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Abstract. The invasion paradox describes the co-occurrence of independent lines of
support for both a negative and a positive relationship between native biodiversity and the
invasions of exotic species. The paradox leaves the implications of native—exotic species
richness relationships open to debate: Are rich native communities more or less susceptible to
invasion by exotic species? We reviewed the considerable observational, experimental, and
theoretical evidence describing the paradox and sought generalizations concerning where and
why the paradox occurs, its implications for community ecology and assembly processes, and
its relevance for restoration, management, and policy associated with species invasions. The
crux of the paradox concerns positive associations between native and exotic species richness
at broad spatial scales, and negative associations at fine scales, especially in experiments in
which diversity was directly manipulated. We identified eight processes that can generate
either negative or positive native—exotic richness relationships, but none can generate both. As
all eight processes have been shown to be important in some systems, a simple general theory
of the paradox, and thus of the relationship between diversity and invasibility, is probably
unrealistic. Nonetheless, we outline several key issues that help resolve the paradox, discuss
the difficult juxtaposition of experimental and observational data (which often ask subtly
different questions), and identify important themes for additional study. We conclude that
natively rich ecosystems are likely to be hotspots for exotic species, but that reduction of local
species richness can further accelerate the invasion of these and other vulnerable habitats.
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INTRODUCTION

The recent history of ecology has been an unfolding
story of the sensitivity of patterns and processes to scale
(Levin 1992). One such example of considerable cultural
and economic importance is the relationship between the
number of native or resident species (“natives”) in an
ecosystem and how many exotic or introduced species

Manuscript received 25 January 2006; revised 8 May 2006;
accepted 30 June 2006. Corresponding Editor: L. M. Wolfe.

19 present address: Department of Biology, Syracuse
University, 130 College Place, Syracuse, New York 13244
USA. E-mail: fridley@syr.edu

(“exotics”) have invaded it. In general, a variety of
observational, experimental, and theoretical studies
have often documented negative relationships between
the number of native species and the number of species
or relative success of exotics at fine scales (often a
resolution of 10 m? or less). In contrast, broad-scale
studies (typically a resolution of 1 km? or more) yield
roughly the opposite pattern of positive correlation of
native and exotic species richness. These seemingly
conflicting results (Levine and D’Antonio 1999, Shea
and Chesson 2002, Byers and Noonburg 2003, Fridley et
al. 2004, Herben et al. 2004, Davies et al. 2005)
constitute what we refer to as the “invasion paradox.”
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Although fine-scale patterns have been taken as evidence
that native richness protects ecosystems against inva-
sions (Case 1990, Knops et al. 1999, Levine 2000,
Kennedy et al. 2002), broad-scale patterns have led
researchers to suggest the opposite (Stohlgren et al.
1999, 2003, Davis et al. 2000, Huston 2004). How can
these patterns be reconciled, and what are the implica-
tions for the conservation and management of natural
ecosystems?

Our use of the term “paradox” to describe the
interaction of scale and native—exotic richness patterns
is convenient shorthand for a complex situation that
reflects both contradictory relationships reported in the
literature on invasion and the varying import attributed
to different methodological approaches by individual
scientists. A paradox is “something with seemingly
contradictory qualities or phases” (Webster’s Third
New International Dictionary; Grove 1993), and there
are at least three apparent contradictions we refer to in
our usage of “invasion paradox.” First, there is an
apparent conflict between the findings of experimental
and observational studies. Second, there is a conflict
between some findings of fine-scale and broad-scale
observational studies. Unfortunately, the experimental
literature concerning this issue consists entirely of
studies that are (unavoidably) of fine scale, thus
conflating scale and methodology. Third, individual
views vary on the relative merits of findings from
observational vs. experimental studies. We acknowledge
that different methodological views among scientists
play a role in motivating the debate surrounding the
invasion paradox, but these are well known (Naeem
2001). Our emphasis in this review is therefore on
differences in invasion patterns across scales (see Plate 1)
and a corresponding synthesis of the underlying
processes responsible for these shifting patterns.

Although the invasion paradox has been the subject of
several recent studies, perspectives of different authors
are highly divergent (Stohlgren et al. 1999, 20065,
Tilman 1999, 2004, Shea and Chesson 2002, Byers and
Noonburg 2003, Herben et al. 2004, Davies et al. 2005).
The reporting of native—exotic richness patterns from a
variety of ecosystems is growing (e.g., Stohlgren et al.
1999, 2003, 20064, Brown and Peet 2003, Cleland et al.
2004, Gilbert and Lechowicz 2005), but is also
controversial (Rejmanek 2003, Taylor and Irwin 2004).
Observational evidence still lags behind advances in
theory (Shea and Chesson 2002, Byers and Noonburg
2003, Bruno et al. 2004, Fridley et al. 2004, Herben et al.
2004, Tilman 2004, Davies et al. 2005). Experimental
approaches to the paradox are of limited duration,
spatial grain, and spatial extent (Stachowicz et al. 1999,
2002, Levine 2000, Naeem et al. 2000, Fargione et al.
2003, Smith et al. 2004, Fargione and Tilman 2005).
Several pertinent reviews have focused on the role of
biotic resistance, and thus fine-scale native—exotic
richness processes (Levine and D’Antonio 1999, Hector
et al. 2001, Levine et al. 2004), while relatively few have
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focused exclusively on large-scale processes driving the
positive half of the paradox (Davies et al. 2005,
Stohlgren et al. 2005, 2006a, b). Herben et al. (2004)
reviewed the paradox by summarizing a range of studies
with both negative and positive native—exotic richness
relationships, and focused on a particular mechanism of
neutral community assembly. However, there remains
no general treatment of how the paradox in pattern can
be resolved by variation in process with scale, through
an examination of the intersection of experimental,
observational, and theoretical approaches to this topic.

Here, we synthesize the range of perspectives offered
to explain the invasion paradox. We first built on the
work of Herben et al. (2004) and others by adding much
recent additional information on the general pattern of
the native—exotic species richness relationship at differ-
ent spatial scales. In summarizing this growing picture of
the pattern, we asked: (1) whether certain habitats or
environments are associated with negative or positive
native—exotic richness relationships (NERRs); and (2)
subsequently, whether the invasion paradox is a real
phenomenon across many systems. We then review
processes that may underlie NERR patterns at both
fine- and broad-spatial scales. Fine-scale processes focus
on species interactions but include both niche-related
and species-neutral models. Broad-scale processes are
typically less precisely specified than those described by
fine-scale models, and focus on abiotic conditions rather
than species interactions, particularly heterogeneity in
the environment. By combining the key processes from
each model that could produce the invasion paradox, we
asked how a general model might be obtained and
whether it would be useful. We conclude with a list of
unresolved questions related to the paradox, and briefly
explore the implications for the management of exotic
species invasions.

Throughout, we define fine scales as spatial grains in
which all or most individuals have the potential to
interact directly with one another, and often those in
which spatial heterogeneity in environmental and
dispersal processes are minimized. Broad scales include
spatial grains that are inhabited by many individuals,
the large majority of which do not directly interact with
more than a few individuals within their neighborhoods,
and where within-grain spatial heterogeneity is consid-
erable enough such that no one species is able to inhabit
the entire area. Because organisms differ by many orders
of magnitude in body size and the spatial grain at which
they respond to underlying heterogeneity, absolute
scaling of fine vs. broad scales will depend on focal taxa.

PATTERNS OF NATIVE AND EX0OTIC SPECIES RICHNESS
Fine spatial scales

Patterns of native and exotic species richness at fine
scales have only recently been widely reported (see Table
1 in Herben et al. 2004). Observational studies in plant
communities have documented negative native—exotic
richness relationships at scales below 1 m? in riparian
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PraTe 1. Invasion of scotch broom (Cytisus scoparius; lighter color on slope) on the western coast of the South Island of New
Zealand in 2004. Patterns of invasion and dominance within small patches may be unrelated to such patterns at the scale of the

hillside. Photo credit: S. Naeem.

corridors of the southern Appalachians (North Carolina
and Tennessee, USA; Brown and Peet 2003), agricul-
tural borders in North Carolina, USA (J. D. Fridley and
R. K. Peet, unpublished data), tallgrass prairie in lowa
and sagebrush in Colorado, USA (Stohlgren et al.
2006b), Australian grassland (Mclntyre and Lavorel
1994, Morgan 1998), and coastal grassland in Califor-
nia, USA (Kolb et al. 2002). Stachowicz et al. (2002)
found negative NERRs in subtidal marine invertebrate
communities. Many experimental studies of NERRs
suggest a negative relationship at fine scales; we refer the
reader to several recent reviews of these studies (Levine
and D’Antonio 1999, Hector et al. 2001, Herben et al.
2004, Levine et al. 2004). There is a bias of these studies
toward temperate grasslands (Hector et al. 2001; see also
Fargione and Tilman 2005). Many experimental studies
report the performance of specific invaders rather than
focus on exotic species richness, and so only indirectly
involve NERRs. Furthermore, experimental studies,
while often of similar spatial grain to observational
studies, are almost always of smaller spatial extent,
thereby comprising a smaller range of spatial heteroge-
neity. That experimental and observational studies often
ask different questions and employ different methods
suggests that their synthesis may increase our under-
standing of invasions rather than leading to a paradox;
we comment further on this below in Synthesis: One
theory fits all or a plea for pluralism?

