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Abstract. Many theories, hypotheses, and empirical studies seek to explain patterns of
species richness, turnover, and distribution/abundance (i.e., diversity patterns) at various
scales, but it is often not clear how these ideas relate to one another, or how they apply
across scales. Consequently, it has been difficult to use diversity theory as a basis for
understanding patterns at the intermediate (landscape) scales at which biodiversity is managed. Here, we present a framework for the study and management of diversity based on
the ecological processes that influence the distribution of species at different scales. We
use this framework to organize diversity theories into several classes based upon how the
theories link patterns of habitat occupancy, landscape distribution, and geographic range
for a variety of taxa. The processes contributing to diversity patterns depend on the characteristics of the taxa considered, the spatial scales at which organisms respond to environment, and the scales and other characteristics of the particular environments in which
investigators hope to explain variation in diversity. At the scales traditionally considered
by land managers and conservation biologists, biodiversity is determined by processes
addressed by several bodies of theory. Of necessity, management decisions aimed at biodiversity as a whole are based either implicitly or explicitly on only a subset of biodiversity
(e.g., single species or functional groups). We suggest that the translation of diversity theory
into conservation practice can be achieved, at present, by considering a set of questions
for each case: (1) which groups of organisms will be considered, (2) how do their domains
of scale relate to the land area under consideration, (3) what processes are likely to be
important determinants of species distribution at management scales, and (4) how will the
proposed management activities interact with these processes? We illustrate this process
using an example from the Chihuahuan Desert. We emphasize the value of considering
species diversity theories in a pluralistic and case-specific way.
Key words: Chihuahuan Desert; competition; conservation; dispersal limitation; geographic
range; habitat selection; land management; landscape ecology; macroecology; natural resources management; species diversity.

INTRODUCTION
Change in species diversity (the number, identity,
and relative abundances of species) across space and
time is one of the oldest and best studied subjects in
ecology. Despite this, there is little agreement about
the underlying causes of many diversity patterns (MacArthur 1972, Rosenzweig 1995, Whittaker et al. 2001).
Understanding the causes of diversity involves addressing three fundamental questions: (1) How does
diversity arise (Erwin 1991)? (2) How is diversity distributed in space (Flather et al. 1997, Myers et al.
2000)? (3) How is diversity maintained (Lande 1988)?
Initially, these questions were largely of academic interest, but growing concerns over the adverse effects
of human activities on biodiversity and the services it
provides have broadened their scope considerably
(Steffen et al. 1992). Promoting species diversity has
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become a national and global research and management
priority.
Consequently, our understanding of the causes of
species diversity has matured in recent years. Although
early studies emphasized the preeminent role of competition in determining variation in diversity at local
scales, we now recognize that many factors, including
competition, dispersal, predation, variation in the physical environment, and historical factors, interact to determine diversity patterns across a range of scales (Rosenzweig 1995). These patterns, in turn, interact. In
particular, ecologists are rapidly expanding our understanding of the relationships between local and regional
diversity patterns (Cornell and Lawton 1992, Huston
1999). Generally, our current working concept of the
causes of diversity emphasizes that regional diversity
(i.e., the ‘‘species pool’’) may be constrained by environmentally governed rates of speciation, migration
from adjacent regions, and extinction (Ricklefs and
Schluter 1993). This diversity is filtered to varying degrees by a combination of local biotic and abiotic factors (Zobel 1997) to create variation in diversity among
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local communities within a region (e.g., varying degrees or levels of community saturation; Wiens 1989 a,
Cornell and Lawton 1992).
Between the scales of regional species pools and
local communities, diversity exhibits patterning that is
the focus of a great deal of management activity (Lambeck 1999, Bureau of Land Management 2001, Rogers
et al. 2001). Holt (1993:77) referred to this mesoscale
as ‘‘the gray zone between the local mechanisms that
are the traditional concern of community ecologists and
the large-scale processes that are the province of biogeographers and systematists.’’ Within this gray zone
(e.g.,1–1000 km2), the relationship between movement
and dispersal patterns, extinction and recolonization,
and the gradient or mosaic structure of environmental
properties mediates how regional variation in the species pool is translated into patterns of diversity in local
communities (Caswell and Cohen 1993). Understanding and managing species diversity depends critically
on our ability to interpret and manipulate the ‘‘filtering’’ effects of landscape (mesoscale) patterns.
Land-use strategies aimed at biodiversity conservation, in turn, should be based on local, landscape,
and regional processes, in addition to social, political,
and practical issues. Management actions to promote
biodiversity occur at many scales for both biological
and policy reasons (Dale et al. 2000). Nonetheless,
land-use decisions are often weakly linked to contemporary ideas about species diversity. As it is now organized, species diversity theory seems to be incapable
of helping overcome this difficulty (Havstad and Peters
1999, Prendergast et al. 1999).
A key issue complicating the interpretation of species diversity theory is that the processes affecting diversity may operate at different spatial scales for different species, but ecologists tend to view them from
a human perspective rather than from the perspective
of the organisms being studied (Wiens 1989 b). That is,
the kinds and scales of environmental variation that
managers recognize may differ sharply from those that
determine the distribution and abundance of many species they wish to manage. In order to provide a foundation for managing landscapes for the conservation
of many kinds of organisms, we need to consider at
least some of the details of the species involved (e.g.,
Lambeck 1997, Lindenmayer et al. 2002) rather than
focusing on fixed (and restricted) spatial scales.
Our objective is to examine the relationships among
species diversity theories and underscore key insights
that may be of use to land managers. To do this, we
first argue for the need to adopt a species-centered perspective to understand diversity (He and Legendre
2002), even though this necessarily involves consideration of only a subset of total diversity. Second, we
develop a simple framework for relating theories that
address various kinds of diversity patterns (e.g., richness, species turnover) at different scales to one another. Specifically, we suggest that managers consider
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three fundamental characteristics that determine species distribution at fine to broad scales: habitat occupancy, landscape distribution, and the location of the
geographic range. These characteristics define speciesspecific scale domains (Wiens 1989b) that can be used
as a logical basis for an organizing framework. Third,
we use the framework as the basis for categorizing
diversity theories and recognizing their complementarity. Finally, we show how a consideration of various
explanations within the framework can facilitate an understanding of diversity patterns at the spatial scales
at which biodiversity is usually managed.
USING SPECIES DISTRIBUTIONS TO UNDERSTAND
SPECIES DIVERSITY
As a whole, biodiversity is regulated by a daunting
variety of life-history traits and environmental features.
Consider the wide range in body sizes of organisms.
Body size alone influences many attributes such as energy use, space requirements, and dispersal distances
(Brown 1995, Enquist et al. 1998). As a consequence
of these and other features, different species view environments through different ‘‘windows’’ of environmental grain and extent, and therefore react to heterogeneity and landscapes in different ways (Wiens 2000).
This means that at the kilometer-wide scales at which
humans commonly perceive landscapes, many biological processes and environmental features simultaneously contribute to biodiversity. In a 10-ha study
plot, for example, the patchy ground cover that determines dispersal patterns of smaller organisms such as
beetles are dealt with by larger organisms such as ungulates in momentary foraging decisions. The selection
of a predetermined spatial extent based on human perceptions complicates attempts to relate measured heterogeneity (that which we as investigators recognize
and define) to functional heterogeneity (which is defined by responses of the organisms; Kolasa and Rollo
1991). Functional heterogeneity determines species
distribution, and measured and functional heterogeneity converge only when investigators use species’
responses to define important environmental features
and then measure these features at appropriate scales.
Few may disagree with these arguments, but from a
practical standpoint, how can we account for functional
heterogeneity when managing many species? One common approach is to focus on groups of species that
react to similar kinds and scales of heterogeneity, and
to identify the sources of that heterogeneity. We do this
by breaking biodiversity up into taxonomic, trophic,
functional, or body size groups (e.g., MacArthur 1972,
Andersen 1995, Hubbell 2001). Ultimately, the accuracy of the picture of biodiversity we create (and manage by) is built on the numbers and kinds of groups
we consider.
Even when such approaches are used, we often group
species together that differ widely in body size, ecology, and the kinds and scales of environmental vari-
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FIG. 1. The relationship between species distribution and
site diversity showing the distribution of species (A–E) across
sites (1–5). Site 4 contains three species.

