
Cambridge Studies in Landscape Ecology 

Series Editors 
Professor John Wiens Colorado State University 
Dr Peter Dennis Macaulay Land Use Research Institute 
Dr Lenore Fahrig Carleton University 
Dr Marie-Jose Fortin University ofToronto 
Dr Richard Hobbs Murdoch University, Western Australia 
Dr Bruce Milne University ofNew Mexico 
Dr Joan Nassauer University ofMichigan 
Professor Paul OpdamALTERRA, Wageningen 

Cambridge Studies in Landscape Ecology presents synthetic and comprehensive 
examinations of topics that reflect the breadth of the discipline oflandscape ecology. 
Landscape ecology deals with the development and changes in the spatial structure 
oflandscapes and their ecological consequences. Because humans are so tightly tied to 
landscapes, the science explicitly includes human actions as both causes and 
consequences oflandscape patterns. The focus is on spatial relationships at a variety of 
scales, in both natural and highly modified landscapes, on the factors that create 
landscape patterns, and on the influences oflandscape structure on the functioning of 
ecological systems and their management. Some books in the series develop 
theoretical or methodological approaches to studying landscapes, while others deal 
more directly with the effects oflandscape spatial patterns on population dynamics, 
community structure, or ecosystem processes. Still others examine the interplay 
between landscapes and human societies and cultures. 

The series is aimed at advanced undergraduates, graduate students, researchers and 
teachers, resource and land-use managers, and practitioners in other sciences that deal 
with landscapes. 

The series is published in collaboration with the International Association for 
Landscape Ecology (!ALE), which has Chapters in over 50 countries. !ALE aims to 
develop landscape ecology as the scientific basis for the analysis, planning and 
management oflandscapes throughout the world. The organization advances 
international cooperation and interdisciplinary synthesis through scientific, scholarly, 
educational and communication activities. 

Also in Series 
Issues and Perspectives in Landscape Ecology 
Edited by John A. Wiens, Michael R. Moss 
978-0-521-83053-9 (hardback) 
978-0-521-53754-4 (paperback) 

Ecological Networks and Green ways 
Edited by Rob H. G.Jongman, Gloria Pungetti 
978-0-521-82776-8 (hardback) 
978-0-521-53502-1 (paperback) 

Transport Processes in Nature 
William A. Reiners, Kenneth L. Driese 
978-0-521-80049-5 (hardback) 
978-0-521-80484-4 (paperback) 

Integrating Landscape Ecology into Natural Resource Management 
Edited by Jianguo Liu, William W. Taylor 
978-0-521-78015-5 (hardback) 
978-0-521-78433-7 (paperback) 

EDITED BY 

JIANGUO WU 
ARIZONA STATE UNIVERSITY 

RICHARD J. HOBBS 
MURDOCH UNIVERSITY 

Key Topics in Landscape 
Ecology 

l!llliCAMBRIDGE 
• UNIVERSITY PRESS 



CAMBRIDGE UNIVERSITY PRESS 
Cambridge, New York, Melbourne, Madrid, Cape Town, Singapore, Sao Paulo 

Cambridge University Press 
The Edinburgh Building, Cambridge CBZ 8RU, UK 

Published in the United States of America by Cambridge University Press, New York 

www.cambridge.org 
Information on this title: www.cambridge.org/9780521850940 

©Cambridge University Press 2007 

This publication is in copyright. Subject to statutory exception 
and to the provisions of relevant collective licensing agreements, 
no reproduction of any part may take place without 
the written permission of Cambridge University Press. 

First published 2007 

Printed in the United Kingdom at the University Press, Cambridge 

A catalog record for this publication is available from the British Library 

ISBN-13 978-0-521-85094-0 hardback 

ISBN-13 978-0-521-61644-7 paperback 

Cambridge University Press has no responsibility for the persistence or accuracy of 
URLs for external or third-party internet websites referred to in this publication, and 
does not guarantee that any content on such websites is, or will remain, accurate or 
appropriate. 

Contents 

List of contributors 

Preface 

PART I Introduction 

1 Perspectives and prospects oflandscape ecology 

RICHARD HOBBS AND JIANGUO WU 

1.1 Introduction 
1.2 Key issues and research topics in landscape ecology 
1.3 Concluding remarks 

References 

PART rr Key topics and perspectives 

2 Adequate data ofknown accuracy are critical to advancing 

the field oflandscape ecology 

LOUIS R. IVERSON 

2.1 Introduction 
2.2 Data advances in past two decades 
2.3 Current status 
2.4 What we will have soon 
2.5 Issues of data quality 
2.6 Needs in data acquisition and quality 
2.7 Policy issues related to data acquisition and quality 
2.8 Conclusions 

References 

3 Landscape pattern analysis: key issues and challenges 

HARBIN LI AND JIANGUO WU 

3.1 Introduction 
3.2 General classification ofLPA methods 

pagex 
xiii 

3 

3 

4 
8 

8 

11 

11 
11 
13 
16 
16 
21 
31 
31 
31 

39 

39 
40 

v 



vi Contents Contents vii 

3.3 Key components of spatial pattern in relation to LPA 41 7.3 Scale effects, MAUP, and "ecological fallacy" 119 

3.4 Statistical and ecological assumptions ofLPA methods 44 7.4 Theory and methods of scaling 124 

3.5 Behavior ofLPA methods 49 7.5 Discussion and conclusions 134 

3.6 Limitations and challenges ofLPA 52 Acknowledgments 136 

3.7 Concluding remarks 57 References 136 

Acknowledgments 59 
Optimization oflandscape pattern 

References 59 
8 143 

JOHN HOF AND CURTIS FLATHER 

4 Spatial heterogeneity and ecosystem processes 62 8.1 Introduction 143 

MONICA G. TURNER AND JEFFREY A. CARDILLE 8.2 State-of-the-science in spatial optimization 144 

4.1 Introduction 62 8.3 Critical research questions 151 

4.2 Understanding the spatial heterogeneity of process rates 63 8.4 Conclusion 157 

4.3 Influence efland-use legacies 65 References 158 

4.4 Lateral fluxes in landscape mosaics 68 
Advances in detecting landscape changes at multiple scales: 9 

4.5 Linking species and ecosystems 70 

4.6 Concluding comments 71 
examples from northern Australia 161 

Acknowledgments 72 
JOHN A. LUDWIG 

References 73 9.1 Introduction 161 
9.2 Examples of detecting landscape changes from 

5 Landscape heterogeneity and metapopulation dynamics 78 northern Australia 162 

LENORE FAHRIG 9.3 Key challenges 164 

5.1 Introduction 78 9.4 Summary 169 

5.2 Levins' metapopulation model 78 Acknowledgments 170 

5.3 Spatially realistic meta population models 80 References 170 

5.4 PVA tools based on the meta population framework 82 

5.5 Landscape population models 83 
10 The preoccupation oflandscape research with land 

5.6 Conclusions 89 use and land cover 173 

Acknowledgments 89 MARC ANTROP 

References 89 10.1 Introduction 173 
10.2 Method 175 

6 Determining pattern-process relationships in 10.3 Results 176 

heterogeneous landscapes 92 10.4 Discussion 184 

ROBERT H. GARDNER, JAMES D. FORESTER, AND 10.5 Conclusions: key issues for further integration 

