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Community Invasibility
Spatial Heterogeneity, Spatial Scale,  

and Productivity

Kendi F. Davies, University of Colorado, Boulder

IntroDuCtIon:  Why Are Some C ommunItIeS 
more InvASIble thAn otherS?

Invasive species are one of the most significant threats to native species diversity, 
and identifying the factors that make places more or less invasible has been one of 
the most important issues in the study of invasions (Wilcove et al., 1998; Pimentel 
et al., 2000). From a theoretical perspective, the reasons some communities are 
more invasible than others is a question that continues to intrigue ecologists (levine 
et al., 2004; Davies et al., 2005; Fridley et al., 2007; Stohlgren et al., 2008; Cadotte 
et al., 2009) because it underlies fundamental concepts in community ecology: spe-
cies coexistence and assembly (Chesson, 2000; tilman, 2004). Therefore, its explo-
ration offers insights into why communities are structured as they are. 

Serpentine systems have provided significant insight into the reasons some 
communities are more invasible than others because the environment within these 
systems is often extreme. Spatial heterogeneity, spatial scale, and productivity have 
all proven to be critical elements in understanding the invasibility of communities. 
Serpentine systems have allowed researchers to examine these elements in greater 
depth. First, serpentine systems are very spatially heterogeneous in soil chemistry, 
texture, rockiness, and toxicity. Importantly, this spatial heterogeneity can exist at 
very small scales, making it easier to examine the effects of it on communities. 
Second, because spatial heterogeneity can be at both small scales and large scales, 
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serpentine systems have allowed researchers to uncover the importance of pro-
cesses operating at both small (local) and large (regional) scales and how these 
processes relate to spatial heterogeneity. Finally, serpentine systems can range 
from very harsh and unproductive to quite productive. Thus, they provide an un-
usually wide range of productivity, uncovering processes that might not be possi-
ble to see in other systems. In what follows, I take each of these elements—spatial 
heterogeneity, scale, and productivity—and contrast the contributions of studies 
in serpentine systems compared with studies in systems that are not serpentine.

SPAtIAl SCAle,  SPAtIAl hetero geneIt y,  AnD the 
InvASIbIlIt y oF C ommunItIeS

elton (1958) first proposed that a high richness of native species armors sites 
against invasion by making resources less available to newly arriving species. This 
idea has been supported by many empirical studies that detected negative relation-
ships between native and exotic diversity at small spatial scales—the scale of inter-
action between individuals (elton, 1958; turelli, 1981; Case, 1990; tilman, 1997; 
Knops et al., 1999; Stachowicz et al., 1999; levine, 2000; naeem et al., 2000; lyons 
and Schwartz, 2001; brown and Peet, 2003; levine et al., 2004). Thus, the idea that 
competitive exclusion (grime, 1973; tilman, 1999) is in place at small scales, lead-
ing to resistance to invasion, is well established and has been confirmed experi-
mentally: a recent meta-analysis of biotic resistance to invasion, incorporating 65 
experiments from 24 different studies, revealed that competition from resident 
species has strong and significant effects on both establishment and performance 
of invaders (levine et al., 2004).

In the late 1990s, Stohlgren et al. (1999) and lonsdale (1999) showed that na-
tive and exotic diversity could be positively correlated when scales larger than that 
of local interaction were considered. Their results first raised the possibility that 
the processes determining invasibility and its relationship to diversity depend on 
spatial scale. Since then, many other studies have reported positive relationships 
between native and exotic diversity at large scales and furthermore that the most 
diverse regions are also often the most invaded, particularly for plant communities 
(levine, 2000; Davies et al., 2005, 2007; richardson et al., 2005; Stohlgren et al., 
2005; harrison et al., 2006). 

Since the studies of Stohlgren et al. (1999) and others, the potential for scale 
dependence of the native–exotic relationship has stimulated much research, and 
studies have reported both negative relationships at small scales and positive rela-
tionships at large scales within the same system (levine, 2000; brown and Peet, 
2003; Davies et al., 2005; Knight and reich, 2005). 

