SPECIAL FEATURE

Landscape Ecology Comes of Age'

Landscape ecology is a growing subdiscipline of ecology. Its main concern is with the study
of large-scale spatial heterogeneity, due to both natural and anthropogenic influences, and the
effects of this heterogeneity on ecological processes and species persistence. Originating from
European traditions approximately 25 years ago, landscape ecology is now a well established
field internationally. Today, the concepts of landscape ecology (e.g., patch dynamics, metapop-
ulation theory, hierarchical theory) and its tools (e.g., remote sensing, GIS, spatial statistics,
spatially explicit modeling) are used widely in most ecological and related disciplines (e.g.,
wildlife biology, forestry, conservation, resource management, geography, planning, etc.). As a
result, researchers who would not normally refer to themselves as |landscape ecologists, generally
use the same framework and approaches in their research. The interdisciplinary popularity of
landscape ecology is directly related to the awareness that landscape composition and spatial
configuration has an undeniable, and all too often irreversible, impact on ecological processes
and species survival. Indeed, as humans and other species compete for the same limited resources,
landscape spatial patterns are altered, and habitat is lost or fragmented, these changes will alter
ecological functions and processes.

The thread linking the broadly different scopes of studies in landscape ecology is an explicit
consideration of the effects of spatial components (e.g., patch, boundary, corridor, matrix), spatial
resolution (e.g., extent, grain, scaling), and spatial patterns (e.g., patchy, sparse) on ecological
processes. The key research questions in landscape ecology are focused on understanding the
interaction between pattern and process. How does spatial heterogeneity affect ecological pro-
cesses and species movements? How can we identify the scale(s) at which to study ecological
processes? How do ecological processes transfer between and across scales? How can we account
for uncertainty through space and time? Before these questions can be fully answered, however,
several conceptual, statistical, and modeling challenges still need to be addressed. Within the
scope of this Special Feature, the breadth of research in landscape ecology in the North American
tradition is reviewed by Turner. Much of this research deals with understanding pattern—process
relationships. The subsequent papers address the conceptual and methodological challenges and
developments needed to grasp the interaction between patterns and processes.

The first challenge is conceptual and is at the heart of landscape ecology: How should we
define and quantify spatial heterogeneity given that it is scale dependent (Wagner and Fortin)?
The question istherefore at which scale, or range of scal es, should pattern and process be examined
for a given question, species, or system under study. Hence, although the concepts of landscape
ecology are generally adapted to different types of systems, their relevance depends on the match
between the scale of spatial pattern and the process under investigation. Furthermore, natural and
anthropogenic disturbances operate at more than one spatial and temporal scale, generating frag-
mented landscapes that can have a detrimental impact on biodiversity and species conservation.
It is therefore important to understand and quantify how landscape spatial heterogeneity affects
animal movement. As each species perceives landscape spatial patternsdifferently (i.e., landscapes
are fragmented for some but not for other species due to different dispersal abilities, habitat, and
food requirements), knowledge about species behavioral responses to landscape spatial hetero-
geneity is needed. Hence, in order to effectively implement conservation goals, such as species
persistence in fragmented landscapes, structural and functional connectivity needs to be assessed.
Bélisle provides a perspective on this new emerging area integrating behavior into traditional
landscape ecology.

1 Reprints of this 53-page Specia Feature are available for $8.00 each, either as PDF files or as hard copy.
Prepayment is required. Order reprints from the Ecological Society of America, Attention: Reprint Department,
1707 H Street, N.W., Suite 400, Washington, D.C. 20006.
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When trying to evaluate the long-term impacts of the synergy between disturbance regimes
and policy changes at the landscape level, new challenges arise. In effect, researchers devel oping
spatially explicit models are faced with trade-offs between using quantitative data over small
areas or qualitative data over larger areas. The challengeistherefore to determine which processes
should, and can, be translated from one scale to another. Urban shows how meta-models and
graph theory can be used to address these conceptual and methodological issues.

As landscapes are dynamic systems, the population persistence of many species is uncertain,
and yet decisions on resource management must be made in spite of this uncertainty. Uncertainty
ismainly related to the quality of spatial datathat are increasingly used asinput layersin species—
habitat distribution models. Furthermore, errors can accumulate through the process of overlaying
and integrating these input maps. In addition to data sampling issues, uncertainty can result from
an inappropriate formulation of the system or scale by the models themselves. To facilitate
informed conservation decisions, therefore, the various types and amounts of uncertainty need
to be identified, understood, and modeled. Burgman et al. provide an overview of uncertainty
and show how to account for uncertainty in developing and applying predictive models for
conservation purposes.

We expect that insights and new research directions emerging from this series of papers will
benefit not only the field of landscape ecology, but all connected and overlapping ecological
disciplines that recognize the importance of spatial considerations in their research.

—MARIE-JOSEE FORTIN
Guest Editor
University of Toronto

—ANURAG A. AGRAWAL
Special Features Editor

Key words: animal movement; graph theory; landscape connectivity; meta-models; pattern—process;
predictive models; scale; spatial statistics, uncertainty.
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LANDSCAPE ECOLOGY IN NORTH AMERICA:
PAST, PRESENT, AND FUTURE

MoNica G. TURNER!

Department of Zoology, Birge Hall, University of Wisconsin, Madison, Wisconsin 53706 USA

Abstract. Landscape ecology offers a spatially explicit perspective on the relationships
between ecological patterns and processes that can be applied across a range of scales.
Concepts derived from landscape ecology now permeate ecological research across most
levels of ecological organization and many scales. Landscape ecology developed rapidly
after ideas that originated in Europe were introduced to scientists in North America. Key
research questions put forth in the early 1980s that catalyzed landscape-level research
focused on the formative processes that produce spatial pattern; effects of spatial hetero-
geneity on the spread of disturbance and fluxes of organisms, material, and energy; and
potential applications of landscape ecology in natural resource management. This article
describes the development of landscape ecology in North America, discusses current ques-
tions and new insights that have emerged, and comments on future directions that are likely
to produce new ecological insights. Ecology faces a broad array of challenging questions
that require a plurality of approaches and creative insights. Landscape ecology should
continue to push the limits of understanding of the reciprocal interactions between spatial
patterns and ecological processes and seek opportunitiesto test the generality of its concepts

across systems and scales.
Key words:

INTRODUCTION

Concepts derived from landscape ecology now per-
meate ecological research across most levels of orga-
nization and many scales; indeed, perhaps the wide-
spread infusion of a landscape perspective in ecology
indicates maturation of this field in North America.
Landscape ecological research has contributed to sub-
stantial advances in understanding the causes and eco-
logical consequences of spatial heterogeneity and how
relationships between pattern and process vary with
scale, and it has offered new perspectives on the func-
tion and management of both natural and human-dom-
inated landscapes. Methods derived from landscape
ecology receive widespread use, and the potential im-
portance of spatial heterogeneity is now regularly ac-
knowledged in ecology. Landscape ecology has be-
come mainstream, in sharp contrast to the mid 1980s,
when the ideas were new and broad-scale studies were
not widely accepted. In this article, | consider the past,
present, and future of landscape ecology in North
America, focusing on major research themes, new in-
sights that have emerged, and both current and future
questions. | focus on the interface between ecol ogical
patterns and processes, and there is another body of
research, not covered in this essay, that directly ad-
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accepted 27 December 2004; final version received 1 December
2004. Corresponding Editor: M. Fortin. For reprints of this Spe-
cial Feature, see footnote 1, p. 1965.
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dresses landscape and urban planning (e.g., Nassauer
1997).