ation to which they respond (Huston 1999). In such
cases we often fail to identify significant sources of
heterogeneity in statistical analyses. Ecologists and
managers have much to gain from natural history data
in grouping sets of species that respond to environmental variation at similar scales, especially with respect to lesser known, but ecologically diverse taxa
such as beetles or spiders.
Once we have successfully identified suitable sets of
organisms to consider simultaneously, experiments and
statistical analyses can reveal similarities in the causes
of distribution patterns of component species. We can
then begin to understand the causes of diversity patterns because site diversity and species distribution can
be viewed as two perspectives of the same phenomenon
(Fig. 1). In the strict sense, site diversity is the number
of species (or an index describing the relative abundance of species) within a defined area. Orthogonal to
this view, species distribution is the presence (or abundance) of species across a series of sites, which together
may correspond to a landscape or region. In this sense,
understanding variation in species diversity requires
that we identify the factors regulating species distributions at various scales (e.g., Colwell and Lees 2000,
He and Legendre 2002).
THE FRAMEWORK: RELATING SPECIES-SPECIFIC
SCALE DOMAINS TO DIVERSITY THEORIES
Even after we have distilled our view of biodiversity
to several groups of species, we still face a great variety
of perspectives and scales. Given this variety, how can
general theories aid management endeavors? We suggest that a focus on common, scale-independent characteristics of species can be used to draw upon diversity
theories to generate scale-specific, management-oriented questions. Specifically, there are three characteristics that determine species distributions across all
scales: habitat requirements, dispersal capabilities, and
the size and location of the geographic range. The geo-
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graphic range is partly a function of habitat and dispersal ability, but is also determined by the time since
speciation, historical events, and the geographic location of a species’ origin. Thus, it is treated as a distinct characteristic here. Hereafter, we refer to speciesdefined scales as the habitat, landscape, and geographic
domains (sensu Wiens 1989b). Several processes are
associated with each characteristic that can be detected
at different spatial and temporal scales (Fig. 2; see also
Ricklefs and Schluter 1993). The domains and associated processes are the basis of our framework.
The framework examines linkages between three
measurable patterns associated with each domain and
the realized niche (Hutchinson 1957) to classify theories (Fig. 3). First, the habitat domain represents the
finest species-defined scales. Within it, potential habitat
occupancy is a consequence of the physiological limitations of a species combined with the effects of competitors, predators, and pathogens (i.e., the realized

FIG. 2. Hierarchical relationships among three domains
of scale, and the processes that distinguish them for a given
species. The habitat domain refers to the scale at which a
species exploits resources and reproduces (e.g., a microsite
or home range). The expression of habitat preferences is based
upon the value of patches (e.g., for foraging and nesting) that
may be determined by interactions with other organisms. The
landscape domain includes the scales at which landscape heterogeneity may be perceived by species, including both the
habitats that a species prefers and less suitable habitat types.
Both natal dispersal and relocation of the home range occur
within this domain and may contribute to source–sink or
metapopulation dynamics. The geographic domain refers to
the extent and location of the distribution of a species. Infrequent, long-range dispersal and the geographic context of
speciation events ultimately determine the location of the
geographic range and thus the potential for range expansion
or contraction.
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FIG. 3. This diagram shows the framework for relating five bodies of theory that explain patterns of species diversity
and distribution. Theories are classified according to the species’ features that they link together. Habitat occupancy, landscape
distribution, and geographic range are expressed at increasing spatial scale relative to a species, whereas the effects of a
species’ realized niche are expressed at all scales. Niche-based theories link the realized niche to species’ features (vertical,
diagonal arrows), whereas dispersal-based theories link species’ features at different scales (horizontal arrows).

niche). Second, scaling up to the landscape domain,
the landscape distribution of a species depends upon
the abundance and spatial distribution of habitats and
interacting species. The ability of species to disperse
among habitat patches additionally determines how
much suitable (or unsuitable) habitat is occupied. Finally, scaling up again, a species’ geographic range is
determined by dispersal barriers between landscapes
containing suitable habitat, time lags associated with
colonization, or by limits to suitable habitat imposed
by factors such as climate (Udvardy 1969).
Different bodies of diversity theory address different
linkages among these patterns and with the realized
niche. These linkages fall into two broad categories.
Niche-based theories, including habitat selection, competition, gradient, and macroecological theory, focus
on the abundance, availability, selection, and richness
of habitats as a function of the spatial distribution of
biotic and abiotic factors. Dispersal-based theories, including patch (or spatial theory sensu O’Neill 1999)
and dispersal and vicariance biogeography theory (Myers and Giller 1988), emphasize the importance of dispersal in determining habitat occupancy and richness
as a function of the context, spatial arrangement, and
historical events occurring in patches (see also Belyea
and Lancaster 1999). Together, these bodies of theory
highlight some key relationships between domains that
can be useful for developing questions in land management and conservation planning (summarized in Table 1). We discuss these points in Insights for land
management from species diversity theories. There are
many significant relationships we do not discuss because we did not wish to undertake an exhaustive review of them here (see Wiens 1989a, Palmer 1994,