ROY E. PLOTNICK in landscape ecology 188 

6.1 Introduction 92 References 189 

6.2 Methods 93 
11 Applying landscape-ecological principles to regional 

6.3 Results 100 

6.4 Conclusions and recommendations 107 
conservation: the Wild Country Project in Australia 192 

Acknowldgements 111 BRENDAN G. MACKEY, MICHAEL E. SOULE, HENRY 

References 111 A. NIX, HARRY F. RECHER, ROBERT G. LESSLIE, 

}ANN E. WILLIAMS, JOHN C. z. WOINARSKI, 

7 Scale and scaling: a cross-disciplinary perspective 115 RICHARD J. HOBBS, AND HUGH P. POSSINGHAM 
JIANGUO WU 11.1 Introduction 192 

7.1 Introduction 115 11.2 Foundation principles 195 

7.2 Concepts of scale and scaling 116 11.3 Large-scale connectivity 199 



viii Contents 

11.4 Research and development issues 202 
11.5 Conclusion 207 

Acknowledgments 208 
References 208 

12 Using landscape ecology to make sense of Australia's last frontier 214 
DAVID BOWMAN 

12.1 Introduction 214 
12.2 The north Australian frontier 215 
12.3 This is not a landscape 217 
12.4 The quadrat is dead 217 
12.5 Landscape models: but "there is no there there" 218 
12.6 Longing and belonging 219 
12.7 Tell me a story 220 
12.8 Unexpected insights: confessions of an empiricist 222 
12.9 Conclusion 223 

Acknowledgments 224 
References 224 

13 Transferring ecological knowledge to landscape planning: a 

design method for robust corridors 227 
CLAIRE C. VOS, PAUL OPDAM, EVELIENE 

G. STEINGROVER, AND BIEN REIJNEN 

13.1 Introduction 227 
13.2 Context of the case study 229 
13.3 The development of robust corridors and the implementation 

in the planning process 232 
13.4 Discussion 239 

References 243 

14 Integrative landscape research: facts and challenges 246 
GARY FRY, BARBEL TRESS, AND GUNTHER TRESS 

14.1 Introduction 
14.2 Methods 

246 
247 

14.3 Defining integrative research approaches 247 
14.4 Motivations for integrative landscape studies 250 
14.5 What are we trying to integrate? 253 
14.6 Organizational barriers to integration 254 
14.7 Education and training needs 256 
14.8 Improving the theory base 257 
14.9 The merit system and the products of integrative research 257 

14.10 Mapping the boundaries of research 261 
14.11 Enhancing integrative landscape ecology research 263 
14.12 Conclusion 265 

References 266 

PART III Synthesis 
15 Landscape ecology: the state-of-the-science 

JIANGUO WU AND RICHARD j. HOBBS 

15.1 Introduction 

15.2 Two dominant approaches to landscape ecology 
15.3 The elusive goal of a unified landscape ecology 
15.4 A hierarchical and pluralistic framework for landscape ecology 
15.5 Discussion and conclusions 

Index 

Acknowledgments 
References 

Contents ix 

271 

271 

274 
277 

279 
284 
285 
285 

288 



6Z 

MONICA G. TURNER AND JEFFREY A. CARDILLE 

4 

Spatial heterogeneity and 
ecosystem processes 

4.1 Introduction 

Understanding the patterns, causes, and consequences of spatial hetero
geneity for ecosystem function is a research frontier in both landscape ecol
ogy and ecosystem ecology (Turner et al. 2001, Chapin et al. Z002, Wu and 
Hobbs ZOOZ, Lovett et al. ZOOS). Landscape ecology research has contributed 
to tremendous gains in understanding the causes and consequences of spa
ti~l heterogeneity, how relationships between patterns and processes change 
w1th scale, and the management ofboth natural and human-dominated land
scapes. There are now many studies in widely varied landscapes that elucidate, 
for example, the conditions under which organisms may respond to landscape 
composition or configuration, or disturbance spread may be constrained or 
enhanced by landscape pattern. The inclusion of a spatial component is now 
pro forma in many ecological studies, and tools developed by landscape ecolo
gists for spatial analysis and modeling now enjoy widespread use (e.g., Bas kent 
and Jordan 199S, McGarigal and Marks 199S, Gustafson 1998, Gergel and 
Turner 2002). Landscape ecological approaches are not limited only to "land" 
but are also applied in aquatic and marine ecosystems (e.g., Fonseca and Bell 
1998;Bell etal. 1999; Garrabou etal. 200Z; Teixido etal. Z002; Ward etal. zooz). 
However, with a few exceptions, the consideration of ecosystem function has 
lagged behind progress in understanding the causes and consequences of spa
tial heterogeneity for other ecological processes. 

Ecosystem ecology focuses on the flow of energy and matter through organ
isms and their surroundings, seeking to understand pools, fluxes, and reg
ulating factors. From its initial descriptions of how different ecosystems 
(e.g., forests, grasslands, lakes and streams) vary in structure and function, 
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ecosystem ecology moved toward quite sophisticated analyses of function _ 
e.g., food web analyses, biogeochemistry, regulation of productivity, and so on 
(Golley 1993, Pace and Groffman 1998, Chapin etal. Z002). However, ecosystem 
ecology has typically emphasized understanding changes through time within 
a single ecosystem rather than understanding variation across space (but see 
Ryszkowski et al. 1999). Recent studies suggest that spatial variability in some 
ecosystem processes may be of similar magnitude to temporal variation (e.g., 
Burrows et al. ZOOZ, Turner et al. Z004 ), and efforts to explain and predict such 
variation are increasing. The importance of transfers among patches, repre
senting losses from donor ecosystems and subsidies to recipient ecosystems, for 
the long-term sustainability of ecosystems is also now acknowledged explic
it! y (Naiman 1996, Carpenter et al. 1999, Chapin et al. zooz ). Ecosystem studies 
have elucidated the mechanisms underlying temporal dynamics of many pro
cesses, but there has been comparatively little explicit treatment of spatial het

erogeneity. 
Progress at the interface of ecosystem and landscape ecology has been rel

atively slow, despite a tradition in Eastern Europe (e.g., Ryszkowski and 
Kedziora 1993, Ryszkowski et al. 1999) and stronger connections during the 
early development of landscape ecology in North America (e.g., Risser et al. 
1984, Gosz 1986). Integration of the understanding gained from ecosystem 
and landscape ecology would likely enhance progress in both disciplines while 
generating new insights into how landscapes function. Indeed, gaining a more 
functional understanding oflandscapes is a goal shared by ecosystem and land
scape ecology. In this chapter, we identify key questions that could guide a 
research agenda in spatial heterogeneity and ecosystem function, focusing on 
four key research areas in which significant progress can be made: (1) under
standing spatial heterogeneity of process rates, (z) land-use legacies, (3) lateral 
fluxes in landscape mosaics, and ( 4) linking species and ecosystems. 

4.2 Understanding the spatial heterogeneity of process rates 

Understanding variability in the rates of key ecosystem processes is a 
major focus of ecosystem ecology (Chapin et al. zooz). "Point processes" are 
those that can be well represented by rates measured at a particular location in 
space and time (Turner and Chapin ZOOS), and for these processes, spatial varia
tion among replicate measurements is often averaged to estimate a mean value. 
For example, net primary production, net ecosystem production, denitrifica
ti~n, and nitrogen mineralization are processes understood in many systems 
usmg methods of analysis focused on spatially independent measurements. 
Most ecosystem ecologists have focused on understanding the mean rates and 
their temporal dynamics, in spite of the "noise" owing to spatial variation. 
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However, the basic causes of spatial heterogeneity in point-process rates have 
been well known for a long time (Jenny 1941). Heterogeneity is derived from 
the abiotic template, including factors such as climate, topography, and sub
strate. In addition, ecosystem process rates may vary with the biotic assem
blage, disturbance events (including long-term legacies), and the activities of 
humans (Chapin etal.1996, Amundson and Jenny 1997). Despite the acknowl
edgement of sources of spatial heterogeneity, there has been relatively little 
empirical work designed to characterize the spatial variation of process rates, 
the spatial scales over which variation is manifest, and the factors that control 
such variation. 

