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ABSTRACT
Aim Theory suggests that introduced species that are phylogenetically distant

from their recipient communities should be more successful than closely related
introduced species because they can exploit open niches and escape enemies in
their new range, i.e. Darwin’s Naturalization Hypothesis. Alternatively, it has also
been hypothesized that closely related invaders might be more successful than
novel invaders because they are pre-adapted to conditions in their new range; a
paradox coined Darwin’s Naturalization Conundrum. To date, these hypotheses
have been tested primarily at the regional scale, not within local plant communities
where introduced species colonize, compete and encounter herbivores.
Location Global.
Methods and Results We used community phylogenetics to analyse data from
49 published experiments to examine the importance of phylogenetic relatedness
and generalist herbivory on native and exotic plant success at the community
level. Plants that were categorized as ‘invasive’ were indeed less related to the
recipient community than ‘non-pest’ exotic plants. Distantly related exotic plants
were also more abundant than closely related species. Phylogenetic relatedness
predicted herbivore impact, but in a way that was opposite to predictions, as
herbivores had stronger, not lesser, impacts on distantly related plants.
Importantly, these same patterns generally held for native plants, as distantly
related native plants were more abundant and more susceptible to herbivores than
closely related species, ultimately resulting in herbivores suppressing communitylevel phylogenetic diversity.
Main conclusions Distantly related plants were more locally successful despite

experiencing stronger control by generalist herbivores, a finding that was robust
across native and exotic species. To our knowledge, this is the first evidence that
phylogenetic matching influences the local success of both native and exotic species
and that herbivores can influence community phylodiversity. Phylogenetic
relatedness explained a relatively small portion of the variance in the data even
after taking herbivory into account, however, suggesting that phylogenetic matching
works in combination with other factors to influence community assembly.
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Exotic species are invading new ecosystems faster than has ever
occurred via natural processes (Mack et al., 2000), homogenizing the world’s biota and leading to significant ecological

