurement sets limits on the type of questions
that can beaddressed because only certain measurement variables are sensitive
atthisscale(Conway, 1986;King, 1993).

The landscape scale appears to be one scale where the natural and social sci-
ences can link because data collection is compatible with the existing tools uti-
lized by both disciplines (Miller, 1994; Grove, 1996). Care must be taken to
avoid the assumption that this is the only scale at which effective linking of the
social and natural sciences can occur. The dominance of few scales of analyses in
both the social and natural sciences (Table 6.2) will probably limit future inte-
gration of both fields if one scale is accepted as the primary scale of analysis.
Thisscale of analysisis relevant for particular types of environmental problems
butis not the universal answer for those questions where the sensitive variables
existatsmallerscales.

Frameworks and tools will need to be developed to identify the sensitive
scales of analysis that are disciplinary- (Table 6.2) and ecosystem-based and
able to integrate information from both the social and natural sciences (such as
shown in Fig. 6.3). Managers will have to recognize the limitations of aggregat-
ing information from smaller scales to elucidate patterns across larger scales
more typical to natural resource management problems (Levin, 1992). Since
thescales selected for data collection by each discipline are those that have been
found to be the most sensitive to address their question (see section 6.1), scaling
research databetween scales should resultin theloss of the causal relationships
that were developed at thatscale. Therefore, the implications of using different
scales and how the scales are defined as shown in Table 6.1 are important to
understand when managing natural resources.

Making scale relevant for management will require the development of
causal (e.g., mechanistic) relationships between the management unit and
natural and social science factors that will identify the appropriate scale(s) for
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each site. This will require managers to avoid using the wrong scale of analysis
just because it is convenient and because data has been collected in the past at
that particular scale (the idea being that the most sensitive scale may not have
been identified then). It will also require managers to avoid scaling informa-
tion from the small to the large scales unless there is a clear link between the
information and the different scales; information may be lost with scaling so
thatsensitive variables may nolonger be monitored.

To assist in the integration of social and natural sciences for natural
resource management, researchers will need to explicitly recognize and
address issues of scale differently from their traditional, disciplinary
approaches. Instead of emphasizing the need for scale-dependent informa-
tion that may be associated with their respective disciplines, it may be more
important to determine what is the most appropriate scale(s) to address
various natural resource issues. Integrating the social and natural sciences will
require improving our understanding of how space is currently perceived by
eachdiscipline.

Many of the tools being currently used to study natural resource uses and
the trade-off between different uses within human-dominated landscapes
assume that scale should be similar for both the social and natural sciences
(Montgomery, 1995; Driver et al., 1996). It is important to understand that the
sensitive scales of analysis may differ between the social and natural sciences.
However, the existence of different scales by discipline is not a valid argument
for notintegrating the two fields. It is interesting to analyze whether social and
natural sciences can be mechanistically linked using spatial scales even when
theappropriate scales of analysis might differ for each.

This chapter has shown how the appropriate scale for studying social and
ecological systems often varies depending on the scale at which the most sensi-
tive variables are most strongly expressed and can therefore be easily measured.
Currently, different disciplines have their preferred scales of analysis where
they concentrate their research efforts and therefore indirectly the scales of
analysis used for management. This type of approach has been more prevalent
in the natural sciences since individual researchers by necessity have scales in
which they are specialists. The social scientists until recently did not explicitly
deal with scale even though their research did encompass several different
scales of analysis. There is a need to acknowledge that different disciplines have
spatial scale preferences and that these will constrain the integration of the
social and natural sciences since they are not asking questions at the same scale.
These incompatibilities in the scales of analysis are major detriments to success-
fully implementing ecosystem management, conservation planning and sus-
tainable development.

There is also a need to recognize that focusing on one scale of analysis will
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notallow management to integrate those social and natural science factors con-
straining management activities. The Baltimore case study presented in this
paper showed the importance of using several scales of analysis when attempt-
ing tolink the social and natural systems in management. Once the most sensi-
tive scale of analysis has been identified, it is important that management does
not emphasize that scale alone to identify all the parameters or indicators that
would sensitively reflect that scale. The Baltimore case study also demon-
strated how the generation of data at one scale provided important informa-
tion determining how the identified scale of interest should be assessed. It
becomes crucial that information obtained at different scales and about differ-
ent systems is continually exchanged and evaluated through a parallel and
interactive research approach. Unfortunately, this essential step of integrating
information is often notaddressed until after the research is completed and the
results are presented. At this point, policy-makers and managers often face dif-
ficulties in drawing coherent and unified conclusions since an understanding
of how their different study systems were interrelated was not incorporated in
the research process nor in the results.
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PART III

Landscape function and cross-boundary
management

As research and management expand from small scales to large scales, bound-
ary-related issues become increasingly important, because large areas encom-
pass various boundaries, such as natural boundaries (e.g., watershed
boundaries and boundaries of a natural forest stand), ownership boundaries,
political boundaries, and management boundaries. While research and man-
agement within a boundary are not easy, research and management across
boundaries are even more challenging because a host of additional factors
needs to be considered. First, landscape functions, such as flows of energy,
matter, and organisms, cross a number of boundaries, as they may not recog-
nize various boundaries. As a result, the effects of management activities
within a boundary may extend to a larger area. Second, people (e.g., landown-
ers, managers, and resource users) within different boundaries have different
goals (e.g., social, economic, and ecological). Thus, solutions to management
practices for multi-boundary landscapes depend not only on the management
within individual boundaries but also on the coordination of management
across boundaries as well as the integration of natural and social sciences. To
address these topics, Part I includes three chapters concerned with boundar-
ies between ownerships, between patches within a landscape, and between
aquaticand terrestrial landscapes.

Spies et al. (Chapter 7) find that there are both significant opportunities and
challenges in managing natural resources across multi-ownership landscapes,
because of spatial interactions across ownership boundaries. Using the Oregon
Coast Range Physiographic Province as a case study, the authors demonstrate
how ownership patterns influence ecological patterns and processes, and how
management activities by one owner can impact other owners. Through an
interdisciplinary study, the authors show how landscape ecology can help
policy-makers, managers, and the publicunderstand the consequences of indi-
vidual owner decisions across multi-ownership landscapes.
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Edges are transitional areas between different patches and different
landscapes, increasingly common and particularly important in fragmented
and human-impacted landscapes. Although edge effects have been recognized
for a long time, the “law of edge effects” did not appropriately differentiate
responses among different species and at types of edges. To better understand
edge effects on different species, Sisk and Haddad (Chapter 8) have developed
an effective area model that incorporates areas of habitat patches, distance
from patch edge, and sensitivity of focal species to the influences of the adja-
cent habitats. Case studies suggest that the model is a useful tool for under-
standing animal behavior, for predicting ecological processes, and for
estimating impacts of management alternatives on distribution, abundance,
and persistence of focal species and coexisting species in the landscapes.

In Chapter9,Schneideretal. presentalarge body of evidence depicting flows
of organisms, water, and matter between the land and water and among seem-
ingly isolated water bodies. Changes in the flows of water and matter (e.g., dis-
solved substances, organic debris, and sediment) impact organisms both
directly (e.g., by modifying conduits across the landscape) and indirectly (e.g.,
by modifying the availability of resources on which they depend). They suggest
that some flows of organisms need to be protected or enhanced so that meta-
populations can be maintained and species life histories can be completed. In
other cases, water bodies need to be isolated to prevent the spread of invasive
organisms.
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71  Introduction

Advances in landscape ecology, ecosystem management, geographic
information systems, and remote sensing have led us from the stand, to theland-
scape, and to broader scales in natural resources planning and management. As
science and management have expanded to these scales, they frequently encom-
pass multi-ownership landscapes. The management and scientific challenges
posed by multi-ownership landscapes are especially complex. Species and eco-
systems do not recognize legal boundaries between ownerships (Forman, 1995;
Landres et al., 1998), and the landscape dynamics of individual ownerships is
controlled by a complex of economic, social, political, and biophysical forces.
The aggregate ecological conditions of landscapes are controlled by the spatial
pattern and dynamics of individual owners and ecological interactions among
those ownerships. Solutions to problems of conservation policy and practices for
multi-ownership landscapes do not lie in isolated owner-by-owner planning
and management. Broader scale approaches are needed. Work in multi-owner-
ship landscapes also reveals the need for increased integration among ecological
and social sciences. In most contemporary landscapes, the dominant disturbance
regimes are directly or indirectly controlled by human activities. In this chapter
we will present a case study to demonstrate the importance of taking a multi-
ownership view of landscapes and describe an approach we are developing to
assess the effects of different forest management policies on ecological compo-
nents of a province (i.e., subregion)in coastal Oregon.

7.2 Overview of multi-ownership landscape assessments and
management

Interest in conservation planning, policy, and management in multi-
ownership landscapes is increasing rapidly (Kreutzwiser and Wright, 1990;
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Davis and Liu, 1991; Keiter and Boyce, 1991; O’Connell and Noss, 1992;
Schonewald-Cox et al., 1992; Turner et al., 1996; Wear et al., 1996; Maltamo et
al.,1997;Landresetal., 1998). Several large regional assessments, most notably,
the Southern California Natural Community Conservation Planning effort
(Ogden, 1999) and the Northern Forest Lands Assessment (Hagenstein, 1999)
have addressed multi-ownership regional issues. In one of the first published
research studies focusing on dynamics of a multi-ownership landscape, Wear et
al. (1996) found recent changes in social forces could result in a convergence of
land cover types in a multi-ownership watershed in North Carolina. They
found that forest cover increased over time across ownerships as timber man-
agementactivities decreased on publicand privatelands. This study also found
that overall landscape condition was most sensitive to land-use decisions on
privatelands rather than those on publiclands. They concluded that the spatial
arrangement of public and private lands will control ecosystem pattern and
functionatlandscapescale.

Evaluation of these and other landscape and ecosystem management efforts
indicates that the greatest obstacles for continued integration of landscape
ecology into multi-ownership planning and management are not scientific
and technological, but social. Yaffee et al. (1996) found that social opposition,
institutional barriers, and inadequate stakeholder involvement were far
greater impediments to progress at implementing ecosystem management
than was scientific uncertainty. Often opposition to new approaches comes
from misperceptions about the problem and its solutions, mistrust about
whether land managers will do what they say they will do, or concerns about
private property rights.

Different stakeholders often see differences in the state and direction of eco-
systems and the feasibility of new approaches. However, it is questionable just
how well we can really see the dimensions of large landscape issues (Lee, 1993).
Our current capacity to visualize and understand the function of ecosystems
over large areas and long time periods and to grasp the interdisciplinary link-
ages is typically inadequate. Although barriers may be primarily social, land-
scape ecology and new technologies can facilitate shared learning about
multi-ownership landscapes and thereby foster the integration of landscape
concepts into planning and management (McLain and Lee, 1996). Many sig-
nificant ecological research problems remain to be solved, including under-
standing the effects of spatial pattern on ecological processes such as
movement of disturbances and dispersal of organisms, developing ways to
characterize species viability when population parameters are poorly known,
finding the appropriate scale of information needed to evaluate landscape
effects, and identifying landscape-scale ecological goals and criteria and indi-
cators.
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Policy-makers and managers are struggling with many kinds of cross-
boundary landscape problems. Organisms such as the wolf (Canis lupus) in
Yellowstone National Park and the upper Midwest (Mech, 1991; Mladenoff et
al., 1995), and whitetail deer (Odocoileus virginianus) in the eastern USA
(Alverson et al., 1994) move across ownerships and create problems when they
prey on livestock or browse on crops on private lands or browse native herba-
ceous species in natural areas. Organisms such as salmon (Oncorhynchus spp.) in
the Pacific Northwest, that spend their life cycle in different ownerships in a
watershed, require conservation actions that can have economic impacts on
private lands, e.g. leaving streamside buffers in agricultural lands and remov-
ing dams thatsupplyirrigation water to farmers (Lee, 1997). Disturbances such
asfiresand floods may promote diversity and productivity of natural and semi-
natural ecosystems but can cause economic losses and social upheaval in
human-dominated ecosystems. Conversely, actions in human-dominated
landscapes can affect natural ecosystems. Examples include the fires in
Yellowstone and National Forests in the West (Knight, 1991), floods and debris
flows in Oregon (Robison et al., 1999), and water withdrawals for urban and
agricultural uses which have affected the functioning of the Everglades in
southern Florida(Ogden, 1999).

Solving multi-ownership management problems frequently comes down to
finding ways to get different owners and agencies to modify or coordinate their
individual behaviors to achieve some aggregate values for the landscape as a
whole. This can be done through regulatory approaches (e.g., laws and poli-
cies),incentive-based approaches (e.g.,subsidies or tax relief) and information-
based approaches (i.e., appeals to voluntary change in behavior based on
information about negative or positive effects of behavior) (Sample, 1994; Lee,
1997). Although these approaches may differ in their instruments, they all
require some assessment of the ecological conditions of a landscape and the
ecological and socioeconomic consequences of different courses of future
action. Landscape ecology can make a significant contribution to solving
complex natural resource problems by identifying the various ways in which
ownerships interact in a landscape and using tools to help policy-makers and
stakeholders visualize the ecological and socioeconomic consequences of their
actions.

7.3  Casestudy: The Oregon Coast Range

We will use the Oregon Coast Range as a case study to illustrate: (1) the
potential for landscape ownership pattern to have a strong effect on ecosystem
goods and services within and across ownerships, (2) how integrated research
can help visualize and project ecological consequences of different land
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management policies, and (3) the many challenges to conduct interdisciplinary
research and management in multi-ownership landscapes.