Positive NERRs, however, have also been widely
reported at scales as small as 1 m? in systems as diverse
as California chaparral, savannas, and conifer forests
(Keeley et al. 2003), Chilean scrub communities (Sax

2002), desert grasslands (Cleland et al. 2004), many arid
upland and riparian systems in the U.S. Great Basin and
Rocky Mountain regions (Stohlgren et al. 20065), old
fields in Michigan and Minnesota, USA (Cleland et al.
2004), and marine invertebrate communities (Dunstan
and Johnson 2004, Stachowicz and Byrnes 2006).
Positive NERRs also occur in 10 m? plots in old-growth
temperate forest (Gilbert and Lechowicz 2005) and
tallgrass prairie (Smith and Knapp 1999, Cleland et al.
2004), at several scales below 1000 m? in riparian
corridors (Brown and Peet 2003), and in 500-m? plots in
Rhode Island, USA, coastal strandline communities
(Bruno et al. 2004).

Overall, we conclude that fine-scale NERRs exhibit
high variance and do not appear to be predictable based
on habitat type or geographic region. The observation
that fine-scale NERRs are negative cannot be said to be
a simple, accurate generalization based on current
evidence. Many of these patterns have only recently
been brought to light, however, and many more surveys
(especially from tropical systems) are needed. Experi-
mental studies appear to report much more consistent
NERRs than natural surveys. Moreover, measures of
exotic success in experimental studies generally extend
beyond those of observational studies to include the
growth, survival, or reproduction of particular exotic
species, in addition to the abundance or richness of all
exotics.

Broad spatial scales

With few exceptions, empirical studies of the NERR
at scales of landscapes and larger indicate that biotically
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Fic. 1. Conceptualized diagram of the invasion paradox. Fine-grained studies, many of which are experimental, often suggest
negative correlations between native and exotic species richness but are highly variable. Nearly all broader-grain observational
studies indicate positive native—exotic richness correlations. Likely exceptions are comparisons between temperate and tropical
biomes, where preliminary data suggest that biodiversity hotspots have very few exotic species.

rich native areas support many more species of exotics
than areas with relatively few native species. Herben et
al. (2004) list nearly 50 instances of published observa-
tions of NERRs at a variety of different scales; none of
the negative relationships are for areas >30 m>. Most of
the larger scale plant communities examined to date,
whether continental (Planty-Tabacchi et al. 1996,
Stohlgren et al. 1998, 1999, 2001, 2003, 2005, 20064,
Lonsdale 1999, Dark 2004, Davies et al. 2005, Seabloom
et al. 2006) or island floras (Sax et al. 2002), exhibit
highly significant positive NERRs. All known excep-
tions to the broad-scale positive NERR within temper-
ate zones occur for certain faunal assemblages, such as
freshwater fishes on a watershed scale (Brown 1995: Fig.
12.2) and some marine invertebrates at landscape scales
(Stachowicz et al. 2002). Furthermore, for many
vegetation types it has been reported that the slope
and correlation coefficient of the NERR increase with
scale (Brown and Peet 2003, Fridley et al. 2004,
Stohlgren et al. 20065), although work on insular floras
suggests that the NERR is scale invariant across a
certain range of spatial scales (D. F. Sax and J. P. Price,
unpublished manuscript). At a global scale, however,
both marine and terrestrial tropical communities (gen-
erally the most diverse on earth) appear to support
relatively few exotic species (Rejmanek 1996, Sax 2001),
and thus, the largest scale NERRs are probably
negative. There is a relative paucity of exotic survey
data from the tropics, however, leaving a significant gap
in our understanding of broad-scale NERRs.

Taken at face value, current evidence suggests that the
NERR is scale dependent, but in complex ways (Fig. 1).
For most groups of organisms (and especially plants),

large-scale NERRs are universally positive, but the
extent to which this relationship decays to nonsignifi-
cance or a negative NERR as spatial grain or extent
decreases appears system specific. It is plausible that
experimental manipulation in systems that exhibit
positive broad-scale NERRs could result in negative
fine-scale NERRs. Moreover, although univariate anal-
yses of many systems do not exhibit any empirical
“invasion paradox” because negative relationships are
not found at any scale, it is unclear what patterns might
be revealed by including additional factors in multivar-
iate analyses. For example, both Rejmanek (2003) and
Taylor and Irwin (2004) reanalyzed the data that
Stohlgren et al. (2003) used to show a strongly positive
NERR for the 50 U.S. states, within the context of
covariates representing human-caused habitat distur-
bance and propagule pressure. Rejmanek (2003) showed
that the positive NERR became significantly negative
once state population density and latitude were included
in a model predicting exotic plant richness. Similarly,
Taylor and Irwin (2004) found no effect of native plant
richness on exotic richness after controlling for the
effects of latitude and real estate gross state product (a
measure of economic activity), and concluded that there
was no support for the hypothesis that native and exotic
species richness are causally related at the state level.
The lack of support for positive NERRs once additional
covariates are considered also extends to finer scale
studies. For example, M. Smith (unpublished manuscript)
showed that the positive NERR for 10-m?> plots in
tallgrass prairie reported in Smith and Knapp (1999)
disappeared when disturbance factors such as fire
frequency and grazing intensity, as well as temporal



January 2007

shifts in species composition, were included in a
structural equation modeling framework. Thus, as is
true with all correlative studies, broad-scale NERRs in
no way demonstrate causation, and these examples
suggest that they are likely to be the combined result of
human-caused disturbances and the similar responses of
native and exotic richness to broad-scale environmental
variation.

FINE-SCALE PROCESSES:
BioTic RESISTANCE OR ACCEPTANCE?

Elton (1958) has been credited with constructing the
first theoretical framework of community invasibility
(Levine and D’Antonio 1999), which was subsequently
developed in lock-step with theoretical models of species
diversity, niche partitioning, and community saturation
and stability (see MacArthur 1970, 1972). Although
much has been added to niche partitioning models
(Tilman 1982, 2004, Case 1990, Chesson 2000), the basic
prediction remains the same as Elton advocated:
Communities of more resident species should be more
resistant to invasion by new species, and thus, all else
equal, areas of high native richness should contain fewer
exotic species (the “balance of nature” hypothesis;
Cronk and Fuller 1995). A more modern perspective
that includes stochastic mortality and spatially explicit
resource competition (Tilman 2004) suggests a more
complicated set of predictions. For example, extrinsic
factors including disturbance rates, resource pulses, and
nonresident immigration rates all increase the incidence
of local invasion. Nonetheless, if control of composition
by niche partitioning remains high compared to these
extraneous factors, NERRs should be negative.

Experimental support for niche-based theory in the
context of species invasions is well established (Knops et
al. 1999, Hector et al. 2001, Levine et al. 2004, Fargione
and Tilman 2005), but questions remain as to whether
the mechanism of niche partitioning per se has been
proven for a wide range of communities (Cronk and
Fuller 1995, Davis et al. 2000, Wardle 2001). Sampling
effects, where more diverse communities are more likely
to include particularly invasion-resistant species, are
thought to be an important component of experimental
invasion studies (McGrady-Steed et al. 1997, Wardle
2001, Smith et al. 2004, Fargione and Tilman 2005). It is
clear that single-species populations strongly differ in
their ability to resist invasion (Davis et al. 2000).
However, it is also clear that certain types of niche
partitioning are highly relevant for invasion patterns in
natural systems. For example, open space and unutilized
resources enhance invasion rates (Davis et al. 2000), and
there is much evidence that single species cannot
continually usurp all available space or resources in
seasonal or yearly fluctuating environments (Stachowicz
et al. 1999, 2002, Dukes 2002, Fargione and Tilman
2005). Although it is unlikely that very high levels of
local native richness are necessary to effectively elimi-
nate all open patches of resources, the importance of
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seasonal partitioning of resources suggests that native
species mixtures should be generally better at resisting
invasion than most monocultures.

Niche-based models of species invasion frequently
ignore the importance of facilitation in many systems
(Bruno et al. 2003), and facilitative interactions between
natives and exotics may lead to positive NERRs at fine
scales (Richardson et al. 2000, Stachowicz 2001, Bruno
et al. 2003). Communities of very different growth forms
often exhibit a complex web of interactions that include
positive and negative species interactions; marine
invertebrate and plant communities, in particular,
include “foundation” species that have been shown to
be important facilitators of marine exotic invasions
worldwide (Bruno et al. 2005). Theory from plant
communities along environmental stress gradients (e.g.,
Callaway and Walker 1997) predicts increasing impor-
tance of facilitative interactions as stress increases; if so,
then native species, not necessarily resident richness,
may facilitate the establishment of exotics in stressful
situations (Smith et al. 2004; B. Von Holle, unpublished
manuscript). Palmer and Maurer (1997) have also
suggested that diversity may beget diversity, in the sense
that a structurally complex community may provide a
greater array of microenvironments for potential invad-
ers. Indeed, Stachowicz and Byrnes (2006) found that
the NERR shifted from positive in the presence of a
structurally complex exotic species to negative in the
absence of structural complexity. Stohlgren and col-
leagues (2006b) have proposed a theory of “biotic
acceptance” that also builds on positive or negative
NERRs at fine scales, but consistently positive NERRs
at broad scales; we leave discussion of this theory to the
next section on broad-scale processes.