and economic impacts (Wilcove et al., 1998; Pimentel et al.,
2005). It has long been hypothesized that invasions are biased
towards introduced species that are unrelated to the recipient
community. Darwin’s Naturalization Hypothesis (DNH,
Darwin, 1859), for example, posits that more distantly related
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species will be more successful invaders than closely related
species because they can exploit unfilled niches in the recipient
community (Rejmánek, 1996). The same pattern, however,
could result from two other mechanisms, including differential
enemy attack whereby pathogens and herbivores have weaker
impacts on distantly related plants because they possess more
novel anti-herbivore defences (Maron & Vila, 2001; Keane &
Crawley, 2002; Callaway & Ridenour, 2004; Cappuccino &
Arnason, 2006; Webb et al., 2006), or from mutualism and
facilitation among ‘nurse plants’ and distantly related benefactors (Valiente-Banuet & Verdú, 2007). In contrast, Darwin
also recognized the potential for closely related species to be
more successful invaders. Under this scenario, invaders that are
closely related to native species might have a better chance of
thriving because they share traits with native species that preadapt them to local environmental conditions, including
defence and tolerance of shared enemies (Cavender-Bares
et al., 2009; Lind & Parker, 2010; Thuiller et al., 2010). Thus,
there are opposing hypotheses predicting that successful
invaders are either closely or distantly related to native species;
a paradox coined Darwin’s Naturalization Conundrum (Diez
et al., 2008).
To date, tests of the Naturalization Hypothesis have received
mixed support, in part because studies have examined different
spatial scales and used disparate metrics of phylogenetic
relatedness (Procheş et al., 2008; Thuiller et al., 2010). Studies
conducted at continental and regional scales, for example,
generally use a taxonomic framework to test whether successfully introduced species belong to genera or families common
to the species pool of the introduced range, finding a wide
range of evidence both for and against DNH (Rejmánek, 1996;
Daehler, 2001; Duncan & Williams, 2002; Ricciardi & Atkinson, 2004; Lambdon & Hulme, 2006; Ricciardi & Mottiar,
2006; Diez et al., 2008, 2009). Strauss et al. (2006) expanded
on these studies by using community phylogenetics, a relatively
new method that produces a quantitative estimate of relatedness based on phylogenetic information, to show that evolutionarily distant grasses in California were more likely to be
considered noxious or invasive species than closely related
grasses, in support of the DNH.
However, many of the mechanisms that determine invasion
success, such as colonization, competition and herbivory,
occur at the local scale. At these scales, communities are often
subsets of the regional or continental species pool; thus, shared
taxonomy at the regional scale is an insufficient metric for
asking whether phylogeny influences processes at the local scale
(Cavender-Bares et al., 2009). To our knowledge, no studies
have used community phylogenetics to examine whether
patterns of invasions at the local scale have a phylogenetic
signature, but there is some evidence for local patterns of
herbivory on non-native species to be driven by phylogeny.
Pearse & Hipp (2009) showed that insect herbivory on nonnative oaks decreased with increasing phylogenetic distance
from a native oak in a common botanical garden. Similarly,
Hill & Kotanen (2009) found a negative but weak relationship
between phylogenetic distance and insect leaf damage in a
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broad group of co-occurring native and exotic plants, but no
relationship when examined specifically among 20 native and
15 exotic Asteraceae (Hill & Kotanen, 2010). Thus, the
prevailing pattern to date is that phylogenetic distance can
be predictive of increased invasiveness at the regional scale and
decreased insect herbivory at the local scale, but to our
knowledge, no studies have explicitly linked both processes at
the local scale where organisms interact.
Theory and empirical evidence suggest that the outcome of
evolutionarily novel plant–herbivore interactions may depend
on the quantitative degree of relatedness among plants and
herbivores (Verhoeven et al., 2009). In Parker et al. (2006), for
example, native herbivores had stronger negative impacts on
exotic plants than native plants, and exotic herbivores had
stronger negative impacts on native plants, a pattern indicating
that each type of herbivore had stronger impacts on the plants
that were an evolutionary mismatch. Moreover, in the case of
native herbivores, impacts were even stronger on exotic plants
that did not have a native congener in the recipient flora
(Ricciardi & Ward, 2006), suggesting that more distantly
related plants were more strongly impacted by herbivores, in
contrast to predictions of DNH. However, the latter analysis
was based on regional taxonomic lists and made no attempt to
determine whether this pattern held at the local scale.
Moreover, there was no corresponding test of whether exotic
herbivores had differential impacts on more distantly related
native plants, the corollary to an evolutionary mismatch
between native herbivores and exotic plants.
Herbivore escape via phylogenetic isolation is often cited as
a key component of the naturalization and Enemy Release
Hypotheses, but to date, there have been no experimental
studies examining the interrelationship between plant relatedness, herbivory and invasion success. Here, we analyse data
from 49 published manipulative experiments examining the
impact of generalist herbivores on local communities to test
the importance of relatedness on herbivory and exotic plant
success. Using a phylogenetic supertree with divergence times
for 362 species, we asked whether (1) invasive exotic plant
species were more phylogenetically distinct relative to the local
community than non-pest exotic plant species; (2) locally
abundant plants were more phylogenetically distinct regardless
of plant origin; (3) phylogenetic distinctiveness resulted in
diminished top-down control by herbivores; (4) the effect of
plant distinctiveness on herbivory differed if the community
was under pressure from native versus exotic herbivores; and
(5) herbivores altered community-level phylogenetic diversity.
METHODS
We used the data set from Parker et al. (2006), a meta-analysis
that examined the impacts of generalist herbivores on exotic
plant success in 68 manipulative field studies, plus two
additional studies published since then (Webster et al., 2005;
Parker et al., 2007, Appendix S1). All studies excluded
herbivores and had control sites with herbivores, conducted
the experiment in a field setting and reported plant community
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response in terms of plant cover or biomass per area. To
examine the role of community phylogeny in determining
invasive plant success via escape from herbivory, we narrowed
the original data set to include only studies that published
species-level abundance data for the majority of the total plant
community (mean ± SE of 93.8 ± 1.4% of the total community), resulting in a final data set of 49 experiments from 26
publications. Studies reported that they excluded either native
(N = 24) or exotic herbivores (N = 25). Across all studies,
exotic plants comprised 31.5 ± 3.9% of the total plant
community, whereas native plants comprised 62.3 ± 3.8%,
indicating that these studies examined sites that were highly
invaded although natives generally comprised the bulk of the
community.
To test the hypothesis that evolutionary relatedness to the
local community influences invasion success and herbivory, we
standardized both the response variable (impact of herbivory)
and the phylogenetic framework across all experiments.
For each experiment, we standardized the impact of herbivory
by transforming measured variables (biomass or percent cover)
for each plant species into the unweighted log response ratio
(RR) with the form ln(X+H/X-H) where X+H is the measured
plant variable in the presence of herbivores and X-H is the
variable with herbivores excluded (Parker et al., 2006). Prior to
transformation, we added a 1 to each variable to allow for
calculations when plant abundance was zero. Thus, RR
describes the impact of herbivory on each plant species in its
local community, with values >0 indicating facilitation by
herbivores and values <0 indicating suppression.
To standardize the metric of phylogenetic distance between
plants in a local community, we constructed a phylogenetic
‘supertree’ incorporating each of the plant species found in the
data set of published experiments (or genus for plants not
identified to species in the original study). Our hypothesized
relationship among all species (N = 362) was ultrametric with
the positioning of major nodes based on published estimates of
divergence times. Estimates of phylogenetic relatedness and
divergence times among species were drawn from multiple
sources. The estimated divergence time between charophytes
and green land plants (ca. 1060 Mya) was based on Sanderson
et al. (2004) and the divergence between bryophytes and
vascular plants (ca. 580 Mya) on Douzery et al. (2004). The
phylogenetic relationships and dating of nodes of major
angiosperm clades were based on Wikstrom et al. (2001).
Wikstrom et al. (2001) reported multiple estimates for divergence times of nodes; we thus pooled all estimates. The
estimated divergence times among genera and species lacking
phylogenetic information were standardized to 5 and 1 Mya,
respectively. Divergence times between and within families are
not always equivalent (Shaw et al., 2005), but these conservative estimates of divergence represented the minimum time
that included all families in the supertree and assumed that
taxonomic rank provides some information on the temporal
order of divergence (e.g. family > genus > species divergence).
As a check on these methods, we also calculated relatedness
values using Pagel’s (1992) approach of assuming that generic