7.3.1  Background

The Oregon Coast Range is an ecologically complex region of low, but
highly dissected mountains, steep slopes, high stream densities and orographi-
cally related climatic zones. Forests are dominated by relatively few species:
Douglas-fir (Pseudotsuga menziesii), western hemlock (Tsuga heterophylla), western
redcedar (Thuja plicata), Sitka spruce (Picea sitchensis), red alder (Alnus rubra), and
bigleaf maple (Acer macrophyllum). However, physiognomic forest diversity is
high because of strong differences between the structure of conifer forests and
deciduous forests, and because of the large amount of structural differentiation
thatoccurs as forests develop from young forests to 400+-year-old forests (Spies
and Franklin, 1991). Extensive logging and wildfires since the mid-1800s have
created a forest matrix of young and mature conifer forests interspersed with
patches of hardwoods (primarily red alder and bigleaf maple) and remnant
patches of old growth (structurally diverse forests typically older than 200
years)(Spies and Franklin, 1991). Current amounts of old growth are well below
levels that probably occurred historically (Ripple, 1994; Wimberly et al., 2000).
The steep slopes, and extensive stream networks, create strong interactions
between stream habitats and up-slope forest dynamics (Reeves et al., 1995).
Stream habitat structure is controlled by inputs of water, sediment, and large
woody debris from adjacentstream banks, slopes, and small tributaries.

Threats to native biological diversity in this province are exemplified
through five species that are listed as threatened or endangered by the US
Government: Northern spotted owl (Strixoccidentalis caurina), marbled murrelet
(Brachyramphus marmoratus), coho salmon (Oncorhynchus kisutch), chum salmon
(O. keta), and the Oregon silverspot butterfly (Speyeria zerene hippolyta). Of these
five, the first four are at risk because of loss of forest and stream habitat asso-
ciated with logging, forest conversion to agriculture and other threats such as
predation from humans and other species. The Oregon silverspot butterfly is
listed as threatened because of loss of coastal grassland habitat from develop-
ment and forest encroachment. Changes in forest structure and dynamics,
most notably the decline of old-growth forests with their large live and dead
trees, are thought to be the major causes of risk to the populations of the four
vertebrate species listed above as well as many other plants, animals, and fungi
(FEMAT, 1993). Other threats to biological diversity in the province include
decline in the area and quality of oak (Quercus garryana) woodland habitat
resulting from fire loss (conifer encroachment) and development on eastern
slopes of the Coast Range (Defenders of Wildlife, 1998).
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The Coast Range is also a socially diverse region with a mosaic of landowner
classes that operate under policies that reflect their general goals, which range
from industrial commodity production to wilderness protection (Table 7.1). Of
the five major landowner classes, private non-industrial landowners have the
most diverse goals but they still operate under the same forest practices rules
(Oregon Department of Forestry, 1996) as the industrial owners. As with indus-
trial owners, they may choose to exceed those protection rules or not to harvest
trees as all. However, non-industrial private owners have about the same pro-
pensity to harvest as industrial owners but have a greater tendency toward
partial cutting (Lettman and Campbell, 1997) than industrial owners. The
province is dominated by private ownership with significant blocks of public
lands (Fig. 7.1, color plate). In 1993, the Northwest Forest Plan (FEMAT, 1993)
brought sweeping changes to forest management on the federal forests in this
province, dramatically shifting the focus of these forests toward protection of
biodiversity through the creation of an extensive network of late-successional
reserves and riparian management zones. This shift resulted in an 80-90%
reduction of timber harvest from federal lands in the Coast Range compared to
the 1980s. In the future over 75% of the harvest in the Coast Range is expected
to come from forest industry lands which operate under the regulations
defined by the State of Oregon Forest Practices Act (Oregon Department of
Forestry, 1996). Byand large, the forest policies now in effect in the Coast Range
were put in place owner-by-owner with little effort to understand their aggre-
gate effects across ownerships. These policies are based on very different
approaches to management: intensive management for commodity produc-
tion on private industrial lands and some non-industrial private lands; active
management for multiple objectives on state forest lands and some private
industrial lands; and passive, reserve-based approaches for biodiversity protec-
tionon federal lands.

7.3.2 The Coastal Landscape Analysis and Modeling Study (CLAMS)

We are currently involved in a research program that is designed to test
and evaluate the effects of policies in a multi-ownership province. The Coastal
Landscape Analysis and Modeling Study (CLAMS) is a large interdisciplinary
effort to evaluate aggregate effects of different forest policies on the ecological
and socioeconomic conditions of the Coast Range province as a whole (T. A.
Spies et al., unpublished data). The mosaic of different management practices
creates potential spatial interactions that can affect the aggregate ecological
and social conditions of the entire province. In addition, the management out-
comes within individual ownerships potentially can be altered by manage-
ment activities on neighboring ownerships. These spatial effects occur in two
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general forms: (1) Uneven representation of biotic communities, physical envi-
ronments, and disturbance regimes (both managed and natural) and (2) spatial
interactions of ecological processes such as organism dispersal and disturbance
which move across ownership boundaries.

In the following sections, we briefly describe our general approach and
present an example of a simulation model of forest landscape conditions over
100 years. We follow this with some simple analyses and a discussion of the
potential ecological consequences of the mosaic of different ownership poli-
cies. Although CLAMS is an integrated ecological and socioeconomic assess-
ment, we limit our focus to ecological effects in this chapter. We conduct our
analysis directly on patterns of land ownership classes (keeping all ownership
classes including the Bureau of Land Management [BLM] and the US Forestry
Service [USFS] separate), which we use as a surrogate for landscape structure
until more sophisticated models of landscape dynamics and ecological
responses are developed. Under this assumption we will underestimate actual
edge and overestimate interior habitat. However, given the extreme differ-
ences in managementactivities among the major ownership classes (e.g.,about
90% of the federal land in the Coast Range is in an ecological reserve or special
management area of some kind where cutting of trees is intended to meet res-
toration goals) we feel that this simple analysis can give us insights into future
landscape potential.

The goal of CLAMS is to develop and evaluate concepts and tools to under-
stand patterns and dynamics of ecosystems at province scales and to analyze
the aggregate ecological and socioeconomic consequences of forest policies for
different owners (Table 7.1). Our approach is based on the assumption that by
knowinglandscape structure and dynamics of vegetation we can project conse-
quences of different forest policies on ecological outputs such as biological
diversity and socioeconomic outputs, such as employment and recreational
opportunities (Fig.7.2). The major steps in our approach are:

(1) Build high-resolution spatial models (grain size of 0.1 to 10 ha) of
current biophysical conditions (e.g., vegetation, ownership patterns,
topography, streams) across all ownerships using Landsat satellite
imagery, forest inventory plots, and other geographic information
systems (GIS)layers.

(2) Conductsurveysand interviews of forest landowners to determine their
management intentions (e.g., rotation ages, thinning regimes, riparian
management intensity) under current policies and develop spatial land
use change models based on retrospective studies.

(3) Simulate expected successional changes in forest structure and composi-
tion under different management regimes using stand dynamics models.
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FIGURE 7.2

Coastal Landscape Analysis and Modeling Study (CLAMS) conceptual model for
linking policy, ecological and social processes, landscape condition and ecological
and socioeconomic outcomes to evaluate alternative forest policies.

Build a landscape change simulation system based on forest manage-
ment intentions and forest stand models to project future landscape
structure for 100-200 years.

Develop biophysical response models for habitat quality for selected ter-
restrial and aquatic vertebrate species, viability of selected vertebrate
species, coarse-filter measures of community and landscape conditions,
historical range of natural variation of forest successional stages, and
landslide and debris flow potential.

Develop socioeconomic response models for measures of employment
and income by economic sector, timber value and production, recrea-
tional opportunities, and contingent value of biological diversity to the
public.

Estimate ecological and socioeconomic consequences of current forest
policies using thelandscape simulator and the various response models.
Include outside influences such as effects of population growth on land-
use change.

Evaluate, test, and revise overall simulator system and sub-models.
Provide policy-makers, landowners, and the public with results of
spatial projections of consequences and interact with them to help
inform debate and facilitate collaborativelearning.
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At this point in the project we are simulating only forest management-related
disturbances (e.g., clear-cutting, partial cutting, thinning) and landslide and
debris flow disturbances. We focus on these because they are among the most
frequent in the region, potentially have large impact on measures of biological
diversity, and are of great interest in policy debates. We are not simulating sto-
chastic disturbances such as wildfire, wind, insects, and disease. Studies in the
region indicate that wildfire occurs infrequently (150 to 400 years) and its
spatial pattern is only weakly controlled by topography, especially for large fire
events (Impara, 1997). Also, these events are likely to be even less frequent in
the future because of aggressive fire suppression policies. Smaller wind and
pathogen disturbances are quite frequent but they are difficult to predict and
typically occur at patch sizes below our level of spatial resolution for this pro-
vincial study. We may incorporate these stochastic disturbances in future mod-
eling efforts, either directly in the simulation model or as scenarios (e.g., effects
of alargefire)for comparative analysis.

7.3.3 Projection of future landscape conditions: An example

We have developed a prototype of our landscape simulator for the Coast
Range province and run it for a 100-year scenario under current policies (Table
7.1)(Fig.7.3,color plate). Patterns of current forest condition are not uniformly
distributed across ownerships. Current vegetation patterns in the province are
characterized by a predominance of early and mid-sized (0-50 cm diameter at
breast height [dbh| of dominants and codominants) conifer forests. Forests
dominated by trees of thelargestsize classes (>50 cm diameter at breast height)
are rare and restricted primarily to public lands. Broadleaf forests are less
common than coniferous forests and tend to be concentrated in riparian areas.
Old-growth forest conditions (approximately equivalent to the very large
conifer class) (Fig. 7.3, color plate) are currently a small percentage of the total
area and what is remaining is concentrated on BLM and USFS lands in the
southwestern portion of the province. Little old growth occurs on private land,
but some small remnant patches do occur and form the basis of Habitat
Conservation Plans for the northern spotted owl. Conversely, open (pasture-
lands, meadows, agricultural lands and recent clear-cuts) and early succes-
sional stages of forest (typically forests less than 15-20 years old) occupy almost
40% of the province but are concentrated on private lands. By 50 years into the
simulation of future conditions, the pattern of vegetation classes has changed
dramatically. Amounts of large-dbh classes have increased, especially on
federal lands, and the spatial pattern of vegetation has begun to resemble the
underlying ownership pattern. Young plantations (10-30 years old) on federal
lands have matured and are beginning to blend into the matrix of large conifer
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size classes. On private lands, intensive forest management (45-50 year rota-
tions) keeps these landscapes cycling between early successional stages and
harvest-age timber plantations. By 100 years the contrasting patterns of vege-
tation across ownerships are even stronger.

While total amounts of late successional forest have increased dramatically
in the Coast Range in this simulation, the spatial pattern of these forests creates
considerable potential edge effects and spatial pattern interactions. The simu-
lations suggest that large watersheds of the Coast Range will develop into a
mosaic of very different landscape types based on the amount and spatial
pattern of forest conditions. These landscapes range from watersheds domi-
nated by late succesional forest to watersheds dominated by early successional
and mature forest plantations. Between these extremes is a wide range of mix-
tures of successional dominance and dispersed or blocked spatial patterns.
Consequently, we hypothesize thata new landscape pattern is emerging in this
province in which ownership patterns and boundaries will control patterns of
biophysical processes more than in the past. The ecological and socioeconomic
consequences of changing diversity and spatial pattern are the primary focus of
our ongoing research efforts.

7.3.4 Spatial variation and pattern of ecosystems and ownerships

Policies and ownerships in the province are not uniformly distributed
across environmental gradients and patterns of biotic communities. Different
classes of ownership represent different strategies and levels of environmental
protection and disturbance regimes. Consequently, in some environmental set-
tings certain forest developmental stages and stand conditions are not well rep-
resented or could disappear. For example, in the moist coastal zoneand the drier
foothills ecoregions where federal ownership is 15% and 8% of the area, respec-
tively, ecosystem conservation especially for old-growth and natural watershed
processes (e.g., debris flows that deliver large woody debris to streams) is not a
major management objective. However, in the interior ecoregion, federal con-
servation strategies cover over 30% of the area and levels of old growth may
reach historical levels in this area (Wimberly et al., 2000) (Fig. 7.4a). Perhaps the
mostimportantimbalanceoccursin riparian areasaround largelowland coastal
river valleys (Fig. 7.4b). These areas were historically sites of meandering rivers
with well-developed floodplains, complex aquatic habitats, and distinctive
riparian forests, that were probably characterized by especially large western
redcedars (Thuja plicata), bigleaf maples and Oregon myrtle (Umbellularia califor-
nica)(Robbins, 1997). They would have been highly productive habitat for many
salmonid species including: Chinook (O. tshawytscha), coho, and chum salmon.
Today nearly 70% of these lands are held by private non-industrial landowners.
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Frequency distribution of percentage ownership by: (a) ecoregion and (b) riparian
zones along major river valleys (areas within 100 m of a river and less than 5% slope
and less than 300 m elevation). PNI, private non-industrial; PI, private industrial;
BLM, Bureau of Land Management; USFS, US Forestry Service.

Stream habitat here has been greatly simplified by activities related to agricul-
ture, transportation, and urbanization that have straightened channels and
removed riparian vegetation and large down wood. Consequently, the parts of
thelandscape that had the most diverse and productive fish habitats are among
those that have been the mostaltered by human activity.
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Size distribution of core areas for ownership classes (total area in tract and number of
individual tracts) for different edge effect distances: (a, b) no edge effect; (c,d) 100 m;
(e, f) 500 m.PNI, private non-industrial; PI, private industrial; BLM, Bureau of Land
Management; USFS, US Forestry Service.