Why native and exotic diversity should be positively correlated at large scales so 
that diverse regions are also the most invaded regions has puzzled ecologists. two 
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hypotheses could explain the positive correlation of native and exotic diversity at 
large scales. First, the environmental favorability hypothesis suggests that sites or 
landscapes with favorable environmental conditions for native species also have 
favorable conditions for exotic species (levine and D’Antonio, 1999; Stohlgren  
et al., 1999; levine, 2000; brown and Peet, 2003). In other words, factors such as 
soil fertility or propagule supply rates vary between sites and cause between-site 
variation in both native and exotic diversity. Shea and Chesson (2002) generalized 
this idea and showed how a positive relationship at large spatial scales can arise by 
combining data from a series of negative relationships at smaller scales, where dif-
ferences in diversity at larger scales were caused by environmental differences in 
the mean conditions between sites. however, their model only accounts for pat-
terns in the mean diversity (alpha diversity) rather than the cumulative diversity 
(gamma diversity) of communities (Davies et al., 2005). Second, the environmen-
tal heterogeneity hypothesis suggests that not only variation in mean conditions 
between sites (as in the environmental favorability hypothesis) but also heteroge-
neity of conditions within sites can contribute to the positive relationship of native 
and exotic diversity at large scales. 

What causes the relationship between native and exotic diversity to change 
from negative at small scales to positive at large scales? Davies et al. (2005) sug-
gested, in line with evidence just discussed, that negative relationships tend to be 
detected at scales at which the environment and resources are relatively homoge-
neous and classic niche partitioning (and competitive exclusion) dominate (grime, 
1973; tilman, 1999). They suggested that the relationship between native and ex-
otic diversity becomes positive at scales at which spatial heterogeneity in the envi-
ronment is such that coexistence mechanisms that depend on heterogeneity be-
come dominant, resulting in communities that could be considered unsaturated. 
A comprehensive review of the diversity-invasibility paradox (Fridley et al., 2007) 
came up with a similar framework built on the shift from biotic to abiotic drivers 
as scale increases. eight processes that could generate either negative or positive 
relationships were identified but all could be fitted within Fridley and colleagues’ 
(2007) framework.

recently, Stohlgren et al. (2008) suggested that invasion, rather than diminish-
ing the diversity of native species in a community, has the overall effect of increas-
ing the diversity of communities by adding exotic species. They based their con-
clusion on evidence that communities are unsaturated at large spatial scales, and, 
at least for plants, the lack of known species extinctions driven by competitive in-
teractions. Consequently, we should generally find positive relationships between 
native and exotic diversity at large scales. Stohlgren and colleagues (2008) suggest 
that ultimately competition appears to play no role in structuring communities at 
large scales, even if it is important in structuring communities at small scales. 
With further investigation, however, this final point is proving to be incorrect (see 
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also harrison, 2008). recent evidence from phylogenetic relatedness data suggests 
that competition still structures communities at large scales, in particular in deter-
mining which species can be present in a community, despite positive relation-
ships between native and exotic diversity (Davies et al., submitted). I expand on 
the evidence from phylogenetic studies shortly.

Insights from Serpentine Systems
In a nested data set for grassland plants in Californian serpentine grasslands in the 
university of California mclaughlin reserve, Davies et al. (2005) detected nega-
tive relationships between native and exotic diversity at small scales and positive 
relationships at large scales. Furthermore, both native and exotic diversity were 
positively correlated with spatial heterogeneity in abiotic conditions (variance of 
soil depth, soil nitrogen, and aspect) but were uncorrelated with average abiotic 
conditions, supporting the spatial heterogeneity hypothesis but not the favorable 
conditions hypothesis. Thus, Davies et al. (2005) demonstrated that the observed 
relationship between native and exotic diversity flipped from negative to positive 
at scales at which spatial heterogeneity in the environment came into play (corre-
lated with native and exotic diversity and beta diversity). 