divergence times are half the branch length distance from the
family, and species’ divergence times are half the branch length
distance from the genus. These calculations did not change our
conclusions and thus were not retained.
To estimate relatedness, we used an approach similar to
Webb’s (2000) indices of community phylogenetic relatedness
but with three main differences. First, we used information on
branch lengths rather than nodal counts to gauge phylogenetic
distance. This was necessary because nodes between distantly
related taxa in a small community would not reflect evolutionary distance as accurately as an explicit date-calibrated
branch length. Second, because resampling procedures across
the entire supertree would also be from a global (crosscontinental) pool of species, generating communities with
species composition that are unlikely in nature, we did not
standardize our relatedness metrics using a resampling method
(see Webb, 2000). Instead, we standardized our means by
dividing distance estimates by the total branch length distance
from root to tip of the entire phylogeny (1060.59 Mya).
This standardization resulted in metrics tending towards zero
when the community is more closely related (i.e. phylogenetically clustered) and towards one when they are more distantly
related (i.e. overdispersed). Third, we calculated phylogenetic
distance per species (relatedness; e.g. Strauss et al., 2006) rather
than an overall community metric (dispersion). This allowed
for species-level regressions between estimates of phylogenetic
distance, abundance and herbivore impact.
Using our phylogenetic supertree, we calculated two metrics
of evolutionary relatedness for each species relative to its local
(experimental) community: mean phylogenetic distance (PD)
and nearest neighbour distance (NND). PD was calculated as
the sum of branch lengths between the focal species and each
species in the rest of the local community (i.e. all species found
in both the presence and the absence of herbivores for a given
study) divided by one less than the number of species in the
local community. NND is the smallest branch length distance
from the focal species to any other member of the local
community. Both PD and NND were calculated for each focal
species with respect to the community as a whole, including
both native and exotic species (designated PDc and NNDc),
and with respect to only the native species in the community
(PDn and NNDn). Distance to nearest neighbour is generally
assumed to reflect interactions with the most phenotypically
similar species, as originally proposed by Darwin, whereas
mean phylogenetic distance (PD) is assumed to reflect
interactions with the entire recipient community (Strauss
et al., 2006).
We tested the influence of phylogenetic distinctiveness on
exotic plant success using logistic regression. Exotic plants were
classified as ‘invasive’ if they were found in the Global Invasive
Species Database (http://www.issg.org) or as ‘non-pest’ if they
were not. Invasive and non-pest designations were used as the
response variable, with each of the phylogenetic metrics tested
separately as an explanatory variable in a logistic regression.
Thus, we used estimates of evolutionary distance from the local
community to predict the likelihood of a plant being declared
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‘invasive’. Neither of the relatedness metrics using only the
native species in the recipient community significantly predicted invasiveness (Table 1). We thus focused the rest of our
analyses on plant relatedness relative to the entire recipient
community.
We used ANCOVA to test the influence of phylogenetic
relatedness and plant origin on plant abundance. We constructed separate tests for communities in the absence versus
presence of herbivores, with plant origin as a fixed effect, either
PDc or NNDc as a covariate and the interaction term (plant
origin · relatedness). Phylogenetic metrics were log-transformed to meet the assumptions of the model. This design
allowed us to test whether local plant abundance differed by
plant origin (native versus exotic) as moderated by phylogenetic relatedness, with a significant interaction term (e.g. plant
origin · relatedness) indicative of invasion success being
influenced by phylogenetic distance. We did not separate
introduced plants by invasive versus non-pest status because
initial ANOVAs showed no difference in the abundance of
invasive versus non-pest plants across studies (see Results).
We used ANCOVA to test the influence of phylogenetic
relatedness and plant origin on generalist herbivory. We
constructed separate tests for native versus exotic herbivores,
with plant origin included as a fixed effect and either PDc or
NNDc included as a covariate. Phylogenetic metrics were
log-transformed to meet the assumptions of the model. This
design allowed us to test whether plant response to herbivory
differed by plant origin (native versus exotic) as moderated by
phylogenetic relatedness separately for both native and nonnative herbivores, with a significant interaction term (e.g. plant
origin · relatedness), indicating that herbivore impact differed
by the degree of the putative evolutionary mismatch.
We also tested whether herbivores influenced communitylevel phylogenetic diversity. From the assembled and dated
phylogenetic tree, we calculated the pairwise distance matrix of
branch lengths between all species using packages ‘picante’ and
Table 1 Results from logistic regressions using predicting ‘invasiveness’ of introduced plants as a function of four phylogenetic
relatedness metrics: PDc (phylogenetic distance of each introduced
species to the whole experimental community), NNDc (phylogenetic distance of each introduced species to the nearest neighbour
in the whole experimental community), PDn (phylogenetic distance of each introduced species to only the native species in the
experimental community) and NNDn (phylogenetic distance of
each introduced species to the nearest native plant in the experimental community). The positive relationship for NNDc suggests
that ‘invasive’ plants were more distantly related to the nearest
neighbour in the plant community than were ‘non-pest’ exotic
plants. Bold values are significant at P < 0.05.
Metric
PDc
NNDc
PDn
NNDn
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Estimate
0.006
0.044
0.003
0.007