Recent studies have demonstrated that understanding temporal behavior 
in mean rates may not be adequate; understanding spatial variance in pro
cess rates may lead to new insights into the mechanisms governing ecosystem 
dynamics and new approaches for predicting landscape function (van Dokkum 
et al. 2002, Beneditti-Cecchi 2003 ). Understanding the locations and direct and 
indirect effects of the spatial and temporal variation in process rates across 
landscapes could help reveal the relative importance of abiotic, biotic, and 
human factors, which interact across potentially different scales of time and 
space to both constrain and produce observed spatial pattern. 

Studies linking disturbance, succession, and ecosystem processes in Yellow
stone National Park illustrate how new insights and predictive power can be 
gained from understanding variation in process rates (Turner et al. 1994, 1997, 
2004). The 1988 Yellowstone fires created a landscape mosaic in which post
fire lodgepole pine densities varied from 0 to >500000 stems ha-1• This spa
tial heterogeneity in sapling density resulted largely from contingencies such 
as the spatial variation in fire severity and in pre-fire serotiny within the stand, 
rather than from the abiotic template. The tremendous variation in stand den
sity in turn generated substantial heterogeneity in aboveground net primary 
production {ANPP), which ranged from 1 to 15Mg ha-1 yr- 1 ten years after the 
fires (Turner et al. 2004). Analyses of how spatial variation in stand density and 
growth rate (basal area increment, an index of ANPP) changes with stand age 
revealed that effects of the initial post-fire mosaic persists for at least a century 
{Kashian 2002, Kashian et al. ZOOS). Had only mean ANPP been studied and the 
spatial variability in ANPP ignored, it is likely that key factors influencing the 
process would not have been identified. 

Understanding the spatial patterns of ecosystem process rates is also funda
mental to spatial extrapolation over large areas. Obtaining field measurements 
of many ecosystem process rates across large areas is costly, and relatively few 
spatially extensive empirical data sets exist. Remote sensing methods and plat
forms offer promise for some variables on land (Groffman and Turner 1995, 
Martin andAber 1997, Serrano etal. 2002), in wetlands {Urban etal. 1993), and 
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in the open ocean {Karl2002). Extrapolation of process rates across heteroge
neous landscapes using empirical data or simulation models combined with 
GIS data layers can be used to test hypotheses about the influence of indepen
dent variables (Miller etal. 2004). Running etal. (1989) were among the first to 
integrate biophysical data obtained from many sources and combine these data 
with an ecosystem simulation model to predict evapotranspiration, leaf-area 
index and net photosynthesis across a large landscape. Their estimates demon
strated the power of these new integrative methods for producing spatially 
explicit projections of variation in ecosystem processes and offered insights 
into interactions among the controls on these processes (Running et al. 1989). 
Empirical extrapolations combined with GIS data have been used to predict 
rates of denitrification in southern Michigan (Groffman et al. 1992), net nitro
gen mineralization within forests of the Midwestern Great Lakes region (Fan 
et al. 1998), and aboveground net primary production in western Yellowstone 
National Park {Hansen et al. 2000). Using spatial extrapolation in a hypothesis
testing mode represents a powerful approach that could be used much more 
widely in studies of spatial heterogeneity of point-process rates (Miller et al. 
2004). 

A first research priority for linking ecosystem and landscape ecology should 
focus on understanding the spatial structure of variation in rates at multiple 
scales, the factors that produce the spatial variation, and the consequences of 
that variation for other ecological phenomena (Table 4.1 ). Methods from land
scape ecology that consider both continuous and discrete representations of 
spatial data should be integrated with studies of ecosystem processes to build 
understanding oflandscape function. 

4.3 Influence ofland-use legacies 

Landscape ecology has made important contributions to our under
standing ofland-use change, including the natural and socioeconomic drivers 
ofland-use change, how it affects landscape structure, and how organisms may 
respond. Recent studies have documented the importance ofhistoricalland use 
in explaining contemporary ecosystems and landscapes (Foster et al. 2003 ). For 
example, historical land use influences current vegetation composition in New 
England forests (Currie and Nadelhoffer 2002, Foster 2002, Hall et al. 2002, 
Eberhardt et al. 2003). Comparisons of formerly cultivated forests with refer
ence forests in North America and Europe suggest that agricultural practices 
can alter soil nutrient content and net nitrification rates for at least a century 
after abandonment (Koerner et al. 1999, Compton and Boone 2000, Goodale 
and Aber 2001, Dupouey et al. ZOOZ, Jussy et al. 2002). Thus, historical patterns 
ofland use may be important drivers of the pattern and variability in current 



----
66 MONICA G . TURNE R AND JEFFREY A. CARDILLE 

TAB LE 4 . 1 • Suggested general questions that could guide research in each of four areas 
in which progress is both needed and possible at the interface oflandscape ecology and 
ecosystem ecology 

Topic area Research questions 

Spatial heterogeneity of process rates • How spatially heterogeneous are ecosystem 

Influence ofland-use legacies 

Lateral fluxes in landscape mosaics 

Linking species and ecosystems 

process rates? 

• What causes variat ion in ecosystem process 
rates? 

• What are the consequences of variation in 
process rates on key ecological phenomena? 

• What is the role ofland-use legacies in 
explaining the state of contemporary 
ecosystems? 

• How persistent are the effects of historical 
land use? 

• In landscape mosaics, how does spatial 
configuration influence pools and lateral 
fluxes of matter, energy and information? 

• What are the relative roles of spatial 
variation in initial conditions, local process 
rates, and lateral connections for pools and 
fluxes? 

• How do effects of spatial heterogeneity 
differ in one-way nerworks and mosaics 
with multidirectional flows? 

• How do trophic cascades influence 
vegetation mosaics and rates of ecosystem 
processes? 

• How do the spatial movements of 
organisms respond to and create spatial 
heterogeneity in ecosystem process rates? 

rates of ecosystem processes. Landscape ecologists have often conducted stud
ies that quantify how landscape patterns have changed through time; however, 
in few cases have linkages been made between historical landscapes, their tra
jectories, and the ecosystem processes. 

Understanding the functional role ofland-use legacies could be addressed by 
combining the spatial analysis methods oflandscape ecology with the process
based approach of ecosystem ecology. Landscape ecology offers sophisticated 
methods to quantify land-use patterns as they change through rime. This 
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information could be used to stratify field sampling locations by historical 
land use and other appropriate variables, such as factors that relate to the abi
otic template (e.g., elevation, slope, aspect, substrate). Pools and process rates 
for key functional variables can be measured using traditional methods from 
ecosystem ecology (e.g., Sala et al. 2000). Spatial extrapolation can again serve 
as a means of testing the predictive power of current w1dersranding, and also 
of identifying locations in a landscape where some pool or flux of interest may 
be especially high or low. 

The use of new quantitative methods that consider the magnitude and scale 
of spatial variability in ecosystem response variables may also yield important 
new insights. Ecosystem processes are usually measured as continuous rather 
than categorical variables, and methods derived from spatial statistics are ide
ally suited for studying spatial variation in continuous data. Many of these 
methods (e.g., semivariograms, correlograms, kriging) are similar to time
series analyses that identify temporal periodicities in a data set. Spatial statis
tics also provide guidance for efficient sampling schemes to assess the spa
tial structure of continuous data (e.g., Burrows et al. 2002, Fraterrigo et al. in 
review). 