L andscape ecology has been defined variously (Ris-
ser et al. 1984, Urban et al. 1987, Turner 1989, Pickett
and Cadenasso 1995, Turner et al. 2001), but shared
among definitions is the explicit focus on the impor-
tance of spatial heterogeneity for ecological processes.
Often, but not always, landscape ecology is also char-
acterized by afocus on spatial extents larger than those
traditionally studied in ecology. The scal e-independent
focus of landscape ecology on the causes and conse-
quences of spatial heterogeneity is distinct from how
landscape ecology is sometimes defined (e.g., Zonne-
veld 1990, Bastian 2001, Opdam et al. 2001). Although
these two foci are not mutually exclusive, the different
perspectives have created some confusion about what
constitutes landscape ecology. Some researchers also
consider the terrestrial terminology limiting (e.g., Re-
iners and Driese 2001), but landscape ecology is ap-
plied in aguatic and marine systems (e.g., Steele 1989,
Bell et al. 1999, Teixido et al. 2002, Ward et al. 2002).
The generality of the landscape perspective and its ap-
plication across awide range of systems and scales has
certainly given it wider applicability within ecology,
and studies focused on larger areas have contributed
to new understanding of ecological dynamics.

THE PAsT: DEVELOPMENT OF LANDSCAPE EcoLoGY
IN NORTH AMERICA

“‘Landscape ecology’’ was coined by the German
biogeographer, Carl Troll (1939), and the field subse-
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quently developed in central Europe in close associa-
tion with land planning (Schreiber 1990). However, the
term was largely absent from North American literature
until the 1980s when several ecologists from North
America attended European meetings focused on land-
scape ecology, some influential publications appeared,
and aworkshop concentrated thinking on the emerging
discipline. A lexicon and framework for considering
spatial patternswere introduced by Forman and Godron
(1981) and developed further in their subsequent book
(Forman and Godron 1986). A conceptual framework
for considering the potential influences of patch con-
figuration and boundary permeability on lateral fluxes
was proposed by Wiens et al. (1985). Naveh and Lie-
berman (1984) promoted the concept of the landscape
as a holistic, cybernetic system with a strong emphasis
on integrating humans into understanding of landscape
function. In his study of the natural fire regimein Yel-
lowstone National Park, Romme (1982) extended con-
cepts of species diversity to successional stagesin the
landscape, demonstrating nonequilibrium in a fire-
dominated system. A 1982 workshop funded by the
National Science Foundation brought North American
ecologiststogether to explore the purview and potential
of landscape ecology and to set out an initial research
agenda (Risser et al. 1984). The first annual U.S. land-
scape ecology symposium was held in 1986 and fo-
cused on interactions between landscape heterogeneity
and disturbance (Turner 1987); the U.S. chapter of the
International Association for Landscape Ecology (US-
IALE) was also formed at this meeting. The scope of
landscape ecology as perceived by North American
ecologistswas further elaborated by Urban et al. (1987)
and Turner (1989).

The new ideas about spatial heterogeneity found a
receptive audience in North America, and landscape
ecology began a period of rapid development. Publi-
cations indexed by the Institute for Scientific Infor-
mation illustrate this trend; landscape ecology publi-
cations were scant throughout the 1980s (fewer than
10 per year through 1991) but have increased dramat-
ically since the early 1990s (Fig. 1). Several factors
contributed to this acceleration (Turner et al. 2001).
First, important environmental challenges and land-
management questions (e.g., global climate change,
habitat fragmentation, nonpoint source pollution, cu-
mulative effects, land-use change) were increasingly
posed at broad scales, yet ecological understanding was
based largely on mechanistic studies in small homo-
geneous areas over relatively short time periods. Other
conceptual developmentswere also spurring new think-
ing in ecology. For example, the importance of natural
disturbances (e.g., Romme 1982, Turner 1987) and
patch dynamics (Pickett and White 1985) for ecosystem
structure and function was increasingly acknowledged.
Equilibrium theory was being critically questioned and
considered more broadly (Wu and Loucks 1995, Perry
2002), and the temporal scale of ecological studieswas
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Fic. 1. Annua number of publications (1982—2003) from
the 1SI Web of Science database that included either ‘‘land-
scape ecology’’ (diamonds) or ‘‘landscape AND ecology”’
(circles) in their title, abstract, or key words. The search was
conducted on 7 April 2004 using the science database only
and including all document types. Trendlines were fit in Mi-
crosoft Excel.

being extended through new research programs, such
as the National Science Foundation’s Long-term Eco-
logical Research (LTER) Program (Hobbie et al. 2003).
Ecologists were anxious to develop and explore new
approaches that might inform broad-scale issues.

Second, the importance of scale and the development
of conceptual frameworks for understanding scale de-
pendence (e.g., Levin 1992) prompted ecol ogists to ex-
amine critically the effect of scale and whether under-
standing could be translated from one scale to another.
The necessity of studies being scaled appropriately for
the organism or process of interest was recognized (Ad-
icott et al. 1987, Wiens 1989), and Levin (1992) iden-
tified the problem of relating phenomena across scales
as the central problem in biology and all of science.
Understanding scale has remained closely associated
with North American landscape ecology (Miller et al.
2004).

Third, technological advances in computer science,
remote sensing, and geographic information systems
(GIS) made it possible and affordable to obtain, ma-
nipulate and analyze spatial data during the 1980s. Al-
though | do not suggest that the tools drove the science,
the increased technical capacity for handling spatial
data and models certainly facilitated developments in
landscape ecology. Ecologists were able to look at the
world through a new lens and to address questions that
previously could not have been answered. Collectively,
the new questions, technologies and attention to scale
fostered the early development of landscape ecology.