SE
0.004
0.021
0.003
0.013

v2
3.04
4.46
0.87
0.26

‘ape’ in r 2.12 (R Development Core Team 2010) and then
weighted each species by its relative abundance in the absence
and presence of herbivores. Mean phylogenetic distance
(MPD) and mean nearest taxon distance (MNTD) for each
study were then calculated using the distance matrix weighted
by species abundance using the picante functions ‘mpd’ and
‘mntd’ in r (Webb et al., 2002). Two studies (one from each
herbivore origin category) were excluded from this analysis
because only a single plant species dominated the community
in one of the herbivory treatments, rending the distance among
species within a treatment incalculable. Paired t-tests were then
used to compare MPD and MNTD between +H and )H
treatments separately for native and exotic herbivore studies.
RESULTS
Phylogenetic relatedness predicted plant invasiveness
(Table 1). Specifically, invasive plants were significantly more
distant than non-pest species (P = 0.035) from their nearest
relative in the entire community (NNDc). There was also a
trend for invasive plants to be more phylogenetically distant
from the entire community (PDc, P = 0.082). Neither of the
relatedness metrics using only the native species in the recipient
community predicted invasiveness (Table 1). Although invasive plants were more phylogenetically distant than non-pests,
there was no difference in local abundance between invasive
and non-pest plant populations, either in communities with or
without herbivores, although both were more abundant than
the mean native plant population (Table 2).
Relatedness predicted plant success at the local level in both
the presence and absence of herbivores, and the effect appeared
largely consistent between native and exotic plants. In the
absence of herbivores, increasingly phylogenetically distant
native and exotic plant populations had higher relative
abundance than species that were more closely related to the
recipient community (Fig. 1a,b). The effect of phylogenetic
isolation on abundance, however, was stronger for exotic
species for both relatedness metrics (Fig. 1a,b; Plant
Table 2 Invasive and non-pest exotic plant populations were
both more locally abundant than native plant populations. Data
are least-square mean percentage abundance of native plant
populations, invasive plant populations and non-pest plant
populations relative to total plant abundance in each community
generated from separate ANOVAs in the absence of herbivores
versus the presence of herbivores, with pest status as fixed factor
and community as a random factor. (Model results: )herbivores:
Plant Type2,795: F = 4.22, P = 0.015; +herbivores: Plant Type2,818:
F = 4.82, P = 0.008). Levels not connected by the same letter are
significantly different (Student’s t-test).