Understanding the influence of historical land-use patterns on vegetation 
and soils in the Southern Appalachian Mountains illustrates how a blending of 
landscape and ecosystem ecology can be used to understand the effects of his
torical land use on landscape function. Spatial-pattern analyses of these land
scapes have identified topographic positions and forest communities that have 
been influenced by land-use changes to a greater or lesser degree (e. g., Wear and 
Bolstad 1998, Turner et al. 2003 ). Historical land use has strongly affected mesic 
forest communities and the occurrence and abundance of herbaceous plants 
within these forests (Duffy and Meier 1992; Pearson et al. 1998, Mitchell et al. 
2002, Turner etal. 2003). However, the long-term (> SOyr) impacts ofland use 
on the spatial heterogeneity of soil nutrients are poorly understood. Frarerrigo 
et al. (in review) examined patterns of nutrient heterogeneity in the mineral soil 
(0-15cm depth) of 13 southern Appalachian forest stands in western North 
Carolina > 60 yr after abandonment from pasture or t imber harvest using a 
cyclic sampling design derived from spatial statistics. Mean concentrations 
rarely indicated an enduring effect ofhistoricalland use on nutrient pools, bur 
the spatial heterogeneity of nutrient pools differed substantially with past land 
use. Nutrient pools were most variable in reference stands, and this variabil
ity was greatest at fine scales. In contrast, formerly pastured and logged stands 
generally exhibited less variability, and soil nutrients were relatively more vari
able at coarse spatial scales. Geostarisrical analysis of fine-scale patterns further 
revealed that spatial structure of soil cations was more closely linked to former 
land use than observed for other soil nutrients. These results suggest that land 



68 MONICA G . TURNER AND JEFFREY A . C ARDILLE 

use has persistent effects on the spatial heterogeneity of soil resources, which 
may not be detectable when values are averaged across sites (Fraterrigo et al. in 
review). These insights were only possible by combining the spatial approaches 
oflandscape ecology with the analytical methods of ecosystem ecology. 

All landscapes exist and change in a framework ofboth natural and cultural 
legacies. Historical natural disturbances such as fire, floods, and storms appear 
to strongly influence contemporary systems, and analysis of cultural history of 
contemporary landscapes has assumed greater importance in recent decades 
(Foster et al. 2003). Yet studies of the impact of prior historical conditions of a 
landscape are relatively few. Landscape ecology can contribute by linking a tem
porally extended understanding oflandscape spatial dynamics with functional 
measurements and the application of methods for analyzing continuous data~ 
We suggest a second research priority for linking landscape and ecosystem ecol
ogy directed toward understanding the relative importance ofhistoricalland
scape conditions for explaining contemporary ecosystem dynamics, along with 
quantifying the persistence time oflegacy effects on different ecosystem char
acteristics and processes (Table 4.1). 

4.4 Lateral fluxes in landscape mosaics 

Lateral fluxes of matter, energy or information in spatially heteroge
neous systems have been recognized as key foci within landscape ecology in 
particular (Risser et al. 1984, Wiens et al. 1985, Turner et al. 1989, Shaver et al. 
1991) and ecology in general (e.g., Reiners and Driese 2001). Broad conceptual 
frameworks have considered the conditions under which spatial pattern, or 
particular aspects of spatial pattern, should influence a lateral flux. For exam
ple, Wiens et al. (1985) proposed a framework for considering fluxes across 
boundaries that included the factors determining the location ofboundaries 
between patch types in a landscape mosaic, how boundaries affect ecologic
al processes and the movement of materials over an area, and how imbalances 
in these transfers in space can affect landscape configuration. Weller et al. ( 1998) 
explored how and why different riparian buffer configurations would vary in 
their ability to intercept nutrient fluxes moving from a source ecosystem to 
an aquatic system. Simulation models ranging from simple representations 
(e.g., Gardner et al. 1989, Turner et al. 1989, Gardner et al. 1992) to complex, 
process-based spatial models (e.g., Costanza et al. 1990, Sklar and Costanza 
1990, Fitz et al. 1996) have also been employed to identify the aspects of spatial 
configuration that could enhance or retard a lateral flux. However, a general 
understanding of lateral fluxes in landscape mosaics has remained elusive, 
despite promising conceptual frameworks developed for semi-arid systems 
(e.g., Tongway and Ludwig 2001). 
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Many empirical studies have taken a comparative approach using integrative 
measurements, such as nutrient concentrations in aquatic ecosystems, as indi
cators of how spatial heterogeneity influences the end result oflateral fluxes 
(Correll et al. 1992, Hunsaker and Levine 1995). Most of these studies focus on 
nutrients, such as nitrogen or phosphorus, related to eutrophication of sur
face waters (e.g., Lowrance et al. 1984, Peterjohn and Correll1984, Soranno 
etal. 1996,Jordanetal. 1997, Bennett eta!. 1999). For example, in a recent study 
of the US Mid-Atlantic region, landscape heterogeneity explained from 65- 86 
percent of the variation in nitrogen yields to streams (Jones et al. 2001). Vari
ation in topography, the amount of impervious surfaces (e.g., pavement), and 
the extent of agricultural and urban land uses have all been related to the con
centration or loading of nutrients in waters. However, the particular aspects of 
spatial heterogeneity that are significant or the spatial scales over which that 
influence is most important have varied among studies (Gergel et al. 2002). The 
lack of consistency among the comparative studies may arise, in part, from the 
absence of mechanistic understanding about how materials actually flow hori
zontally across heterogeneous landscapes. 

The insights to be gained by focusing on the pathways oflateral fluxes are 
exemplified by studies of nitrogen retention in Sycamore Creek, Arizona focus
ing on hydrologic flowpaths as functional integrators of spatial heterogeneity 
in streams (Fisher and Welter 2005). Building upon a long history of research 
on this desert stream, Fisher and Welter found that nitrogen retention of the 
whole system could not be predicted simply by summing the rates observed 
in system components; rather, the lateral transfers through spatially hetero
geneous space had to be understood explicitly. In particular, the geometry of 
different patches, such as sand bars, that influenced nitrogen processing was 
critical to understanding nitrogen transport and retention. 

Understanding surface- and groundwater fluxes among lake chains in north
ern Wisconsin has demonstrated the importance of lateral fluxes for lakes. A 
lake's landscape position is described by its hydrologic position within the local 
to regional flow system and the relative spatial placement of neighboring lakes 
within a landscape(Webster et al. 1996, Kratzet al. 1997, Riera et al. 2000). Many 
hydrologic and biological properties of a lake are determined directly by land
scape position, which reflects the relative contributions of surface- and ground
water to the lake (Kratz et al. 1997, Soranno et al. 1999, Riera et al. 2000). Yet 
across large areas (e.g., an entire lake district containing thousands oflakes), 
surface- and groundwater connections among lakes are not well understood, 
making it difficult to predict the function of individual lakes that have not been 
intensively studied or of the integrated land-water mosaic. 