Huston 1999, Blackburn and Gaston 2001 for partial
reviews).
INSIGHTS

FOR

LAND MANAGEMENT FROM SPECIES
DIVERSITY THEORIES

Viewing general theories through this framework
provides two conceptual tools for land managers. First,
it focuses attention on the complementarity of various
explanations of diversity and distribution patterns
across scales. For example, it is well known that the
importance of different explanatory variables is scale
dependent. Patterns at fine grain sizes may be dominated by competitive interactions, whereas by expanding grain size, the variation due to competition may be
averaged out and the effects of landscape or regional
gradients become apparent (e.g., Reed et al. 1993).
For land managers, a less well-known and especially
useful way of looking at scale-dependent complementarity in theory is to examine how and why species
distribution, richness, or composition changes with increasing distance between equal-area samples (Underwood and Chapman 1996). This question underlies the
evaluation of land areas or comparisons between ‘‘impacted’’ and ‘‘reference’’ areas. Variation in community dissimilarity with increasing distance between
samples is a function of both organismal attributes,
such as dispersal ability and niche breadth, and site
characteristics, such as the rate of change in environmental variables in space and the spatial configuration
of habitat patches (Nekola and White 1999). In terms
of variance partitioning, we might observe that several
processes explain a differing percentage of the variance
in richness or composition among samples at different
spatial scales (Fig. 4). Over a relatively fine study ex-
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TABLE 1. A categorization of diversity theory highlighting the major processes that affect the distribution and abundance
of species and some important effects on patterns of diversity.
Class and body
of theory
Niche-based
Habitat selection
Competition

Gradient

Macroecology

Dispersal-based
Patch (spatial)

Dispersal or vicariance biogeography

Processes affecting
distribution/abundance

Resulting diversity
patterns

Intraspecific competition increases habitat breadth at
high population density.
Interspecific competition reduces habitat breadth.
Interspecific competition increases habitat breadth.
Disturbance/heterogeneity inhibits dominance/exclusion.
Trade-offs produce unimodal
distributions on environmental gradients.
Competitors inhibit expression of habitat preference
(alters mode position or
number).
High energy/large area promotes speciation and inhibits extinction.
Climate changes increases or
reduces habitat area depending on continental position.

Richness may be inflated in a
habitat patch at high densities.†
Dominance may reduce richness in habitat patch.‡
Dominance may inflate richness in a habitat patch.
Richness maintained by disturbance/heterogeneity.
Steeper gradients have higher
richness and turnover.

Dispersal rate/success determines distributions.

Geographic isolation promotes speciation.

References
Fretwell and Lucas (1969),
Wiens (1989a)
Paine (1996)
Wiens (1989a)
reviewed in Palmer (1994)
Gauch and Whittaker (1972),
ter Braak (1994)

Gradient steepness may be
unrelated to richness or
turnover.

Mueller-Dombois and Ellenberg (1974), Austin (1985)

High energy/large areas maintain large species pools.

Rosenzweig (1995), Blackburn and Gaston (2001)

Regional richness may increase or decrease with climate or land-use change.

Vrba (1992), Rosenzweig
(2002)

Local richness increased and
turnover reduced with high
dispersal rates.
Local richness reduced due to
dispersal limitation.
Local richness favored by
dispersal limitation of competitors.
Regional richness higher in
areas of rapid geologic
change.

Loreau and Mouquet (1999)
Krasnov and Shenbrot (1998)
Tilman (1994), Hubbell et al
(1999)
Mayr (1963), Cracraft (1985)

Note: The list is not exhaustive. It emphasizes processes that may be useful for land managers to consider.
† By ‘‘inflated’’ we mean that richness may be higher in a habitat type than is typically observed.
‡ By ‘‘reduce’’ we mean that richness may be lower in a habitat type than is typically observed.

tent (i.e., the scale over which samples are distributed),
variance in the abundance of strong competitors might
be the most important variable explaining differences
in diversity. Samples distributed over broader extent
might reveal the influence of both soil type and the
characteristics of the matrix in which these soil types
are embedded. At the broadest extents, the position of
mountain ranges between groups of samples might explain the majority of the variance in composition or
richness. Moving the position of an extent across space
would alter the variance explained by different factors
(i.e., a mountain range may be present in one but not
the other extent). Any generalizations within an extent,
however, would be statistical abstractions; any two individual land areas within the extent that a manager
considers could vary in their diversity for different reasons.
Second, the framework reminds us that the land units
we manage (e.g., tens to thousands of hectares) en-

compass many different species-defined domains of
scale and perceptions of heterogeneity (Kolasa and
Waltho 1998). Depending upon the group of species,
scale, and type of landscape that is considered, different
processes and related explanatory variables will explain diversity (Table 1). We review some of the conditions in which different theories and processes should
be considered by managers, note problems and unexpected consequences presented by the processes, and
suggest guidelines to deal with them.

Issues within the landscape domain
Management decisions are usually focused within
the landscape domain because management scales are
often larger than those of most species’ home range
sizes but smaller than their geographic ranges (Fig. 3).
At these species-defined scales, environmental heterogeneity can be conceptualized as a patch-matrix or mosaic pattern, and movement or dispersal between hab-
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FIG. 4. Hypothetical examples of the relative contributions of different factors to variance in species composition
or richness among sets of sites distributed over different spatial scales. Plots (squares) are of equal area, and the average
distance between plots is indicated.

itats (or combinations of habitat types) is of central
concern (e.g., Harrison et al. 1999; patch theory, Table
1). Alternatively, environmental heterogeneity may be
conceptualized as one or more gradients (gradient theory). The patch approach is crucial when considering
species whose dispersal is limited due to species’ traits
and/or landscape structure. The gradient approach may
be appropriate when dispersal limitation is deemed unimportant because patchiness is not pronounced or between-patch barriers are easily overcome. In this case,
species richness should be coupled to measurable abiotic and/or biotic features, if we can identify them.
Even environmental features that exhibit a patchy
structure in space can be represented using the gradient
approach (Austin 1985, Krasnov and Shenbrot 1998).
When patchiness in landscapes is important, local
communities are often capable of supporting more individuals or species than they actually do at particular
times due to dispersal limitation. This affects correlations between environmental measures available to
managers and species distribution or richness. Habitat
quality or value as determined by correlations or experiments may relate poorly to the true value of a patch
if it is uncolonized when measurements are taken (Fonseca and Hart 2001). This means that when dispersal
limitation is strong, within-patch variables alone will
be insufficient to explain variation in species abundance or diversity (e.g., He et al. 1996). The inclusion
of landscape configuration metrics that relate to dispersal, such as patch size, distance to nearest patch, or
matrix type, may improve the accuracy of statistical
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models (e.g., Mazerolle and Villard 1999, Miller and
Cale 2000). Such approaches may help to identify important source habitats (defined by both patch characteristics and landscape context) that maintain richness across landscapes (but see Fauth et al. 2000).
In other cases, the consequences of spatial pattern
may be minor because dispersal is not strongly limited
within a given spatial extent (e.g., birds and many ants
within desert grassland/shrubland mosaics). Then, richness and abundance may track landscape gradients. A
key issue likely to confront managers is to decide which
among the many gradients present in a landscape are
most important. When using field data to create models,
it is useful to gain a broad-scale view of species associations in order tease apart the effects of gradients
that may frequently (but not always) parallel one another (Bestelmeyer and Wiens 2001). Multivariate
techniques (e.g., ordination) can be employed in this
context to measure the strength of various environmental variables across scales for producing changes
in species richness or turnover (Kremen et al. 1999,
Boone and Krohn 2000). Unfortunately, the amount of
variance in species abundances explained using environmental gradient approaches is often lower than expected, perhaps reflecting the importance of spatial pattern or the omission of other important environmental
variables (e.g., competitor abundance).
Both environmental gradients and the effects of habitat patchiness on dispersal are likely to be important
in most study systems. For example, variation in the
richness of serpentine-endemic herbaceous plants
among patches and areas of continuous habitat can be
explained by both patch size and underlying gradients
of calcium levels (Harrison 1999). The amount of variance explained by patch metrics or gradients in habitat
variables within the same system may be scale dependent. At fine scales within patches, birds may respond
in a continuous way to patch edge characteristics (Campi and MacNally 2001), but respond to spatial organization of patches at larger scales (Jokimaki and Huhta
1996). This means that the effects of habitat patchiness
(e.g., forest fragmentation) should not be considered
independently of less obvious, but potentially important, sources of variation underlying the patches that
managers recognize. Similarly, it is important to recognize the influence of patchiness and gradients in
land-use policy and human behaviors and their interactions with biological patterns (Kremen et al. 1999).