These serpentine studies were able to show that spatial heterogeneity in species 
composition (beta diversity) and spatial environmental heterogeneity within 
metacommunities drove the positive relationship between native and exotic diver-
sity at large scales (supporting the environmental heterogeneity hypothesis), rather 
than differences in mean (extrinsic) conditions between metacommunities (envi-
ronmental favorability hypothesis). These observations are consistent with inva-
sion and coexistence theories in heterogeneous environments. habitat heteroge-
neity increases the number of both native and exotic species in metacommunities 
by allowing more species to invade while placing the resident native species at 
lower risk of extinction because of the presence of more niche opportunities for 
both natives and exotics in the presence of heterogeneity (Shea and Chesson, 2002; 
Pauchard and Shea, 2006).

recently, Davies and colleagues (submitted) further tested these hypotheses 
using the phylogenetic relatedness of natives and exotics in this same system. They 
tested two hypotheses. First, if competitive exclusion and classic niche partitioning 
dominates, successful invaders should have niches that are different from those of 
the natives present. Thus, native and exotic species should be more distantly re-
lated than expected from a random assemblage model. Second, given the role of 
coexistence mechanisms dependent on environmental heterogeneity, native and 
exotic species should not be more distantly related than expected, and may be 
more closely related than expected if the environment filters membership of com-
munities at large scales. 
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Davies et al. (submitted) found strong support for the first hypothesis, provid-
ing further evidence that competitive exclusion dominates at small scales. how-
ever, the second hypothesis was rejected: native and exotic species were more dis-
tantly related at large scales than expected. however, importantly, natives and 
exotics were significantly more distantly related at small scales than they were at 
large scales. These results suggest that as we transition from small to large scales, 
the effect of biotic resistance exclusion is relaxed but still present. In other words, 
although communities were saturated at small scales, they were not saturated at 
larger scales: more species could enter the community, thus increasing species 
richness. however, species did not invade indiscriminately at large scales; which 
species successfully invaded was determined in part by competitive exclusion. At 
large scales, communities were still resistant to invasion by particular invaders. 
exotic species that were closely related to the species already established in the 
community were excluded.

The extreme and small scale of heterogeneity in abiotic conditions was critical 
for the foregoing insights. In particular variability in soil depth, soil nitrogen and 
aspect were important. typical of serpentine systems, the underlying bedrock and 
the rockiness of the soil itself was very heterogeneous in space and contrasted 
strongly with the more “normal” soils that intersperse the serpentine soils. Simi-
larly, the microtopography was very heterogeneous in space so that many micro-
aspects were represented within a small area. because of the mixture of serpentine 
and nonserpentine soils, the range of soil nitrogen was large. These extremes in 
heterogeneity likely made the effects of heterogeneity easier to detect. Similarly, 
the small scale of heterogeneity likely made it possible to contrast the effects of 
small and large spatial scales over a relatively small (and therefore intensely stud-
ied) area.

ProDuCtIvIt y/hArShneSS,  SCAle,  AnD the  
InvASIbIlIt y oF C ommunItIeS

Site productivity or harshness has also been used to try to understand why com-
munities differ in their invasibility. harsh conditions can alter the invasibility of 
communities (Cleland et al., 2004; beisner et al., 2006; Davies et al., 2007; Perel-
man et al., 2007). I define harsh conditions to mean those that result from physi-
ological or resource stress, resulting in low population densities (Chesson and 
huntly, 1997). Although harshness alone cannot lead to lack of saturation (Ches-
son and huntly, 1997), it could reduce saturation by interacting with other pro-
cesses. Then the invasibility of communities may vary with productivity, even at 
the small spatial scales where competitive exclusion is expected to be the dominant 
mechanism. These ideas can essentially be traced back to elton’s (1958) hypothesis 
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that increased diversity should lead to increased resource capture by the commu-
nity but leave fewer resources available to potential invaders (e.g., tilman, 1982).

Three hypotheses explain how productivity interacts with community invasi-
bility: the environmental heterogeneity, environmental favorability, and the facili-
tation hypothesis. The environmental heterogeneity hypothesis proposes that 
harsh sites are more internally heterogeneous at small scales than productive sites 
are, so that in harsh sites, local scale plots with greater heterogeneity have more 
niches for both natives and exotics, leading to coexistence and a positive relation-
ship between native and exotic diversity (Davies et al., 2005; melbourne et al., 
2007). In comparison, at productive sites, homogeneity of resources would lead 
to competitive exclusion of exotics by natives and a negative relationship. First, 
harsh sites might simply have greater environmental heterogeneity than produc-
tive sites at small scales. Sources of heterogeneity within sites could include rocki-
ness, soil depth, and soil composition. A second possibility, suggested by tilman 
(1988, 1987), is that competition occurs predominantly above ground at produc-
tive sites, where species compete for light, a single limiting resource, and shifts 
below ground at unproductive sites, where species compete for below-ground re-
sources that tend to be more heterogeneous (e.g., Wilson and tilman, 1991, 1993, 
1995). both possibilities lead to positive relationships between native and exotic 
diversity in harsh sites, even at very small spatial scales—the scale of interaction 
between individuals.