The early North American landscape studies shared
several common themes, including the focus on scale
mentioned above. The role of humans in generating
landscape patterns was an early theme, and understand-
ing and predicting human land-use patterns received
considerable attention (e.g., Burgess and Sharpe 1981).
There also was an understandable initial emphasis on
the development and testing landscape metrics because
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studying the causes and ecological implications of spa-
tial heterogeneity required quantification of spatial pat-
tern. The period of quantitative methods devel opment
coincided with the advent of geographic information
systems (GIS), but GIS was neither standardized nor
widely available to ecologists; most landscape ecolo-
gists programmed their spatial analyses directly. Land-
scape ecologists were also developing methods based
on spatial statistics to understand how the magnitude
and scale of spatial autocorrelation in a variable of
interest differed among landscapes (e.g., Legendre and
Fortin 1989). Thus, pattern analysis was a common
theme of early landscape studies in North America.

North American landscape ecological studies em-
ployed (and still use) an array of approaches because
traditional experimental approaches are often impos-
sible to conduct at broad scales. Researchers studied
the effects of spatial heterogeneity produced by natural
events (e.g., disturbances) and management actions
(e.q., forest harvesting; Sirois and Payette 1991, Mlad-
enoff et al. 1993). Retrospective studies using dendro-
chronology or paleoecological methods revealed how
|andscapes change in both space and time (e.g., Romme
1982, Delcourt and Delcourt 1988, Arsenault and Pay-
ette 1997). Existing variability in landscapes was used
to examine the effects of habitat configuration on eco-
logical responses, often in concert with simulation
models (e.g., Wegener and Merriam 1979, Henderson
et al. 1985). Experimental model systems (EMS) in
which small landscapes could be replicated and the
responses of small-bodied organismsto alternative spa-
tial structures were evaluated were also implemented
(Wiens et al. 1997). Spatially explicit simulation mod-
els, in which a much wider range of conditions could
be explored, were developed (Baker 1989, Sklar and
Costanza 1991, Dunning et al. 1992). These varied
modes of inquiry also mirror the four approaches that
advance ecological understanding identified by Car-
penter (1998): theory and modeling, comparative stud-
ies, experimental studies and long-term monitoring.

Despite its rapid growth, landscape ecology encoun-
tered resistance from some ecologists in North Amer-
ica. Skepticism focused on the questionable rigor of
broad-scale studies, the challenges (and even rele-
vance) of spatially explicit hypothesis testing, issues
of pseudo-replication, and a perception that pattern
analysis was substituting for science. Indeed, some of
these criticisms reflect true challenges that have been
met with varying success. The emphasis on quantitative
methods development was sometimes esoteric and not
always linked to ecological questions. True replication
was and still remains problematic for broad-scal e stud-
ies. The role of spatial heterogeneity may sometimes
have been overstated; clearly, it doesn’'t matter for ev-
ery ecological study and should be ignored when ap-
propriate. However, progress has been made despite
these limits.

LANDSCAPE ECOLOGY COMES OF AGE 1969

THE PRESENT: THE FOocus oF LANDSCAPE EcoLoGgY
IN NORTH AMERICA

What are the current foci of landscape ecology in
North America? Landscape ecology studies are now
ubiquitous, characterized by a diverse set of basic and
applied questions and studies conducted across a wide
range of grains and extents. Many quantitative tools
are now readily available for characterizing both dis-
crete and continuous representations of spatial hetero-
geneity (McGarigal and Marks 1995, Gustafson 1998);
current research that includes spatial pattern analysis
emphasizes appropriate application of methods (e.g.,
Dorner et a. 2002, Fortin et al. 2003) and how eco-
logical responses or processes are related to pattern
(e.g., Jones et al. 2001, Tischendorf 2001). In this sec-
tion, | identify four general lines of research in con-
temporary landscape ecology, purposefully grouped to
cut across traditional levels of ecological organization
and to emphasize the broader conceptual questions. In-
terested readers might also consult Wu and Hobbs
(2002).

Conditions under which spatial pattern must be
considered: when does space matter?

Although it is seldom stated so simply, this basic
question lies at the heart of many studies that test for
the effect of spatial composition or configuration on
some ecological response, be it species presence or
abundance, the spread of a disturbance or pest, or the
delivery of nutrients from a source location to a sink
location. Including spatial heterogeneity as either a de-
pendent or independent variable clearly adds a level of
complexity to ecological studies. Therefore, knowing
when space is going to be influential and when it can
be safely ignored remains fundamentally important,
both practically and conceptually.

A wide range of theoretical and empirical studies has
contributed to current understanding of when space
matters. Theoretical studies using neutral landscape
models have demonstrated that the influence of spatial
configuration varies with habitat abundance (With and
King 1997) but may be most important when habitat
is of intermediate abundance. Recent studies of the
effects of habitat fragmentation suggest that the effects
of spatial configuration may be secondary to the effects
of habitat loss (Fahrig and Nuttle, in press). For pop-
ulations, Fahrig and Nuttle (in press) suggested that
configuration will be important if it influences move-
ments of organisms among patches and among-patch
movements have a large effect on population survival.
Understanding when landscape configuration influenc-
es populations remains important for responding to
habitat fragmentation (McGarigal and Cushman 2002).

A variety of studies have explored interactions be-
tween spatial pattern and disturbance, focusing on
whether heterogeneity enhances or retards the spread
of disturbance (Turner et al. 1989), and whether some
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landscape positions are more or less susceptible to dis-
turbance than others. Landscape position or spatial het-
erogeneity appears to be important when disturbance
has a distinct directionality or locational specificity
such that some locations are more exposed than others
(e.g., Jules et a. 2002). If disturbance has no direc-
tionality, landscape position may not have an effect
(e.g., Frelich and Lorimer 1991). Current research is
extending this research line to consider the interactions
of multiple disturbances (e.g., Paine et al. 1998, Bebi
et al. 2003).

The effect of spatial pattern on lateral fluxes of mat-
ter has also received considerable attention, particu-
larly with regard to the movement of nitrogen and phos-
phorus from terrestrial land covers to surface waters
(e.g., Peterjohn and Correll 1984, Soranno et al. 1996).
However, whether just the composition of the uplands
(i.e., the amount of different land uses) matters, or if
the spatial configuration is also important, remains un-
resolved because studies have produced conflicting re-
sults. Fluxes that move from aquatic to terrestrial sys-
tems (e.g., Willson et al. 1998) or between land-cover
types (e.g., Seagle 2003) may also be very important.

The influence of landscape context and the scale at
which characteristics of the surrounding landscape in-
fluence a local response is another way in which the
importance of spatial pattern is considered. Effects of
landscape context have been demonstrated for avariety
of taxa (Mazerolle and Villard 1999) and also for some
ecosystem processes (e.g., Gergel et al. 1999). Overall,
contemporary landscape research continues to probe
the conditions under which spatial pattern must be con-
sidered for a wide array of ecological responses.