Issues within the habitat domain
The recognition of important landscape gradients or
habitat patches requires information on species responses within the habitat domain. The emphasis here
is on identifying key habitat elements and life history
requirements that define habitats (e.g., multistemmed
yuccas for nesting of Aplomado Falcons, Falco femoralis). When dispersal limitation is unimportant, occurrence or density data may provide an indication of

1756

BRANDON T. BESTELMEYER ET AL.

relative habitat quality (as defined by population persistence, e.g., Rodriguez et al. 2000), provided that a
sufficient range of habitat variation has been sampled
(Aberg et al. 2000).
Even when dispersal limitation is not an issue, the
use of abundance or density to indicate habitat quality
can be unreliable for a variety of reasons (Morrison
2001). The major contribution of theory in this regard
has been to alert us to the role of intra- and interspecific
competitive dominance in inhibiting the expression of
habitat preferences (Van Horne 1983, Chamberlain and
Fuller 1999). Dominance may depress richness and
abundance in valuable habitats and increase them in
poorer habitats (Wiens 1989a).
When evaluating and comparing the diversity of habitats, managers should consider whether territoriality
or interspecific interactions are likely to be important
in the species group considered (e.g., some birds) and
whether variation in the strength of these interactions
is responsible for variation in abundance or richness at
a particular scale. The role of competitive interactions
will depend in part on the mitigating effects of structural heterogeneity or disturbances at scales relevant
to a species group. It is widely recognized that spatial
structure, for example, can promote richness. The role
of disturbance regimes such as fire (McPherson 1995)
and herbivore grazing (Fuhlendorf and Engle 2001),
on the other hand, are controversial in many management settings, and have been understudied. Although
competition theory provides strong support for manipulating disturbance regimes to enhance richness, relatively subtle differences in disturbance type, timing,
and intensity may result in decreases of even desirable
species (Drewa and Havstad 2001).

Issues within the geographic domain
Theories addressing the geographic domain direct
attention to the fact that managed landscapes vary in
their geographic context and that this context determines species richness (MacArthur and Wilson 1967).
The recognition of species endemism (e.g., ‘‘hotspots’’;
Myers et al. 2000) and the maintenance of endemism
and regional richness relies, in part, on understanding
the forces promoting speciation or inhibiting regional
extinction. Dispersal and vicariance biogeography theory indicate that particular areas (e.g., geologically active areas and transition zones) may be responsible for
the production of a great deal of a region’s biodiversity
(e.g., Riddle et al. 2000). Macroecological theory emphasizes that the maintenance of this diversity in any
one landscape depends upon factors affecting component species throughout their geographic range (Rosenzweig 2002). One fundamental guideline is to maintain productive ecosystems that capture energy and
make it available to support food webs (Wright 1990,
Brown 1995). These ideas underscore the need for communication and coordination among managers working
in different landscapes and with different resources
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(e.g., wildlife biologists, agricultural extension agents,
and private land owners). Without region-wide planning, even excellent landscape-level plans may fail.
The coordinated management of a regional species
pool requires an understanding of past region-wide disturbances (e.g., glaciation, historical or pre-historical
deforestation). This is because the unmeasured, historical loss of vulnerable species may constrain how
contemporary assemblages respond to subsequent environmental changes (Monkkonen and Welsh 1994,
Balmford 1996). Regional assemblages that have already lost species that would have been sensitive to
habitat loss, for instance, may appear to benefit little
from measures aimed at restoring habitat. On the other
hand, assemblages in regions where historical losses
have not yet occurred would benefit greatly from improved management. This suggests that (1) a consideration of history is needed when interpreting the responses of species groups to a management strategy,
(2) it may not be appropriate to ‘‘export’’ interpretations about the importance of land-use effects, even
among environmentally similar regions, and (3) it
should be a priority to identify and allocate management resources to areas where regional losses have not
yet occurred (Balmford 1996).
Geographic-scale studies also tell us that species persistence at regional scales will depend on the longevity
of habitats in the face of climate change and the presence of ecological transitions or dispersal barriers
(Vrba 1992, Davis et al. 2000). The size and location
of habitats may shift with climate change, leading to
the loss of desired species from areas located near biome transitions, mountain ranges, or rivers. Of particular concern, highly diverse ecological transition zones
tend to be selected in some reserve design algorithms
but these marginal areas may have limited value as
long-term refugia (Gaston et al. 2001). In a similar way,
the long-term capacity of species to respond to gradual
climate changes by migrating or evolving will depend
upon the availability of suitable ‘‘substrate’’ on which
habitat and species can respond and the ability of species to track these changes via dispersal and habitat
generalism (Warren et al. 2001). Land uses that constrain the capacity of vegetation and dependent species
to respond naturally to climate (e.g., some urbanized
land, cropland, or degraded rangeland) and that limit
dispersal along climate-change gradients threaten the
long-term, regional persistence of species. Regional
planners should consider the potential for interactions
between climate dynamics, landscape composition, and
dispersal.