Approaches from landscape ecology could contribute to general understand
ing of the influence of spatial structure on stocks and fluxes across space. For 
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example, measures of composition and configuration could be adapted to the 
node-and-link structure of systems with lateral fluxes. Spatial models that 
track the movement of organisms or propagules might be considered for appli
cability to matter and energy. Furthermore, only a small subset of the lateral 
transfers of matter, energy, and information across landscape mosaics has been 
studied. There is a tremendous opportunity to seek a general understanding 
of lateral transfers in heterogeneous landscapes. We suggest that landscape 
ecologists extend their frameworks and approaches for the reciprocal interac
tions between pattern and process to the realm of fluxes of matter, energy, and 
information. Priorities should focus on understanding the importance of spa
tial configuration of fluxes, the relative importance of controlling factors, dif
ferences between uni- and multidirectional flows, and the role of disturbance 
(Table4.1). 

4.5 Linking species and ecosystems 

Strengthening the ties between species and ecosystems, between pop
ulation ecology and ecosystem ecology, has been recognized as an important 
disciplinary bridge within ecology (e.g., Jones and Lawton 1995). Organisms 
exist in heterogeneous space; they also use, transform, and transport matter 
and energy. The importance of herbivores in redistributing nutrients across 
landscapes has been recognized for some time. For example, grazers can 
enhance mineral availability by increasing nutrient cycling in patches of their 
waste (McNaughton etal. 1988, Day and Detling 1990, Holland etal. 1992). The 
cascading influence of herbivores on nutrient cycling through their modifica
tion of plant community composition has also been recognized (e.g., Mcinnes 
et al. 1992, Pastor et al. 1997). Recent studies have also identified the role of pis
civores in transporting nutrients derived from aquatic ecosystems to terrestrial 
ecosystems through their foraging patterns (e.g., Willson et al. 1998, Helfield 
and Naiman 2002, Naiman et al. 2002 ). Considering habitat use and movement 
patterns of species in a spatial context provides a wealth of opportunities to 
enhance the linkage between species and ecosystems and again enhance func
tional understanding oflandscape mosaics. 

Recent studies have identified the importance for vegetation patterns of spa
tial heterogeneity in trophic cascades. For example, in the western US, extirpa
tion of wolves in the twentieth century has been linked to increased ungulate 
population sizes and high rates of herbivory on woody plants such as aspen 
(Populus tremuloides) and willow (Salix spp.) (e.g., Romme et al. 1995, Ripple 
and Larsen 2000, Berger et al. 2001, Beschta 2003). With predator restoration 
in some North American national parks, numerical or behavioral responses 
of ungulates to predators may lead to spatial heterogeneity in browsing and 
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possibly the recovery of woody vegetation in some locations on the land
scape (White et al. 1998, Ripple et al. 2001, National Research Council 2002, 
Ripple and Beschta 2003). Such trophic cascades, when played out spatially 
in dynamic landscapes, may have important implications for dynamics of the 
vegetation mosaic. In tropical forest fragments, predator elimination has also 
been associated with increased herbivore abundance and a severe reduction in 
seedlings and saplings of canopy tree species (Terborgh et al. 2001 ). 

Large herbivores are known to respond to spatial heterogeneity in the dis
tribution of forage resources, but how important herbivores are in creating 
those spatial patterns, how their influence may be scale dependent, and how 
herbivore-induced patterns affect ecosystem processes remain unclear (Augus
tine and Frank 2001). Herbivore-mediated changes in forest composition have 
been shown to have important implications for patterns of nutrient cycling 
(Pastor et al. 1998, 1999). In Isle Royale National Park, selective browsing 
by moose (Alces alces) altered forest community composition which, in turn, 
changed nutrient cycling rates in the soil. Augustine and Frank (2001) demon
strated an influence of grazers on the distribution of soil N properties at every 
spatial scale from individual plants to landscapes. These studies suggest that 
much may be learned through integrative studies of population dynamics and 
ecosystem processes. 

Taldng a landscape perspective in which the linkages between species and 
ecosystems play out in space offers an unprecedented opportunity to enhance 
the linkages between these traditionally separate sub-disciplines within ecol
ogy. Populations both respond to and create heterogeneity in their environ
ments; ecosystem processes, similarly, can both influence species' patterns of 
occurrence and behaviors and also respond to biota. Population/community 
and ecosystem ecologists have historically asked quite different research ques
tions. We suggest that the landscape ecology may provide the conceptual 
framework through its emphasis on spatially explicit studies to integrate pop
ulations and ecosystems much more effectively (Table 4.1). 

4.6 Concluding comments 

The successful integration of ecosystem ecology and landscape ecol
ogy should produce a much more complete understanding oflandscape func
tion than has been developed to date. We have identified four areas in which 
progress is both important and possible: understanding the causes and con
sequences of spatial heterogeneity in ecosystem process rates; the influence 
efland-use legacies on current ecosystem condition; horizontal flows of mat
ter and energy in landscape mosaics; and the linkage between species and 
ecosystems. 
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Achieving this integration will require progress in several areas. First, con
tinuous and categorical conceptualizations of space must be used in much 
more complimentary ways (Gustafson 1998). Discrete or patch-based repre
sentations of spatial heterogeneity dominate in landscape ecology, yet ecosys
tem ecology is often characterized by continuous variation in pools or fluxes. 
Second, models and empirical studies both must be brought to bear on ques
tions of how spatially heterogeneous landscapes both create and respond to 
fluxes of matter, energy, and information. Studies that encompass broad spa
tial extents remain logistically difficult; while this is stating the obvious, it is 
important to recognize that studying ecosystem processes in large and het
erogenous areas remains a nontrivial challenge. Third, landscape and ecosys~ 
tern ecologists should collaborate to explore new technologies that may facili
tate spatially extensive measurements. Landscape-ecosystem ecologists should 
be proactive, describing the measurements that are highly desirable but not 
yet technologically feasible at particular spatial-temporal scales. Fourth, col
laborative research should be the rule rather than the exception. Most scien
tists do not have the training in all aspects of the science required to address 
the research questions we have identified- e.g., understanding spatial analy
sis, landscape patterns, and their change through time; knowing all the field 
and analytical procedures for ecosystem process measurements; spatial statis
tics; microbial ecology; and modeling. Effective collaborations may be requisite 
for progress. 

Understanding the implications of the dynamic landscape mosaic for ecosys
tem processes remains a frontier in ecosystem and landscape ecology. The 
potential benefits of integrating landscape and ecosystem ecology are impor
tant for landscape management and ecological restoration. Maintenance of 
ecosystem services in changing landscapes has been identified as a key priority 
for resource management from local to global scales (e.g., Daly 1997, Naiman 
and Turner 2000, Amundson etal. 2003, Lareau etal. 2003, Schmitz etal. 2003). 

Clearly, achieving this goal requires a much greater functional understanding 
oflandscapes than is currently available. Landscape ecology offers tremendous 
promise for providing a conceptual framework to understand reciprocal inter
actions between spatial heterogeneity and ecosystem processes. We challenge 
landscape ecologists to embrace the functional complexity of ecosystem ecol
ogy, and ecosystem ecologists to similarly embrace the spatial complexity of 
their systems. 

Acknowledgments 

We thank Jianguo Wu and Richard Hobbs for the invitation to partici
pate in the symposium at the IALE World Congress in Darwin, Australia, and 

Spatial heterogeneity and ecosystem processes 73 

for partial support for travel to that conference. We also acknowledge funding 
for this work from theN ational Science Foundation and the Andrew W. Mellon 
Foundation. 

References 

Amundson, R., Y. Guo, and P. Gong. 2003. Soil diversity and land use in the United States. 

Ecosystems 6, 470-82. 

Amundson, R.H. and H. Jenny. 1997. On a state factor model of ecosystems. BioScience 47, 536-43. 