Understanding spatial dynamics:
the linkage of space and time

Understanding and predicting trajectories of land-
scape change is another important focus of contem-
porary research in landscape ecology. Paleoecological
studies have reveal ed the dynamic nature of landscapes
over long periods. The distributions and abundances of
species changed dramatically with climate throughout
the Holocene, and some contemporary species assem-
blages have no past analogs. Major disturbance events
(e.g., fires) also catalyzed past shifts in dominant spe-
cies (Sirois and Payette 1991), and disturbances con-
tinue to produce dramatic changes in contemporary
landscapes (e.g., Foster et al. 1998). North American
landscapes also changed profoundly in response to
Euro-American settlement. Landscape ecologists seek
to understand and predict changes in landscape struc-
ture and function through time in response to a variety
of drivers including climate, natural disturbances and
land use.

Studies of how landscapes change through time in
response to natural disturbances have included man-
agement implications of historical range of variability
(Landres et al. 1999) and extension of equilibrium con-
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cepts. Considerable attention has focused on the po-
tential of natural disturbance regimes serving asamod-
el for the spatial pattern and timing of human distur-
bances (e.g., Hunter 1993). The scal e-dependent nature
of equilibrium (Perry 2002) was elucidated—equilib-
rium conditions may be observed at some scales of
space and time, but nonequilibrium conditions are also
common and may even be prevalent.

Explaining and predicting patterns of land-use
change is an important topic that links space and time
and also underscores the role interdisciplinary studies.
For example, in forested landscapes of the interior Co-
lumbia Basin, the social system constrained the influ-
ence of the biophysical factors on landscape changes
(Black et al. 2003). Land ownership systems, economic
market structure, and cultural value systems dominated
changes in this landscape (Black et al. 2003). Under-
standing the spatiotemporal dynamics of many land-
scapes requires understanding the drivers of human
land use.

The potential importance of historical legacies for
contemporary species assemblages and landscape func-
tion is another way in which spatial and temporal dy-
namics are linked; the past continues to influence the
present. Natural disturbances can produce enduring
legacies of physical and biological structure that influ-
ence ecosystem processes for decades or centuries(e.g.,
Foster et al. 1998). Similarly, patterns of historical land
use can influence contemporary forest composition and
ecosystem processes for a very long time (Dupouey et
al. 2002). Understanding how landscapes change
through time, including the long-term legacies of past
disturbance or land use, is an important line of inquiry
in contemporary landscape ecology.

Nonlinearities and thresholds:
expecting the unexpected

Understanding nonlinear dynamics or thresholds and
how they influence landscape function isimportant be-
cause outcomes may be unexpected (Groffman et al.,
in press). An ecological threshold is the point at which
thereisan abrupt change in an ecosystem quality, prop-
erty or phenomenon, or where small changes in an
environmental driver produce large responses in the
ecosystem (Groffman et al., in press). Landscape anal-
yses based on percolation theory and neutral landscape
models (With and King 1997) have suggested the im-
portance of critical thresholds in habitat abundance
above or below which ecological processes are quali-
tatively different. The numerical value of critical
thresholds depends on the particular process and land-
scape, but the occurrence of the threshold does not
(With and King 1997). Below the thresholds, patches
are small and isolated; above the threshold, patches are
large and well connected. Changes in habitat abun-
dancethat occur near the critical threshold may produce
large, surprising changes in the system because the
habitat can suddenly become connected or discon-
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nected. Empirical studies support the existence of crit-
ical thresholds in habitat abundance for bird and mam-
mal populations (Andren 1994). The spatial spread of
disturbances such as fire may also exhibit threshold
responses related to habitat abundance (Turner et al.
1989).

Thresholds can occur in arange of variables related
to landscape pattern. For example, some organisms re-
quire patches of a minimum size for persistence, al-
though the generality of this has been debated (Bowers
and Matter 1997). Patch size and shape influence the
ability of animals to persist in a landscape and may
show threshold effects (Lindenmeyer et al. 1999), and
patch size influences nutrient dynamics in nonlinear
ways (Ludwig et al. 2000). Thresholds for land-use
indicators (impervious surface, agricultural land use,
lake shore development) and ecosystem services (fish
communities, coarse woody debris, stream nitrate con-
centrations) have also been suggested. For example,
Paul and Meyer (2001) suggested a threshold of 10—
20% impervious surface for maintaining stream eco-
system integrity in developed watersheds, and active
tests of this metric are underway. Not exceeding a
threshold of 50% agricultural land in a watershed has
been suggested as critical for the maintenance of fish
communities in Wisconsin streams (Wang et al. 1997).
When considered in the context of landscapes changing
through time, the identification of nonlinear relation-
ships and threshold dynamics takes on particular im-
portance. ldentifying nonlinearites related to spatial
patterns and ecological responses remains a consistent
theme in landscape studies.

Planning, managing, and restoring landscapes

Demand for the scientific underpinnings of managing
landscapes and incorporating the consequences of spa-
tial heterogeneity into land management is substantial
(Perera et al. 2000, Liu and Taylor 2002). As the eco-
logical science that focuses on spatial dynamics, land-
scape ecology has been part of the discussions of how
alternative spatial arrangements of land cover or land
use may influence ecological functions. Identifying an
optimal landscape configuration may be impossible, as
the optimal arrangement will depend on specific man-
agement objectives that may conflict with one another.
Nonetheless, land management decisions are made, and
landscape ecology should be at the table. Landscape
studies have quantified relationships between land-
scape features and changes in land use and land cover
(e.g., Black et al. 2003), and recent studies have ex-
plored the ecological implications of low-density res-
idential development that may be ‘‘ under the canopy”’
(e.g., Miller et al. 2003). Residential development has
replaced agricultural and extractive uses in many rural
areas (Hansen et al. 2002), yet the ecological impli-
cations of such development are poorly understood.

L andscape studies have also addressed questions of
ecological restoration (e.g., Palik et a. 2000). Appli-
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cation of alandscape perspective augments restoration
approaches based on community composition by con-
sidering dynamic reference states and the spatial con-
figuration of communities. Without this perspective,
restoration may lack the spatial and historical context
needed for success. Landscape ecology can and should
contribute to land planning, management, and resto-
ration.

THE FUTURE: WHAT LIES AHEAD?

Landscape ecology has already influenced North
American ecology; explicitly accounting for spatial
pattern and recognizing the influences of scale are like-
ly here to stay. An informed decision about whether or
not to consider spatial heterogeneity is now pro forma.
Contemporary landscape ecol ogy studies are conducted
over a wide range of spatial scales, not only in large
areas. Terrestrial studies predominate, but landscape
ecology studies are not limited to the land. The inter-
play between models, theory and empirical data is a
hallmark of landscape ecology in North America.
Wherein lie the key future research questions and di-
rections? Here, | suggest several areas that are not yet
well developed in landscape ecology and where there
may be opportunities for substantial progress.