The recent emergence of neutral theory (Hubbell
2001) has invited researchers to envision what NERRs
would look like in communities that are not structured
by niche-related processes. Both Fridley et al. (2004) and
Herben et al. (2004) have shown that the invasion
paradox can be produced in communities populated by
species with identical ecological properties. Fridley et al.
(2004) demonstrated that NERRs at the finest spatial
scales are constrained to produce negative NERRs due
to the impossibility of accommodating high numbers of
both natives and exotics in a small sample of individuals.
At larger spatial scales, any process creating variance in
total richness among communities will also lead to a
positive NERR, even in lieu of species differences
(Fridley et al. 2004, Herben et al. 2004, Seabloom et
al. 2006). The inevitability of such statistical artifacts at
both fine and large scales demands that researchers
carefully consider null-modeling approaches when eval-
uating observational data. Moreover, comparison of
observed fine-scale NERRs to a species-neutral null
model for several plant communities revealed essentially
no difference in observed patterns and null predictions
for scales containing tens to hundreds of individuals
(0.1-100 m?%; Fridley et al. 2004), suggesting that many
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reported fine-scale negative relationships are, in fact, the
result of statistical artifacts rather than niche-based
processes. At the very least, the existence of statistical
constraints at fine scales contributes to the large
variance in fine-scale NERRs described in the literature.

The panoply of processes that may be relevant to local
coexistence, resident species richness, and the ability of
residents to resist invasion surely contributes to the
inconsistent pattern of NERRs in natural ecosystems.
Ideally, a synthesis of the relative importance of these
processes (niche partitioning and local competitive
exclusion; neutral processes of stochastic mortality and
immigration; top-down control; disturbance and non-
equilibrium conditions; climate tolerances and physio-
logical trade-offs) in different habitats would allow
predictions of which areas are under greatest threat from
species invasions. Such a synthesis does not appear to be
forthcoming.

BROAD-SCALE PROCESSES:
GENERAL THEORY FOR RicH GETTING RICHER?

In contrast to coexistence theories that are thought to
govern NERRs at fine scales where individuals interact
with one another, theories proposed for broad-scale
NERRSs are vague and rarely expressed mathematically
(but see Davies et al. 2005). As a result, it is difficult to
find a theory that makes precise, falsifiable predictions
of species invasions at large scales. At such scales where
within-unit environmental variation is an obvious driver
of coexistence, it is no surprise that some aspect of
environmental heterogeneity is universally advocated as
the underlying cause of positive NERRs, although
dispersal processes have also been implicated (Levine
2000, Byers and Noonburg 2003). Here, we focus on
theoretical contributions that are particularly relevant
for broader scales where positive NERRs are common,
or those that are flexible enough to accommodate the
shift from fine-scale negative to broad-scale positive
NERRsS.

The theory of biotic acceptance (Stohlgren et al.
2006b; see also Huston 2004) suggests that patterns of
native species richness are largely the result of good or
bad environmental conditions: “Good” habitats are
universally desirable for most species and others require
costly (and thus rare) adaptations to stress and
disturbance. Sites that are good for native species are
also generally good for exotic species, and thus, the “rich
get richer” (Stohlgren et al. 2003, see also Huenneke et
al. 1990, Burke and Grime 1996, Naeem et al. 2000, Sax
2002). The theory suggests that positive NERRs should
be found across a broad range of spatial scales
(Stohlgren et al. 20065).

Outside of the context of species invasions, biotic
acceptance theory has much older precedents in plant
community ecology, such as the discussion of plant
strategy trade-offs in stressful or “extreme” vs. compet-
itive or “favorable” environments (Whittaker 1972,
Grime 2001), the centrifugal organization of plant
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communities along stress gradients (Keddy 1990),
expected niche distributions along resource and regulator
gradients (Ellenberg 1974, Austin and Smith 1989), and
much of the contemporary discussion of species pools
and local plant coexistence (e.g., Taylor et al. 1990, Pértel
etal. 1996, Partel 2002, Peet et al. 2003). Inherent in all of
this work is the assumption that most species thrive given
abundant resources and benign conditions (water,
sunlight, soil nutrients; non-extreme cold or salt or
pH), and yet few are tolerant of chronic resource
shortages or extreme environmental conditions. Inter-
estingly, there appears to be no consensus that this is true
in any absolute sense (Grubb 1998, Partel 2002), and
indeed there has been strong debate among plant
ecologists concerning plant adaptations for gross re-
source shortage vs. net resource shortage, i.e., the
tolerance of plants to environmental stress vs. competi-
tion-induced stress (see, e.g., Grace 1990, Davis et al.
1998). Moreover, as Davies et al. (2005) have noted,
there is virtually no theory to suggest that mean resource
enrichment enhances species richness; rather, the bulk of
theoretical and experimental studies suggests the oppo-
site (Tilman 1982, Tilman and Pacala 1993, Chesson
2000, Gough et al. 2000), at least beyond a certain
threshold of available resource (Grime 1973, Huston
1979). Thus, the theory of biotic acceptance can only
work with a process that prevents local competitive
exclusion. Such “equalizing” processes could come in
many forms (Chesson 2000), but without them, a “good”
site for many should be reduced to a great site for one. In
addition, biotic acceptance theory does not explain why
the rich tropics appear generally less invaded.

Two recent theories have been proposed specifically to
account for the shift from fine-scale negative to large-
scale positive NERRs. Both presume local communities
are structured by competition for resources, and that the
strength of local competitive interactions as a control on
community invasibility diminishes as the variance of
environmental conditions increases with scale. Byers and
Noonburg (2003) presented a Lotka-Volterra competi-
tion model in which the number of unique resources
available could increase with spatial scale. At fine scales
with presumably few resources, invasion probability was
relatively low; with fixed or only slightly increasing
native richness at larger, more resource-rich spatial
scales, the probability of invasion increased. Such a
process of covarying scale and unique resources could
thus drive a shift in negative to positive NERRs with
increasing scale. However, as Byers and Noonburg note,
(1) such a shift is predicted to be relatively small, (2) the
shift requires native richness to be insensitive to the
increase in unique resources with scale, and (3) other
factors such as propagule pressure and disturbance are
likely to be key contributors to the NERR shift.

Davies et al. (2005), building on the premise of Shea
and Chesson (2002), presented a conceptual model of
“niche opportunity” explaining the invasion paradox
founded on the framework of spatial environmental
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heterogeneity. Noting that few models predict increased
invasion success with increases in mean resource levels
(but see Tilman 1999), Davies et al. showed that positive
NERRs at large scales (in this case >2500 m’ in
California grassland) are more tightly associated with
the beta diversity of smaller (1 m?) units within larger
patches, rather than increases in mean alpha diversity as
scale increases. Native and exotic richness were influ-
enced by variance in soil resources (such as soil depth)
rather than mean resource levels, suggesting that shifts
in competitive dominance of different species over a
range of resource levels favors the coexistence of natives
and exotics on scales where such heterogeneity emerges
(see also Huston and DeAngelis 1994, Tilman 2004).
This theory is a spatial analogue to a temporal theory of
fluctuating resources put forth by Davis et al. (2000).
A variation on these ideas also provides a potential
solution to the invasion paradox (D. Tilman, unpub-
lished manuscript). It also assumes that the number of
coexisting species in a region is dependent on magnitude
of the spatial habitat heterogeneity within that region.
Within a biogeographic realm, the species pool of the
realm would be able to saturate regions with low
heterogeneity, making them difficult to invade because
all combinations of conditions would be occupied by
species with those niche requirements. In contrast, the
fixed species pool of the realm would be progressively
less able to saturate those regions with progressively
greater heterogeneity. Such regions would have greater
native richness and be more susceptible to invasion by
exotics because the niche diversity of species could not
fully exploit the greater heterogeneity of conditions in
these regions. Thus, the niche saturation effect that is so
consistently observed when novel species are added to
biodiversity experiments could explain the greater
number of exotic species in regions with greater native
diversity, but only if the most diverse regions do have
greater heterogeneity and it is less fully exploited.
Most would agree that the diversity of habitats
(however defined) is an important contributor to large-
scale native species richness (Preston 1960, Shmida and
Wilson 1985, Rosenzweig 1995); areas containing more
habitats will, all else equal, contain more native and
exotic species. Missing from this general assessment are
the particulars: If competitive processes dominate at fine
scales, at what area thresholds should the shift from
biotic- to abiotic-control of richness (and thus the
NERR) occur (Shmida and Wilson 1985)? Which
resources or environmental conditions underlie the shift
to abiotic control? Theories of invasion are silent on
these issues. There is thus a great need to incorporate
studies that explicitly address the scaling of the
underlying environmental template (e.g., Urban 2005)
into invasion studies. Furthermore, heterogeneity can
change without changing spatial scale: In particular, the
variance in heterogeneity among small plots may be very
large depending on underlying edaphic conditions or the
presence of key habitat modifying species. Because fine-
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scale NERRs can shift from positive to negative as
heterogeneity decreases (Stachowicz and Byrnes 2006),
this variability in the heterogeneity of fine-scale plots
may also contribute to the lack of a consistent NERR at
this scale.

SyNTHESIS: ONE THEORY FiTs ALL
OR A PLEA FOR PLURALISM?