Integrating species-groups, domains, and processes
We have emphasized that biodiversity is managed at
several (albeit restricted) spatial and temporal scales
and that management decisions interact across scales.
The collective perceptions of many organisms and
qualitatively different kinds of processes operate within
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PLATE 1. Recent changes in the structure of a rangeland on a gravelly sandy loam soil in southwestern New Mexico,
near Lake Valley, Sierra County. (Left) In this rangeland-trend photograph taken by the Bureau of Land Management in
November 1971, grasses are largely black grama (Bouteloua eriopoda) and tobosa (Pleuraphis mutica). Individuals of viscid
acacia (Acacia neovernicosa) are present. (Right) This photograph was taken in June 2003. Long-lived perennial grasses are
absent, and acacia cover and height have increased dramatically. (Photograph by Harvey Brockman.)

and among human-defined scales. Despite this complexity, management decisions aimed at maintaining
biological diversity necessarily involve the consideration of limited numbers and kinds of species, depending upon the politics motivating the decisions and
the availability of scientific resources. The degree of
success will depend upon how the selected species and
groups approximate the overall relationships between
species diversity and environment in a particular setting (Oliver et al. 1998).
Given these contingencies and limitations, our
framework provides a way to begin attacking the problem of multi-species management by directing our attention to some common questions: (1) Which groups
of organisms will be considered, (2) how do their domains of scale relate to one another and the land area
under consideration, (3) what processes are likely to
be important determinants of species distribution at
management scales, and (4) how will the proposed
management activities interact with these processes?
Understanding the determinants of species diversity
(question 3) can be aided by answering the following
questions: (3a) Do the groups of species considered
together in diversity or abundance measures respond
similarly to environmental variation? (3b) Which environmental gradients determine the distribution and
richness of those groups, and have they been identified?
(3c) How might the spatial patterning of these gradients
across landscapes influence species–environment relationships? (3d) How might historical variation in environments or disturbances with time lags alter species–environment relationships and the effects of spatial patterning? (3e) How do regional gradients and
discontinuities cause variation in the response of species groups to environmental pattern within different
landscapes? The value of species diversity theory for
managers, then, is not to provide ‘‘general answers to
specific questions. . . , but to reverse the process, and

seek many different special answers to each general
question’’ (Bartholomew 1982). Concepts can be assembled in different ways to explain species diversity
in particular instances (see Caughley 1994).

An example
An example from the Chihuahuan Desert grasslands
of southern New Mexico can be used to illustrate some
of the points we have raised. In this ecosystem, concern
about biodiversity is centered on the direct and indirect
effects of livestock grazing, fire suppression, and climate change that results in loss of grasslands and the
encroachment of shrublands. Much of the grassland
area in the region was converted to shrubland over the
last century, but shrub encroachment is ongoing in
many remaining grasslands (Gibbens et al. 1992; see
Plate 1). Recovering grasslands from shrublands is difficult and costly, where it is possible at all. Key questions for land managers (e.g., the United States Bureau
of Land Management) include: How much, if any, livestock grazing should be conducted on individual parcels of public land? Where should shrub control measures be implemented to recover grasslands?
In the United States, single endangered species (following the Endangered Species Act of 1973) can be
primary drivers of management decisions. In Chihuahuan Desert grasslands, the Northern Aplomado Falcon (Falco femoralis septentrionalis) is increasingly
playing this role. Despite the fact that the falcon was
not selected as a surrogate for biodiversity as a whole,
it has been argued that preservation of falcon habitat
will sustain desert grassland biodiversity (Forest
Guardians 2002). This argument stems from some ideas
about the falcon’s local ecology, including: (1) a preference to nest in multistemmed soaptree yuccas ( Yucca
elata, a stem succulent) associated with grassland habitat types, and (2) the requirement to hunt birds, ro-
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dents, and insects in open grassland habitat types (Montoya et al. 1997, Keddy-Hector 2000).
If the management of Chihuahuan Desert grassland
biodiversity is to be based largely upon the needs of
the Aplomado Falcon, we can ask: (1) To what degree
do the Aplomado Falcon and other species groups perceive similar environmental gradients and patchiness
at similar scales (questions 1, 2, and 3a)? (2) How do
geographic-scale features such as long-distance dispersal, climate and land-use variation, and biome distribution mediate these species’ responses to landscape
pattern (questions 3b–3e), and (3) where should changes to livestock management and shrub control be considered to promote desert grassland biodiversity (question 4)?
Published studies of different species groups from
landscapes identified as containing superior habitat for
the Aplomado Falcon (Forest Guardians 2002) add a
variety of perspectives about environmental variation.
Richness and turnover patterns within a group of 22
bird species indicated a higher richness in shrubland
types than in grassland and substantial differences in
species abundances among grasslands and a variety of
shrubland types (Pidgeon et al. 2001). The basis for
these patterns in several cases appears to be related to
the details of nesting biology. Several species are able
to nest in shrubs and fewer may require grasslands.
Although we have not considered the potential for some
shrubland habitat occurrences to be affected by competitive interactions or ‘‘spill-over’’ from adjacent
grasslands (Whitford 1997), it is clear that overall landscape bird richness is supported by shrub diversity.
The relatively low richness of grassland habitats in
this study may be a consequence of the spatial configuration and the historical, geographic context of the
patches. Grassland patches may have been too small
to support occupancy by area-sensitive grassland species such as Grasshopper Sparrows (Ammodramus savannarum) and Lark Buntings (Calamospiza melanocorys), whether or not the vegetation within the patches
was shrub-free (Pidgeon et al. 2001). Through this
mechanism, historical overgrazing may have extirpated
several grassland species from the region that would
have added richness to current grassland patches. It is
possible that the restoration of extensive grassland
patches would eventually increase regional richness by
promoting colonization of additional species.
A study of 41 desert grassland ants in several of the
same habitat types revealed similarities and differences
to the desert grassland bird study (Bestelmeyer and
Wiens 2001). Within the Jornada Basin, a shrubland
type had the highest richness and a relatively distinct
species composition when compared with grassland
types. Like the birds, several ant species nest exclusively in certain shrub species and contribute to the
shrubland’s high richness (e.g., Crematogaster larreae,
C. depilis). Unlike the birds, some ant species nested
in coarsely textured soils, independent of whether
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shrubs or grasses occurred on them (e.g., Pogonomyrmex imberbiculus, Pheidole sp. J1). The ants revealed
the importance of a distinct landscape gradient that can
produce habitat heterogeneity within vegetation-based
habitats.
The available data indicate distinct management directions as well as the need for additional data. Certainly, there is a need for better data on falcon biology.
The Chihuahuan Desert grasslands represent the northern extent of the falcon’s geographic range; because
the falcon can disperse widely (up to 300 km; KeddyHector 2000), its population dynamics in New Mexican
desert grasslands may depend to some degree on habitat
changes occurring outside of New Mexico. These relationships are not understood. Nonetheless, there is a
clear need to maintain and restore grasslands because
extensive grasslands are relatively rare in the region,
and several species depend on them. The size and context of grassland patches is a potentially important and
poorly understood factor: Many small patches may
have less value for biodiversity than a few patches
above a critical size. Furthermore, the landscape and
geographic position of grassland patches determines
their size and longevity. The preservation and restoration of large grassland patches in the face of landuse and climate change is more likely to be successful
in some regions and soil types than in others (Bestelmeyer et al. 2003). Managers can use these ideas to
prioritize management actions.
The data also reveal ‘‘hidden heterogeneity’’ within
the grassland–shrubland dichotomy. Different shrubland types and different soils (irrespective of vegetation) support different elements of biodiversity. As
Pidgeon et al. (2001) point out, there is no regional
shortage of shrublands. Nonetheless, there is little accounting of the value of soil types occurring within
shrublands, nor of the threats posed to rare soil types
by destructive shrub control measures or ceding land
to housing developments. Besides this, there is interest
in promoting richness at local scales near to human
communities (Miller and Hobbs 2002). The maintenance of grasslands may be important for maintaining
regional biodiversity, but landowners and land users
might wish to experience a high local diversity of birds,
for example. In this case, maintaining a diversity of
shrubland types would be desirable. This means that
some shrub encroachment battles may not be worth the
effort (Belsky 1996). The more we consider different
species groups, processes, and scales, the better decisions we will make.
A theory-based framework can help land managers
put their decision making into a broader, ecological
context. In our example, answers to the questions we
asked indicate new directions and data needs: (1) Habitats other than grasslands are worth recognizing and
the value of grasslands will depend on their size and
location, (2) promoting grassland biodiversity within
the management area requires data about species that
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may not be present and data from habitats well outside
the management area, and (3) changes to grassland
management and shrub control efforts can be prioritized according to the local richness of shrubland types,
the rarity of soils, and the regional position and size
of grasslands. The framework indicates the potential
importance of processes and relationships that may not
be addressed in management datasets and that might
otherwise be overlooked.
CONCLUSIONS
Land managers have a difficult job. Whereas ecologists may spend entire careers on a few concepts,
organisms, and scales, land managers are called upon
to make decisions that are based on many organisms
and concepts, in addition to human wants and needs.
Ecologists and managers should continue to pull their
ideas together to support this task. Our framework is
one attempt to do so. The body of theory on which this
framework is based reveals the contingency of different
explanations for various species, scales, and situations
(Shrader-Frechette and McCoy 1993). In this way, the
management of biodiversity is the set of case studies
of species groups (Caughley 1994). The more case
studies we have, the better. Nonetheless, theory also
shows that generalities exist in the kinds of patterns
and processes we look for in the species groups we
examine. Although institutional resources are usually
not great, managers can use those that are available
much more effectively once they know the right questions to ask.
ACKNOWLEDGMENTS
Thanks to Joan Herbers, Boris Kondratieff, Bill Lauenroth,
Deb Peters, Stephanie Bestelmeyer, Alan Andersen, and an
anonymous reviewer for their comments.
LITERATURE CITED
Aberg, J., G. Janssson, J. E. Swenson, and G. Mikusinski.
2000. Difficulties in detecting habitat selection by animals
in generally suitable areas. Wildlife Biology 6:89–99.
Andersen, A. N. 1995. A classification of Australian ant communities, based on functional groups which parallel plant
life-forms in relation to stress and disturbance. Journal of
Biogeography 22:15–29.
Austin, M. P. 1985. Continuum concept, ordination methods,
and niche theory. Annual Review of Ecology and Systematics 16:39–61.
Balmford, A. 1996. Extinction filters and current resilience:
the significance of past selection pressures for conservation
biology. Trends in Ecology and Evolution 11:193–196.
Bartholomew, G. A. 1982. Scientific innovation and creativity: a zoologist’s point of view. American Zoologist 22:
227–235.
Belsky, A. J. 1996. Viewpoint: western juniper expansion:
is it a threat to arid northwestern ecosystems? Journal of
Range Management 49:53–59.
Belyea, L. R., and J. Lancaster. 1999. Assembly rules within
a contingent ecology. Oikos 86:402–416.
Bestelmeyer, B. T., J. R. Brown, K. M. Havstad, G. Chavez,
R. Alexander, and J. Herrick. 2003. Development and use
of state-and-transition models for rangelands. Journal of
Range Management 56:114–126.