Broader representations of spatial heterogeneity

How spatial heterogeneity isconceptualized and then
put into practice needs to be broadened. Categorical
maps and point data are the most common represen-
tations of spatial heterogeneity (Gustafson 1998). Dis-
crete space has often been used as a simplifying as-
sumption, and indeed, much has been learned from this.
However, many variables of ecological interest are con-
tinuous (e.g., ecosystem process rates), and gradients
abound in many of the variables used as predictors
(e.g., leaf areaindex). Habitat suitability for a partic-
ular organism is another attribute that can vary con-
tinuously. The conceptual framework for understand-
ing spatial heterogeneity must be extended beyond a
patch-based view to include both discrete and contin-
uous representations of space, and furthermore, to ac-
count for their changes through time.

Spatial heterogeneity in ecosystem function

Understanding the patterns, causes, and consequenc-
es of spatial heterogeneity for ecosystem function is a
research frontier in both landscape ecology and eco-
system ecology (Lovett et al. 2005). Progress at the
interface of ecosystem and landscape ecology has been
relatively slow compared to other areas, yet spatial
fluxes of matter, energy and information influence the
functioning of individual ecosystems and heteroge-
neous landscapes. Spatial heterogeneity can affect both
the drivers of ecosystem processes, which are often
multivariate, as well as in the pools or flux rates that
are often response variables. Integrating the under-
standing gained from ecosystem and landscape ecol ogy
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would enhance progress in both disciplines while gen-
erating new insights into how landscapes function.

Spatial cascades

Theinfluence of spatial heterogeneity on interactions
among species (rather than on individual populations)
also represents an important future research direction.
Much of the research on how spatial pattern affects
organisms focuses on how variables like patch size,
edge-to-area ratio, and interpatch distances influence
population presence or abundance, largely through ef-
fects on key demographic parameters. However, some
changes in landscape patterns may have cascading in-
fluences among species (Tallmon et al. 2003), and more
work is needed on how spatial heterogeneity affects
species interactions.

Integrating new technologies and fields

New technologies and analytical capabilities offer
considerable promise for expanding the empirical foun-
dation of landscape ecology. For example, molecular
population genetics has been integrated with landscape
ecology to explain observed spatial genetic patterns
(e.g., clines, isolation by distance, genetic boundaries
to gene flow, metapopulations) with landscape vari-
ables (Manel et al. 2003). For mobile animals, the use
of radiocollars with on-board global positioning sys-
tems (GPS) is providing new data on movement and
habitat use at finer spatial and temporal resolution (e.g.,
Johnson et al. 2002). The growing array of earth ob-
serving sensors offers the ability to sense more func-
tional response variables for both the land surface and
vegetation (e.g., canopy foliar nitrogen concentrations,
Smith et al. 2002). These methods have great promise
for extending landscape studies to three dimensions,
e.g., by incorporating vertical structure in terrestrial
and aquatic systems. New sampling designs derived
from spatial statistics are being used to sample across
multiple scales, providing new insights about spatial
variation (e.g., Burrows et al. 2002, Fraterrigo et al.
2005). Spatial extrapolations based on simulation or
statistical models can be used as powerful tests of the
mechanisms underlying relationships between pattern
and process (Miller et al. 2004). While all these ad-
vancements hold great promise, it is nonetheless im-
portant to remember that spatially extensive measure-
ment of many ecological processes remains a formi-
dable challenge.

Conclusion

Landscape ecology has influenced how ecologists
view the world; its central theme of understanding the
causes and ecological consequences of spatial hetero-
geneity has been widely embraced. Should landscape
ecology of the future retain its distinctive identity?
Does landscape ecology have sufficient theory and nov-
el ideasto maintain separateness? Or, islandscape ecol -
ogy an interdisciplinary or transdisciplinary science?
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| suggest that a landscape ecological perspective has
brought a unique set of questions and approaches to
ecology, and as such, it has developed an identity that
is useful to maintain. However, landscape ecological
concepts and methods are now used regularly in many
ecological subdisciplines, and perhaps this widespread
incorporation of landscape ecology concepts and meth-
ods should be viewed as a mark of success irrespective
of whether the ‘‘landscape ecology’’ moniker is in-
voked. Landscape ecology should continue to push the
limits of understanding of the reciprocal interactions
between spatial patterns and ecological processes and
seek opportunities to test the generality of its concepts
across systems and scales.
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Scale-dependent response:
The scale of response to
the environment depends
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Environment

Spatial dependence:
Physical processes create
spatial structure in the
environment, inducing
deterministic structure in
organism distributions.

Space

» Organisms

Spatial autocorrelation:
Biotic processes such as
dispersal or interactions
create patchiness in
organism distributions

Fic. 3. Spatial effects in ecological data. Species are spatially structured for several reasons: (1) ecological processes
are inherently spatial as they operate between neighboring individuals, thus creating autocorrelation; (2) species respond to
variation in environmental factors, which are themselves spatially structured, thus inducing spatial dependence in species
distributions; and (3) species respond to the environment at a specific scale, they may respond to the same factor differently
at different scales, and the response may be nonlinear. Thus, the exogenous spatial structure may be more complex than the

spatial structure of the environment.

the observed spatial pattern of abundance include both
types of underlying processes (Fig. 3), but these pro-
cesses may interact in a linear or non-linear way. For
instance, the land-use mosaic may constrain the dis-
persal of organisms if some land-use types are more
difficult to traverse than others. Thus, the probability
that two habitat patches separated by a given distance
are connected by dispersal depends on the land-use in-
between (D’Eon et al. 2002). It is clear from this ex-
ample that species patchiness and the spatial structure
induced by environmental heterogeneity depend on the
perspective of a specific organism, as habitat require-
ments, life history attributes, and dispersal abilitieswill
vary between species. Hence, species may respond to
environmental heterogeneity in a non-linear manner
(e.g., minimum threshold, or patch size requirements),
it may require a specific combination of factor levels
within its home range (Fahrig 2002), or it may respond
to the temporal variability of environmental factors.
Overlaps and interactions of different processes pose
a formidable challenge to ecological research that ex-
plicitly investigates the spatial response of a speciesto
landscape heterogeneity, as is the case in metapopu-
lation studies.

SPATIAL APPROACHES TO LANDSCAPE ANALYSIS

There are important practical considerations for the
spatial analysis of landscapes (as summarized in Table
1) that should be incorporated into students’ ecological
curricula. Here, we discuss the advantages and limi-
tations of three analytic approaches to the analysis of
spatial heterogeneity: spatial statistics, landscape met-
rics and spatial regression modeling. These approaches
differ in their assumption on the number of underlying
processes and in their general objective (Table 2). To

better appreciate these considerations, we will first re-
visit the main philosophical principles assumed by
Fisherian (parametric) statistical methods used in ecol-
ogy.