Multi-ownership landscapes in Oregon

The individual tracts of land of ownership classes vary widely in spatial dis-
tribution and pattern. Industrial private and non-industrial private lands,
which dominate in area, form the matrix which surrounds public lands.
Federal lands are concentrated in the central and southwestern portions of the
province. The current pattern of private and federal lands was established 70 to
over 100 years ago when the now-federal lands were either recently burned-
over and had low timber value or were revested to the US Government by the
railroad companies following failure of federal land policies (Richardson,
1980). These revested lands now form the “checkerboard” pattern of mile-
square alternating federal and private ownership that is characteristic of many
BLM lands (Fig. 7.1, color plate). Large blocks of state lands occur in the north
and the south. Most individual tracts of ownership classes are smaller than 100
ha (Fig. 7.5a). However, most of the area of ownership tracts occurs in large
patches greater than 10000 ha (Fig.7.5b).

7.3.5 Spatial interactions among ownerships

A variety of landscape features and processes create potential spatial
interactions among ownerships that affect the aggregate ecological conditions
in the province. These spatial effects would be invisible in assessments based
only on knowledge of the acreage of management actions and not their spatial
distributions. The potential for neighboring ownership classes to influence
conditions within a focal ownership varies by ecological process and owner-
ship. Important landscape features and processes include edges, interior
patches, roads, movement of organisms,and movement of wood and sediment.
The ecological movements can be viewed as a source—sink process, a conceptual
framework that helps to visualize the degree to which the ownership mosaic
affects the ecological function of the province.

Edge effects

Edge effects take a variety of forms (Forman, 1995). The most important and
well-documented edge effects in this region occur when tall coniferous forest
stands are positioned next to shorter conifer plantations, deciduous forests or
agricultural lands. In these situations edge effects can penetrate from shorter
stature vegetation 50 to over 200 meters into taller stature vegetation. Edge
phenomena in the region include microclimatic effects (Chen et al., 1993),
habitat effects (McGarigal and McComb, 1995), and disturbance, especially
blowdown where tall stands are adjacent to areas of low vegetation such as
clear-cuts and agricultural land (Franklin and Forman, 1987). Edge effects can
also move from taller stands into shorter stands such as when tall forests shade
adjacent young forests, and when ungulates forage 200-300 m into early suc-
cessional stands from areas of hiding cover in tall forests (Wisdom et al., 1986).
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Table 7.2. Distribution of percentage of total edge by ownership combinations and total
percentage edge by ownership in the Coast Range

Ownership

Bureau UsS

of Land Forestry
Ownership PI PNI State Management Service Miscellaneous Total
PI — 32.6 8.6 25.9 5.2 2.3 74.6
PNI — — 5.5 6.9 6.1 2.1 53.2
State —_— — — 2.1 0.6 0.6 17.4
BureauofLand — — — — 0.8 0.5 36.2
Management
US Forestry — — — — — 0.3 13.0
Service
Miscellaneous* — — — — — — 5.8
Notes:

¢ Miscellaneous owners such as Indian tribes and counties.

The edges created by disturbances to stands are dynamic and move around
the landscape depending on the rate of disturbance and the rate of regrowth of
the disturbance patches. Boundaries created by ownerships also form a type of
edge whose ecological effects are dependent on the degree of differences in
management regimes across the ownerships. Although individual manage-
ment disturbances can shift around the landscape, over time ownership boun-
daries can be thought of as a long-term dynamic edge whose ecological effects
reflect the differences in cumulative effects of activities on either side of the
boundary. Given the highly contrasting management regimes of the owner-
ships (see section 7.3.3), the ownership class boundaries should be a good indi-
cator of long-term edges. The potential for edge effects derived from
ownership boundaries is large — there are 24161 km of boundary edges
between ownership classes, not including the edges of the province itself. Of
the total boundary edge the largest percentage (65.4%) occurs among three
ownership classes: private industrial, private non-industrial, and BLM (Table
7.2).Of the total of all boundary edges, 74.6% includes private industrial boun-
daries, 53.2% includes non-industrial private boundaries and 36.2% includes
BLM boundaries. USFS boundary edges form only 13% of the total edge among
ownerships in the province. Not surprisingly, edges involving the matrix of
private lands constitute the vast majority of potential edge in the province
(62.6%). Of course, boundary edges underestimate the total edge in the prov-
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ince, since edges will form between individual ownerships within a class and
between forest patches within anindividual ownership.

Interior area patch sizes

Some species may be favored by large patches of interior coniferous forests in
the region butitis not clear if the species are responding to the total amount of
habitat patches or sizes of patches/amount of edge. These include species such
as the northern spotted owl (Carey et al., 1992; Ripple et al., 1997) and brown
creeper (Certhia americana) (McGarigal and McComb, 1995). The stability of
large forest habitat patches is probably greater than small ones because edge
effects from windthrow, fires, and microclimatic change are minimal. Just as
with ownership boundary edges, the size of ownership tracts serves as a rough
indicator of the potential for interior patch conditions to develop across the
province. These can be either large patches of early-mid successional condi-
tions or mid to late successional conditions, depending on the ownership and
their management objectives. The size distributions of potential core areas of
tracts of ownerships vary by the amount of edge effect that is assumed. BLM
lands show the greatest impact of potential edge effects on core area size distri-
butions (Fig. 7.5c¢—f). Assuming no ownership boundary edge effects, all own-
erships have the majority of their total ownership areas in tracts of at least
10000 ha (Fig. 7.5b). When potential edge effects are taken into account, the
proportion of core areas shrinks on all ownerships but changes most drastically
for BLM lands, which occur primarily as small blocks in the checkerboard land-
scape. USFS and State of Oregon lands, on the other hand, maintain large core
area ownership blocks when ownership boundary edge effects are assumed.

Roads

Roads have widespread and poorly understood impacts on many ecological pro-
cesses (Forman and Alexander, 1998). Roads create edge effects for animals and
people. Road densities in watersheds of the province range from less than
1km/km2to over 3 km/km2.Elk and deer avoid roads and habitat quality for elk is
estimated to be reduced by half when road densities exceed 1 km/km2(Wisdom et
al., 1986). Some human recreational experiences are also lost by proximity to
roads. For example, according to recreational opportunity spectra (Driver et al.,
1987) the primitive recreational class of experiences requires a distance of at least
2.4km from any road. Less than 0.05% of the Coast Range would meet this criter-
ion. Of course, roads also provide the access benefits for other types of recreation.

Movement of organisms
Movement of organisms among ownerships and landscape elements in the
Coast Range occurs in two primary forms: diffuse and directional. Terrestrial
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animals, propagules, forest pathogens, and fire move by diffuse or non-
directional movements. Fish, landslides, debris flows, floods and spread of
some non-native species exhibit movements constrained by landscape features
(directional movement). In some cases organisms may also move in both ways
and to some extent the distinction is scale-dependent. Individual movements
of animals may be directional but aggregate movement of populations may
appear diffuse.

Diffuse movement by animals occurs at different scales: within home
ranges, by dispersal of subadults to new areas, and by migration in and out of
the province. All three types of movement occur at scales that interact with the
ownership patterns of the Coast Range. Terrestrial vertebrates in the Coast
Range have a spectrum of home ranges from a small fraction of a hectare for
Ensatinasalamander (Ensatina eschscholtzi) to over 5000 ha for ablack bear (Ursus
americanus). Dispersal characteristics are not known for many species, although
minimum distances are assumed to be several times the diameter of a home
range (Forman, 1995). Home ranges of spotted owls in the province range from
an average of 1500 ha for owls in relatively unfragmented landscapes to over
2900 ha in fragmented landscapes (Carey et al., 1992). For juvenile owls,
median dispersal distances range from 12 to 25 km in the Coast Range
(Forsmanetal.,in press). These movementareas and distances exceed the boun-
daries of most blocks of ownership in the province.

Relatively little is known about dispersal of vascular plant, lichen, and fungi
propagules. For many of these organisms mostdispersal is very local and would
be contained within ownership blocks. For example, Schrader (1998) studied
the distribution of western hemlock seedlings in closed canopy forests in the
Coast Range and concluded that most hemlock seeds disperse within 20 m of a
potential parent tree. While lichens can disperse great distances, some such as
Lobaria oregana effectively disperse over short distances through fragmentation
of tissues when broken thalli are blown by wind from source trees to adjacent
trees (B. McCune, personal communication). Consequently, this species and
several other lichen species are at risk in managed landscapes because they are
very slow to recolonize clear-cuts from refugia in older tree canopies (FEMAT,
1993).

Pathogens such as Swiss needle cast (Phacocryptopus gaumannii), a recent
serious forest management problem, have spread across several ownerships in
the northern Coast Range in recent years (Campbell and Liegel, 1996). This
fungal disease, which causes needles to yellow and die, drastically reduces the
growth rates of Douglas-fir stands and occurs primarily on the moist ecoregion
of the Coast Range. A native organism, it appears to have reached outbreak
levels as a result of a combination of factors including widespread planting of
Douglas-fir stands in moist climatic sub-regions and a wetter climate cycle in
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recent years. The infestation began in young forest plantations of non-local
stock and has spread to other plantations. Initially it occurred only in younger
stands but recently it appears to be spreading to stands of old trees on public
lands (G. Filip, personal communication). Spore loads may have built up on
younger stands to the point that the fungus is overwhelming the resistance of
older nativestands in other parts of the landscape.

Roads provide another mechanism for directional movement of organisms,
especially non-native plantspecies. Distribution of invasive, non-native woody
plantspecies such as Scotch broom (Cytisus scoparius) and Himalayan blackberry
(Rubus discolor) is correlated with distance from roads and they appear to have
spread through the province along major highways. Roads are also associated
with the spread of Phytophera lateralis, a root fungus that kills Port Orford cedar
(Chamaecyparus lawsoniana; Zobel et al., 1985), a highly valuable species that
occurs in the southern part of the province. The spores of the fungal disease are
transported in flowing water and during the wet season can be transported on
the hoofs of elk and cattle and on the tires of construction and logging
machines.

Anadromous salmonids are good examples of organisms that exhibit direc-
tional movement since they migrate in and out of this province, between the
PacificOcean and their spawning and juvenile rearing habitat. Salmonid species
differ in the distance that adults swim up into a coastal stream network to
spawn. Since cutthroat trout (O. clarki) and steelhead trout (O. mykiss) use
smaller, steeper streams, these species generally migrate further inland. They
frequently must cross non-industrial private (primarily agriculture)and private
industrial forest ownerships to get to their spawning and rearing habitats,
which are often concentrated, higher in watersheds on federal lands. The young
spend one to two years in these streams before they move down into larger
streams and rivers where they remain for up to a year before moving into the
estuary and open ocean (Peterson, 1982).In contrast, chum and chinook salmon
use habitats thatare in the lower portions of rivers nearer the ocean where chan-
nelsareusuallylarger and less steep, and are typically on private lands.

Movement of wood and sediment
One of the strongest spatial interactions and most important management
issues in the Coast Range is the delivery of large wood and sediment from
forested uplands to streams. These elements create stream channel complexity,
which is important for salmonid spawning and rearing habitat. Large wood is
especially important in creating channel heterogeneity in high gradient, high
peak flow streams of the Coast Range. Wood gets into streams through two
mechanisms: (1) the fall of streamside trees into streams, and (2) debris-flow-
generating landslides. Although landslides and debris flows can reduce the
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quality of spawning gravels in the short term, inputs of large wood and coarse
sediments to streams are important to maintaining habitat quality for species
inthelongterm (Everestetal., 1987; Reeves etal., 1995).

Once alandslide occurs in these steep mountain landscapes it may become a
debris flow of water, sediment, and wood moving down through stream chan-
nels. Its final resting place depends on stream gradient and stream junction
angles among other factors (Benda and Cundy, 1990). Landslide-debris flows
typically travel about 200-300 m with a maximum travel distance of about
2500 m (Robison etal., 1999); consequently, asignificant number could initiate
inone ownership and bedeposited inadifferentone.

Source-sink processes
Another way to conceptualize ecological movements in the Coast Range is as
source-sink processes in which some parts of the landscape are net sources of
organisms and matter and others are net sinks (Forman, 1995). In many cases
these transfers will cross boundaries and some ownerships will be sources and
some will be sinks, depending on the process and the intervening landscape
structure.

Organisms such as deer or fungal pathogens have great potential to move
out of private industrial and private non-industrial lands (source areas) and
influence large areas on publiclands (sinks)(Table 7.3). For example, 89% of
BLM lands could be affected by organisms or processes that move 1000 m
out from the margin of adjacent private industrial lands. Nearly 100% of
BLM lands would fall within 5000-m movements out of private lands.
Conversely, the federal lands have relatively little potential influence over
private lands: only 7% and 36% of private industrial lands would be influ-
enced by processes that move 1000 m out from the margin of USFSand BLM
lands, respectively. Possible candidate organisms for these flows from
private lands to federal lands include deer and elk, early successional and
non-native plant species that might build up in areas of high road density
and highly disturbed agricultural lands, genes from genetically altered
commercial tree species and pathogens such as Swiss needle cast that could
originate in relatively uniform plantations of Douglas-fir. Organisms that
might move from source areas on federal lands to sink areas on private lands
include the northern spotted owl and other species of late-successional
forests.