Population

)herbivores
Mean ± SE

+herbivores
Mean ± SE

Native
Invasive
Non-Pest

7.85 ± 0.93a
11.05 ± 1.58b
10.26 ± 1.28b

6.67 ± 0.80a
10.56 ± 1.76b
9.98 ± 1.34b

Pr(‡|v2|)
0.082
0.035
0.352
0.610
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(a)

(b)

(c)

(d)

Figure 1 More distantly related native
and exotic plant populations had higher
relative abundance in their local communities, both in the absence of herbivores
(a,b) and in the presence of herbivores
(c,d).

Origin · PDc/NNDc, P £ 0.036). In the presence of herbivores,
increasingly distant native and exotic plants were still more
abundant than closely related plants (Fig. 1c,d), but the
positive effect of relatedness was stronger for exotics only
when calculated as distance to the entire recipient community
(Fig. 1c; Plant Origin · PDc, P = 0.032), not when calculated
as distance to the nearest neighbour (Fig. 1d; Plant
Origin · NNDc, P = 0.894).
Relatedness also had significant effects on herbivory, but the
strength of the effect depended on particular plant–herbivore
mismatches. Specifically, native herbivores had stronger impacts
on more distantly related plants when relatedness was calculated
relative to the entire community, and the effect was stronger for
exotic plants (Fig. 2a; Plant Origin · PDc, P = 0.006). Native
herbivores also had increasingly negative impacts on distant
plants when relatedness was estimated as distance to the nearest
neighbour, with a trend for this effect to be stronger for exotic
plants (Fig. 2b; Plant Origin · NNDc, P = 0.066). In contrast,
exotic herbivores had stronger impacts on both native and
exotic plants that were more phylogenetically distant from the
local community, but there were no interactions between
phylogenetic distance and plant origin (Fig. 2c,d).
Herbivores also altered community phylodiversity. Specifically, there was a strong trend for native herbivores to
compress MPD within plant communities (P = 0.057, Fig. 3a),
but not mean nearest taxon distance (P = 0.960, Fig. 3b). In
contrast, exotic herbivores had no impact on MPD (P = 0.267,
Fig. 3c) or on mean nearest taxon distance within communities (P = 0.375, Fig. 3d).
DISCUSSION
Our quantitative phylogenetic analysis of plant invasions in
49 herbivore exclusion experiments yielded support both for

and against Darwin’s Naturalization Hypothesis (DNH).
Increasing phylogenetic distinctiveness, for example, was
generally predictive of an exotic plant being declared ‘invasive’. This phylogenetic signal persisted across the idiosyncrasies of diverse local plant communities from a variety of
habitats across several continents, suggesting a robust pattern
similar to that previously shown at the regional scale among
invasive grasses in California (Strauss et al., 2006). These
results are consistent with Darwin’s general hypothesis that
more distantly related species may be more successful
invaders (Darwin, 1859). However, in contrast to DNH,
increasing phylogenetic distance from the local plant community translated into more, not less, intense herbivory by
both native and exotic generalist herbivores. Distantly related
plants were thus more locally successful despite experiencing
stronger herbivory, ultimately resulting in less phylogenetically diverse communities in the presence of native herbivores.
A significant difference between our calculations of relatedness and those of previous studies (Strauss et al., 2006) is that
we include both native and exotic plants in calculations of
relatedness, rather than limiting relatedness metrics to include
only the native plants. The omission of exotic plants is not
ecologically realistic and can give spurious results. For example,
we found effects of relatedness on plant invasiveness or
herbivory only when relatedness was calculated relative to the
entire recipient community, not when relatedness was
restricted to only native species (Table 1). This pattern is
ecologically significant given that communities are commonly
invaded by multiple non-native species (Simberloff & Von
Holle, 1999; Mack et al., 2000), and these non-native species
compete with one another, with natives, and all of them
potentially share herbivores. Thus, estimates of community
phylogeny based only on natives will not capture the entire
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(a)