The environmental favorability hypothesis covers coexistence mechanisms that 
depend on mean conditions rather than heterogeneity in conditions (as already 
discussed). This hypothesis suggests that native and exotic diversity are positively 
correlated at large spatial scales because sites with favorable conditions for natives 
also have favorable conditions for exotics. Although this hypothesis was developed 
to explain large-scale positive relationships, it can also be applied at small spatial 
scales if communities are unsaturated so that there are weaker effects of resident 
species on the ability of new species to invade. This results in positive relationships 
between native and exotic diversity even at small spatial scales.

In the context of community invasibility and its relationship to productivity, 
most research examines the environmental favorability hypothesis, and research-
ers have found evidence to support it. An analysis of four long-term observational 
data sets for herb communities from long-term ecological research sites found that 
invaders were less likely to establish in high-productivity sites. The probability of 
invasion was reduced both within and following years with high productivity, ex-
cept at a desert grassland site where high productivity was associated with in-
creased invasion (Cleland et al., 2004). In harsh years, community saturation was 
reduced, changing the dynamic from one of competitive exclusion of invaders to 
coexistence. Finally, in Flooding Pampas of Argentina, sites that were harsher 
(more saline, shallower soils) were less invaded, but native and exotic diversity 
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were still positively correlated across sites at large spatial scales (Perelman et al., 
2007). Thus, results are somewhat mixed. These studies focus on how diversity and 
invasibility are related at large scales, but to truly understand the effect of produc-
tivity, we need to study its effects at small scales, the scale of local species interac-
tion. This has usually been done only in the context of an experimental manipula-
tion that looks at a single invader. For example, in Jamaican rock pools, high 
productivity (through experimentally boosted resources) increased the success 
rate of establishment of an invasive crustacean (beisner et al., 2006). local-scale, 
community-level analyses are needed.

The third hypothesis concerns facilitation, which can be more likely to occur at 
harsh, unproductive sites (bertness and Callaway, 1994; Callaway, 1998; Choler  
et al., 2001; elmendorf and moore, 2007). Theory connecting facilitation to com-
munity invasibility is undeveloped, so it is unclear how facilitation would be ex-
pected to alter the diversity–invasibility relationship in a metacommunity context 
(but for invader facilitating invader. see Simberloff, 1999, 2006). however, facilita-
tive interactions may be more common in general and more common than com-
petitive interactions under harsh conditions resulting in different patterns of inva-
sibility of communities at harsh and unproductive sites. This area warrants further 
investigation.

Insights from Serpentine Systems
Davies et al. (2007) examined California statewide scale data set for serpentine 
herbs, composed of 109 sites. They investigated the native–exotic diversity relation-
ship at three scales (range: 1 m2–4000 km2) in a system with a wide range in the 
productivity of sites—communities were established in conditions that ranged from 
very harsh to relatively productive. native and exotic diversity were positively cor-
related at all spatial scales, even the smallest ones, at which individuals were ex-
pected to interact directly (1 m2). Positive relationships at large scales are expected 
and common in empirical studies; however, detecting a positive relationship at the 
small scales of interaction between individuals is rare. In contrast, results from the 
statewide data set suggest that sites were not saturated, even at small scales (1 m2).