Landslides and debris flows that carry large wood and sediment to streams
are an example of directional source—sink phenomena that can cross owner-
ship boundaries. Source areas for delivery of large conifer wood via landslides
in coastal stream networks are steep concave headwall areas that fail periodi-
cally during high rainfall periods. These parts of the stream network are also
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Table7.3 Estimateof percentage of sink ownerships influenced by hypothetical inputs
from other organisms and processes from adjacent source ownerships for different
distances of movement

Sink ownership

Private Bureau of Us

non- Private Land Forestry
Source ownership industrial industrial Management Service State
100-m distance
Private non-industrial — 7 5 5 4
Private Industrial 11 — 17 5 6
Bureauof Land Management 2 6 — 1 2
US Forestry Service 2 1 — 0
State 2 2 0 —
1000-m distance
Private non-industrial — 46 36 47 29
Private Industrial 66 — 89 42 43
Bureau of Land Management 22 36 — 11 11
US Forestry Service 9 7 4 — 3
State 15 18 13 6 —
5000-m distance
Private non-industrial — 88 87 929 80
Private Industrial 96 — 100 100 93
Bureau of Land Management 60 64 — 60 37
US Forestry Service 17 18 17 — 10
State 55 60 45 48 —

places where the highest densities of large live conifers develop (Pabst and
Spies, 1999)and where dead wood frequently accumulates from tree falls from
steep adjoining hillslopes. It is possible, using information about topography
and stream network patterns, to develop a prediction of which source will
have sink areas for wood within fish-bearing stream channel segments. The
degree to which source-sink processes for large wood delivery in streams
interact with ownership can not be assessed without high-resolution digital
elevation models (DEMs), stream network maps, and GIS models that identify
potential landslide sources and debris-flow paths, and maps of forest struc-
ture. However, a simple analysis of ownership patterns of potential debris-
flow source areas can be made by examining the distribution of ownership by
slope class. In this analysis, areas likely to contain landslide prone sites (>30%
slope) within the province are disproportionately owned by federal and state
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agencies (57% of steep areas vs. about 37% of all lands in the province). (This
slope steepness analysis should be viewed with caution because the 30-m
DEMs on which it is based will underestimate the area of steep slopes.)
Conversely, topographically low areas which contain sites where debris flows
would stop are disproportionately owned by private non-industrial and
industrial landowners. It seems clear many sources of landslides reside on
federal lands and many of the potential sinks occur on private lands.
Additional important source areas of wood to streams occur in riparian areas
immediately adjacent to all streams. Where large trees have been removed
from these areas through harvesting, the potential source of large wood for
streams will be absent.

Road networks can also beasource area for landslides that affect streams and
define flow paths between uplands and stream networks. Analysis of erosion
events in recent floods in the Oregon Cascades indicate that roads in midslope
and ridge-top positions are net sources of sediment and debris flows while
roads along valley floors tend to trap sediment and restrict the movement of
debris flows before they reach streams (Wemple, 1998). Road networks may
also act to expand the drainage network of a watershed, and increase the mag-
nitude of peak flows after storm events (Jones and Grant, 1996).

7.4  Lessonslearned

At this point in our effort we have learned as much about conducting
integrated regional assessments as we have about the region we are studying.
The lessons learned from conducting integrated assessments include both
improved understanding of ecological issues at this spatial scale and the
process of conducting interdisciplinary research.

7.4.1 Potential ecological effects

We have learned that recently enacted policies in the Oregon Coast
Range have the potential to create novel landscape patterns of vegetation and
dynamics. We hypothesize that in this emerging landscape, the complex own-
ership pattern, contrasting management regimes, and ecological processes
create thespatial interactions that could notbe predicted based on information
from individual ownerships in isolation from each other. While the preceding
simple analysis of the ownership patterns indicates a strong potential for
aggregate effects in this province, more detailed analyses are needed to test the
degree and distribution of these effects. The spatial interactions that we expect
will have greatest impact on the ecological systems of this province are the fol-
lowing:
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(1) Imbalances and gaps in seral stage distributions across environmental
strata including sub-ecoregions, watersheds, and topographic posi-
tions.

(2) Gaps in distribution of habitat of relatively wide-ranging species (such
as the northern spotted owl or salmonids) whose movement occurs at
scales similar to that of ownership tracts and management allocations
within ownerships.

(3) Decline in aquatic habitat quality in some stream reaches and water-
sheds where private lands occur upstream and sources of wood from
debris flows arelost because of intensive forest management practices.

7.4.2 The process of building integrated provincial-scale models

The importance of problem definition and conceptual model

Without adequate problem definition and a conceptual framework, integrat-
ing landscape ecology and management issues (e.g., watershed management,
old-growth forest conservation) can degenerate into separate studies that will
ultimately fall short in meeting management needs. For example, in our early
efforts at framing our conceptual model we discovered that we had no direct
link between measures of biodiversity and socioeconomic values.
Consequently, we initiated a survey of how the public valued different types
and strategies of biodiversity conservation (e.g., salmon habitat protection,
biodiversity reserves).

The importance of policy-makers and policy questions

Without incorporating policy-makers and specific policy questions into the
research at the beginning, the potential for the research to be relevant to policy
and management questions will be diminished. In dealing with multi-
ownership landscapes it is extremely important to have the support of state
and federal agencies. The research must also be very sensitive to private prop-
erty issues and interagency institutional policies if the research is to be taken
seriously and used. We have met repeatedly with representatives from forest
industry to communicate our intentions, get information about their manage-
ment practices, and build trust and understanding of the assessment model we
arebuilding.

The challenge of spatial information about landscapes and regions
Gathering spatial information about large landscapes and regions can be an
enormous undertaking. Much of the resources for a project can be consumed in
compiling spatial data bases with adequate quality to meet scientific standards
and address relevant questions. In most cases, information about the accuracy
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of spatial information will not be available and if available, it is not always clear
what level of accuracy is needed. Some spatial information such as road loca-
tions can require cooperation of private landowners.

Thevalue of landscape projections

Spatial projections of future landscape patterns are a very powerful way to
communicate landscape issues to policy-makers, managers and the public.
Maps of possible future states create much interest in stakeholder groups and
can foster communication and understanding. However, landscape projec-
tions should be viewed more as asimulation experiment or a type of sensitivity
analysis of policy instruments than a real forecast of future conditions.
Projecting the future of complex ecological and socioeconomic systems for 100
or more years requires many simplifying assumptions that should be made
clear toany user.

The challenge of measuring ecological effects

Developing landscape- and regional-scale measures and models of ecological
responses is a major challenge. Empirically based response models (e.g., based
onlogistic regression) may be useful for some areas and situations but are typi-
cally inadequate for large landscape or regional studies of multiple organisms
or processes for which data do not exist. Ecologists will have to work as paleon-
tologists do, with only a few “bones” of knowledge of an ecosystem and will
have to fill in the pieces of the larger ecosystem “skeleton” without the benefit
of field or experimental research. These gaps in our knowledge will be filled
from theory, expert judgment, a few empirical studies, and simulation models
(i.e.,computer experiments). In some cases it might be possible to conduct field
studies to fill in critical information needs or verify model performance,
however, resources will typically not be adequate for extensive field studies
over largeareas.

The challenge and importance of scale

Integrated studies of large landscapes are fraught with scale problems. The
spatial and temporal scales of ecological, policy, and socioeconomic processes
and measures typically are not the same. The spatial scale and resolution of
simulation models may not match that of data available to characterize the
current or initial conditions of a landscape. For some processes, it may not be
clear what scale and resolution are needed for adequate representation.
Dealing with scale problems cannot be done in a single planning effort at the
beginning of an assessment. Continuous attention to scale is needed to find
ways to ensure that changes in one component will not create scale or resolu-
tion mismatches with other components.



Multi-ownership landscapes in Oregon

Integration occurs at many levels and takes many forms

Integration is central to all aspects of landscape assessments, from developing
the conceptual model to linking data bases to social interactions in a multi-
disciplinary team to working with different institutions. All scientists practice
integration at some level, but not all scientists have the interest or time to
attend to the integration needed to link landscape ecology and managementin
asignificant way. Some scientists must pay attention to the broad-scale integra-
tion problems (ecological—social integration; institutional issues; dynamics of
scientist-manager teams) if landscape ecology is to be useful in natural
resources management and policy.

Conducting science in a public policy environment
Applying landscape ecology to large multi-ownership areas of the earth is not
something that can be done solely within a research laboratory or an academic
institution. If landscape ecology is to become relevant to natural resource
issues, scientists must learn to interact with policy-makers, managers, and the
public. In some cases these interactions simply may be keeping these groups
informed of progress and results, in other cases the interaction can be much
more involved. For example, stakeholder groups can be invited to suggest
questions toaddress or even invited to participate in building the conceptual or
computer models. These interactions can take a lot of time and be threatening
toscientists and the normal process of science, but they can also help ensure the
relevance and use of the results of the work. At the same time, thereis a risk that
segments of the publicwith alarge stake in the outcome will attempt to manip-
ulate the process. Consequently, engaging the public needs to be done carefully.

7.5  Implications to policy and management

Principles and empirical studies from landscape ecology indicate that
policies and management actions within individual ownerships may not nec-
essarily achieve their objectives because of effects of adjacent owners. As our
simulations indicate, long-term effects of forest policies in multi-ownership
landscapes can result in highly contrasting landscape patterns. The effects of
this juxtaposition of habitats are not well known and require further research
and monitoring. In our experience, monitoring should focus on factors such
as environmental representation of ecosystems, edge effects, interior patch
sizes and distributions, roads, movement of organisms, movement of energy
and materials such as water, wood, and sediment, and disturbances such as
fire.Itappears that some organisms could occur on ownerships on which they
would not otherwise be found because of the occurrence of source habitat on
adjacent ownerships. These effects may be both desirable and undesirable
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depending on the effect and ownership. For example, spotted owls, nesting on
federal lands, could use adjacent private industrial lands for foraging or dis-
persal of young. Thus, private lands may contribute to the overall viability of
this and other species. On the other hand, actions on private lands might
decrease quality of habitat on publiclands and some pest organisms or distur-
bances that originate on one ownership may spread to adjacent ownerships.
The condition of aquatic habitat within a multi-ownership basin will prob-
ably depend on the ownership patterns of key stream reaches (e.g., low gradi-
ent unconstrained streams) and woody debris source areas within a
watershed. In watersheds with a diversity of owners, conservation practices
will need to be based on involvement of many owners if watershed goals are to
be met.

The recognition of the ecological effects of multi-ownership landscape
mosaics places pressure on state and federal agencies to develop policies that
take these cumulative landscape effects into account. No current policies spe-
cifically mandate multi-ownership planning and no public agencies have the
broad authority over it. However, some limited multi-ownership planning
activities are beginning. For example, the State of Oregon has developed a
salmon recovery plan based on watershed councils that are charged to develop
voluntary approaches to conserving salmon based on watershed management.
This and other efforts pose a major challenge to government agencies and the
public to balance competing values, mandates to protect biological diversity,
and private property rights. Some policies and laws may work at cross-
purposes. For example, anti-trust laws might prevent large timber companies
in the Coast Range from coordinating their activities to achieve overall land-
scape goals.

It is difficult to identify specific practices that can mitigate negative effects
within boundaries and enhance positive effects outside of boundaries. Much
depends on the particular political, socioeconomic, and biophysical context of
amulti-ownership landscape and of course, the goals and objectives of the par-
ticularlandowners and management agencies. However, specificactions can be
grouped into three major categories: (1) those that affect the underlying own-
ership pattern, (2) those that unilaterally change ecological conditions withina
single focal ownership, and (3) those that involve changes of conditions on two
or more ownerships. We will briefly describe some examples of these from the
perspective of a publicland agency whose goals include maintenance or resto-
ration of natural and semi-natural ecological systems.

Land exchanges and purchases can be used to alter the fundamental
pattern of ownership on a landscape. These may be done to block-up dis-
persed ownership units to create more core area or to obtain particular ecosys-
tem types that are not well represented within the current ownership. Public
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land management agencies have been doing land exchanges for years but
have typically not done so with specific landscape ecological concerns in
mind.

Ecological conditions within an ownership can be modified unilaterally to
buffer against outside influences. For example, forest management activities
can be zoned to create a gradient of management intensity that decreases from
the edge to the interior of an ownership block (Harris, 1984). It may be more
possible to mitigate and slow the spread of invading species or to stop the
spread of wildfire into natural areas if they are positioned near the core of
publicownership blocks than if they are on the margins. Effects of grazing wild
and domestic animals can be mitigated through fencing; tree windbreaks can
be used to reduce erosion or facilitate invasion of desirable species (Mitchell
and Wallace, 1998; Harvey, 2000). The challenge of unilateral changes (in
absence of coordination among owners) will be to determine how much poli-
cies and management actions within an ownership block should be modified
based on conditions or management plans on adjacent lands. Since manage-
ment goals and plans and owners are likely to change over time, one strategy
may be to assume a worst-case effect of outside ownerships on resources within
a focal ownership. This assumption was used in conservation planning for
federal forest lands in the Pacific Northwest (FEMAT, 1993). This approach
might result in a relatively low-risk strategy for sensitive resources within an
ownership but it might not be the optimal strategy when a diversity of owners
and resource goals are considered.