(b)

(d)

(c)

(a)

(b)

(c)

(d)

Figure 3 Native herbivores strongly trended towards suppressing
mean phylogenetic distance among species within a community
(a), but had no effect on mean nearest taxon distance (b). Exotic
herbivores had no effect on either relatedness metric (c,d).

phylogenetic spectrum or the entirety of ecological interactions
in a local community.
We also found a significant relationship between invasiveness and phylogeny only when relatedness was calculated

6

Figure 2 Plants more distantly related to
their local community were more susceptible to generalist herbivores. The response
ratio (RR) of plant performance in the
presence of a native herbivores relative to
performance without native herbivores
declines with mean phylogenetic distance
(PDc) from the entire local community
(a) and from the nearest relative (NNDc)
in the local community (b). The
significant interaction term in (a), and
nearly significant interaction term in
(b), indicates that the effect of relatedness
on herbivory was stronger for exotic than
native plants. In panels (c) and (d), exotic
herbivores had stronger impacts on both
native and exotic plants that were
increasingly phylogenetically distant from
the local community.

relative to the nearest neighbour in community, not when
relatedness was calculated relative to the entire recipient
community (Table 1). If distance to the nearest neighbour
reflects distance to the most phenotypically similar species in a
community, an unknown assumption in our study, then this
result suggests that limiting similarity among closely related
species influences invasion success. However, there was still a
trend for distance to the entire community to be predictive of
invasion success (Table 1), and there were significant effects of
PD on plant abundance and herbivore impact (Figs 1 and 2).
These results suggest that invasion success is also the net result
of diverse interactions among a diverse group of species, as
others have suggested (Strauss et al., 2006). Given that PD
addresses deep-level phylogenetic clustering and that NND
addresses terminal-level clustering (Webb et al., 2002), significant results at both ends of the relatedness spectrum indicate
that numerous aspects of the phylogenetic neighbourhood
influence invasion success. More work is needed, however, to
determine the relative importance of different mechanisms
across this dichotomy.
Invasive plants are considered more problematic than nonpest exotic plants, and invasive plants were more distant from
the local communities than non-pest exotics, implying that
evolutionarily distant invaders in these studies were more
ecologically successful. However, there was no difference in
local abundance between invasive and non-pest exotic plants.
This finding raises uncertainty about the ecological significance
of species-level classifications of invasiveness, particularly when
ecological impact is a function of local population density
(Sakai et al., 2001). It is possible that the local populations of
invasive species in our studies may not have been the most
invasive genotypes or populations of these species or that
invasive and non-pest plants could have dissimilar ecological
or economic impacts despite similar local abundance. The data
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to make these distinctions rarely exist for most populations of
introduced species (Wilcove et al., 1998), however, despite
their need (Davis, 2009).
One of the most striking patterns in our results was the
similar way that phylogenetic dissimilarity predicted both
native and exotic plant success despite increasingly strong topdown impact (Figs 1 and 2). The generality of this pattern
across both native and exotic plants from a variety of habitats
indicates that our findings have broad relevance to questions
regarding the role of evolutionary history in community
assembly. Increasing success of phylogenetically dissimilar
species has generally been attributed to three factors, including
one that we specifically examined. First, community assembly
could proceed via ‘niche filling’ of distantly related species.
This mechanism implies that more closely related species fared
poorly because of limiting similarity, arguing against the role
of niche conservatism in local community assembly, and is
supported by studies implicating competition as a mechanism
for phylogenetic overdispersion at the community scale
(reviewed in Cavender-Bares et al., 2009). Second, more
distantly related species may be more likely to benefit from
positive interspecific interactions with members of the
recipient community (Valiente-Banuet & Verdú, 2007; Verdú
et al., 2009), consistent with the notion that facilitative
interactions in the recipient community can promote invasions
(Simberloff & Von Holle, 1999). We did not address either
causal mechanism explicitly, but our findings are consistent
with these predictions and with recent studies showing a
distinct phylogenetic signature of overdispersion at the local
scale (Verdú et al., 2009; Letcher, 2010).
Third, intense herbivore pressure from generalists is predicted to cause either phylogenetic overdispersion or clustering
(Cavender-Bares et al., 2009), and our study did explicitly
examine the effect of herbivory on community phylogeny.
Our results are broadly consistent with the prediction that
generalists will cause phylogenetic clustering. Native generalist
herbivores suppressed community phylodiversity (Fig. 3a) by
having stronger effects on plants that were more distantly
related to the recipient community (Fig. 2a,b), a pattern that
was conserved for both native and exotic herbivores on both
native and exotic plant species (Fig. 2c,d). These patterns are
opposite to predictions from the Enemy Release and Novel
Weapons Hypotheses and empirical results with more specialized insect herbivores (Hill & Kotanen, 2009, 2010; Pearse &
Hipp, 2009; Ness et al., 2011), pointing to the growing
recognition that generalist and specialist herbivores have
fundamentally different interactions with native and nonnative plants (Joshi & Vrieling, 2005). Specialists, for example,
generally consume, at most, a few closely related plant species
and thus are likely not pre-adapted to feeding on taxonomically novel, unrelated plants. This provides a relatively
straightforward explanation for why phylogenetic isolation
can provide plants with release from specialist enemies, leading
to the prediction that specialists are less likely than generalist
herbivores to cause phylogenetic clustering (Cavender-Bares
et al., 2009).