Taken as a whole, the body of theory underlying
patterns of native and exotic species richness offers as
many as eight separate processes, which we summarize
in Table 1. Given so many processes, a framework for
invasion research that incorporates each mechanism
would be complex and riddled with contingencies, and
there is no reason to expect one simple solution will
give adequate predictive ability of species invasion in all
cases. However, we suggest the core of a framework for
invasion is clear, built on the shift from biotic to
environmental drivers with increases in scale. At fine
scales where environmental and disturbance-based
drivers of community composition are relatively ho-
mogenous, biotic interactions should have predictable
impacts on the relative abundance of native and exotic
invasive species. Such interactions could come in
several forms, including (1) “neutral” competitive
interactions at the level of individuals that place
fundamental constraints on the total number of natives
and exotic species that can coexist in a small area
(thereby creating rarefaction-based statistical artifacts;
process 1 in Table 1); (2) competitive interactions at the
species level whereby ecologically similar species cannot
coexist, thus making richer native communities more
difficult to invade (process 2); and (3) facilitative
interactions between exotic species that promote the
invasion of additional exotics at the expense of native
species, a process termed “invasional meltdown”
(process 3; Simberloff and Von Holle 1999). The
importance of each of these processes is particularly
acute at scales where variation in other exogenous
factors (disturbance, resource levels) is minimized, and
each predicts a negative NERR (Table 1).

As spatial grain increases, the probability of signifi-
cant spatial heterogeneity in environment or manage-
ment regime increases; the more heterogeneous the area
under consideration, the more likely biogeographic
principles apply and the less likely biotic interactions
will correctly predict the NERR. Processes 4 through 7
in Table | stem from the positive association between
area and spatial heterogeneity. The dominant mecha-
nism of biologically relevant heterogeneity could be that
some communities are closer to propagule sources than
others, and thus, may have more exotics or more total
species overall regardless of the role of endogenous
biotic interactions (process 4). Some communities may
be subject to higher rates of disturbance, which, in turn,
facilitate immigration-driven assembly and higher levels
of native and exotic richness (process 5). At spatial
grains large enough to incorporate significant environ-
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TaBLiE 1. Summary of processes related to native—exotic richness relationship (NERR) patterns, listed with examples from theory,

experiments, and observational data, and presumed relevance at fine and broad spatial scales.

Process

Examples from theory

Empirical or
experimental demonstration

Negative NERR
1) Statistical artifact

2) Eltonian biotic resistance

3) Invasional meltdown

Positive NERR

4) Neutral processes + spatial variance
in community immigration rates

5) Neutral processes + spatial variance
in disturbance rates
6) Niche processes: spatial environmental

Fridley et al. (2004),
Herben et al. (2004)

MacArthur (1970), Case (1990),
Tilman (2004)
Simberloff and Von Holle (1999)

Fridley et al. (2004),
Herben et al. (2004)

Tilman (2004)
Shea and Chesson (2002),

Fridley et al. (2004)

Levine et al. (2004),
Fargione and Tilman (2005)
Ricciardi and Maclssac (2000),
O’Dowd (2003)

Tilman (1997), Levine (2000),
Brown and Fridley (2002)

none

Naeem et al. (2000),

heterogeneity

Byers and Noonburg (2003),

Davies et al. (2005)

Tilman (2004), Davies et al. (2005)

7) Niche processes: biotic acceptance +
non-equilibrium conditions

8) Facilitation (generalist)

Stohlgren et al. (20065),
Huston (2004)

Richardson et al. (2000),

Huenneke et al. (1990)

Von Holle (2005)

Bruno et al. (2003)

Notes: Neutral processes describe species with identical behaviors where properties of the habitat determine NERRs, while niche
processes mandate that species respond differently to the environment.

mental heterogeneity, more heterogeneous sites should
contain more natives and exotics (process 6), or those
sites of higher quality on average should contain more
natives and exotics if species in general prefer resource-
rich conditions (“biotic acceptance”; process 7). The
importance of these processes should be relevant to both
spatial grain and spatial extent, given that NERRs are
sensitive to the variance in environmental conditions
both within and between survey units (Davies et al.
2005). In each case, the NERR prediction is positive,
thus fitting the NERR pattern reported from nearly all
broad-scale observational studies (Fig. 1).

In those circumstances where resident individuals
facilitate the colonization and establishment of new
species, a mechanism is established for positive relation-
ships between native and exotic species richness at fine
scales (process 8; Table 1). As for processes 1-3 related
to biotic interactions, the significance of this mechanism
should diminish as survey area increases. Because the
processes of facilitation and niche-based competitive
exclusion can act antagonistically in their effects on the
NERR (cf. processes 2 and 8), where each is of equal
strength, the net result may be no NERR, despite both
processes being in operation (Stachowicz and Byrnes
2006).

To our knowledge, no single process of the eight
identified in Table 1 can by itself generate the invasion
paradox. Several general theories of invasion, however,
couple at least two of the processes, including Byers and

Noonburg (2003), Tilman (2004), and Davies et al.
(2005; see also Shea and Chesson 2002). The most
common coupling of processes is that of biotic resistance
(process 2) and spatial heterogeneity in environmental
resources (process 6), immigration rates (process 4), or
disturbance (process 5); any of which can produce the
invasion paradox. But what of the other processes? At
small enough scales, statistical artifacts (process 1) must
occur (Preston 1960, Fridley et al. 2004); moreover,
there is some evidence (at least for plant communities)
that some environments are “good sites” (process 7) that
can potentially support many more species than others
(MacArthur 1972, Brown 1995, Grime 2001, Peet et al.
2003). Facilitation of exotics (process 8) is of clear
importance in some systems, especially marine inverte-
brate systems (Stachowicz 2001, Stachowicz and Byrnes
2006), and the invasional meltdown hypothesis (process
3) has received some empirical support, especially in
aquatic systems (Ricciardi and Maclsaac 2000, Ricciardi
2001, Adams et al. 2003, O’Dowd et al. 2003, Floerl et
al. 2004, Grosholz 2005). Any general theory of invasion
must, therefore, be able to accommodate each process.
But must one theory fit all? Theorists are all too familiar
with the necessary trade-offs of model accuracy and
efficiency for making general predictions of ecological
phenomena; we leave the epistemological issues of
seeking laws to explain biodiversity across scales and
systems to others (Lawton 1999, Gaston 2000). Within
the specific context of the invasion paradox, however,
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TaBLE 1. Extended.

Consistent Fine-scale ~ Broad-scale
observational data importance  importance
Brown and Peet (2003), high low
Bruno et al. (2004),
Fridley et al. (2004),
Herben et al. (2004)
Morgan 1998, high low
Stachowicz et al. 2002
Crosby (1986) high high
Levine (2000), low high
Brown and Peet (2003),
Stohlgren et al. (1999, 20065),
Seabloom et al. (2006)
Stohlgren et al. (1999, 2006b), low high
Brown and Peet (2003)
Stohlgren et al. (1999), low high
MacDonald et al. (1989)
Stohlgren et al. (1999, 20064), high high
Brown and Peet (2003),
Gilbert and Lechowicz (2005),
Seabloom et al. (2006)
Stachowicz and Byrnes (2006), high low

B. Von Holle
(unpublished manuscript)

we make the following observations that may aid in
unifying processes across systems.

First, we observe that the invasion paradox may not
exist for many types of habitats, in that (1) NERRs are
positive at both fine- and broad-spatial scales, or (2)
broad-scale NERRs are explicable once additional
causative factors, such as temporal or spatial variability
in environmental factors or disturbances rates, are
considered. In the first case, a model of such systems
may not require processes that lead to negative NERRs,
although at a small enough scale, negative NERRs are
inevitable due to statistical artifacts (Fridley et al. 2004,
Herben et al. 2004). In the second case, explicit
consideration of the covarying factors that control both
native and exotic richness and how they are distributed
at multiple spatial scales, while often logistically
difficult, could allow fine-scale experimental results to
be scaled up to whole landscapes (Shea and Chesson
2002, Davies et al. 2005).

Second, simple positive NERRs do not preclude the
existence of negative resident neighborhood effects on
species invasion. It may be that neighborhood effects
decrease the slope of NERRs without actually produc-
ing a negative NERR; the actual slope is determined by
the net outcome of numerous interacting processes that
operate on local and regional scales (Davis et al. 2000,
Levine 2000, Naeem et al. 2000, Seabloom et al. 2003,
Tilman 2004, Stachowicz and Byrnes 2006). Phenome-
nological models that include the effects of both local
and regional processes have been shown to provide the
best fit to multi-scale invasion data (Huston 2004; M.
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Smith, wunpublished manuscript). Null-modeling ap-
proaches that examine community assembly by statisti-
cally removing a particular process of interest (such as
niche-based competitive sorting) should help identify
how particular processes influence the shape of NERRs
at different scales (Fridley et al. 2004).

Third, community theory may be better able to
explain the behavior of particular exotic species in
relation to biotic (neighborhood) and abiotic (regional)
influences, rather than exotic richness per se. Although
focus on exotic richness is understandable, given the
current popularity of biodiversity in community and
ecosystem ecology (Naeem 2002), exotic richness is a
coarse measure of invasion and may not be related to the
threat imposed by exotics on native extinctions. Still, it is
interesting from a theoretical standpoint to document
whether there is any nontrivial limit to how many
species a given area can hold; that is, whether
communities are becoming truly species saturated (Sax
et al. 2002, 2005, Sax and Gaines 2005).