Ecological conditions outside a focal ownership can be modified through
negotiations among two or more landowners. These kinds of efforts often
include county, regional, or state-level planning and consensus groups such as
watershed councils. In many cases effective cross-boundary resource manage-
mentisinitsinfancy,evenin places such as the Greater Yellowstone Ecosystem,
where these types of efforts have been going on for over ten years (Glick and
Clark, 1998). However, some successes have been reported (Propst et al., 1998).
For example, areas of private lands can be identified to help maintain natural
and semi-natural conditions outside publiclands and reduce contrasts in vege-
tation structure at borders of publicand private lands. These actions require, of
course, funds to purchase lands or conservation easements or incentives for vol-
untary actions on private lands. Flow of energy and matter through multi-
ownership landscapes can be controlled through practices such as road
closures and modification of riparian vegetation to increase shade and lower
stream water temperatures in downstream reaches in a watershed. In Oregon,
the Oregon Department of Forestry has imposed limitations on logging on
steep slopes, which may reduce risk of landslide and debris flows across a drain-
age network (Oregon Department of Forestry, 1996).
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7.6  Summary

Multi-ownership landscapes pose significant opportunities and chal-
lenges to the integration of landscape ecology into natural resource planning
and management. Basic principles of landscape ecology can be used to demon-
strate the importance of taking a multi-ownership perspective. For example,
evaluation of patterns of environmental variation and ownership, edge effects,
and spatial interactions, including source-sink phenomena in the Oregon
Coast Range Physiographic Province, demonstrates how ownership patterns
control the ecological potential of whole landscapes and regions. In this land-
scape, some ownerships such as the Bureau of Land Management are poten-
tially quite sensitive to effects of activities on adjacent owners because of highly
fragmented pattern of patches and high edge density. Recent changes in forest
policy in this province will result in a divergence of landscape conditions
among ownership blocks over time and an increase in the effects of ownership
pattern on aggregate ecological conditions. Analysis of the dynamics and
pattern of multi-ownership landscapes requires integration among ecological
and social disciplines which is a major challenge to scientists and managers.
Landscape ecology can play an important role in this social process through
analyses and visualization that help policy-makers, managers, and the public
understand the consequences of individual owner decisions across multi-own-
ership landscapes. We described an interdisciplinary research effort in Oregon,
the Coastal Landscape Analysis and Modeling Study (CLAMS) that is attempt-
ing to meet this need.
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Incorporating the effects of habitat edges
into landscape models: Effective area models
for cross-boundary management

8.1 Introduction

Natural resource managers are increasingly charged with meeting multi-
ple, often conflicting goals in landscapes undergoing significant change due to
shifts in land use. Conversion from native to anthropogenic habitats typically
fragments the landscape, reducing the size and increasing the isolation of the
resulting patches, with profound ecological impacts (see Whitcomb et al., 1981;
Harris, 1984; Wilcove et al., 1986; Robinson et al., 1995). These impacts occur
both within and adjacent to the area under active management, creating new
and extensive edges between habitat types. Boundaries established between
management areas, for example, between timber harvest units or between
reserves and adjacent agricultural fields, inevitably lead to differences in the
quality of habitats on either side of the boundary, and a habitat edge results.
Although edges are common components of undisturbed landscapes, the
amountof edge proliferates rapidly aslandscapes are fragmented (Fig. 8.1).

The creation of edges has important ecological implications at the individual,
population, and ecosystem levels. Early ecologists and wildlife managers noted
that community organization and species abundances are often markedly differ-
entnear habitat edges (Leopold, 1933; Lay, 1938). Resource managers and conser-
vation biologists have long attempted to translate these observations into
managementactions,oftenbyattempting tomaximizeor minimizetheamountof
edge in some manner (e.g., Giles, 1971; Forman et al., 1976). Despite this long
history of consideration and recent advances in understanding the consequences
of habitat fragmentation, the development of tools for predicting these impacts
has progressed slowly. In this chapter, we offer an historical perspective on
attempts to address the influence of habitat edges on wildlife and ecological pro-
cesses,and we describe aspatial modeling approach that can help managers quan-
tify these effectsand incorporate species-specificdataintoa predictive framework
for comparing thelikely impacts of alternative managementscenarios. We believe
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thatinsightfulanalysisof thecomplexissuesassociated with cross-boundary man-
agementnecessitatesanexplicitfocusonhabitatqualityintheboundaryregions.

8.2  Edge effects and cross-boundary management

When managers adopt a landscape perspective they are immediately con-
fronted with habitat edges and their diverse and often powerful influence on bio-
logical resources. Often, management focus is on several habitat types or focal
species. Theadoption of alandscape perspective requires the manager to seeland-
scapes not as collections of similar patches surrounded by “non-habitat,” but as
mosaics of patches of different qualities, whose shapes and spatial arrangements
are important determinants of habitat quality. While cross-boundary manage-
ment obviously necessitates consideration of adjacent patches, it is the considera-
tion of edge effects thataddresses the influence of adjacent habitats on the quality
of habitat within a given patch. For example, cross-boundary management may
require a manager to consider the implications of agricultural development
outside a nature reserve on wildlife populations that move widely and often cross
the administrative boundary. The proximity of the agricultural fields may have
profound ecological impacts on the habitat within the nature reserve. Does agri-
culture supplement the food base of species residing in the reserve, or might it
introduce predators or disease? How far into the reserve do these effects pene-
trate? These and other questions about the effects of habitat edges are an impor-
tant subset of issues associated with cross-boundary management. As edges
become ever more prevalent in managed landscapes, their effects become more
complex,and moreimportant to managers.

Edges impactall levels of ecological organization. Although most research has
focused on how edges may influence population size or species diversity (Siskand
Battin, in press), edge influences are by no means restricted to the population and
community levels. Edges may influence behavior by creating barriers to the
movement of animals (Ries and Debinski, 2001; Haddad, 1999a) shifting the
nature of interactions among species (Remer and Heard, 1998), or altering the
distribution of key resources and microhabitats. They also may influence how
ecosystems function (Laurance et al., 1998) by modifying microclimatic condi-
tions (Chen et al., 1999), photosynthetic rates, and nutrient availability, among
other biotic and abiotic processes (Camargo and Kapos, 1995; Murcia, 1995). Of
course, the effects of habitat edges on ecological pattern and process, affecting all
levels of organization from the individual to the ecosystem, are the product of a
plethora of factors, and even apparently similar responses may be driven by very
different mechanisms. Unfortunately, these multiple effects and the processes
that drive them often have been lumped together and grossly oversimplified. Our
first task is to explore the history of “edge effects” and deconstruct some unhelp-
ful but widely held concepts. Then we will attempt to put the issue back together
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in a question-driven framework that will make the application of current knowl-
edge of habitat edges more tractable in cross-boundary management.

8.2.1 Edgeeffects: A“catch-all” term

Edge effects have along history in the ecological and management litera-
ture. In fact, the book thatlaunched the modern profession of wildlife manage-
ment, Aldo Leopold’s Game Management (Leopold, 1933), popularized the term
“edge effect” and provided hypotheses to explain the widely held view that
edges were beneficial to wildlife. Leopold suggested that the “desirability of
simultaneous access to more than one [habitat]”, and “the greater richness of
[edge] vegetation” supported higher abundances of many species, and higher
species richness (Leopold, 1933: 130-131). These hypotheses provided the first
management-oriented theory concerning the landscape-scale effects of habitat
heterogeneity on animal distributions and abundances. Unfortunately, these
hypotheses have been poorly tested. Instead of in-depth research regarding the
causes and consequences of increasing edge habitat, these hypotheses were
accepted by many as a general paradigm stating that diversity and the abun-
dance of species would tend to increase if the amount of edge habitat present in
amanaged landscape were increased. The passage of “edge effects” from anidea
based on limited observation and hypothesized mechanisms to a widely
accepted “law of ecology” (Odum, 1958) had a far-reaching impact on land man-
agement in the United States and around the world. Many texts and habitat
management guidelines discuss the advantages of creating habitat edges via
land management activities, such as small forest clear-cuts or the creation of
irregular boundaries around management units, in order to maximize the ratio
of edge tointerior habitat(Odum, 1958; Giles, 1971, 1978; Dasmann, 1981).

The hypothesis that increasing edge habitat increases species diversity and
abundance may be among the most widely accepted and broadly applied
guidelines in wildlife management that has not been rigorously tested or eval-
uated. The “law of edge effects” failed to distinguish differences in responses
among species and at different types of habitat edges, and the lack of explicit
predictions made it difficult to assess the impacts of edge creation. The uncriti-
cal acceptance of this “law” has had unintended consequences. For example,
managing forests in a manner that maximizes forest edge tends to increase
fragmentation of once-extensive forest habitats, leading to the decline of dis-
turbance-sensitive species, such as many interior forest birds (Wilcove, 1985;
Thompson, 1993; Robinsonetal., 1995).

8.2.2 Edgeand interior species: An overused dichotomy?

In the 1970s, increasing concern about the effects of habitat fragmenta-
tion on passerine birds led to a more critical assessment of the impacts of edges
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on biological diversity (Terborgh, 1976; Whitcomb et al., 1981; Harris, 1984).
Declines in many species of neotropical migrant songbirds, and increases in cos-
mopolitan and feral species — some of which increased competition, predation,
and parasitism in the remaining patches of forest habitat — led many ecologists
to question the wisdom of managing for increased edge (Brittingham and
Temple, 1983; Wilcove, 1985). In particular, studies of avian nest predators and
parasitesled to compelling evidence that habitat edges serve as the point of entry
to interior habitats for many invasive or weedy species that have detrimental
impacts on species of conservation interest (Brittingham and Temple, 1983;
Wilcoveetal., 1986).

The increased awareness of the relationship between increasing edges and
increasing nest parasitism and predation significantly altered the perceptions
of managers regarding habitat edges and edge effects. Research on songbirds
introduced a new dichotomy into the edge effects literature, between species
thought of as “edge species”, whose numbers are elevated near edges and
“interior species” that fare poorly at edges and require large areas of interior
habitat, well buffered from the forest edge (Whitcomb et al., 1981; Brittingham
and Temple, 1983). This new dichotomy improved on the old “law” by
acknowledging that not all species respond similarly to habitat alterations.
However, as with previous ideas about edge effects, the edge species/interior
species dichotomy focused on alimited subset of the fauna and assumed a uni-
formity of responses within these two categories. This idea has been extended
to other taxa, generating a second set of generalizations regarding edge effects.
The “law of edge effects” that assumed generally beneficial impacts was
replaced by the notion thatedge effects are bad because they reduce the amount
of habitatavailable to sensitive species of interior habitats.

Despite these contradictory perspectives on edge effects, or perhaps
because of them, unsupported generalities about edge effects have persisted
in the ecological and management literature. The resulting confusion has
tended to discourage critical examination of ecological patterns and pro-
cesses near habitat edges, and ecologists are just beginning to understand the
underlying mechanisms (see Fagan et al., 1999). Furthermore, theoretical
approaches for addressing edge effects within the context of structurally
complex, heterogeneous landscapes has progressed slowly (but see Turchin,
1991), as has the development of practical, predictive models useful in
applied management contexts. We believe that the interaction between an
increased understanding of mechanisms generating edge effects and the
development of predictive tools for assessing their ecological implications
will lead to a general understanding of habitat boundaries that will assist in
the management of many species and their habitats in the context of complex
and changinglandscapes.
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8.2.3 Common assumptions about edge effects

Historical paradigms concerning edge effects are characterized by overly
general principles intended to expedite decision making in conservation and
management. Efforts to implement rules of thumb regarding edge effects
include one or more basic assumptions about the effects of edges on popula-
tions and communities. Recent research has cast doubt on most of these
assumptions, as summarized below, leaving the manager with little scientific
support for decision-making. While many familiar generalizations are not
supported, increased appreciation of the more variable effects of habitat edges
provide an improved foundation for addressing landscape heterogeneity and
cross-boundary management. Some common assumptions include:

(1) Edgeeffects are similar for related species. As exemplified in early observations
of increased species diversity and higher abundances of individual species
at edges (e.g., Leopold, 1933; Lay, 1938; Johnston, 1947; Johnston and
Odum, 1956) and in studies employing the assumed dichotomy between
edge and interior species (Burgess and Sharpe, 1981), there is an underly-
ing assumption that many species respond in a very similar manner to
edges. More detailed studies of species assemblages near edges suggest
that the variability inherent in edge responses is large, and that species-
specific responses to edges span a continuum between the commonly
employed dichotomy between edge and interior species (e.g., Noss, 1991;
Siskand Margules, 1993; Brand and George, 2001).

(2) Edge effects extend some characteristic, fixed distance from the habitat edge into a
patch. Often, populations of all edge or interior species, or even entire
avian assemblages, are assumed to respond similarly to edges, up to some
fixed distance into a habitat patch (e.g., MacArthur et al., 1962; Temple,
1986). A growing number of empirical studies suggest that population
densities of most species change independently and idiosyncratically,
and the distance of penetration of edge effects differs from species to
species (Noss, 1991; Sisk, 1992). Several studies have suggested that,
while the edge/interior dichotomy may be a helpful concept for distin-
guishing responses in some cases, knowledge of species-specific edge
responses (see below) is necessary for understanding and predicting the
effects of edges created through landscape management and manipula-
tion (Lauranceand Yensen, 1991; Noss, 1991; Sisk and Margules, 1993).

(3) For a given species, edge effects are consistent, regardless of the type of edge. The
idea here is that species are intrinsically edge species or interior species,
and thata particular response to edges, in general, is characteristic of the
species. Thus, previous studies have assumed that a species identified as
an “edge species” at the intersection between forest and grassland will
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(4)

8.2.4

also be an edge species at the intersection of, for example, forest and
shrubland. Infact,species vary in their responses to edges, depending on
the type of edge. Sisk et al. (1997) showed that of 24 breeding birds of oak
woodlands, over half showed significantly different responses to edges
with chaparral vs. grassland.

Species respond similarly to the same type of edge in different locations. If under-
standing edge effects is to provide any insight into habitat management,
one must assume that there is some consistency in a species’ response to
similar edges between the same two habitat types. To date, few studies
have examined this question directly, and virtually all replicated designs
that have measured animal distributions across transects orthogonal to
edges have shown high variance in species abundances. Perhaps the best
evidence that edge responses are generally consistent, and therefore pre-
dictable, comes from modeling studies that use measured responses to
infer conditions at novel edges, and then test predictions with real data
(Temple, 1986; Laurance, 1991; Sisk et al., 1997). These results suggest that
responses show some consistency at similar edges, and that consideration
of edge effects can improve on estimates of animal abundance that are
based on habitatareaalone(Temple and Cary, 1988; Sisketal., 1997).