Generalists, in contrast, consume a wide variety of often
unrelated plants, and there is no a priori reason why they
would not be pre-adapted for feeding on taxonomically novel
plants (Keane & Crawley, 2002; Lind & Parker, 2010). In fact,
evolutionary logic suggests that the opposite pattern may be
likely; generalists could preferentially consume distantly
related plants because they are less likely to contain defences
similar to the native community (Hokkanen & Pimentel, 1989;
Parker & Hay, 2005; Morrison & Hay, 2011). Alternatively, the
same pattern of phylogenetic clustering could result if
generalist herbivores fed preferentially on the most abundant
plants in a community, which in these studies were the most
phylogenetically distinct species, possibly as a result of
facilitative interactions or release from competition. Thus,
the stronger impact of herbivores on distantly related species
in these studies could have resulted from an evolutionary
mismatch between plants and generalist herbivores or from
proportional feeding on abundant plants, but both mechanisms ultimately result in herbivores suppressing community
phylodiversity.
The pattern that phylogenetically distant exotic plants were
more abundant but impacted more strongly by generalist
herbivores suggests a potential interaction between competition, herbivory and phylogeny in driving species invasions. For
example, one way to interpret our findings is that the positive
effects of being phylogenetically distinct on competition
outweighed the negative effects of increasing generalist
herbivory. One important piece of data that we cannot
evaluate that would strengthen this argument is the relative
intensity of herbivory and competition across these studies.
It could be that phylogenetically distinct exotic plants experienced relatively greater release from competition when
herbivore intensity is low and community interactions are
dominated by competition.
Phylogenetic tools and the increasing availability of genetic
data now permit incorporation of explicit evolutionary relatedness metrics into most ecological studies conducted at the
community scale (Cavender-Bares et al., 2009). By incorporating a standardized metric of phylogenetic relatedness into
our meta-analysis of the impact of herbivores on plant
invasions, we explicitly showed that distantly related exotics
were more successful than closely related exotics despite
experiencing greater impacts by generalist herbivores. These
findings support some but not all elements of Darwin’s
Naturalization Hypothesis. To our knowledge, our study is the
first to show that herbivores can influence community
phylogenetic structure, and the first to show a local pattern
of plant success via phylogenetic release across both native and
exotic species, suggesting that evolutionary history influences
community assembly. Ultimately, however, phylogenetic relatedness alone explained a relatively small portion of the
variability in the data set, suggesting that models incorporating
phylogeny in conjunction with other important factors,
including plant abundance, plant phenotypic traits and the
intensity of herbivory, could substantially improve the predictive power of community phylogenetics.