Finally, we conclude that a principal cause of the
invasion paradox is the necessary but analytically
difficult juxtaposition of experimental and observational
data (Fig. 1). Although we suspect most researchers of
species invasions would agree that truth lies at the
confluence of observation, theory, and experiment, we
acknowledge that some researchers remain strongly
divided over whether either fine-scale experimentation
by itself, or broad-scale univariate or multivariate
correlation by itself, can address the causes and
management of species invasions. Well-conceived exper-
iments are essential tools by which we arrive at ecological
truth (and thus construct tools for managing ecosys-
tems), but they are highly constrained, imperfect
instruments that must be continually evaluated and
framed by correlative observations (Naeem 2001).
Correlational studies are similarly imperfect and always
subject to the possibility that some unmeasured or
otherwise ignored process is the true cause of whatever
pattern has been observed. Appropriate application of
experiments to broader scales and different systems
requires some knowledge of how experimental processes
scale up to heterogeneous landscapes; such rules are
potentially complex (Levin 1992). Managers of species
invasions face the difficult task of seeking insight from
the currently conflicting results that are the basis of the
invasion paradox. Broad-scale inventory and monitoring
data (i.e., correlations) provide preliminary models of
how invasive species are distributed in relation to native
biota, the environmental template of the landscape, and
various natural and human-caused disturbances. There
would appear to be considerable management utility in
the development of scaling rules that allow application of
fine-scale experimental results, or in developing tech-
niques that must be implemented locally, such as plant
community restoration. Indeed, experimental results
offer much guidance for restorations, for example, by
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suggesting which native species may offer greatest
resistance to recruitment of invasive species.

We also note that theory and experiments often ask
subtly different questions than observational studies,
and thus, negative NERRs from experiments and theory
need not have to “fit” within observational patterns at
either fine or broad scales. Within an invasion context,
experiments (and most theory) tend to address the
consequences of species loss (or addition) on community
invasibility. Thus, for a given community, experiments
isolate the influence of composition and resident
richness on invasibility (Levine 2000, Shea and Chesson
2002), while using replication and randomization to
“hold all else constant.” In nature, though, all else is
rarely, if ever, constant. Suites of factors are likely to be
correlated, negatively and positively, and thus, to exert
influence in nature that would not be observable in
experiments that did not manipulate these factors, or at
best are only able to examine a limited extent of spatial
heterogeneity. Observational surveys, if they are thor-
ough and measure such additional variables, can help
identify which processes and factors can best explain, in
a statistical sense, the propensity of sites to be subject to
invasions. Such analyses should then lead to experimen-
tal tests of these added factors, and so on.

We advocate an approach to species invasions that is
inherently pluralistic and reflects the strong likelihood
that: (1) Broad-scale patterns of native and exotic
species richness are strongly influenced by abiotic factors
such as disturbance rates, environmental favorableness
and heterogeneity, and landscape configuration and
history as a determinant of immigration rates; (2) the
imprint of species interactions on native—exotic richness
patterns is most apparent at the fine scales at which
individual organisms interact with each other; (3)
experimental approaches, when designed for a particular
broader scale context, can provide strong inference for
specific mechanisms underlying native—exotic richness
relationships but are often difficult to scale up to large
areas; (4) observational approaches are an essential
piece of the research strategy on species invasions and
are often the only predictive tool available for managing
invasive species within landscapes. A solution to the
invasion paradox will likely emerge when more ecolo-
gists from both sides of the experimental-observational
spectrum explicitly engage in the process of uncovering
scaling rules for coupling fine and broad-scale patterns
for a diverse array of ecosystems.

REMAINING QUESTIONS

We have suggested that the library of NERRs for
natural systems is far from complete as a general
representation of ecosystems: Few such data are
available for tropical systems, while terrestrial grass-
lands and forests are well represented, and most
analyses, to date, have been univariate. As patterns
accumulate, new questions will emerge and theory will
be refined. Our survey of the current body of evidence
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for the invasion paradox suggests several currently
unresolved issues, which include the following.

Where should negative vs. positive fine-scale
NERRs be expected?

Brown and Peet (2003; see also Davis et al. 2000,
Levine 2000) suggest that positive NERRs should be
expected in dispersal- or immigration-driven communi-
ties, such as riparian corridors, or highly disturbed
systems such as roadsides or agrarian landscapes.
Systems where niche-driven assembly is important
should yield negative NERRs (Tilman 2004); it is likely
that these will be in areas where disturbance rates are
low, such as shaded, non-successional uplands or
nutrient-poor ecosystems. Systems with generalist facil-
itators (foundation species) might produce positive
NERRs (Stachowicz 2001, Bruno et al. 2004, Stacho-
wicz and Byrnes 2006). Additionally, facilitation be-
tween nonnative invaders and native species
(Richardson et al. 2000) may occur in stressful (Smith
et al. 2004; B. Von Holle, unpublished manuscript) or
highly disturbed areas, whereas competition-based
processes may occur more commonly in more benign
areas, as has been found for native—native interactions
across a range of ecosystems (Callaway and Walker
1997). Additional accumulation of patterns from differ-
ent systems may bring about emergence of a general
context-dependent theory of species invasions built upon
the relative importance of immigration vs. extinction
processes.

If many rich areas are getting richer, is there a limit
to how many species an area can contain?

Although many areas are seeing net increases in
species, with few exceptions (such as the addition of
annual exotic grasses to shrublands in the western
United States), there is little evidence that areas are
increasing in how many individuals they contain. If true,
then a trivial limit to species richness is the total number
of individuals in an area. For large areas where
populations are not influenced by outside immigration,
there is an additional consideration of minimum
population size, which will place still lower limits on
total species richness, suggesting a “species capacity
concept” (Sax et al. 2005). Even for smaller areas, the
necessary decrease of population size as total richness
increases could lead to eventual local extinction of
species that are increasingly rare (Parker et al. 1999).
Over evolutionary time scales, communities more
saturated with species are expected to exhibit lower
speciation rates (Rosenzweig 2001). Given the obvious
net rise in species richness from species introductions in
many plant communities (Sax et al. 2002, Sax and
Gaines 2003), this is an important area for future
research. A key consideration will be whether the
current net increases are stable, or whether significant
time lags to native extinctions will ultimately reveal few
changes in richness. The clear difference between plant
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and animal communities in the frequency of exotic-
caused native extinctions (Gurevitch and Padilla 2004)
may be an indication of the greater time lag associated
with species interactions in sessile organisms, thus
creating the possibility that the increasing net richness
of plant communities is ephemeral. However, the
historical importance of isolation in reducing the
importance of colonization suggests that many taxo-
nomic groups may instead be expected to see continuing
increases in net richness at regional scales (Whittaker
1972, Sax et al. 2005, Sax and Gaines 2005).

How do patterns of invasion differ in the tropics?

Very few patterns of species invasion for the New or
Old World tropics have been published, but preliminary
examinations suggest that species rich tropical ecosys-
tems (particularly continental ones) are substantially less
invaded than temperate ecosystems (Sax and Gaines
2005), as evinced for vascular plants (Rejmanek 1996),
as well as birds and mammals (Sax 2001). This
disconnect between patterns of invasion in temperate
and tropical areas means that examinations of NERRs
that span temperate and tropical latitudes (i.e., a larger
spatial extent) may show negative relationships, i.e. the
opposite of the positive relationships typically seen when
examining NERRs at large spatial scales within
temperate areas. An example of this can be seen with
plants in U.S. and Mexican states (Fig. 2). In this case,
despite a positive trend between native and exotic
richness within the U.S. states and despite a significantly
positive relationship within Mexican states, the overall
trend is flat (Fig. 2). Although the pattern illustrated
here for vascular plants within Mexican states shows a
positive NERR, we stress that so little work has been
done on NERRs in the tropics (particularly across
taxonomic groups or spatial scales) that it is not possible
to conclude yet whether there are general relationships
between native and exotic richness in tropical areas.
What is clear at this point is that overall tropical
mainland areas are invaded by many fewer exotic species
than temperate mainland areas. We note, however, that
patterns of invasion on islands are often comparable
between tropical and temperate islands (Sax et al. 2002).

Several factors could explain the apparent shortage of
exotic species in the tropics. Tropical mainland areas
may be relatively more difficult to invade. Although the
tropical weed flora associated with human-dominated
ecosystems is extensive and well dispersed globally
(Holm et al. 1991), there appear to be very few species
able to invade intact tropical forests (Fine 2002), in
contrast to some of the most widespread invaders of
temperate biomes. Reasons for this remain unclear.
Tropical systems are generally highly weathered and
have nutrient-poor, acidic soils (Sanchez et al. 1982),
conditions that are associated with lower invasion rates
in temperate ecosystems (Stohlgren et al. 20065). It has
also long been suggested that biotic interactions are
more intense in the tropics (Dobzhansky 1950, Mac-
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FiG. 2. State-level richness of native and exotic plants in the
continental United States and Mexico. The dashed line is a
linear regression on both data sets; solid lines are regressions
within data sets. Data from the United States are for all
vascular plants (Kartesz 1999), and data from Mexico are for
angiosperms (Villasefior and Espinosa-Garcia 2004).

Arthur 1972, Brown 1995), which, if true, suggests that
biotic interactions are a more important component to
invasion resistance in tropical systems. However, trop-
ical systems may also experience limited propagule
supply, i.e., a limited number of introduction attempts
(both intentional and unintentional) relative to main-
land temperate areas. This seems unlikely to be the
entire explanation, as, for example, mainland areas of
tropical Mexico should have been subject to many
species introductions due to their historical patterns of
occupation by humans (Sax 2001). Nevertheless, the
relative importance of propagule pressure remains
largely unknown for most groups (Lockwood et al.
2005), and it would be premature to rule out this
explanation with out additional data. Finally, in
passing, we note that human cultures have also generally
resisted invasion in the tropics (Crosby 1986, Diamond
1999); whether this bears significance to ecological
systems remains unknown. There is an urgent need for
additional study of species invasion patterns in the
tropics, particularly within the context of their apparent
invasion resistance and its relevance to other ecosystems.