Mechanisms that cause edge effects

Perhaps due to the rapid creation of edge habitats in fragmented land-

scapes, the number of studies of the influence of edges has proliferated in
recent years. In a recent review of edge studies, Sisk and Battin (in press) found
more than 200 papers on birds alone. However, there has been a lack of concep-
tual unification in studies of edge effects, causing confusion in ecology and
management.In particular, many different mechanisms maylead to seemingly
similar edge effects. In a recent synthesis, Fagan et al. (1999) identified four
ways in which edges influence species interactions and cause edge effects:

(1)

(2)

Edges influence movement. Edges may be a barrier to dispersal for animals
(Stamps et al., 1987; Ries and Debinski, 2001; Haddad, 1999b). Edges
may create barriers, preventing dispersal through complex landscapes
and isolating animals. Conversely, Sisk and Zook (1996) have shown that
migrating birds can accumulate atedges, as forest birds moving through
largely deforested landscapes seek the nearest forest habitat for cover
and foraging. By definition, this nearest habitat is at the forest edge.
Such “passive accumulation” of mobile animals may generate increased
density near edges. These examples illustrate that, while animal density
may be an appropriate measure of habitat use, it may be a misleading
indicator of habitat quality (Van Horne, 1983).

Edges influence mortality. Particularly for habitatinterior species, edges may
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lead to higher mortality in plants and animals. Higher mortality may
occur in three different ways. First, edges create greater opportunity for
loss of dispersers into unsuitable habitat. For example, plants with wind-
dispersed seeds that are near the edge will lose more of their propagules
into unsuitable habitat. Second, edges alter microclimate, including tem-
perature, light,and moisture (Chen et al., 1993; Young and Mitchell, 1994;
Camargo and Kapos, 1995). In doing so, edges may impact competitive
interactions between species (Remer and Heard 1998; Fagan et al., 1999).
Third, edges provide points of entry for predators and parasites, such as
the brown-headed cowbird (Molothrus ater) (Wilcove et al., 1986; Murcia,
1995), that may affect co-occurring species (see below).

(3) Edges provide feeding or reproductive subsidies. From the edge, species may be
able to obtain a greater quantity and quality of food resources from each
of the habitats that create the edge, leading to positive effects on popula-
tionsizes(MacArthuretal., 1962; Faganetal., 1999).

(4) Edges define the boundary between two separate habitats, creating new opportu-
nities for species to mix and interact. By their very nature, edges influence
species interactions because they often bring into proximity species that
would not normally be present in the same habitat. Species that are
brought together at the edge may include predators and prey, new com-
petitors,and mutualists, generating novel interactions and creating new
species assemblages.

The mechanisms that cause edge effects impact all levels of ecological organiza-
tion, from individual organisms to the organization of ecosystems. Very few
studies have examined the mechanistic basis for the plethora of edge effects
reported in the literature (Sisk and Battin, in press), and it is unlikely that an
integrated understanding of edge effects is possible without significant
advances in this area. However, empirically based studies, such as those cited
above, combined with recent work proposing tractable theoretical approaches
(Matlack, 1993; Faganetal., 1999) provide avenues for incorporating improved
understanding of the mechanisms that cause edge effects into efforts to predict
their influence on interspecific interactions and, ultimately, community
organization and ecosystem function. These and other efforts to draw on the
considerable body of empirical data to test and refine mechanistic hypotheses
and predictive approaches have been propelled by a subtle but influential shift
in the way thatboth researchers and managers view edge effects.

8.3 Addressing edge effects through effective area models

Most approaches for predicting the impacts of habitat edges have
focused on patterns in animal abundance near edges (Lay, 1938; Johnston,
1947; Kroodsma, 1982). Typically, counts of organisms, often collected within
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100 m of an edge, were compared with counts from interior habitats, and
observed differences were attributed to “the edge effect.” In effect, the edge was
viewed as a unique, homogeneous habitat type, one that should be considered
inasimilar manner to forest, grassland, savanna, and other primary habitats.

Over the past 20 years, as ecologists and managers focused increasingly on
habitat fragmentation, conceptual approaches in community ecology and
resource management moved toward a landscape-scale approach (Forman and
Godron, 1981, 1988; Wiens et al., 1985). This change of perspective influenced
concepts of edges in subtle but profound ways. Rather than viewing edges as
unique habitats, ecologists began to treat them as landscape features that medi-
ated fundamental ecological processes, such as microclimatic conditions,
resource availability, and interspecific interactions. This revised concept of edge
effects emphasizes the influence of adjoining habitats on each other. Edge condi-
tions determine the type and intensity of influences and can be seen as directional
or semipermeable filters that alter conditions within a given habitat area, up to
some characteristic distance from the habitat edge itself (Wiens et al., 1985).
Unfortunately, the objective of researchers — generally focusing on the identifica-
tion of patterns in nature and the discovery of the forces creating those patterns,
often does not overlap with the needs of managers, who often are more interested
in the predicted outcomes of alternative habitat management options (Table 8.1).

Temple (1986) was perhaps the first to apply the revised concept of edge in a
predictive framework. His early core-area model drew on empirical data concern-
ing the penetration of nest predators into Midwestern forest fragments to assess
the impacts of changing land use on “fragmentation-sensitive” species. Thus,
evidence suggesting that nest parasitism occurred within about 100 m of the
forest edge led to predictions that only habitat more than 100 m from the edge
was suitable for interior bird species. Application of this model (Temple and Cary,
1988) proved insightful within the context of their study, but assumptions about
the distance of penetration of edge effects (100 m), the unsuitability of habitat up
to that depth of penetration, and the uniformity of responses of all focal species
limited the usefulness of core-area models in management situations.

Laurance and Yensen (1991) relaxed some of the assumptions of the core-
areaapproach, adding realism by allowing variation in edge responses, includ-
ing the distance of penetration. They examined the implications of different
edge response on patches of differing shapes, but they retained an underlying
assumption that the edge effect was fixed for a particular species or environ-
mental parameter at various types of edges, and they assumed that all edge
responses were unimodal. The focus remained on “interior species” that were
negatively associated with habitatedges.

Expansion of the core-area approach to include any combination of habitats,
and any species or environmental parameter of interest, is the objective of
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effective area modeling approaches (Sisk and Margules, 1993; Sisk et al., 1997)
discussed in this chapter. Like the core-area approach, the effective area model
assumes that the amount of suitable habitat, from the perspective of any species
in alandscape, is generally different than the collective area of the patches of its
habitat(s). In contrast to the concept of “core area,” the effective area may be larger
(for edge exploiters) or smaller (for edge avoiders). Inaddition, because managers
are interested in entire landscapes, and because adjacent habitats may influence
the suitability of all habitat types, not only remnant patches of the “natural”
type, the effective area approach weighs the quality of all habitat patches in the
landscape. This approach expands beyond the sometimes-arbitrary focus on
what are perceived as interior and fragmentation-sensitive species, and incorpo-
rates the spatial complexity of real landscapes, where the number, size, shape,
and spatial arrangements of habitat patches may influence habitat quality
(Forman and Godron, 1981; O’Neill etal., 1988; Ripple ctal., 1991).

The effective area model (EAM) (Sisk, 1992; Sisk et al., 1997) uses quantita-
tive measures of species-specific edge effects to weight habitat quality within a
particular patch, based on distance from the edge. (Interested readers can
contact thelead author fora copy of the Effective Area Model, which operates as
an extension to the ArcView® GIS application [Environmental Systems
Research Institute, Inc., Redlands, CAJ.) It then calculates an “effective habitat
area” for each patch of similar habitat within the landscape or management
area. The effective habitat area may differ from species to species, depending on
the degree to which proximity to edges enhances or degrades the quality of
habitat for that species. The idea that a given patch of habitat may be perceived
and utilized in very different ways by distinct species suggests the need to con-
sider variability in edge responses when evaluatinglandscape compositionand
structure ina management context. Consideration of the responses of multiple
species to different edge conditions allows the conservation scientist to esti-
mate the effective area of habitat available to each species, based on its charac-
teristicresponses to conditions near edges.

The EAM uses two types of input data — the edge response of each species (or
of another environmental parameter of interest) and detailed landscape maps
identifying habitat patches and their location in the landscape — to generate
predictions of the distributions of organisms, resources, or environmental con-
ditions in heterogeneous landscapes.

8.3.1 Edgeresponses

The edge response quantifies the species-specific influence of habitat
edges. It can be conceptualized as the population density (or as the value of any
other environmental variable) at increasing distances from the habitat edge
(Fig.8.2). Measuring edge responses typically involves sampling the variable of
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(a) EDGE EXPLOITER FIGURE 8.2
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Hypothetical density responses for
organisms occurring near abrupt edges
(dashed vertical lines) between different
habitat types. The three hypothetical
responses illustrated above depict three
classes of response in any environmental
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interestalong transects running orthogonal to the habitat edge. Thisapproach
captures the effects of different underlying mechanisms, including both
within-patch factors (such as floristic, structural, and microclimatic attrib-
utes,) and external factors, such as the modifying influence of the surrounding
matrix habitats. For some variables, including density responses for common
vertebrates, edge responses may be derived from the literature. For most
others, characterization of edge responses may require field research. Even in
these cases, however, treating edge responses as a surrogate for detailed behav-
ioral, demographic, and environmental parameters provides an efficient
approach for quantifying sensitivity to the influences of adjoining habitats.
Several studies have determined edge responses for birds by estimating pop-
ulation density along a habitat gradient extending from the interior of one
habitat, across the edge, and extending into the interior of the adjacent habitat
(e.g., Noss, 1991; Sisk and Margules, 1993) (Fig. 8.3a—d). Edge responses of
physical characteristics influencing habitat quality can be derived from high-
resolution microclimatic data (Ranney et al., 1981; Laurance, 1991; Chen et al.,
1993; Malcolm, 1994). The availability of relatively inexpensive electronic

there may be no discernible edge response,
asin(c), where the parameter has distinct
values in the adjoining habitatand the edge
is merely the point of transition, introducing
no novel effects. Adapted from Sisk et al.
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FIGURE 8.3

Empirical responses of selected animal species and microclimatic variables to
habitat edges. (a) Density of orange-crowned warbler (Vermivora celata), a neotropical
migrantbird, at oak/chaparral edges in coastal California; (b) density of orange-
crowned warbler at oak/grassland edges; (c) abundance of bicolored antbird
(Gymnopithys leucaspis), a tropical forest understory bird, expressed as the number of
captures per 100 mist net hours; (d) abundance of the tropical forest butterfly
Mesosemia asa, expressed as the number of captures per trap day; () temperature near
“hard” edges between montane tropical forest and pasture in Costa Rica, near “soft”
edges between the same forest and selectively logged forest, and in control sites
located in undisturbed forest more than 5 km from the nearest pasture and sampled
according to the same protocol. Dashed line indicates location of edge. All data from
Sisk (1992).
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sensors and automated dataloggers permits detailed monitoring of microcli-
matic conditions at sampling stations spanning the edge gradient, and the
characterization of edge responses for parameters such as ambient tempera-
ture, relative humidity, and solar radiation (Young and Mitchell, 1994;
Camargo and Kapos, 1995; Chen et al., 1995) (Fig. 8.3¢). When incorporated
into an EAM, these microclimatic responses permit landscape-scale predic-
tions about underlying physical characteristics that influence habitat quality.
Interestingly, the edge response of a particular species or environmental vari-
able may vary considerably at edges between different habitat types (Sisk, 1992).
For example, a woodland bird that is an edge exploiter at a boundary with shrub-
land (Fig. 8.3a) may be edge-avoiding at a grassland edge (Fig. 8.3b). This variabil-
ity suggests that characterization of edge responses may be an ongoing and
time-consuming task. Many factors, including age, sex, and social status (for some
animals), seasonality and climatic conditions, might influence edge responses. In
the worst-case scenario, this variability could make implementation of the EAM
intractable, due to demands for empirical data. In practice, however, management
decisions are usually driven by specific concerns that focus on particular types of
organisms (e.g., breeding adults) and/or environmental conditions (e.g., effects of
fire during the breeding season). Thus, while variability in edge responses may be
great, management contexts usually constrain the potential variability to a level
that can be addressed in modest empirical studies. While gathering edge response
data on density, behavior, and/or environmental condition may be time consum-
ing, it is far less demanding than the collection of the full range of demographic
and dispersal data required to parameterize metapopulation models and other
spatially explicit approaches that are seeing increasing use in management con-
texts(e.g., Dunningetal., 1995; Noon and McKelvey, 1996; Wahlbergetal., 1996).

8.3.2 Habitat maps

The second class of input data for the EAM is detailed habitat maps of
real or hypothetical landscapes. Size, shape,and location of patches of different
habitat types must be delineated for the model area. Typically, landscape-scale
information can be obtained from aerial photographs and satellite images, and
floristic composition may be derived from the application of appropriate clas-
sification algorithms, in conjunction with adequate field data (Turner and
Gardner, 1991; Avery and Berlin, 1992; Wilkie and Finn, 1996). For many
species, classification of vegetation based on floristic composition is an inade-
quate descriptor of habitat quality. For example, many forest birds are highly
sensitive to the vegetation structure (e.g., Willson, 1974; James and Wamer,
1982). In such cases, additional data may be required, either from other
remotely sensed sources (e.g., Imhoff and Sisk, 1997) or from detailed field



Effective area models for landscape management

data. Current approaches to detailed habitat mapping typically incorporate
multiple datasourcesinageographicinformation system (GIS). Theincreasing
availability of GIS to scientists and resource managers offers a powerful organ-
izational and analytical tool for mapping habitatsand a convenientand power-
ful environment for applying effective area models.