Augustine, D.J. and D.A. Frank. 2001. Effects of migratory grazers on spatial heterogeneity of 
soil nitrogen properties in a grassland ecosystem. Ecology 82, 3149-62. 

Baskent, E. Z. and G.A. Jordan. 1995. Characterizing spatial structure of forest landscapes. 
Canadian]oumalofForestResearch 25, 1830-49. 

Bell, S. S., B. D. Robbins, and S.L. Jensen. 1999. Gap dynamics in a seagrass landscape. Ecosystems 
2, 493-504. 

Benedetti-Cecchi, L. 2003. The importance of the variance around the mean effect size of 

ecological processes. Ecology 84, 2335-46. 

Bennett, E.M., T. Reed-Andersen, J.N. Houser, J.R. Gabriel, and S.R. Carpenter. 1999. A 
phosphorus budget for the Lake Mendota watershed. Ecosystems 2, 69- 75. 

Berger, J., P. B. Stacey, L. Bellis, and M.P. Johnson. 2001. A mammalian predator-prey imbalance: 
grizzly bear and wolf extinction affect avian neotropical migrants. Ecological Applications 11, 

947- 60. 

Beschta, R.L. 2003. Cottonwoods, elk, and wolves in the Lamar Valley ofYellowstone National 
Pad{. Ecological Applications 13, 1295- 309. 

Burrows, S.N., S. T. Gower, M.K. Clayton, et al. 2002. Application of geostatistics to characterize 
leaf area index (LA!) from flux tower to landscape scales using a cyclic sampling design. 
Ecosystems 5, 667- 79. 

Carpenter, S.R., D. Ludwig, and W.A. Brock. 1999. Management of eutrophication for lakes 
subject to potentially irreversible change. Ecological Applications 9, 751- 71. 

Chapin III, F. S., P. A. Matson, and H. A. Mooney. 2002. Principles ofTerrestrial Ecosystem Ecology. New 
York: Springer-Verlag. 

Chapin ill, F. S., M.S. Torn, and M. Tateno. 1996. Principles of ecosystem sustainability. American 
Naturalist 148, 1016-37. 

Compton, J. E. and R.D. Boone. 2000. Long-term impacts of agriculture on soil carbon and 
nitrogen in New England forests. Ecology 81, 2314-30. 

Correll, D.L., T. E. Jordan, and D. E. Weller. 1992. Nutrient flux in a landscape: effects of coastal 
land use and terrestrial community mosaic on nutrient transport to coastal waters. Estuaries 15, 

431- 42. 

Costanza, R., F.H. Sklar, and M.L. White. 1990. Modeling coastal landscape dynamics: 
process-based dynamic spatial ecosystem simulation can examine long-term natural changes 
and human impacts. BioScience 40, 91-107. 

Currie, W.S. and K.J. Nadelhoffer. 2002. The imprint ofland-use history: patterns of carbon and 
nitrogen in downed woody debris at the Harvard Forest. Ecosystems 5, 446--60. 

Daly, G. C. 1997. Nature's Services. Washington, DC: Island Press. 
Day, T.A. andJ.K. Detling. 1990. Grassland patch dynamics and herbivore grazing preference 

following urine deposition. Ecology 71, 180-8. 

DuffY, D. C. and A. J. Meier. 1992. Do Appalachian understories ever recover from clearcutting? 
Conservation Biology 6, 196-201. 

Dupouey, J. L., E. Dambrine, J.D. Laffi te, and C. Moares. 2002. Irreversible impact of past land use 
on forest soils and biodiversity. Ecology 83, 2978- 84. 



74 MONICA G . T URNER AND JEFF R EY A. CAR DILLE 

Eberhardt, R. W., D.R. Foster, G. Moczkin, and B. Hall. 2003. Conservation of changing 
landscapes: vegetation and land-use history of Cape Cod national seashore. Ecological 
Applications 13, 68- 84. 

Fan, W., J. C. Randolph, andJ.L. Ehman. 1998. Regional estimation of nitrogen mineralization in 
forest ecosystems using Geographic Information Systems. Ecological Applications 8, 734-47. 

Fisher, S.G. and J.R. Welter. 2005. Flow paths as integrators ofheterogeneity in streams and 
landscapes. Pages 311- 328 in G. Lovett, C. Jones, M.G. Turner, and K.C. Weathers (eds.). 
Ecosystem Function in Heterogeneous Landscapes. New York: Springer-Verlag. 

Fi cz, H. C., E. B. DeBellevue, R. Costanza, etal. 1996. Development of a general ecosystem model 
for a range of scales and ecosystems. Ecowgica/ Modelr:ng 88, 263-95. 

Fonseca, M.S., and S.S. Bell. 1998.Influence of physical setting on seagrass landscapes near 
Beaufort, North Carolina, USA. Marine Ecology-Progress Series 171, 109-21. 

Foster, D. R. 2002. Insights from historical geography to ecology and conservation: lessons from 
the New England landscape. journal ofBiogeography 29, 1269-75. 

Foster, D. R., F. Swanson, J . Aber, I. Burke, et al. 2003. The importance ofland-use legacies to 
ecology and conservation. BioScience 53, 77-88. 

Fraterrigo,J., M.G. Turner, S.M. Pearson, and P. Dixon. Effects of past land use on spatial 
heterogeneity of soil nutrients in Southern Appalachian forests . Ecology (in review). 

Gardner, R.H., V.H. Dale, R. V. O'Neill, and M.G. Turner. 1992. A percolation model of ecological 
flows. Pages 259-69 in A.J. Hansen and F. Di Castri ( eds.). Landscape Boundaries: Consequences for 
Biotic Diversity andEcologicalFlow. New York: Springer-Verlag. 

Gardner, R.H., R. V. O'Neill, M.G. Turner, and V.H. Dale. 1989. Quantifying scale-dependent 
effects with simple percolation models. Landscape Ecology 3, 217-27. 

Garrabou, J ., E. Ballesteros, and M. Zabala. 2002. Structure and dynamics of northwestern 
Mediterranean rocky benthic communities along a depth gradient. Estuarine Coastal and Shelf 
Science 55, 493- 508. 

Gergel, S.E. and M.G. Turner. 2002. Learning Landscape Ecology: a Practical Guide to Concepts and 
Techniques. New York: Springer-Verlag. 

Gergel, S. E., M.G. Turner, J. R. Miller, J. M. Melack, and E. H. Stanley. 2002. Landscape indicators 
of human impacts to river-floodplain systems. Aquatic Sciences 64, 118--28. 

Galley, F.B. 1993. A History of the Ecosystem Concept in Ecology: More than the Sum of the Parts. New 
Haven, Connecticut: Yale University Press. 

Goodale, C.L. and J.D. Aber. 2001. The long-term effects ofland-use history on nitrogen cycling 
in northern hardwood forests. Ecowgical Applications 11, 253-67. 

Gosz, J. R. 1986. Biogeochemistry research needs: observations from the ecosystem studies 
program at the National Science Foundation. Biogeochemistry 2, 101- 12. 

Groffman, P.M., T.M. Tiedje, D.L. Mokma, and S. Simk.ins.1992. Regional-scale analysis of 
denitrification in north temperate fo rest soils. Landscape Ecology 7, 45-54. 

Groffman, P.M., and C.L. Turner. 1995. Plant productivity and nitrogen gas fluxes in a tall grass 
prairie landscape. Landscape Ecology 10, 255-66. 

Gustafson, E.J. 1998. Quantifying landscape spatial pattern: what is the state of the art? 
Ecosystems 1, 143- 56. 