How important is competition as a contributor
to species invasion patterns?

Global species extinctions attributed to invasive
species have been from invasions by predators, parasites,
or diseases and susceptible native prey; few if any known
examples have been directly linked to competitive
exclusion (Davis 2003, Gurevitch and Padilla 2004).
Furthermore, recent reviews of species interactions
(Bruno et al. 2003, 2005) have suggested that the relative
importance of positive interactions in structuring
communities may be far more important than previously
thought. If true, then reliance on competition as the
major foundation for theoretical predictions of relation-
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ships between native and exotic species richness may be
misleading. Instead, theory that also incorporates
facilitative interactions (Bruno et al. 2003), environmen-
tal tolerances of natives and exotics (Davies et al. 2005,
Stohlgren et al. 2006b), or examinations of the role
predation, parasitism, and disease play in limiting
species invasions may ultimately be more predictive.
As some form of biomass disturbance within the lifespan
of many organisms is a common component to most
ecosystems (Pickett and White 1985), the absence of
disturbance from many experimental studies may
partially explain the divide between experiments and
observations of NERRs (Tilman 2004, Stohlgren et al.
2006b; M. Smith, unpublished manuscript). Furthermore,
the processes of competition and local species interac-
tions in general may not contribute much to broad-scale
biodiversity patterns, or at least aid in their prediction,
even though they are strongly manifest in fine-scale
studies.

What essential features of natural systems are missing
from invasion experiments?

Multifactorial experiments that either manipulate
extraneous factors (Seabloom et al. 2003) or perform in
situ manipulations amid natural ecosystem variation
(Levine 2000) have added important information on the
relative controls of local and regional processes in
promoting species invasions. However, there have been
relatively few attempts to construct experimental manip-
ulations that simulate natural patterns of environmental
heterogeneity, disturbances regimes, or realistic commu-
nity assembly processes (Stohlgren 2002), for obvious
reasons of practicality. Species in natural communities
occur at various levels of spatial aggregation at different
scales and do not represent one simultaneous cohort.
Researchers rarely exploit natural patterns of environ-
mental heterogeneity within which to perform experi-
ments. Exotic species are also a highly nonrandom
selection of the world’s biota; it is thus likely that
“invasion” experiments that use a native invader will
differ qualitatively from those using exotic invaders (Von
Holle and Simberloff 2005). There are other consider-
ations that may be outside the limits of experimentation,
such as processes occurring at large spatial and temporal
scales (such as disease effects on long-lived organisms)
and the relative importance of large natural disturbance
events (such as hurricanes) that are extremely difficult to
simulate. Use of observational data and careful moni-
toring (such as pre- and post-disturbance) are necessary
to derive a complete picture of the processes underlying
invasions across scales.

ConcLusioN: WHAT DoEs THE PARADOX IMPLY
FOR INVASION M ANAGEMENT?

Whether a true invasion paradox exists or not for a
particular system, the separation of negative vs. positive
native—exotic richness relationships for different scales
and research methods gives two complementary recom-
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mendations for the management of exotic species
invasions. We conclude that these observations are
substantively supported by current evidence.

1) For the purposes of conservation of native plant
communities and resisting the undesirable ecological and
economic effects of invasive species, managers should be
aware that diverse native communities are often readily
invaded by exotic species. Where such information is
available, managers should focus invasive resistance
efforts in (1) riparian corridors, locations near shipping
ports, and other habitats of high propagule supply; (2)
sites of high resource availability and heterogeneity; for
plants, sites might include those of fertile, mesic soils
and high light availability; and (3) frequently disturbed
habitats. These conditions often produce high native
species richness, and yet are heavily invaded by exotic
species (Stohlgren et al. 1999, 2003, Huston 2004).

2) Given a particular location that is susceptible to
recurrent exotic invasion, native species richness can
contribute to invasion resistance by means of neighborhood
interactions and should be maintained or restored. It may
be cost prohibitive for resource stewards to manage
species at highly local scales across whole landscapes.
However, maintaining local biodiversity should be
particularly important in highly seasonable or annually
fluctuating environments where single or few species
cannot exploit all available resources through time (e.g.,
Stachowicz et al. 2002). Exceptions might include systems
where resident diversity facilitates invasion (Von Holle
2005) and where facilitators benefit both natives and
exotics (Stachowicz and Byrnes 2006). Nonetheless,
continual saturation of habitats by native individuals
should often be an effective deterrent to exotic invasion,
particularly in favorable environments where environ-
mental resistance to exotic colonization is low.

ACKNOWLEDGMENTS

We thank the Ecological Society of America for hosting our
symposium on the Invasion Paradox in Montreal in August
2005. J. D. Fridley and B. Von Holle were supported by the
National Parks Ecological Research Fellowship program, a
partnership between the National Park Service, the Ecological
Society of America, and the National Park Foundation, and
funded through a generous grant from the Andrew W. Mellon
Foundation. D. Tilman, E. W. Seabloom, J. J. Stachowicz, and
S. Naeem were supported by grants from the National Science
Foundation. T. J. Stohlgren was supported by the U.S.
Geological Survey, Fort Collins Science Center.

LiTERATURE CITED

Adams, M. J., C. A. Pearl, and R. B. Bury. 2003. Indirect
facilitation of an anuran invasion by non-native fishes.
Ecology Letters 6:343-351.

Austin, M. P., and T. M. Smith. 1989. A new model for the
continuum concept. Vegetatio 83:35-47.

Brown, J. H. 1995. Macroecology. University of Chicago Press,
Chicago, Illinois, USA.

Brown, R. L., and R. K. Peet. 2003. Diversity and invasibility
of Southern Appalachian plant communities. Ecology 84:32—
39.

Bruno, J. F., J. D. Fridley, K. D. Bromberg, and M. D.
Bertness. 2005. Insights into biotic interactions from studies



January 2007

of species invasions. Pages 13-40 in D. F. Sax, S. D. Gaines,
and J. J. Stachowicz, editors. Exotic species, bane to
conservation and boon to understanding: ecology, evolution,
and biogeography. Sinauer, Sunderland, Massachusetts,
USA.

Bruno, J. F., C. W. Kennedy, T. A. Rand, and M. B. Grant.
2004. Landscape-scale patterns of biological invasions in
shoreline plant communities. Oikos 107:531-540.

Bruno, J. F., J. J. Stachowicz, and M. D. Bertness. 2003.
Inclusion of facilitation into ecological theory. Trends in
Ecology and Evolution 18:119-125.

Burke, M. J. W., and J. P. Grime. 1996. An experimental study
of plant community invasibility. Ecology 77:776-790.

Byers, J. E., and E. G. Noonburg. 2003. Scale dependent effects
of biotic resistance to biological invasion. Ecology 84:1428—
1433.

Callaway, R. M., and L. R. Walker. 1997. Competition and
facilitation: a synthetic approach to interactions in plant
communities. Ecology 78:1958-1965.

Case, T. J. 1990. Invasion resistance arises in strongly
interacting species-rich model competition communities.
Proceedings of the National Academy of Sciences 87:9610—
9614.

Chesson, P. 2000. Mechanisms of maintenance of species
diversity. Annual Review of Ecology and Systematics 31:
343-366.

Cleland, E. E., M. D. Smith, S. J. Andelman, C. Bowles, K. M.
Carney, M. Claire Horner-Devine, J. M. Drake, S. M.
Emery, J. M. Gramling, and D. B. Vandermast. 2004.
Invasion in space and time: non-native species richness and
relative abundance respond to interannual variation in
productivity and diversity. Ecology Letters 7:947-957.

Cronk, Q. B., and J. L. Fuller. 1995. Plant invaders. Chapman
and Hall, London, UK.

Crosby, A. W. 1986. Ecological imperialism. The biological
expansion of Europe, 900-1900. Cambridge University Press,
Cambridge, UK.

Dark, S. J. 2004. The biogeography of invasive alien plants in
California: an application of GIS and spatial regression
analysis. Diversity and Distributions 10:1-9.

Davies, K. E., P. Chesson, S. Harrison, B. D. Inouye, B. A.
Melbourne, and K. J. Rice. 2005. Spatial heterogeneity
explains the scale dependence of the native—exotic diversity
relationship. Ecology 86:1602-1610.

Davis, M. A. 2003. Biotic globalization: does competition from
introduced species threaten biodiversity? Bioscience 53:481—
489.

Davis, M. A., J. P. Grime, and K. Thompson. 2000.
Fluctuating resources in plant communities: a general theory
of invasibility. Journal of Ecology 88:528-534.

Davis, M. A., K. J. Wrage, and P. B. Reich. 1998. Competition
between tree seedlings and herbaceous vegetation: support
for a theory of resource supply and demand. Journal of
Ecology 86:652-661.

Diamond, J. 1999. Guns, germs, and steel: the fates of human
societies. W. W. Norton, New York, New York, USA.

Dobzhansky, T. 1950. Evolution in the tropics. American
Scientist 38:209-221.

Dukes, J. S. 2002. Species composition and diversity affect
grassland susceptibility and response to invasion. Ecological
Applications 12:602-617.

Dunstan, P. K., and C. R. Johnson. 2004. Invasion rates
increase with species richness in a marine epibenthic
community by two mechanisms. Oecologia 138:285-292.

Ellenberg, H. 1974. Zeigerwerte der Gefdfpflanzen Mitteleur-
opas. Scripta Geobotanica 9:3-122.