While the details of habitat classification and mapping are beyond the scope
of this chapter, it is important to note that use of the effective area approach
assumes that complex landscapes can be mapped with sufficient detail and
accuracy to capture habitat quality for the species of concern. This entails selec-
tion of appropriate map extent and scale, both of which may vary among
species and environmental variables. Obviously, habitat maps developed for
butterflies may be inappropriate for making predictions about amphibian
densities. In practice, these distinctions can be addressed effectively and effi-
ciently by varying the number of habitat classes and the discriminatory param-
eters for identifying them, and by scaling the classification algorithm to the
species of interest (see Wiens, 1989; Withers and Meentemeyer, 1999).

These two classes of input data, edge responses and habitat maps, share
several characteristics that make them amenable to management models:

 They are characters that tend to show consistent patterns. Edge
responses are generated by the host of factors that guide habitat selec-
tioninspecificsituations, so they arelikely to be conserved over time and
space, where conditions are similar. Landscape composition and struc-
tureare discrete properties that characterize the diversity of habitat con-
ditions encountered by all organisms.

« They tend to be discrete and definable. Edge responses and habitat char-
acteristics, while often dynamic over ecological time-scales, can be char-
acterized unambiguously at a given point in time that is relevant to
management objectives.

« They are quantifiable. Edge responses, be they patterns in abundance,
reproductive output, or environmental conditions, can be sampled
effectively along transects running orthogonal to the habitat edge.
Complex landscape mosaics can be mapped efficiently using appropri-
ate combinations of remotely sensed dataand field measurements.

8.3.3 Generating patch-specific predictions for landscape-scale analysis

The EAM projects edge responses onto habitat maps, generating patch-
specific predictions of species abundances or environmental parameters based
onwithin-patch variation in habitat quality induced by edge effects. Figure 8.4
illustrates how patch-specific predictions of population size are generated,
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FIGURE 8.4

Aschematic depiction of the effective area model. Empirical data on the response of a
species (in this example the spotted towhee, Pipilo erythrophthalmus) or
environmental parameter of interest, across a habitat gradient orthogonal to the
edge, are projected onto digital habitat maps. Sub-regions for various patches are
defined according to their distance from the edge, and the area of each sub-region (4,)
is multiplied by the corresponding density (d,) from the species’ edge response curve.
The summation gives the expected population size in the patch. The EAM computes
similar estimates for all patches in the modeled landscape. By applying the edge
response to maps of alternative future conditions, the expected effects of alternative
management scenarios can be compared. Adapted from Sisk et al. (1997).

based on empirical data describing a species’ response to the habitat edge. In
the illustrated case, the spotted towhee (Pipilo erythrophthalmus), an edge-
exploiting species, is present at significantly higher density near the edge
between oak woodland and chaparral habitats than in interior oak habitat
150 m or more from the edge. Estimated density near the habitat edge is pro-
jected into the band of habitat within 50 m of the edge by simply multiplying
the density estimate by the area of habitatin the edge band. Similar calculations
are carried out for the remaining bands, and estimates for all sub-regions of the
patch are summed to produce an overall patch-specific estimate of abundance.
For the 220-ha patch illustrated in Fig. 8.4, the EAM predicts approximately
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470 individuals, with 70% of those expected to occur in edge habitat that con-
stitutes only 58% of the patch area (A, =128 ha). Similar calculations for all
patches of all habitats in the landscape, and for all species of management
interest, can produce estimated patterns of abundance for entire species assem-
blages in complex landscapes (Siskezal., 1997).

The ease of manipulating GIS-based habitat maps offers the opportunity for
exploring the expected outcomes of alternative habitat management options
by altering the habitat map to reflect proposed management activities, then
inputting these maps into an EAM. While this relatively simple approach
cannot predict population persistence and is unlikely to generate precise esti-
mates of population size, it does provide a tool for comparing predicted out-
comes for complex landscapes managed under different strategies. This
“game-playing” approach allows managers to assess and rank the expected
impacts of management alternatives on a wide range of parameters, from dis-
tributional and demographic trends to microclimate and resource availability
—any parameter that the manager has the methodology, time, and resources to
characterizealong theedge gradient.

8.4 Casestudiesand futureapplications

Most work on edge effects has focused on animal abundance and com-
munity organization. More recently, effects on behavior and ecosystem pro-
cesses have received increased attention. Below, we trace two case studies where
the effective area model has been applied successfully, providing insights into
management-relevant issues pertaining to population size and community
organization. We then discuss approaches to ecosystem processes and behavior
where edge effects have influenced cross-boundary management and edge-
based modeling approaches have been applied, albeitin a preliminary manner.
In all four cases we discuss opportunities for applying effective area models to
extend these case studies into the practical realm of cross-boundary manage-
ment. In a similar manner, much of the recent and ongoing research on edge
effects may lend itself toapplications in natural resource management.

8.4.1 Edgeeffectson populationsize

The edge effect concept has been used most frequently to characterize
responses of animal densities to habitat edges. The EAM provides a rigorous
approach to assess how the creation of edges, through habitat fragmentation or
restoration, will influence population sizes in patchy landscapes. Traditionally,
population studies have characterized species as edge or interior species,
without consideration of species-specific responses to habitat boundaries.
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Using this approach, core-area models have been used to determine the effects
of fragmentation on population abundances (Temple, 1986; Laurance and
Yensen, 1991). One recent review has successfully used such general classifica-
tions to demonstrate that, with increasing fragmentation, edge species tend to
increase in population size, and interior species tend to decrease in population
size (Bender et al., 1998). However, an effective area approach is likely to
improve predictions of population responses to fragmentation.

Haddad and Baum (1999) showed how an effective area model could be used
to determine the effects of edges on population abundances. They compared
the effects of edges in similar habitat patches, each 128 X 128 m (1.64 ha). The
patches were open areas of habitat created by harvesting pine. The open areas
were suitable habitats for several butterfly species, while the surrounding pine
forest matrix did not contain several important hostand nectar plant resources
and, thus, was not suitable habitat for some butterfly species. The patches dif-
fered in that some were connected to nearby patches by corridors, while others
were isolated. A total of 19 patches were connected to other patches, and 8
patches were completely isolated from other patches.

To estimate the densities of three butterfly species, Haddad and Baum
(1999)surveyed each of the 27 patches an average of 54 times during 1996. Each
patch was surveyed by dividing it into 8 transects, each separated by 16 m.
Transects were walked in 6 min, excluding time spent recording data. To
record the spatial location of individual butterflies, patches were subdivided
into8 X 8 mcells.

The effects of corridors and edges on butterfly densities were analyzed using
Poisson regression, an appropriate approach for count data. Variables in statis-
tical models included patch type (connected or unconnected), distance from
the habitatedge (in 8 m increments corresponding to a grid system within each
patch), and the densities of host and nectar plants. Two open-habitat species
(Junonia coenia and Euptoieta claudia) had higher densities in connected patches,
and at greater distances from habitat boundaries (Fig. 8.5a, b). A third habitat
generalist species (Papilio troilus) did not show differences in densities in con-
nected and unconnected patches (Fig. 8.5c). Although P. troilus densities
increased significantly with increasing distances from the forest edge, this was
due toitslow density at the habitat boundary and its high density at the center
of the patch.Its density atintermediate distances was constant.

Corridors are predicted to increase animal densities because they permit
more rapid recolonization of habitat patches after local extinction. However,
corridors change the shape and context of habitat patches within a complex
landscape, and several alternative hypotheses may also explain increased but-
terfly densities. One hypothesis that could explain differences in densities in
connected and unconnected patches is that corridors modify edge effects
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FIGURE 8.5

Densities of three butterfly species at
increasing distance from the edge of
managed pine forest into open patches.
Patches were of equal size and shape, except
that some patches were connected by
corridors (—e—)and others were not
(---Q---). Two species, Junonia coenia and
Euptoieta claudia, were open-habitat
specialists; Papilio troilus was a habitat
generalist. Modified from Haddad and
Baum (1999).
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within patches, and thus the effective habitat area within connected patches.
Using the effective area model, Haddad and Baum (1999) separated the por-
tions of corridor effects on butterfly densities that could be attributed to the
effects of edges. They did this by applying estimates of densities in uncon-
nected patches to areas in connected patches at equal distances from the edge.
By using the effective area model and integrating densities over the entire
patches, they could then predict butterfly densities in connected patches. They
found that effects of corridors in modifying edge habitat accounted for an
increase of 18-19% in butterfly densities. However, actual densities increased
by 105-122%. Thus, edges explained some, but not all, of the effects of corri-
dors onbutterfly densities.

Another potential application of the effective area model could improve pre-
dictions about the effects of patch area on population sizes of insect pests. This
well-developed literature has ascribed higher pest population sizes in larger
patches to smaller edge:area ratios. Because the proportion of edge tends to
decrease as patch size increases, the rate of emigration from larger patches
should be lower, leading to larger population sizes (Kareiva, 1985; Turchin,
1986; Bach, 1988; Hill et al., 1996). However, the emigration hypothesis does
not seem to explain the relationship between patch size and population
density in all cases (Haddad and Baum, 1999), and the relationship clearly
varies in ways that can be predicted from species-specific edge responses
(Bender et al., 1998). Here again, the EAM may be used to provide insight into
the mechanisms driving the relationship between patch area and population
density.

8.4.2 Edge effects on community organization and biodiversity

Asdiscussed above, early theories of edge effects assumed thatedges pro-
moted species diversity, as well as increased abundance of selected species.
Recent research has demonstrated that community responses to edges are
more complex. While edges often alter community composition, they do not
necessarily have positive effects on species diversity (Wilcove et al., 1986;
Murcia, 1995; Sisk and Battin, in press). Several studies have demonstrated
how effective area approaches can be used to predict community organization
in patchy landscapes. Sisk et al. (1997) estimated edge responses for the breed-
ingbirdsof oak, chaparral,and grassland habitats in central, coastal California.
On 40 occasions in 1989-91, they surveyed birds along eight 500-m transects
running orthogonal to edges between large tracts of these habitats, generating
density estimates for each species that were used to characterize responses at
different edge types. These data were used in an EAM to predict characteristics
of bird communities in smaller oak woodland patches in two landscapes, one
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where the patches were surrounded by chaparral and another where patches
were surrounded by grassland. Computation of predicted abundances fol-
lowed the procedures described above and illustrated in Fig. 8.4. For each
species, the number of individuals expected in each patch in a given landscape
was summed, and species were ranked according to their predicted abundance.
Sisk et al. (1997) demonstrated that the effective area model differentiated
between similar patches of oak woodland surrounded by different matrix hab-
itats when predicting the relative abundance of bird species. Predicted abun-
dances for edge-sensitive species for patches surrounded by chaparral differed
significantly from predictions for similarly sized patches surround by grass-
land, and these disparities were driven by the differing responses of many
species to the two edge types. Field tests of the predictions showed that the
EAM was significantly better at predicting the relative abundance than was a
null model that ignored edge responses and generated predictions based on
patch area, assuming homogeneous within-patch habitat quality. In this case,
knowledge of species-specific edge responses was required to capture funda-
mental differences between bird assemblages in oak woodland patches sur-
rounded by different habitats

Generation of landscape-scale analyses based on EAM predictions for multi-
ple patches offers an opportunity for comparing the effects of different land-
scape configurations. Hypothetical landscapes that would emerge from
alternative habitat management plans can be compared, and the consequences
of environmental change could be tracked through time, as the landscape
mosaic shifts due to natural and anthropogenic disturbance and succession.
For example, Sisk and Margules (1993) used the EAM to compare the expected
results of hypothetical efforts to restore avian habitat in central California. The
effects of four alternative restoration plans on three bird species were com-
pared. Results of the exercise suggested that large areas would need to be
restored before significant increases in the nesting density of edge-avoiding
birds were realized, while more modest efforts would tend to reduce densities
of edge exploiters. We have used a similar approach to explore the value of
habitat corridors of differing widths for selected species, assuming that corri-
dors must contain suitable habitat for the focal species if they are to effectively
connect large, otherwise isolated habitat patches. Fig. 8.6 illustrates the appli-
cation of the EAM in evaluating the usefulness of corridors of differing widths
for two tropical butterfly species. In this example, a corridor width of 50 m
would provide ideal habitat for the edge-exploiting Dione moneta; however, a
width of 250 m or more would be needed to provide high-quality habitat for
the edge-avoiding Mesosemia asa. While common sense tells us that narrow cor-
ridors will favor edge-exploiting species and wider corridors will be needed for
edge avoiders, the EAM provides a means of addressing the issue of how wide a
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FIGURE 8.6

Application of the effective area model in assessing the effects of corridor width

on habitat quality for two neotropical butterflies. Data from southern Costa Rica

(H. Sparrow, unpublished data) suggest that for corridors to provide interior forest
habitat for the edge-avoiding Mesosemia asa, a width of 250 m or more mightbe
required. The edge-exploiting Dione moneta, however, would be expected to thrive in
corridors as narrow as 50 m or less. The EAM provides a tool for assessing the value of
habitat corridors for a wide range of species, based on their responses to habitat
edges.

habitat corridor should be for a particular species, and for assessing the relative
value of existing or planned corridors for a wide range of species whose sensi-
tivity to edges may vary dramatically. For species that are able to move through
corridors that do not provide suitable habitat for extended residence (“move-
ment corridors”), behavioral models may be linked with the EAM to evaluate
the edge effects on corridor effectiveness (see below).
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8.4.3 Edgeeffects on ecosystem functioning

Few studies have addressed the effects of edges on ecosystem processes.
Edges are likely to influence the physical transport of nutrients and other
resources, the local light environment, photosynthetic rates, and many other vari-
ables and processes. Recent studies have begun to assess the complex effects of
edges on microclimatic conditions and physical processes that influence the distri-
bution, abundance, and productivity of plants and animals (Camargo and Kapos,
1995; Chen et al., 1995; Williams-Linera et al., 1998). These studies provide a tract-
ableapproach forlinking edge effects on resources to their influence on ecosystems.