Hall, B., G. Motzkin, D.R. Fosrer, M. Syfert, and J. Burk. 2002. Three hundred years afforest and 
land-use change in Massachusetts, USA. journal ofBiogeography 29, 1319-35. 

Hansen, A.J., J.J. Rotella, M.P. V. Kraska, and D. Brown. 2000. Spatial patterns of primary 
productivity in the Greater Yellowstone Ecosystem. Landscape Ecology 15, 505- 22. 

Helfield, J.M. and R.J. Naiman. 2002. Salmon and alder as nitrogen sources to r iparian forests in 
a boreal Alaskan watershed. Oecologia 133, 573-82. 

Holland, E. A., W.J. Parton, J. K. Detling, and D. 1. Coppock. 1992. Physiological responses of 
plant populations to herbivory and other consequences of ecosystem nutrient flow. American 
Naturalist 140, 685-706. 

Spatial heterogeneity and ecosystem processes 75 

Hunsaker, C. T. and D.A. Levine. 1995. Hierarchical approaches to the srudy of water quality in 

rivers. BioScience 45, 193-203. 
Jenny, H . 1941. Factors ofSoilFormation. New York: McGraw-Hill. 
Jones, e.G. and J. H. Lawton. 1995. Linking Species and Ecosystems. New York: Chapman and Hall. 
Jones, K.B., A. C. Neale, M.S. Nash, etal. 2001. Predicting nutrient and sediment loadings to 

streams from landscape metrics: a multiple watershed srudy from the United States 
Mid-Atlantic Region. Landscape Ecology 16,301-12. 

Jordan, T. E., D. 1. Correll, and D. E. Weller. 1997. Relating nutrient discharges from watersheds 
to land use and streamflow variability. Water Resources Research 33, 2579-90. 

Jussy, J.H., W. Koerner, E. Dambrine,J.L. Dupouey, and M. Benoit. 2002. Influence of former 
agriculruralland use on net nitrate production in forest soils. European journal of Soil Science 53, 

367-74. 
Karl, D.M. 2002. Nutrient dynamics in the deep blue sea. Trends in Microbiology 10,410-18. 
Kashian, D. M. 2002. Landscape Variability and Convergence in Forest Structure and Function Following 

Large Fires in Yellowstone National Park. Ph.D. Dissertation. Madison: University ofWisconsin. 
Kashian, D. M., M.G. Turner, and W.H. Romme. 2005. Variability and convergence in stand 

structure with forest development on a fire-dominated landscape. Ecology 86, 643- 54. 
Koerner, W., E. Dambrine,J.L. Dupouey, and M. Benoit. 1999. Delta N-15 afforest soil and 

understorey vegetation reflect the former agricultural land use. Oecologia 121, 421- 5. 
Kratz, T.K., K.E. Webster, C.J. Bowser, J.J. Magnuson, and B.J. Benson. 1997. The influence of 

landscape position on lakes in northern Wisconsin. Freshwater Biology 3 7, 209-17. 
Lareau, M., N. Mouquet, and R.D. Holt. 2003. Meta-ecosystems: a theoretical framework for a 

spatial ecosystem ecology. Ecology Letters 6, 673-9. 
Lovett, G., c. Jones, M.G. Turner, and K.C. Weathers (eds.). 2005. Ecosystem Function in 

Heterogeneous Landscapes. New York: Springer-Verlag. 
Lowrance, R., R. Todd, J. Fail, 0. Hendricl<son, and R. Leonard. 1984. Riparian forests as nurrient 

filters in agricultural watersheds. BioScience 34,374-7. 
Martin, M. E. and J.D. Aber. 1997. High spectral resolution remote sensing of forest canopy 

lignin, nitrogen, and ecosystem processes. Ecological Applications 7, 431-43. 
McGarigal, K. and B.J. Marks. 1995. FRAGSTATS. Spatia/Analysis Program for Quantijjing Landscape 

Structure. USDA Forest Service General Technical Report PNW-GTR-351. Portland, OR: US 
Dept. of Agriculrure Forest Service, Pacific Northwest Research Station. 

Mcinnes, P. F., R.J. Naiman, J. Pastor, andY. Cohen. 1992. Effects of moose browsing on 
veoetation and litter of the boreal forest, Isle Royale, Michigan, USA. Ecology 75, 478- 88. 

McN:ughton, S.J., R. W. Reuss, and S. W. Seagle. 1988. Large mammals and process dynamics in 
African ecosystems. BioScience 38, 794-800. 

Miller,J.R., M.G. Turner, E. H . Stanley, L.C. Dent, and E. A. H. Smith wick. 2004. Extrapolation: 
the science of predicting ecological patterns and processes. BioScience 54, 310--20. 

Mitchell, C. E., M.G. Turner, and S.M. Pearson. 2002. Effects ofhistoricalland use and forest 
patch size on myrmecochores and ant communities. Ecological Applications 12, 1364-77. 

Naim an, R.J. 1996. Water, society and landscape ecology. LandscapeEcowgy 11, 193- 6. 
Naiman, R.J., R.E. Bilby, D.E. Schindler, andJ.M. Helfield. 2002. Pacific salmon, nutrients, and 

the dynamics offreshwater and riparian ecosystems. Ecosystems 5, 399-417. 
Naiman, R.J. and M.G. Turner. 2000. A furure perspective on North America's freshwater 

ecosystems. Ecological Applications 10, 958-70. . 
National Research Council. 2002. Ecological Dynamics on Yellowstone's Northern Range. Washmgton, 

DC: National Academy Press. 
Pace, M.L. and P.M. Groffman. 1998. Successes, Limitations and Frontiers in Ecosystem Science. New 

York: Springer-Verlag. 
Pastor, J., Y. Cohen, and R. Moen. 1999. Generation of spatial patterns in boreal forest landscapes. 

Ecosystems 2, 439-50. 



76 MONICA G. TURNER AND JEFFREY A. CARDILLE 

Pastor,]., B. Dewey, R. Moen, et al. 1998. Spatial patterns in the moose-forest-soil ecosystem on 
Isle Royale, Michigan, USA. Ecological Applications 8, 411-24. 

Pastor, J., R. Moen, andY. Cohen. 1997. Spatial heterogeneities, carrying capacity, and feedbacks 
in animal-landscape interactions.]ournal ofMammalogy 78, 1040-52. 

Pearson, S.M., A.B. Smith, and M.G. Turner. 1998. Forest fragmentation, land use, and 
cove-forest herbs in the French Broad River Basin. Castanea 63, 382-95. 

Peterjohn, W. T. andD.L. Correll. 1984. Nutrient dynamics in an agricultural watershed: 
observations on the role of a riparian forest. Ecology 65, 1466-75. 

Reiners, W.A. and K.L. Driese. 2001. The propagation of ecological influences through 
heterogeneous environmental space. BioScience 51, 939-50. 

Riera,J.L., J.J. Magnuson, T.K. Kratz, a11d K. E. Webster. 2000. A geomorphic template for the 
analysis oflake districts applied to the Northern Highland lake District, Wisconsin, USA. 
Freshwater Biology 43, 301-18. 

Ripple, W.J. and R.L. Beschta. 2003. Wolf reintroduction, predation risk, and cottonwood 
recovery in Yellowstone National Park. Forest Ecology and Management 184, 299-313. 

Ripple, W.J. and E.J. Larsen. 2000. Historic aspen recruitment, elk, and wolves in northern 
Yellowstone National Park, USA. Biological Conservation 95, 361-70. 