Elton, C. 1958. The ecology of invasions by animals and plants.
Methuen, London, UK.

Fargione, J., C. S. Brown, and D. Tilman. 2003. Community
assembly and invasion: an experimental test of neutral versus

SCALE AND SPECIES INVASIONS 15

niche processes. Proceedings of the National Academy of
Sciences USA 100:8916-8920.

Fargione, J. E., and D. Tilman. 2005. Diversity decreases
invasion via both sampling and complementarity effects.
Ecology Letters 8:604-611.

Fine, P. V. A. 2002. The invasibility of tropical forests by exotic
plants. Journal of Tropical Ecology 18:687-705.

Floerl, O., T. K. Pool, and G. J. Inglis. 2004. Positive
interactions between nonindigenous species facilitate trans-
port by human vectors. Ecological Applications 14:1724—
1736.

Fridley, J. D., R. L. Brown, and J. F. Bruno. 2004. Null models
of exotic invasion and scale-dependent patterns of native and
exotic species richness. Ecology 85:3215-3222.

Gaston, K. J. 2000. Global patterns in biodiversity. Nature 405:
220-227.

Gilbert, B., and M. J. Lechowicz. 2005. Invasibility and abiotic
gradients: the positive correlation beteen native and exotic
plant diversity. Ecology 86:1848—1855.

Gough, L., C. W. Osenberg, K. L. Gross, and S. L. Collins.
2000. Fertilization effects on species density and primary
productivity in herbaceous plant communities. Oikos 89:428—
439.

Grace, J. B. 1990. On the relationship between plant traits and
competitive ability. Pages 51-65 in J. B. Grace and D.
Tilman, editors. Perspectives on plant competition. Academic
Press, New York, New York, USA.

Grime, J. P. 1973. Control of species density in herbaceous
vegetation. Journal of Environmental Management 1:151—
167.

Grime, J. P. 2001. Plant strategies, vegetation processes, and
ecosystem properties. Second edition. Wiley and Sons, New
York, New York, USA.

Grosholz, E. D. 2005. Recent biological invasion may hasten
invasional meltdown by accelerating historical introductions.
Proceedings of the National Academy of Sciences USA 102:
1088-1091.

Grove, P. B. 1993. Webster’s Third New International
Dictionary. Merriam-Webster, Springfield, Massachusetts,
USA.

Grubb, P. J. 1998. A reassessment of strategies of plants which
cope with shortages of resources. Perspectives in Plant
Ecology, Evolution and Systematics 1:3-31.

Gurevitch, J., and D. K. Padilla. 2004. Are invasive species a
major cause of extinctions? Trends in Ecology and Evolution
19:470-474.

Hector, A., K. Dobson, A. Minns, E. Bazeley-White, and
J. H. Lawton. 2001. Community diversity and invasion
resistance: an experimental test in a grassland ecosystem
and a review of comparable studies. Ecological Research 16:
819-831.

Herben, T., B. Mandak, K. Bimova, and Z. Miinzbergova.
2004. Invasibility and species richness of a community: a
neutral model and a survey of published data. Ecology 85:
3223-3233.

Holm, L. G., D. L. Plucknett, J. V. Pancho, and J. P.
Herberger. 1991. The world’s worst weeds: distribution and
biology. Krieger, Malabar, Florida, USA.

Hubbell, S. P. 2001. The unified neutral theory of biodiversity
and biogeography. Princeton University Press, Princeton,
New Jersey, USA.

Huenneke, L. F., S. P. Hamburg, R. Koide, H. A. Mooney, and
P. M. Vitousek. 1990. Effects of soil resources on plant
invasion and community structure in Californian serpentine
grassland. Ecology 71:478-491.

Huston, M. A. 1979. A general hypothesis of species diversity.
American Naturalist 113:81-102.

Huston, M. A. 2004. Management strategies for plant
invasions: manipulating productivity, disturbance, and com-
petition. Diversity and Distributions 10:167-178.

Q)
o
z
O
%
_|
O]
o
0]
_<
z
_|
T
m
U
0]




)
0
i
T
'_
z
>_
n
K5
0
0
L
]
z
©)
@)

16 J. D. FRIDLEY ET AL.

Huston, M. A., and D. L. DeAngelis. 1994. Competition and
coexistence: the effects of resource transport and supply
rates. American Naturalist 144:954-977.

Kartesz, J. T. 1999. A synonymized checklist and atlas with
biological attributes for the vascular flora of the United
States, Canada, and Greenland. In J. T. Kartesz and C. A.
Meacham. Synthesis of the North American flora. First
Edition. North Carolina Botanical Garden, Chapel Hill,
North Carolina, USA. [CD-ROM]

Keddy, P. A. 1990. Competitive hierarchies and centrifugal
organization in plant communities. Pages 265-290 in J. Grace
and D. Tilman, editors. Perspectives on plant competition.
Academic Press, New York, New York, USA.

Keeley, J. E., D. Lubin, and C. J. Fotheringham. 2003. Fire and
grazing impacts on plant diversity and alien plant invasions
in the southern Sierra Nevada. Ecological Applications 13:
1355-1374.

Kennedy, T. A., S. Naeem, K. M. Howe, J. M. H. Knops, D.
Tilman, and P. Reich. 2002. Biodiversity as a barrier to
ecological invasion. Nature 417:636-638.

Knops, J. M. H., D. Tilman, N. M. Haddad, S. Naeem, C. E.
Mitchell, J. Haarstad, M. E. Ritchie, K. M. Howe, P. B.
Reich, E. Siemann, and J. Groth. 1999. Effects of plant
species richness on invasion dynamics, disease outbreaks,
insect abundances and diversity. Ecological Letters 2:286—
293.

Kolb, A., P. Alpert, D. Enters, and C. Holzapfel. 2002. Patterns
of invasion within a grassland community. Journal of
Ecology 90:871-881.

Lawton, J. H. 1999. Are there general laws in ecology? Oikos
84:177-192.

Levin, S. A. 1992. The problem of pattern and scale in ecology.
Ecology 73:1943-1967.

Levine, J. M. 2000. Species diversity and biological invasions:
relating local processes to community pattern. Science 288:
761-763.

Levine, J. M., P. B. Adler, and S. G. Yelenik. 2004. A meta-
analysis of biotic resistance to exotic plant invasions. Ecology
Letters 10:975-989.

Levine, J. M., and C. M. D’Antonio. 1999. Elton revisited: a
review of evidence linking diversity and invasibility. Oikos
87:15-26.

Lockwood, J. L., P. Cassey, and T. Blackburn. 2005. The role
of propagule pressure in explaining species invasions. Trends
in Ecology and Evolution 20:223-228.

Lonsdale, W. M. 1999. Global patterns of invasions and the
concept of invasibility. Ecology 80:1522—-1536.

MacArthur, R. H. 1970. Species-packing and competitive
equilibrium for many species. Theoretical Population Biology
1:1-11.

MacArthur, R. H. 1972. Geographical ecology: patterns in the
distribution of species. Harper and Row, New York, New
York, USA.

McGrady-Steed, J., P. M. Harris, and P. J. Morin. 1997.
Biodiversity regulates ecosystem predictability. Nature 390:
162-165.

Mclntyre, S., and S. Lavorel. 1994. Predicting richness of
native, rare, and exotic plants in response to habitat and
disturbance variables across a variegated landscape. Conser-
vation Biology 8:521-531.

Morgan, J. W. 1998. Patterns of invasion of an urban area
remnant of a species-rich grassland in southeastern Australia
by non-native plant species. Journal of Vegetation Science 9:
181-190.

Naeem, S. 2001. Experimental validity and ecological scale as
tools for evaluating research programs. Pages 223-250 in
R. H. Gardner, W. M. Kemp, V. S. Kennedy, and J. E.
Petersen, editors. Scaling relationships in experimental
ecology. Columbia University Press, New York, New York,
USA.

Ecology, Vol. 88, No. 1

Naeem, S. 2002. Ecosystem consequences of biodiversity loss:
the evolution of a paradigm. Ecology 83:1537-1552.

Naeem, S., J. M. H. Knops, D. Tilman, K. M. Howe, T.
Kennedy, and S. Gale. 2000. Plant diversity increases
resistance to invasion in the absence of covarying extrinsic
factors. Oikos 91:97-108.

O’Dowd, D. J., P. T. Green, and P. S. Lake. 2003. Invasional
‘meltdown’ on an oceanic island. Ecology Letters 6:812-817.

Palmer, M. W., and T. A. Maurer. 1997. Does diversity beget
diversity? A case study of crops and weeds. Journal of
Vegetation Science 8:235-240.

Parker, I. M., D. Simberloff, W. M. Lonsdale, K. Goodell, M.
Wonham, P. M. Kareiva, M. H. Williamson, B. Von Holle,
P. B. Moyle, J. E. Byers, and L. Goldwasser. 1999. Impact:
toward a framework for understanding the ecological effects
of invaders. Biological Invasions 1:3-19.

Pirtel, M. 2002. Local plant diversity patterns and evolutionary
history at the regional scale. Ecology 83:2361-2366.

Pirtel, M., M. Zobel, K. Zobel, and E. van der Maarel. 1996.
The species pool and its relation to species richness: evidence
from Estonian plant communities. Oikos 75:111-117.

Peet, R. K., J. D. Fridley, and J. M. Gramling. 2003. Variation
in species richness and species pool size across a pH gradient
in forests of the Southern Blue Ridge Mountains. Folia
Geobotanica 38:391-401.