Nonspatial (Fisherian) statistics

In controlled experiments, nonspatial statistics have
been extremely powerful to quantify and test ecological
relationships. Unfortunately, when applied to hetero-
geneous systems, most parametric statistics and mul-
tivariate statistics (e.g., ordination) are usually applied
in inappropriate ways (e.g., Legendre 1993, Dale and
Fortin 2002). Correlation analysis, for example, quan-
tifies the association between two response variables,
such as the abundance of two species. The method
assumes independence of the residual errors which is
usually achieved by using a random sample from a
homogeneous environment as depicted in Fig. 2A. In
the presence of patchy data, a random sampling design
(Fortin et al. 1989) and completely randomized exper-
imental design (Legendre et al. 2004) do not guarantee
that the residual errors are independent. In order to
account for patchiness (Fig. 2B), Dutilleul (1993) pre-
sented a corrected t test for pairwise correlation co-
efficients, which adjusts the degrees of freedom pro-
portionally to the degree of spatial autocorrelation pre-
sent in each variable. Alternatively, spatially con-
strained (restricted) randomization tests have been
proposed for testing interspecific interactions while ac-
counting for species-specific patchiness (cf. Roxburgh
and Matsuki 1999). Note that methods accounting for
species patchiness may still be invalid due to environ-
mental heterogeneity (Fig. 2C and 2D) if the correlation
changes with site conditions (Legendre et al. 2002,
2004).
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TaBLE 1. Six “‘points of wisdom’ to keep in mind for the spatial analysis of landscapes.

Problem

Practical implication

A random sample does not guarantee indepen-
dent observations, but is designed to avoid
bias (Fortin et al. 1989).

Spatial autocorrelation in the residuals may ren-
der statistical tests too liberal (Cliff and Ord
1981). Individual observations may not bring
a full degree of freedom such that the signifi-
cance of parametric statistics (e.g., correla-
tion, regression, ANOVA) is not assessed
with the appropriate degree of freedom.

Based on data alone, it is not possible to distin-
guish between exogenous deterministic struc-
ture (spatial dependence) and endogenous
spatial autocorrelation (ecological spatial pro-
cess).

The species—environment correlation is likely to
change with scale (Levin 1992).

Stationarity assumptions concern the model of
the underlying process and allow inference
from the observed pattern to the entire study
area. Note that an observed pattern is a sin-
gle realization of that process (Fortin et al.
2003).

Stationarity rarely prevailsin real landscapes;
the data may show a trend (change in mean)
or local variability (change in variance) (For-
tin et al. 2003).

If the scale of patchiness is known, it can be used to enforce an ap-
propriate minimum distance between observations for a systematic
or a random sample (Dungan et al. 2002).

Tests adjusting the degree of freedom according to the degree of spa-
tial autocorrelation in the data should be used (Dale and Fortin
2002). When analyzing directional relationships (regression, ANO-
VA), thisis only necessary if there is autocorrelation in the residu-
als, whereas autocorrelation in the raw data may not be a problem.

Hypothesis testing and experimental design are needed to disentangle
these two possibilities (Legendre et al. 2004).

A multiscale study design is needed unless the scale of response is
known (Fortin et al. 1989, Cushman and McGarigal 2004).

The presence of stationarity could be either assumed when the behav-
ior of the underlying process is known or checked by estimating lo-
cal mean and variance using a moving window approach.

When the data show a spatial trend it should be removed only if it
has an ecological interpretation, as the observed pattern may exhib-
it trend-like structure by chance. In the case of local variability, en-
vironmental heterogeneity needs to be measured and accounted for
when quantifying spatial pattern (Wagner 2003).

ANOVA or regression models may be used for re-
lating population density to one or several environ-
mental factors, thus assuming independent observa-
tions from a heterogeneous environment. Although
such models explicitly include variability in at least
one environmental factor, they are susceptible to spatial
effects (Fig. 2C). Spatial autocorrelation in the resid-
uals may render statistical tests too liberal, making
them more likely to reject the null hypothesis when it
istrue. Autocorrelated residualsindicate that some pro-
cesses are not accounted either in the sampling or ex-
perimental design, as well as in the analyses. Further-
more, parameter estimates may be wrong if thereis an
unmeasured spatially structured factor or if an envi-
ronmental factor was measured at ascale different from
an organism’s scale of response (Keitt et al. 2002).
Spatial analysis of the residuals could reveal the pres-
ence of unaccounted spatial structures and the scale of
an organism’s response (Henebry 1995).

Multivariate statistics are sometimes used for hy-
pothesis testing in community analysis (Legendre and
Legendre 1998). For example, constrained ordination
with redundancy analysis (RDA) or with canonical cor-
respondence analysis (CCA) is frequently used to test
the effect of a set of explanatory variables on multi-
variate ecological response, such as species composi-
tion (Borcard et al. 1992). As constrained ordination
isin effect amultivariate regression analysis(Legendre
and Legendre 1998), these methods are subject to the
same problems as linear regression.

Spatial statistics

Even though spatial statistics were developed in dif-
ferent fields (geography, ecology, economics, mining),
many methods were developed as an adaptation of time
series analysis to spatial problems. However, while
time is a single dimension and temporal effects are
unidirectional, geographic space has at least two di-
mensions, and spatial processes may operate in any
direction and may not necessarily have the same in-
tensity in all directions (i.e., anisotropic processes).
The spatial statistical approaches most commonly used
by ecologists differ in their practical objectives. Geo-
statistical methods focus on the estimation of the spatial
covariance structure of a spatially structured variable
(e.g., variogram modeling) in order to use the spatial
parameters to interpolate values at unobserved loca-
tions (e.g., kriging). Spatial statistics, on the other
hand, aim at testing for the presence of a spatial process
in order to model this process or to account for spatial
autocorrelation when assessing the relationship be-
tween spatially structured variables (Cliff and Ord
1981, Fortin et al. 2001, Liebhold and Gurevitch 2002).

Spatial statistics that test for spatial autocorrelation
(e.g., Moran’s |, Geary’s c) assume stationarity, mean-
ing that the underlying process should have at least
roughly the same parameter val ues (mean and variance)
for the entire study area (Fig. 2B). These global spatial
statistics (Boots 2002) further assume that the spatial
covariance structure of the variable (i.e., the values of
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TABLE 2. Main spatial approaches to analyze landscapes.

Ecology, Vol. 86, No. 8

No. processes Spatial pattern analyses

Spatial modeling analyses

One Global spatial statistics (continuous variable)
Landscape metrics (categorical variable)

Several Local spatial statistics

Local landscape metrics

Spatial regression analysis
Spatial regression analysis
Partial canonical analysis
Residual analysis

Note: Approaches are grouped by the number of generating processes and on whether the analysis focuses on the description

or the modeling of spatial pattern.

spatial autocorrelation at different spatial distances or
lags) is similar over the entire study area. Nonstation-
ary processes imply that the mean, variance, or spatial
covariance structure of a variable vary across a study
area which may pose severe problems to spatial sta-
tistics. In spatially heterogeneous landscapes (Fig. 2D),
nonstationarity is likely to occur, so that the test may
become too liberal in rejecting the null hypothesis of
no autocorrelation.