Ripple, W.J., E.J. Larsen,R.A. Renkin, and D. W. Smith. 2001. Trophic cascades among wolves, 
elk, and aspen on Yellowstone National Park's northern range. Biological Conservation 102, 
227-34. 

Risser, P. G.,] .R. Karr, and R. T. T. Forman. 1984. Landscape Ecology: Directions and Approaches. Special 
Publication Number 2. Champaign, IL: Illinois Natural History Survey. 

Romme, W.H., M.G. Turner, L.L. Wa11ace, andJ. Walker.1995. Aspen, elk and fire in northern 
Yellowstone National Park. Ecology 76, 2097-106. 

Running, S. W., R.R. Nemani,D.L. Peterson, etal. 1989. Mapping regional forest 
evapotranspiration and photosynthesis by coupling satellite data with ecosystem simulation. 
Ecology 70, 1090-101. 

Ryszkowski, L., A. Bartoszewicz, and A. Kedziora. 1999. Management of matter fluxes by 
biogeochemical barriers at the agricultural landscape level. Landscape Ecology 14, 479-92. 

Ryszkowski, L. and A. Kedziora. 1993. Energy control of matter fluxes through land-water 
ecotones in an agricultural landscape. Hydrobiologia 251, 239-48. 

Sala, O.E., R.B. Jackson, H. A. Mooney, and R. W. Howarth. 2000. Methods in Ecosystem Science. New 
York: Springer-Verlag. 

Schmitz, 0.]., E. Post, C. E. Burns, and K.M.Johnston. 2003. Ecosystem responses to global 
climate change: moving beyond color mapping. BioScience 53, 1199-205. 

Serrano, L., J. Penuclas, and S.L. Ustin. 2002. Remote sensing of nitrogen and lignin in 
Mediterranean vegetation fromAVIRIS data: decomposing biochemical from structural 
signals. Remote Sensing ofEnvironment 81, 35 5-64. 

Shaver, G.R., K.J. Knadelhoffer, and A. E. Giblin. 1991. Biogeochemical diversity and element 
transport in a heterogeneous landscape, the north slope of Alaska. Pages 105-125 in 
M.G. Turner and R. H. Gardner ( eds. ). Quantitative Methods in Landscape Ecology. New York: 
Springer-Verlag. 

Sldar, F.H. and R. Costanza. 1990. The development of dynamic spatial models for landscape 
ecology: a review and prognosis. Pages 239-88 in M.G. Turner and R. H. Gardner ( eds. ). 
Quantitative Methods in Landscape Ecology. New York: Springer-Verlag. 

Soranno, P.A., S.L. Hubler, S.R. Carpenter, andR.C. Lathrop. 1996. Phosphorus loads to surface 
waters: a simple model to account for spatial pattern ofland use. Ecological Applications 6, 
865-78. 

Soranno, P.A., K.E. Webster, J.L. Riera, etal. 1999. Spatial variation among lakes within 
landscapes: ecological organization along lake chains. Ecosystems 2, 395-410. 

Teixido, N.,J. Garrabou, and W.E. Arntz. 2002. Spatial pattern quantification of Antarctic 
benthic communities using landscape indices. Marine Ecology -Progress Series 242, 1-14. 

Spatial heterogeneity and ecosystem processes 77 

Terborgh, J., L. Lopez, P. Nunez, etal. 2001. Ecological meltdown in predator-free forest 
fragments. Science 294, 1923-6. 

Tongway, D.J. andJ.A. Ludwig. 2001. Theories on the origins, maintenance, dynamics and 
functioning ofbanded landscapes. Pages 20-31 in D. Tongway, C. Valentin, and]. Seghieri 
( cds. ). Banded Vegetation Patterning in Arid and Semiarid Environments: Ecological Processes and 
Consequences for Management. New York: Springer-Verlag. 

Turner, M.G. and F. S. Chapin III. 2005. Causes and consequences of spatial heterogeneity in 
ecosystem function. In G. Lovett, C.Jones, M.G. Turner, andK.C. Weathers (eds.). Ecosystem 
Function in Heterogeneous Landscapes. New York: Springer-Verlag. 

Turner, M.G., R.H. Gardner, V.H. Dale, andR. V. O'Neill.1989. Predicting the spread of 
disturbance across heterogeneous landscapes. Oikos 55,121-9. 

Turner, M.G., R. H. Gardner, and R V. O'Neill. 2001. Landscape Ecology in Theory and Practice. New 
York: Springer-Verlag. 

Turner, M.G., W.H. Hargrove, R.H. Gardner, and W.H. Romme. 1994. Effects of fire on landscape 
heterogeneity in Yellowstone National Park, Wyoming.]oumal oJVegetationScience 5, 731-42. 

Turner, M.G., S.M. Pearson, P. Bolstad, and D.N. Wear. 2003. Effects ofland-coverchange on 
spatial pattern afforest communities in the southern Appalachian Mountains (USA). Landscape 
Ecology 18, 449-64. 

Turner, M.G., W.H. Romme, R.H. Gardner, and W.W. Hargrove. 1997. Effects of fire size and 
pattern on early succession in Yel1owstone National Parle. Ecological Monographs 67, 411-33. 

Turner, M.G., W.H. Romme, D.B. Tinker, D.M. Kashian, and C.M. Litton. 2004. Landscape 
patterns of sapling density, leaf area, and aboveground net primary production in postfire 
lodgepole pine forests, Yellowstone National Park (USA). Ecosystems 7, 751-75. 

Urban, N.H., S.M. Davis, andN.G. Aumcn. 1993. Fluctuations in sawgrass and cattail densities 
il1 Everglades-Water-Conservation-Area-2a under varying nutrient, hydrologic and fire 
regimes. Aquatic Botany 46, 203-23. 

van Dokkum, H.P., D.M.E. Slijkerman, L. Rossi, and M.L. Costantini. 2002. Variation in the 
decomposition ofPhragmites australis litter in a monomictic lake: the role of gammarids. 
Hydrob1'ologt'a 482, 69-77. 

Ward,J. V., F. Malard, and K. Tockner. 2002. Landscape ecology: a framework for integrating 
pattern and process in river corridors. Landscape Ecology 17, S35-45. 

Wear, D.N. and P. Bolstad. 1998. Land-use changes in southern Appalachian landscapes: spatial 
analysis and forecast evaluation. Ecosystems 1, 575-94. 

Webster, K.E., T.K. Kratz, C.J. Bowser,J.J. Magnuson, and W.J. Rose. 1996. The influence of 
landscape position on lake chemical responses to drought in northern Wisconsin. Limnology and 
Oceanography 41, 977-84. 

Weller, D.E., T.E. Jordan, and D.L. Correll. 1998. Heuristic models for material discharge from 
landscapes with riparian buffers. Ecological Applications 8, 1156-69. 

White, C. A., C. E. Olmsted, and C. E. Kay. 1998. Aspen, elk and fire in the Rocky Mountain 
national parks ofN orth America. Wildlift Society Bulletin 26, 449-62. 

Wiens, J. A., C. S. Crawford, and J. R. Gosz. 1985. Boundary dynamics - a conceptual framework 
for studying landscape ecosystems. Oikos 45, 421-7. 

Willson, M.F., S.M. Gende, and B. H. Marston. 1998. Fishes and the forest. BioScience 48, 455-62. 
Wu,J. andR.J. Hobbs. 2002. Key issues and research priorities in landscape ecology: an 

idiosyncratic synthesis. Landscape Ecology 17, 355-65. 