Pickett, S. T. A., and P. S. White, editors. 1985. The ecology of
natural disturbance and patch dynamics. Academic Press,
Orlando, Florida, USA.

Planty-Tabacchi, A. M., E. Tabacchi, R. J. Naiman, C.
Deferrari, and H. Decamps. 1996. Invasibility of species-rich
communities in riparian zones. Conservation Biology 10:598—
607.

Preston, F. W. 1960. Time and space and the variation of
species. Ecology 41:611-627.

Rejmanek, M. 1996. Species richness and resistance to
invasions. Pages 153-172 in G. H. Orians, R. Dirzo, and
J. H. Cushman, editors. Biodiversity and ecosystem processes
in tropical forests. Springer-Verlag, Berlin, Germany.

Rejmanek, M. 2003. The rich get richer—responses. Frontiers
in Ecology and the Environment 1:122-123.

Ricciardi, A. 2001. Facilitative interactions among aquatic
invaders: is an “invasional meltdown” occurring in the Great
Lakes? Canadian Journal of Fisheries and Aquatic Sciences
58:2513-2525.

Ricciardi, A., and H. J. Maclsaac. 2000. Recent mass invasion
of the North American Great Lakes by Ponto-Caspian
species. Trends in Ecology and Evolution 15:62-65.

Richardson, D. M., N. Allsop, C. D. Antonio, S. J. Milton, and
M. Rejmanek. 2000. Plant invasions. The role of mutualisms.
Biological Review 75:65-93.

Rosenzweig, M. L. 1995. Species diversity in space and time.
Cambridge University Press, Cambridge, UK.

Rosenzweig, M. L. 2001. Loss of speciation rate will impoverish
future diversity. Proceedings of the National Academy of
Sciences USA 98:5404-5410.

Sanchez, P. A., D. E. Brandy, J. H. Villachica, and J. J.
Nicholaides. 1982. Amazon Basin soils: management for
continuous crop production. Science 216:821-827.

Sax, D. F. 2001. Latitudinal gradients and geographic ranges of
exotic species: implications for biogeography. Journal of
Biogeography 28:139-150.

Sax, D. F. 2002. Native and naturalized plant diversity are
positively correlated in scrub communities of California and
Chile. Diversity and Distributions 8:193-210.

Sax, D. F., J. H. Brown, E. P. White, and S. D. Gaines. 2005.
The dynamics of species invasions: insights into the
mechanisms that limit species diversity. Pages 447-466 in
D. F. Sax, S. D. Gaines, and J. J. Stachowicz, editors. Exotic
species, bane to conservation and boon to understanding:
ecology, evolution, and biogeography. Sinauer, Sunderland,
Massachusetts, USA.



January 2007

Sax, D. F., and S. D. Gaines. 2003. Species diversity: from
global decreases to local increases. Trends in Ecology &
Evolution 18:561-566.

Sax, D. F., and S. D. Gaines. 2005. The biogeography of
naturalized species and the species-area relationship: recip-
rocal insights to biogeography and invasion biology. Pages
449-480 in M. W. Cadotte, S. M. McMahon, and T. Fukami,
editors. Conceptual ecology and invasions biology: reciprocal
approaches to nature. Kluwer, Dordrecht, The Netherlands.

Sax, D. F., S. D. Gaines, and J. H. Brown. 2002. Species
invasions exceed extinctions on islands worldwide: a com-
parative study of plants and birds. American Naturalist 160:
766-783.

Seabloom, E. W., W. S. Harpole, O. J. Reichman, and D.
Tilman. 2003. Invasion, competitive dominance, and resource
use by exotic and native California grassland species.
Proceedings of the National Academy of Sciences USA
100:13384-13389.

Seabloom, E. W., J. W. Williams, D. Slayback, D. M. Stoms,
J. H. Viers, and A. P. Dobson. 2006. Human impacts, plant
invasion, and imperiled species in California. Ecological
Applications 16:1338-1350.

Shea, K., and P. Chesson. 2002. Community ecology theory as
a framework for biological invasions. Trends in Ecology and
Evolution 17:170-176.

Shmida, A., and M. W. Wilson. 1985. Biological determinants
of species diversity. Journal of Biogeography 12:1-20.

Simberloff, D., and B. Von Holle. 1999. Positive interactions of
nonindigenous species: invasional meltdown? Biological
Invasions 1:21-32.

Smith, M. D., and A. K. Knapp. 1999. Exotic species in a C4-
dominated grassland: invasibility, disturbance, and commu-
nity structure. Oecologia 120:605-612.

Smith, M. D., J. C. Wilcox, T. Kelly, and A. K. Knapp. 2004.
Dominance not richness determines invasibility of tallgrass
prairie. Oikos 106:253-262.

Stachowicz, J. J. 2001. Mutualisms, positive interactions, and
the structure of ecological communities. BioScience 51:235—
246.

Stachowicz, J. J., and J. E. Byrnes. 2006. Species diversity,
invasion success, and ecosystem functioning: disentangling
the influence of resource competition, facilitation, and
extrinsic factors. Marine Ecology Progress Series 311:251—
262.

Stachowicz, J. J., H. Fried, R. W. Osman, and R. B. Whitlatch.
2002. Biodiversity, invasion resistance, and marine ecosystem
function: reconciling pattern and process. Ecology 83:2575—
2590.

Stachowicz, J. J., R. B. Whitlatch, and R. W. Osman. 1999.
Species diversity and invasion resistance in a marine
ecosystem. Science 286:1577-1579.

Stohlgren, T. J. 2002. Beyond theories of plant invasions:
lessons from natural landscapes. Comments on Theoretical
Biology 7:355-379.

Stohlgren, T. J., D. T. Barnett, C. Flather, P. Fuller, B.
Peterjohn, J. Kartesz, and L. L. Master. 2006a. Species
richness and patterns of invasion in plants, birds, and fishes
in the United States. Biological Invasions 8:427-447.

SCALE AND SPECIES INVASIONS 17

Stohlgren, T. J., D. T. Barnett, C. Flather, J. Kartesz, and B.
Peterjohn. 2005. Plant species invasions along the latitudinal
gradient in the United States. Ecology 86:2298-2309.

Stohlgren, T. J., D. T. Barnett, and J. T. Kartesz. 2003. The rich
get richer: patterns of plant invasions in the United States.
Frontiers in Ecology and the Environment 1:11-14.

Stohlgren, T. J., D. Binkley, G. W. Chong, M. A. Kalkhan,
L. D. Schell, K. A. Bull, Y. Otsuki, G. Newman, M. Bashkin,
and Y. Son. 1999. Exotic plant species invade hot spots of
native plant diversity. Ecological Monographs 69:25-46.

Stohlgren, T. J., K. A. Bull, Y. Otsuki, C. A. Villa, and M. Lee.
1998. Riparian zones as havens for exotic plant species. Plant
Ecology 138:113-125.

Stohlgren, T. J., C. Jarnevich, G. W. Chong, and P. H.
Evangelista. 2006h. Scale and plant invasions: a theory of
biotic acceptance. Preslia 78:405-426.

Stohlgren, T. J., Y. Otsuki, C. A. Villa, M. Lee, and J. Belnap.
2001. Patterns of plant invasions: a case example in native
species hotspots and rare habitats. Biological Invasions 3:37—
50.

Taylor, D. R., L. W. Aarssen, and C. Loehle. 1990. On the
relationship between r/K selection and environmental carry-
ing capacity: a new habitat templet for the plant life history
strategies. Oikos 58:239-250.

Taylor, B. W., and R. E. Irwin. 2004. Linking economic
activities to the distribution of exotic plants. Proceedings of
the National Academy of Sciences 101:17725-17730.

Tilman, D. 1982. Resource competition and community struc-
ture. Princeton University Press, Princeton, New Jersey, USA.

Tilman, D. 1999. The ecological consequences of changes in
biodiversity: a search for general principles. The Robert H.
MacArthur Award Lecture. Ecology 80:1455-1474.

Tilman, D. 2004. Niche tradeoffs, neutrality, and community
structure: a stochastic theory of resource competition,
invasion, and community assembly. Proceedings of the
National Academy of Sciences USA 101:10854-10861.

Tilman, D., and S. Pacala. 1993. The maintenance of species
richness in plant communities. Pages 13-25 in R. Ricklefs
and D. Schluter, editors. Species diversity in ecological
communities. University of Chicago Press, Chicago, Illinois,
USA.

Urban, D. L. 2005. Modeling ecological processes across scales.
Ecology 86:1996-2006.

Villasefior, J. L., and F. J. Espinosa-Garcia. 2004. The alien
flowering plants of Mexico. Diversity and Distributions 10:
113-123.

Von Holle, B. 2005. Biotic resistance to invader establishment
of a southern Appalachian plant community is determined by
environmental conditions. Journal of Ecology 93:16-26.

Von Holle, B., and D. Simberloff. 2005. Ecological resistance to
biological invasion overwhelmed by propagule pressure.
Ecology 86:3212-3218.

Wardle, D. A. 2001. Experimental demonstration that plant
diversity reduces invasibility: evidence of a biological
mechanism or a consequence of sampling effect. Oikos 95:
161-170.

Whittaker, R. H. 1972. Evolution and measurement of species
diversity. Taxon 21:213-251.

Q)
o
z
O
%
_|
O]
o
0]
_<
z
_|
T
m
U
0]