Davies et al. (2007) predicted that along with spatial scale, site productivity 
likely affected the invasibility of communities and thus the relationship between 
native and exotic diversity, especially at small scales, where competitive exclusion 
potentially varied with site productivity. They found that, at small-scale (1 m2), 
high-productivity sites, native and exotic diversity tended to be negatively corre-
lated, whereas at unproductive sites, native and exotic diversity tended to be posi-
tively correlated, resulting in a significant relationship between the slope of the 
native exotic relationship and productivity. Also, because the majority of sites were 
less productive, the average relationship at small spatial scales for all sites consid-
ered together was positive. Furthermore, when productive and unproductive sites 
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were considered separately, productive sites had a common positive relationship 
between native and exotic diversity, whereas unproductive sites had a common 
negative relationship.

like most other studies concerning community invasibility and productivity, 
the environmental favorability hypothesis, likely explains Davies et al.’s (2007) 
finding. recall that the environmental favorability hypothesis incorporates coexis-
tence mechanisms that depend on mean conditions rather than heterogeneity in 
conditions. Davies and colleagues hypothesized that in their serpentine system, 
the majority of sites, except for the small subset with the highest herb cover, are 
probably unsaturated so that there are weaker effects of resident species on the 
ability of new species to invade. The positive effects of shared responses to the 
environment (i.e., shared tolerances) more easily overwhelm the negative effects of 
competition, resulting in a small-scale positive relationship between native and 
exotic diversity at harsh sites. For example, the availability of critical nutrients may 
vary between 1 m2 quadrats so that quadrats with better conditions harbor both 
more natives and exotics. In contrast, at productive sites, competitive exclusion 
results in negative relationships between native and exotic diversity. 

The environmental heterogeneity hypothesis did not explain the observed rela-
tionships between native and exotic diversity because if heterogeneity was behind 
the positive relationships detected, the presence of greater heterogeneity at unpro-
ductive sites should have resulted in greater diversity of both native and exotic 
species at harsh sites, whereas the opposite was the case. The least productive sites 
also had the fewest species, making heterogeneity-dependent coexistence an un-
likely driver of the change in slope between productive and less productive sites at 
small spatial scales. Finally, Davies et al. (2007) could not discount the facilitation 
hypothesis, but neither did they have evidence to support it. The presence of facili-
tative (rather than competitive) local interactions at harsh compared to benign 
sites could have resulted in the relationships that were observed. Facilitation is 
more likely to occur at harsh, unproductive sites (bertness and Callaway, 1994), 
but because theory connecting facilitation to community invasibility is undevel-
oped, it is not clear how facilitation would alter community invasibility in a meta-
community context.

Critically, these findings illustrate that the mechanisms that determine the in-
vasibility of communities, in this case measured as the change in slope of the rela-
tionship between native and exotic diversity, do not depend on spatial scale per se 
but can change whenever or wherever environmental conditions change to pro-
mote species coexistence rather than competitive exclusion. In the 2007 serpen-
tine study, this occurred within a single small spatial scale when the environment 
shifted from being locally productive (competitive exclusion) to unproductive 
(coexistence). It is very likely that the extreme range of productivity values at sites 
in this serpentine study system was critical to this discovery.
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SyntheSIS

Three unique abiotic features of serpentine systems make them superior models 
for studying community invasibility. First, the environment can be heterogeneous 
at very small spatial scales, making it easier to measure the effects of spatial hetero-
geneity on community processes. It can be easier to set up strategies that sample 
large amounts of heterogeneity. It can also be easier to sample at multiple spatial 
scales that incorporate significant spatial heterogeneity in the environment (even 
small scales). For example, at the mclaughlin reserve grid, variables like soil 
depth and soil nutrient concentrations, which turned out to be critical to commu-
nity structure and invasibility, can vary significantly within 1–2 m.

Second, not only can the environment be variable at very small spatial scales, 
the range of values encountered within any given environmental variable may be 
more extreme than in other systems, making it easier to detect the effects of spatial 
heterogeneity on community invasibility. For example, the range of soil nitrogen 
values between serpentine and interspersed nonserpentine soils can be large. Sim-
ilarly, microtopography may be very heterogeneous in space so that many “micro” 
aspects are represented within a small area—the range of aspects present at small 
scales is larger than in other systems.

Third, following from the last point, productivity can vary widely within ser-
pentine systems from sites that are barren and rocky to sites that are productive. 
Again, this provides researchers with better opportunities for determining the im-
portance of site productivity on community structure and community invasibility. 
A study system with a smaller range of productivity values may not have allowed 
researchers to detect the trends described herein.
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