1759

Bestelmeyer, B. T., and J. A. Wiens. 2001. Ant biodiversity
in semiarid landscape mosaics: the consequences of grazing
vs. natural heterogeneity. Ecological Applications 11:
1123–1140.
Blackburn, T. M., and K. J. Gaston. 2001. Linking patterns
in macroecology. Journal of Animal Ecology 70:338–352.
Boone, R. B., and W. B. Krohn. 2000. Partitioning sources
of variation in vertebrate species richness. Journal of Biogeography 27:457–470.
Brown, J. H. 1995. Macroecology. University of Chicago
Press, Chicago, Illinois, USA.
Bureau of Land Management. 2001. BLM manual: rangeland
health standards. H-4180–1, 19 January. U.S. Department
of the Interior, Bureau of Land Management, Washington,
D.C., USA.
Campi, M. J., and R. MacNally. 2001. Birds on edge: avian
assemblages along forest–agricultural boundaries of central
Victoria, Australia. Animal Conservation 4:121–132.
Caswell, H., and J. E. Cohen. 1993. Local and regional regulation of species-area relations: a patch-occupancy model.
Pages 99–107 in R. E. Ricklefs and D. Schluter, editors.
Species diversity in ecological communities. University of
Chicago Press, Chicago, Illinois, USA.
Caughley, G. 1994. Directions in conservation biology. Journal of Animal Ecology 63:215–244.
Chamberlain, D. E., and R. J. Fuller. 1999. Density-dependent habitat distribution in birds: issues of scale, habitat
definition and habitat availability. Journal of Avian Biology
30:427–436.
Colwell, R. K., and D. C. Lees. 2000. The mid-domain effect:
geometric constraints on the geography of species richness.
Trends in Ecology and Evolution 15:70–76.
Cornell, H. V., and J. H. Lawton. 1992. Species interactions,
local and regional processes, and limits to the richness of
ecological communities: a theoretical perspective. Journal
of Animal Ecology 61:1–12.
Cracraft, J. 1985. Biological diversification and its causes.
Annals of the Missouri Botanical Gardens 72:794–822.
Dale, V. H., S. Brown, R. A. Haeuber, N. T. Hobbs, N. Huntly,
R. J. Naiman, W. E. Riebsame, M. G. Turner, and T. J.
Valone. 2000. Ecological principles and guidelines for
managing the use of land. Ecological Applications 10:639–
670.
Davis, M., C. Douglas, R. Calcote, K. L. Cole, M. G. Winkler,
and R. Flakne. 2000. Holocene climate in the western Great
Lakes national parks and lakeshores: implications for future
climate change. Conservation Biology 14:968–983.
Drewa, P. B., and K. M. Havstad. 2001. Effects of fire, grazing, and the presence of shrubs on Chihuahuan desert grasslands. Journal of Arid Environments 48:429–443.
Enquist, B. J., J. H. Brown, and G. B. West. 1998. Allometric
scaling of plant energetics and population density. Nature
395:163–165.
Erwin, T. L. 1991. An evolutionary basis for conservation
strategies. Science 253:750–752.
Fauth, P. T., E. J. Gustafson, and K. N. Rabenold. 2000. Using
landscape metrics to model source habitat for Neotropical
migrants in the midwestern U.S. Landscape Ecology 15:
621–631.
Flather, C. H., K. R. Wilson, D. J. Dean, and W. C. McComb.
1997. Identifying gaps in conservation networks: of indicators and uncertainty in geographic-based analyses.
Ecological Applications 7:531–542.
Fonseca, D. M., and D. D. Hart. 2001. Colonization masks
habitat preferences in local distributions of stream insects.
Ecology 82:2897–2910.
Forest Guardians. 2002. Petition to the U.S. Fish and Wildlife Service to revise the critical habitat designation for the
Northern Aplomado Falcon. [Online: ^http://www.
fguardians.org/pdf/apfa-crithabitatpetition.pdf&.]