Detrending is often used for addressing problems of
non-stationarity (Haining 1997). For instance, a large-
scaletrend isremoved prior to spatial analysisby fitting
a linear or polynomial trend surface as a function of
the geographic coordinates of the sampling units. De-
trending removes the mean but does not affect the var-
iance, which is often related to the mean and may still
depend on the location. Non-parametric methods may
be more robust in moderate cases of non-stationarity
(Bjgrnstad and Falck 2001), and join-count statistics
have been extended to accommodate nonstationarity of
the mean (Kabos and Csillag 2002). For instance, pop-
ulation density is likely to be related to environmental
factors. When these factors are spatially structured, the
assumption of stationarity may be met by performing
spatial statistics on the residuals of an environmental
response model (ANOVA, regression). However, there
may still be problems due to nonconstant variance, or
the spatial process itself may depend on the environ-
mental factors.

Landscape metrics and related measures

The recent development of GIS provided ecologists
with a technical framework for landscape-scale anal-
ysis (Greenberg et al. 2002). GIS include tools that
characterize and quantify the properties of data (area,
perimeter, proportion). To these basic tools, some spa-
tial statistics have been added to analyze spatial pat-
terns. Spatial analyses of landscapes have also been
facilitated by the availability of remotely sensed im-
ages, from which land cover is derived into classes. In
ecology, the landscape structure of such categorical
data is usually quantified in terms of landscape com-
position (i.e., proportions of habitat patches) or land-
scape configuration (i.e., spatial arrangement of patch-
es) using landscape metrics (O’ Neill et al. 1988, Gus-
tafson 1998; FRAGSTATS, available online).*

4 Mhittp://www.umass.edu/l andeco/research/fragstats/fragstats.
htmlg

Landscape metrics are often used as predictors of
ecological processes, such as dispersal, which results
in the observable distribution of organisms across a
landscape, but this approach suffers from several prob-
lems (Bélisle et al. 2001). (1) While no single index
can capture landscape structure, many landscape met-
rics are strongly correlated (Gustafson 1998). Several
authors have attempted, either empirically (McGarigal
and McComb 1995, Riitterset al. 1995) or theoretically
(Li and Reynolds 1995), to identify the intrinsic di-
mensions (uncorrelated components) of landscape
structure, but this search has not yet resulted in a gen-
erally applicable minimum set of landscape metrics
(Gustafson 1998, Fortin et al. 2003). (2) Landscape
metricsare highly sensitiveto scale, i.e., the assessment
of the structure of a landscape may change with the
grain (resolution) and extent (area covered) of the map
on which they are calculated (Cain et a. 1997, Turner
et al. 2001, Wu et al. 2002). (3) An organism may
respond to a landscape characteristic in a nonlinear
way, such as requiring a specific minimum patch size
or displaying threshold behavior in dispersal. In such
cases, landscape metrics need to be rescaled in terms
of organism characteristics. Alternatively, the nonlin-
ear behavior could be modeled with a nonlinear re-
gression model (e.g., by choosing an appropriate link
function using generalized linear models; Guisan and
Zimmerman 2000). (4) Landscape metrics assume the
mapped property to be nominal or binary. In general,
they do not consider ranks or other measures of gradual
differences between factor levels, such as different lev-
els of habitat suitability (Verbeylen et al. 2003). (5)
L andscape metrics quantify the pattern of a categorical
map and may be strongly affected by classification er-
rors (e.g., if the map was derived from remote-sensing
data) or other forms of uncertainty introduced during
the mapping process. Reliable results can only be
achieved by assessing the mapping uncertainty and its
propagation in subsequent analysis (Hess 1994, Mow-
rer 1999).

The statistical properties of landscape metrics cannot
be defined as they depend on the landscape composi-
tion, which can vary in the presence of spatial hetero-
geneity. Hence there are no standard tests for differ-
ences between two observed patterns, or rather their
generating processes (Fortin et al. 2003). While each
observed pattern corresponds to a single outcome of a
stochastic process, inference about the process requires
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knowledge of the distribution of patterns it may pro-
duce. Stochastic models can be used to derive such
distributions by simulation (e.g., neutral landscape
models), but these models typically assume stationar-
ity. The interpretation of landscape pattern indices
needs to be based on stochastic models that handle
landscape heterogeneity and where spatial parameters
are estimated from observed data (Fortin et al. 2003).

Quantifying landscape structure israrely the ultimate
goal for ecologists, but it is an important requisite for
understanding how landscape structure affects ecol og-
ical processes. However, it is not that easy to determine
causality between process and pattern, as the correla-
tion between landscape metrics and ecological pro-
cesses is often inconsistent (Tischendorf 2001). In fact,
there is no a priori causal ordering in space as there is
in time, and there are no statistical techniques that will
unambiguously uncover species-landscape relation-
shipsin the absence of informed ecol ogical understand-
ing that poses the hypothetical relationships which the
statistics then test (Henebry and Merchant 2001). In a
hypothesis-testing framework, graph theory in con-
juncture with aresource selection model, offersaprom-
ising approach to study species-environment relation-
ships at the landscape level. This approach combines
the topological spatial arrangement of landscape ele-
ments (patches) and species responses to patch types
in terms of habitat preference (Urban and Keitt 2001,
Manseau et al. 2002).

Satistical modeling

Modeling aims at quantifying the species—environ-
ment relationships by specifying the underlying pro-
cesses (dynamic modeling) or by predicting the ob-
served patterns of the organisms from the spatial dis-
tribution of environmental factors (statistical model-
ing). A new realm of spatially explicit models exist to
model ecological processes (Dieckmann et al. 2000) as
well as disturbances and their stochasticity (Mladenoff
and Baker 1999). Here, however, we focus on statistical
modeling in a regression context, highlighting three
rather different approaches: (1) spatial regression mod-
els where a spatial term is added to a regression; (2)
partialling-out methods (e.g., ordination techniques)
where the spatial component is factored out while es-
timating species—environment relationships; and (3) re-
sidual analysis following a multiscale ordination that
identifies and characterizes spatial components due to
unsampled environmental factors or ecological spatial
processes.

Spatial regression modeling.—This approach is most
actively being developed in geography and spatial
econometrics, although it is increasingly used in ecol-
ogy (e.g., autologistic model; Lichstein et al. 2002,
Fortin et al. 2003, Burgman et al. 2005). Here, we
discuss three issues raised by Anselin (2002) in econo-
metrics that are equally relevant for ecological appli-
cations. First, spatial modeling may be based on either
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of two datamodels, and the decision between thelattice
and the random field models has far reaching impli-
cations. A metapopulation is a good example of a sit-
uation where the lattice model is appropriate. This
model implies that each data point represents adiscrete
local population and that within the extent of the study,
all local populations are included. The primary goal is
extrapolation, or inference from the observed meta-
population (n 5 1) to other metapopulations beyond
the study area. Spatial analysisis based on the network,
or topology, of local populations and requires that the
neighbors for each population are defined and assigned
appropriate weights. The specification of neighborhood
and weights is essentially arbitrary, yet it may have a
great influence on the results.