Laurance et al. (1997, 1998) have provided a powerful example of how edge
effects can have catastrophic effects on ecosystems. In alandscape-scale experi-
ment in tropical forest, they showed that forest fragmentation could lead to a
collapse of biomass in the resulting small patches. They reported that fragmen-
tation increased rates of damage, mortality,and turnover of trees in forest frag-
ments, affecting community composition and structure. The effects on tree
communities were evident at 60-100 m from the forest edge, with some evi-
dence of effects penetrating up to 300 m. While there was little change in forest
productivity at distances greater than 100 m from the edge, habitat near the
edge lost an average of 3.5 tonnes biomass/ha/yr. They assert that the mecha-
nism causing biomass declineis wind disturbance near the edge.

Using a non-spatial core-area model that draws upon empirical edge
responses and an index for the shape complexity of a given patch (Laurance,
1991), Laurance and colleagues (1998) demonstrated that edges are likely to
have dramatic effects on forest community structure in fragments that fall
below 400 ha in area. In areas where specific reserve designs are being contem-
plated, their ecosystem edge response data might be used in an effective area
model, given appropriate habitat maps, to assess expected biomass loss under
alternative reserve designs, accounting for the number, shape, and configura-
tion of forest patches to be retained in the landscape.

8.4.4 Edge permeability and animal behaviors: Promising applications of the
EAM

Animal behaviors provide a direct, mechanistic link to population dis-
tributions, and an effective area approach may provide a useful tool for predict-
ing the landscape-level effects of habitat fragmentation on population
dynamics. For behaviors to be successfully incorporated into an effective area
approach, two types of behavioral information are needed: (1) an estimate of
edge permeability, or the degree to which edges form barriers to movement,
and (2) thedistanceat which edges influence behavior.
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5 _ FIGURE 8.7
— o Eurema nicippe Fffects .of edges on movement behavior at
4 increasing distances from the edge between
T —g— Phoebis sennae pine forests and open patches. The y-axis is
—x— Papilio troilus an index of edge permeability. A value of 1
3 1 indicates no effect of edges on movement
behavior, while values higher than 1 denote
2 aninfluence of edges on movement, with
higher numbers indicating decreasing
1 = ¢_——X p.ermeability (valuesless thaq lindicatea
—_—— higher than random propensity to cross the
No Effect  edge). Two species, Eurema nicippe and
0 T T 1 Phoebis sennae, were open-habitat

20 40 60 specialists. The third species, Papilio troilus,
. was a habitat generalist that was unaffected
Distance from forest edge by edges. Modified from Haddad (1999b).

The permeability of edges influences the ability of animals or resources to
cross into other habitats. To dispersing animals, edges may fall on a continuum
between totally transparent and totally impenetrable. Importantly, the same
edge may vary in permeability for different animal species. Haddad (1999a)
showed that forest boundaries were less permeable to open-habitat specialist
butterflies, but transparent to a generalist butterfly species (Fig. 8.7). In addi-
tion, edges between different habitats may vary in their permeability to any
particular species. Ries and Debinski (2001) studied behaviors of butterflies at
boundaries between prairie and various matrix habitats. Only one boundary,
between prairie and forest, was astrong barrier to the dispersal of the monarch,
Danaus plexippus. Boundaries with pasture, cropland, or non-prairie grassland
did not have a strong influence on D. plexippus movement. However, all boun-
daries, even between structurally similar habitats such as prairie and non-
prairie grassland, were barriers to movement by a prairie specialist butterfly,
the regal fritillary (Speyeria idalia). Boundaries may influence animal behaviors
or resource distributions, even at some distance from the actual edge. Haddad
(1999b) showed that edges might create barriers that influence butterfly move-
mentat up to 16 m from the edge (Fig. 8.7; see also Ries and Debinski, 2001). It
is because animal behaviors may vary with distance from the edge that the
effectiveareaapproach provides new and useful insights into the consequences
of habitat fragmentation for animal behaviors and population densities.

Dataonedge permeability and on thedistanceat which edges influence animal
behavior could be incorporated into effective area models to predict population
responses to habitat fragmentation in two stages. First, a model could be devel-
oped to simulate movement paths and population redistribution. Behavioral
data could be incorporated into simulations of a correlated random walk (such an
approach hasbeen described by Haddad [1999b]) or some other simple movement
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model that can be used to predict population redistribution. To more realistically
model the effects of habitat boundaries on movement behaviors, boundaries
could influence edge permeability and turning behavior at empirically estimated
distances from habitat edges. After running the model and allowing the popula-
tion to redistribute itself, the effective area model could be employed, as
described above, to estimate population sizes within habitat fragments. The
advantage of this approach is that it allows population densities to be predicted
from the mechanisms of animal behavior in complex, fragmented landscapes. In
a related approach in relatively simple landscapes, Turchin (1991) incorporated
behaviorsatedges intoanalytical models that predicted population sizes.

Understanding the strength and magnitude of edge effects on behaviors
may have particularly strong implications for the effectiveness of movement
corridors. Corridors will most effectively promote movement of species for
which boundaries are impermeable (Haddad, 1999b). In addition, the most
effective width for a movement corridor is likely to be a function of the distance
at which edges influence behaviors or population sizes (Figs. 8.5, 8.7).
Empirical (Andraesson et al., 1996) and theoretical (Tischendorf and Wissel,
1997; Haddad, 1999a) studies have shown that corridor effects on movement
rates initially increase as corridor width increases, but then level off. The dis-
tance at which corridor effects on movement level off is likely to correspond to
the distance at which edges influence behaviors (Haddad, 1999b). Again, the
effective area approach may provide useful new insights into the effectiveness
of corridorsatincreasing movement rates in fragmented landscapes.

8.5 Lessonsand challenges

The approaches to modeling edge effects presented in this chapter are
not a panacea for habitat managers faced with cross-boundary issues. They do,
however, provide an approach and some examples of how our growing body of
information about specific edge effects might be incorporated into a common
framework that can help inform management decisions. At the same time, our
examination of case studies has identified significant limitations of current
approaches to effective area modeling. In the following section we present
some of the key lessons learned in our attempts to develop spatial modeling
approaches thatincorporate edge effects,and we identify several problem areas
that we believe offer exciting opportunities for future research.

8.5.1 Lessons

Lesson 1 Edges influence ecological processes at different levels of ecological
organization in fragmented landscapes, from populations, communities, and
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ecosystems, to animal behavior. While we may be able to predict effects at a
given level, interactions among levels may increase the complexity of
responses. In a thought-provoking review, Fagan et al. (1999) identified four
classes of edge effects on species interactions: Effects on behaviors, on mortal-
ity, on feeding or reproductive subsidies, and on the creation of unique habi-
tats. Because edges bring together new assemblages of species, they affect
ecological interactions near management boundaries, and edge responses may
be affected. Consideration of multiple species, especially those thought to
influence the focal species, will better inform cross-boundary management.

Lesson 2 Using diversity indices to quantify edge effects is seldom good
enough; more important are shifts in species composition and relative abun-
dance caused by edges. Early edge studies quantified the effects of edges on
species diversity and found, in general, higher levels of diversity at the edge. In
hindsight, the emphasis on the number of species was misplaced. Edges have
enormous effects on which species are present and how abundant they are.
Since the species found at edges are often invasive species that may have detri-
mental effects on edge-avoiding species of management concern, the ability to
assess the effects of edge on specificspecies is of greater relevance to managers.

Lesson 3 Models based on simple classifications of edge and interior species
are less robust than those employing species-specific edge responses. Because
of simplifying assumptions about the distance that edge effects penetrate, and
about the generality of edge effects across taxa, these approaches are less useful
for predicting population or community responses to fragmentation.
Understanding the landscape-level importance of habitat edges requires an
understanding of species-specific responses to particular edge types. However,
this requirementintroduces a potentially crippling need for detailed empirical
data(see below).

Lesson4  Effective area models, drawing on empirical data on edge responses
and digital habitat maps, permit spatially explicit predictions of how land-
scape pattern impacts behavior, population size, community organization,
and ecosystem function. The approach also allows managers to compare the
predicted outcomes from alternative management actions, perhaps the most
useful aspect of the EAM in cross-boundary management.

8.5.2 Challenges

Challenge 1 Methods for efficiently obtaining sufficient data for appropriate
use of the EAM. Demands for input data may be daunting, especially when
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multiple species are modeled in heterogeneous landscapes. What are the most
efficient methods for estimating edge responses with sufficient precision to
generate helpful predictions? How consistent are edge responses from place to
place? Reviews of the literature, combined with incisive new field studies,
should identify more efficientapproaches for characterizing edge responses.

Challenge 2 Predicting edge responses from life-history, behavioral, or taxo-
nomic data. Many different mechanisms lead to edge effects, and each of those
mechanisms influences many different species. Neither ecologists nor manag-
ers will be able to measure the edge responses of every species at each type of
edge in a landscape. Thus, general rules are needed to allow the prediction of
edge responses for many poorly studied species. Species’ edge responses are
likely to be related to aspects of life history, demography, and/or behavior.
Identification of the relationships between these factors and observed edge
responses may allow managers to associate species and edge responses without
extensive collection of new field data. This would greatly simplify the applica-
tion of the effective area model to landscapes that have not been the focus of
previous research efforts.

Challenge3 Identifying the mechanisms that cause edge effects. Since the edge
concept was recognized in the 1930s, hundreds of studies of edge effects have
been conducted. Only recently have reviews begun to synthesize these studies
to identify mechanisms that cause edge effects (Fagan et al., 1999; Sisk and
Battin, in press), and the impact of edges on populations and communities
(Benderetal., 1998). Future work must identify under what circumstances,and
for which species, the various mechanisms causing edge effects are likely to be
important.

Challenge 4  Application of effective area modeling requires detailed habitat
maps. Current efforts often utilize vegetation maps and infer habitat quality
from floristic composition. Other factors, including vegetation structure,
slope, and exposure, among many others, may also influence habitat quality in
subtle ways. Finding cost-efficient methods for developing habitat maps that
capture variabilityamong patches and classify habitat types appropriately isan
important challenge, not only for this modeling approach, but for all efforts to
develop spatially explicit models that support natural resource management.

Challenge5 Extending the effective area model to predict the landscape level
responses of animal and plant distributions, community composition, and
ecosystems functioning to landscape change. Most studies have focused on
population size or abundance, or on the interactions between species,
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especially predators and their prey. A major challenge of edge studies is to scale
up from species-specific responses to predict effects on community assembly
and ecosystem functioning.

8.6 Summary

Wherever management boundaries are established, differences in type
and quality of habitats is likely to occur. Habitat edges are increasingly
common components of all landscapes, but they are particularly important in
managed and highly impacted landscapes, where human activities add toland-
scape heterogeneity and dramatically increase the amount of edge. The term
“edge effects” has a long history in ecology and wildlife management, but it
remains an enigmatic concept that too often is used to explain away a wide
range of complex patterns and trends in animal behavior, distribution, and
abundance.

Approaches for dealing with the often-pervasive influences of habitat edges
in resource management have advanced in recent years, and tools for quantita-
tiveassessment of edge effects have been tested on diverseanimal taxainawide
range of terrestrial habitats. The effective area model builds on earlier non-
spatial models to provide a flexible environment for exploring the implica-
tions of different types of edge effects on a wide range of species. By weighting
different areas of habitat patches, based on their distance from the patch edge
and the sensitivity of the focal species to the influences of the adjoining habi-
tats, wildlife managers can estimate the expected impacts of alternative man-
agement decisions on species of particular interest, as well as on the
co-occurring species that might influence their distribution, abundance, and
persistence in the focal landscape. Early trials indicate that the EAM is an
improvement over landscape models that deal with patch area alone, ignoring
edge effects.

Potential applications of the EAM concept are many, ranging from consider-
ing the implications of animal behavior on population size to predicting
changes in ecosystem processes following habitat fragmentation. Case studies
suggest that a better understanding of the mechanisms underlying edge
responses, along with more efficient approaches for identifying the nature of
these responses in poorly studied species and novel landscapes, will greatly
extend theapplicability of effective area models in management contexts.
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Aquatic—terrestrial linkages
and implications for landscape management

9.1 Introduction

Historically, ponds and lakes were viewed as isolated systems, separate
from their surrounding landscapes. Although a stream was recognized as a
network interweaving the countryside, its border with the surrounding land
was often overlooked. The interface between aquatic and terrestrial habitats
was viewed as the strongest of boundaries. Indeed, the visible integrity of
ponds and lakes was used as the primary justification for early definitions of
“ecosystems” as largely self-contained (Odum, 1971). Several decades later, the
relationship between aquatic and terrestrial landscape elements is viewed
quite differently. The terrestrial habitat is integrally connected to lotic and
lentic systems and provides resources that are essential to their health. The
aquatic—terrestrial interface itself is recognized as a porous filter that allows a
flow of organisms, water,and matter in both directions. This interface is often a
special habitat with its own unique flora and fauna that contribute signifi-
cantly to the functioning of the surrounding landscape.

The management of the linked aquatic—terrestrial landscape incorporates
two primary topics in landscape ecology (Forman, 1995). The first topic centers
on the flow of organisms across the aquatic—terrestrial boundary and among
different aquatic habitat patches throughout the landscape. The second topic
addresses the physical flow of water and matter as a key process linking land
and water systems. Flowing water transports substances by both aboveground
and belowground pathways across the interface and significantly affects the
quality and health of the downstream, receiving system. Sustainability and
successful management of wildlife, fisheries, and other natural resources are
dependenton theintegration of these subjectareas.

In this chapter, we summarize our current understanding 