1760

BRANDON T. BESTELMEYER ET AL.

Fretwell, S. D., and H. L. Lucas. 1969. On territorial behaviour and other factors influencing the habitat distribution
in birds. I. Theoretical development. Acta Biotheoretica 19:
16–36.
Fuhlendorf, S. D., and D. M. Engle. 2001. Restoring heterogeneity on rangelands: Ecosystem management based on
evolutionary grazing principles. BioScience 51:625–632.
Gaston, K. J., A. S. L. Rodriguez, B. van Rensburg, P. Koleff,
and S. L. Chown. 2001. Complementary representation and
zones of ecological transition. Ecology Letters 4:4–9.
Gauch, H. G., and R. H. Whittaker. 1972. Coenocline simulation. Ecology 53:446–451.
Gibbens, R. P., R. F. Beck, R. P. McNeely, and C. H. Herbel.
1992. Recent rates of mesquite establishment in the northern Chihuahuan desert. Journal of Range Management 45:
585–588.
Harrison, S. 1999. Local and regional diversity in patchy
landscape: native, alien, and endemic herbs on serpentine.
Ecology 80:70–80.
Harrison, S., J. Maron, and G. Huxel. 1999. Regional turnover and fluctations in populations of five plants confined
to serpentine seeps. Conservation Biology 14:769–779.
Havstad, K. M., and D. P. C. Peters. 1999. People and rangeland biodiversity. VIth International Rangeland Congress
Proceedings 2:634–638.
He, F., and P. Legendre. 2002. Species diversity patterns derived from species–area models. Ecology 83:1185–1198.
He, F., P. Legendre, and J. V. LaFrankie. 1996. Spatial pattern
of diversity in a tropical rainforest. Journal of Biogeography 23:57–74.
Holt, R. D. 1993. Ecology at the mesoscale: the influence of
regional processes on local communities. Pages 77–88 in
R. E. Ricklefs and D. Schluter, editors. Species diversity
in ecological communities. University of Chicago Press,
Chicago, Illinois, USA.
Hubbell, S. P. 2001. The unified theory of biodiversity and
biogeography. Princeton University Press, Princeton, New
Jersey, USA.
Hubbell, S. P., R. B. Foster, S. T. O’Brien, K. E. Harms, R.
Condit, B. Wechsler, S. J. Wright, and S. Loo de Lao. 1999.
Light-gap disturbances, recruitment limitation, and tree diversity in a neotropical forest. Science 283:554–557.
Huston, M. A. 1999. Local processes and regional patterns:
appropriate scales for understand variation in the diversity
of plants and animals. Oikos 86:393–401.
Hutchinson, G. E. 1957. Concluding remarks. Cold Spring
Harbor Symposia on Quantitative Biology 22:415–427.
Jokimaki, J., and E. Huhta. 1996. Effects of landscape matrix
and habitat structure on a bird community in northern Finland: a multi-scale approach. Ornis Fennica 73:7–113.
Keddy-Hector, D. P. 2000. Aplomado falcon (Falco femoralis). In A. Poole and F. Gill, editors. Birds of North America, Number 549. Birds of North America, Philadelphia,
Pennsylvania, USA.
Kolasa, J., and C. D. Rollo. 1991. Introduction: the heterogeneity of heterogeneity: a glossary. Pages 1–23 in J. Kolasa and S. T. A. Pickett, editors. Ecological heterogeneity:
ecological studies 86. Springer-Verlag, New York, New
York, USA.
Kolasa, J., and N. Waltho. 1998. A hierarchical view of habitat and its relationship to species abundance. Pages 55–78
in D. L. Peterson and V. T. Parker, editors. Ecological scale:
theory and applications. Columbia University Press, New
York, New York, USA.
Krasnov, B. R., and G. I. Shenbrot. 1998. Structure of communities of ground-dwelling animals at the junction of two
phytogeographic zones. Journal of Biogeography 25:1115–
1131.
Kremen, C., V. Razafimahatratra, R. P. Guillery, J. Rakotomalala, A. Weiss, and J. S. Ratsisompatrarivo. 1999. De-