A typical example of a random field is the plant
species richness of nonadjacent sampling quadrats,
where the observations represent a systematic or ran-
dom sample of the surface of the study area. The pri-
mary goal is the prediction (interpolation) of values at
unobserved locations within the study area. The spatial
covariance structure (e.g., obtained by estimating avar-
iogram model), is fitted directly as a function of the
geographic distance between quadrats without speci-
fying neighbors or weights. However, quadrat size and
shape, which are arbitrarily defined as part of the sam-
pling design, may have a great effect on the estimated
covariance structure (i.e., modifiable areal unit problem
[MAUP]; Openshaw 1984, Dungan et al. 2002).

Second, it is important to distinguish between the-
ory-driven and data-driven specification of the spatial
regression model: is there a theoretical foundation for
a spatial process, or does the residual spatial structure
reflect shortcomings of the data? Spatial processes may
include situations where the behavior of an organism
is affected by the neighbors’ decisions, either directly
or indirectly through the shared use of a limited re-
source, or it may result from aspatial diffusion process.
Alternatively, spatial structure in the data may be due
to a missing explanatory factor that is spatially struc-
tured, a mismatch of the scales of the process and the
data, or spatially interpolated explanatory variables
(Bradshaw and Fortin 2000, Dungan et al. 2002). The
different processes may create similar patterns difficult
to discriminate without experimental design and hy-
pothesis testing. Nevertheless, a model should reflect
the assumptions about the process. For example, a hy-
pothesized spatial interaction can be modeled by a spa-
tial lag model, which includes an autoregressive term
(Cressie 1993), where the response y, at location i isa
function of the neighboring valuesy,. A neighborhood
response of organisms to the environment can be mod-
eled by a spatial cross-regressive term where y; is a
function of the environmental factor x; at neighboring
locations j. In data-driven model specification, the resid-
ual spatial structure is interpreted as noise and modeled
by a spatially correlated error term where the error «; at
location i is a function of the neighboring errors «;.
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Spatially structured
Variance
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Distance

Third, a spatial error term can be fitted simulta-
neously for all data points (AR model) or conditionally
for each data point given the known values of its neigh-
bors (CAR model; Cliff and Ord 1981, Griffith 1988,
Keitt et al. 2002). Autoregressive models are often used
for modeling a binary response variable describing the
observed presence or absence of a species. It is im-
portant to understand that logistic regression models
the latent probability of occurrence, which cannot be
observed directly but only through itsrealized outcome
as presence or absence. Only the conditional model
(CAR) can deal with aspatial latent variable. However,
the conditional model cannot explain the spatial pat-
tern, and prediction is essentially limited to missing
observations with known presence/absence informa-
tion for all of its neighbors.

Partialling out the spatial component.—Spatial au-
tocorrelation in the residuals may make statistical tests
too liberal and affect parameter estimates, so that the
importance of an environmental factor may be over- or
underestimated (Keitt et al. 2002, Lichstein et al. 2002).
Dutilleul’s (1993) modified t test adjusts the degree of
freedom according to the degree of spatial autocorre-
lation in the data. Broad-scale spatial structure in the
predictor combined with local spatial autocorrelation
in the response may, however, reduce the power of
Dutilleuil’s modified t test (Legendre et al. 2002). The
effect of any ecological factor (relevant or not) may
be overestimated if it shows a similar spatial pattern
as the observed response because both depend on the
same, unmeasured environmental factor (Legendre and
Legendre 1998, Lichstein et al. 2002).

In order to avoid such problems of false correlation,
partialling-out methods can remove trends or large-
scale spatial structure in the data before estimating re-
gression parameters or performing constrained ordi-
nation. This can be achieved by fitting a polynomial
trend surface (Borcard et al. 1992) or more complex
and flexible models of spatial structure derived from
the relative spatial locations of the sampling units (Bor-
card and Legendre 2002). However, spatial dependence
may not indicate spurious correlation (Lichstein et al.
2002), nonspatial correlation does not guarantee cau-

Fic. 4. (A) Variance components of regres-
sion analysis or constrained ordination, (B) par-
tial regression or ordination including space as
apredictor, and (C) direct multiscal e ordination.
The components are (a) purely environmental
effects, explained, not spatially structured var-
iance; (b) overlap of spatial and environmental
effects, spatially structured explained variance;
(c) purely spatial effects, explained, spatially
structured variance; and (d) unexplained vari-
ance that is not spatially structured. Compo-
nents a and b appear in reversed order in (C)
because a represents the nugget variance of the
variogram of explained variance

sation, and the directionality and asymmetry of causal
relationships must be explicitly assessed. Imagine a
simple gradient with alinear increase of moisture along
a transect. The plant species composition can be ex-
plained equally well by moisture as by transect posi-
tion. After partialling out the spatial component, mois-
ture has no explanatory power, although it is the mois-
ture that the plants respond to. It is clear from this
example that the spatial-dependence component is part
of the species—environment correlation and should not
be removed for parameter estimation without careful
consideration. If the residuals are spatially correlated,
however, this implies the presence of an unknown pro-
cess, which may be accounted for by adding an auto-
regressive term or a spatial error term in the regression
analysis (Haining 1997, Keitt et al. 2002, Lichstein et
al. 2002).

Residual analysis with multiscale ordination.—Re-
sidual analysis may help to discriminate between spa-
tial autocorrelation due to an ecological spatial process
and spatial dependence induced by environmental re-
sponse, and it may indicate specification errors such as
the omission of an important factor or a mismatch of
scales of observation and response. Ordinary regres-
sion analysis and constrained ordination methods par-
tition the total variance in the uni-or multivariate re-
sponse into two components, the explained and the
residual variance (Fig. 4A). Regression residuals are
commonly checked for (1) evidence of heteroscedas-
ticity, where the variance depends on the mean (2)
systematic deviation from the normal distribution, (3)
influential observations that may have a large impact
on parameter estimates, and, increasingly, (4) spatial
autocorrelation. However, there is no equivalent for
multivariate analysis, where the large number of re-
sponse variables may make the above methods im-
practical. Partial constrained ordination can be used to
further partition both the explained and the residual
variance into aspatially structured and anonspatial part
(Fig. 4B), so that the relative importance of purely
environmental (a) and purely spatial effects (c) can be
compared and their degree of overlap (b) be assessed
(Borcard et al. 1992).