Ecological Applications
Vol. 13, No. 6

signing the Masoala National Park in Madagascar based on
biological and socioeconomic data. Conservation Biology
13:1055–1068.
Lambeck, R. J. 1997. Focal species: a multi-species umbrella
for nature conservation. Conservation Biology 11:849–
856.
Lambeck, R. J. 1999. Landscape planning for biodiversity
conservation in agricultural regions: a case study from the
wheatbelt of Western Australia. Biodiversity technical paper 2. Environment Australia, Canberra, Australia.
Lande, R. 1988. Genetics and demography in biological conservation. Science 241:1455–1460.
Lindenmayer, D. B., A. D. Manning, P. L. Smith, H. P. Possingham, J. Fischer, I. Oliver, and M. A. McCarthy. 2002.
The focal-species approach and landscape restoration: a
critique. Conservation Biology 16:338–345.
Loreau, M., and N. Mouquet. 1999. Immigration and the
maintenance of local species diversity. American Naturalist
154:427–440.
MacArthur, R. H. 1972. Geographical ecology. Princeton
University Press, Princeton, New Jersey, USA.
MacArthur, R. H., and E. O. Wilson. 1967. The theory of
island biogeography. Princeton University Press, Princeton,
New Jersey, USA.
Mayr, E. 1963. Animal species and evolution. Harvard University Press, Cambridge, Massachusetts, USA.
Mazerolle, M., and M.-A. Villard. 1999. Patch characteristics
and landscape context as predictors of species presence and
abundance: a review. Ecoscience 6:117–124.
McPherson, G. R. 1995. The role of fire in desert grasslands.
Pages 130–151 in M. McClaran and T. R. Van Devender,
editors. The desert grassland. University of Arizona Press,
Tucson, Arizona, USA.
Miller, J. R., and P. Cale. 2000. Behavioral mechanisms and
habitat use by birds in a fragmented agricultural landscape.
Ecological Applications 10:1732–1748.
Miller, J. R., and R. J. Hobbs. 2002. Conservation where
people live and work. Conservation Biology 16:330–337.
Mönkkönen, M., and D. A. Welsh. 1994. A biogeographical
hypothesis on the effects of human caused landscape changes on the forest bird communities of Europe and North
America. Annales Zoologici Fennici 31:61–70.
Montoya, A. B., P. J. Zwank, and M. Cardenas. 1997. Breeding biology of Aplomado Falcons in desert grasslands of
Chihuahua, Mexico. Journal of Field Ornithology 68:135–
143.
Morrison, M. L. 2001. A proposed research emphasis to overcome the limits of wildlife–habitat relationship studies.
Journal of Wildlife Management 65:613–623.
Mueller-Dombois, D., and H. Ellenberg. 1974. Aims and
methods of vegetation ecology. Wiley Press, New York,
New York, USA.
Myers, A. A., and P. S. Giller. 1988. Process, pattern and
scale in biogeography. Pages 3–12 in A. A. Myers and P.
S. Giller, editors. Analytical biogeography. Chapman and
Hall, New York, New York, USA.
Myers, N., R. A. Mittermeier, C. G. Mittermeier, G. A. B. de
Fonseca, and J. Kent. 2000. Biodiversity hotspots for conservation priorities. Nature 403:853–858.
Nekola, J. C., and P. S. White. 1999. The distance decay of
similarity in biogeography and ecology. Journal of Biogeography 26:867–878.
Oliver, I., A. J. Beattie, and A. York. 1998. Spatial fidelity
of plant, vertebrate, and invertebrate assemblages in multiple-use forest in eastern Australia. Conservation Biology
12:822–835.
O’Neill, R. V. 1999. Theory in landscape ecology. Pages 1–
5 in J. A. Wiens and M. Moss, editors. Issues in landscape
ecology. International Association for Landscape Ecology,
University of Guelph, Ontario, Canada.

December 2003

DIVERSITY THEORY AND LAND MANAGEMENT

Paine, R. T. 1966. Food web complexity and species diversity. American Naturalist 100:65–75.
Palmer, M. W. 1994. Variation in species richness: towards
a unification of hypotheses. Folia Geobotanica et Phytotaxonomica 29:511–530.
Pidgeon, A. M., N. E. Mathews, R. Benoit, and E. V. Nordheim. 2001. Response of avian communities to historic
habitat change in the northern Chihuahuan Desert. Conservation Biology 15:1772–1788.
Prendergast, J. R., R. M. Quinn, and J. H. Lawton. 1999. The
gaps between theory and practice in selecting nature reserves. Conservation Biology 13:484–492.
Reed, R. A., R. K. Peet, M. W. Palmer, and P. S. White. 1993.
Scale dependence of vegetation-environment correlations:
a case study of a North Carolina piedmont woodland. Journal of Vegetation Science 4:329–340.
Ricklefs, R. E., and D. Schluter. 1993. Species diversity:
regional and historical influences. Pages 350–364 in R. E.
Ricklefs and D. Schluter, editors. Species diversity in ecological communities. University of Chicago Press, Chicago, Illinois, USA.
Riddle, B. R., D. J. Hafner, L. F. Alexander, J. R. Jaeger.
2000. Cryptic vicariance in the historical assembly of a
Baja California Peninsular Desert biota. Proceedings of the
National Academy of Sciences of the United States of
America 97:14438–14443.
Rodriguez, A. S. L., R. D. Gregory, and K. J. Gaston. 2000.
Robustness of reserve selection procedures under temporal
species turnover. Proceedings of the Royal Society of London Series B 267:49–55.
Rogers, P., D. Atkins, M. Frank, and D. Parker. 2001. Forest
health monitoring in the interior west: a baseline summary
of forest issues, 1996–1999. General Technical Report
RMRS-GTR-75. USDA Forest Service, Rocky Mountain
Research Station, Fort Collins, Colorado, USA.
Rosenzweig, M. L. 1995. Species diversity in space and time.
Cambridge University Press, Cambridge, UK.
Rosenzweig, M. L. 2002. Loss of speciation rate will impoverish future diversity. Proceedings of the National
Academy of Sciences 98:5404–5410.
Shrader-Frechette, K., and E. D. McCoy. 1993. Method in
ecology: strategies for conservation. Cambridge University
Press, Cambridge, UK.
Steffen, W. L., B. H. Walker, J. S. I. Ingram, and G. W. Koch.
1992. Global change and terrestrial ecosystems: the op-

1761

erational plan. International Geosphere-Biosphere Programme (IGBP) and International Council for Scientific
Unions (ICSU), Stockholm, Sweden.
ter Braak, C. J. F. 1994. Canonical community ordination.
Part I: basic theory and linear methods. Ecoscience 1:127–
140.
Tilman, D. 1994. Competition and biodiversity in spatially
structured habitats. Ecology 75:2–16.
Udvardy, M. D. F. 1969. Dynamic zoogeography: with special reference to land animals. Van Nostrand Reinold, New
York, New York, USA.
Underwood, A. J., and M. G. Chapman. 1996. Scales of
spatial patterns of distribution of intertidal invertebrates.
Oecologia 107:212–224.
Van Horne, B. 1983. Density as a misleading indicator of
habitat quality. Journal of Wildlife Management 47:893–
901.
Vrba, E. S. 1992. Mammals as a key to evolutionary theory.
Journal of Mammalogy 73:1–28.
Warren, M. S., et al. 2001. Rapid responses of British butterflies to opposing forces of climate and habitat change.
Nature 414:65–68.
Whitford, W. G. 1997. Desertification and animal biodiversity in the desert grasslands of North America. Journal of
Arid Environments 37:709–720.
Whittaker, R. J., K. J. Willis, and R. Field. 2001. Scale and
species richness: towards a general hierarchical theory of
species diversity. Journal of Biogeography 28:453–470.
Wiens, J. A. 1989a. The ecology of bird communities. Volume 1. Foundations and patterns. Cambridge University
Press, Cambridge, UK.
Wiens, J. A. 1989b. Spatial scaling in ecology. Functional
Ecology 3:385–397.
Wiens, J. A. 2000. Ecological heterogeneity: an ontogeny of
concepts and approaches. Pages 9–31 in M. J. Hutchings,
E. A. John, and A. J. A. Stewart, editors. The ecological
consequences of heterogeneity. Blackwell Science, Oxford,
UK.
Wright, D. H. 1990. Human impacts on energy flow through
natural ecosystems and implications for species endangerment. Ambio 19:189–194.
Zobel, M. 1997. The relative role of species pools in determining plant species richness: an alternative explanation
of species coexistence? Trends in Ecology and Evolution
12:266–269.