Published 2011.
Diversity and Distributions, 18, 1–9, This article is a US Government work and is in the public domain in the USA

7

J. D. Parker et al.
ACKNOWLEDGEMENT
We thank Mike Stastny, Dave Thompson and two anonymous
reviewers for constructive comments on the manuscript.
REFERENCES
Callaway, R.M. & Ridenour, W.M. (2004) Novel weapons:
invasive success and the evolution of increased competitive
ability. Frontiers in Ecology and the Environment, 2, 436–
443.
Cappuccino, N. & Arnason, J.T. (2006) Novel chemistry of
invasive exotic plants. Biology Letters, 2, 189–193.
Cavender-Bares, J., Kozak, K.H., Fine, P.V.A. & Kembel, S.W.
(2009) The merging of community ecology and phylogenetic
biology. Ecology Letters, 12, 693–715, doi: 10.1111/j.14610248.2009.01314.x.
Daehler, C.C. (2001) Darwin’s naturalization hypothesis
revisited. American Naturalist, 158, 324–330.
Darwin, C.R. (1859) The origin of species. Literary Classics, Inc.,
New York.
Davis, M.A. (2009) Invasion biology. Oxford University Press,
New York.
Diez, J.M., Sullivan, J.J., Hulme, P.E., Edwards, G. & Duncan,
R.P. (2008) Darwin’s naturalization conundrum: dissecting
taxonomic patterns of species invasions. Ecology Letters, 11,
674–681, 10.1111/j.1461-0248.2008.01178.x.
Diez, J.M., Williams, P.A., Randall, R.P., Sullivan, J.J., Hulme,
P.E. & Duncan, R.P. (2009) Learning from failures: testing
broad taxonomic hypotheses about plant naturalization.
Ecology Letters, 12, 1174–1183, doi: 10.1111/j.1461-0248.
2009.01376.x.
Douzery, E.J.P., Snell, E.A., Bapteste, E., Delsuc, F. & Philippe,
H. (2004) The timing of eukaryotic evolution: does a relaxed
molecular clock reconcile proteins and fossils? Proceedings of
the National Academy of Sciences USA, 101, 15386–15391,
doi: 10.1073/pnas.0403984101.
Duncan, R.P. & Williams, P.A. (2002) Darwin’s naturalization
hypothesis challenged. Nature, 417, 608–609.
Hill, S.B. & Kotanen, P.M. (2009) Evidence that phylogenetically novel non-indigenous plants experience less herbivory.
Oecologia, 161, 581–590, doi: 10.1007/s00442-009-1403-0.
Hill, S.B. & Kotanen, P.M. (2010) Phylogenetically structured
damage to Asteraceae: susceptibility of native and exotic
species to foliar herbivores. Biological Invasions, 12, 3333–
3342, doi: 10.1007/s10530-010-9726-7
Hokkanen, H.M.T. & Pimentel, D. (1989) New associations in
biological control – theory and practice. Canadian Entomologist, 121, 829–840.
Joshi, J. & Vrieling, K. (2005) The enemy release and EICA
hypothesis revisited: incorporating the fundamental difference between specialist and generalist herbivores. Ecology
Letters, 8, 704–714.
Keane, R.M. & Crawley, M.J. (2002) Exotic plant invasions and
the enemy release hypothesis. Trends in Ecology and Evolution, 17, 164–170.

8

Lambdon, P.W. & Hulme, P.E. (2006) How strongly do
interactions with closely-related native species influence
plant invasions? Darwin’s naturalization hypothesis assessed
on Mediterranean islands. Journal of Biogeography, 33, 1116–
1125. doi: 10.1111/j.1365-2699.2006.01486.x
Letcher, S.G. (2010) Phylogenetic structure of angiosperm
communities during tropical forest succession. Proceedings of
the Royal Society B, 277, 97–104, doi: 10.1098/rspb.2009.0865.
Lind, E.M. & Parker, J.D. (2010) Novel weapons testing: are
invasive plants more chemically defended than native plants?
PLoS ONE, 5, e10429.
Mack, R.N., Simberloff, D., Lonsdale, W.M., Evans, H., Clout,
M. & Bazzaz, F.A. (2000) Biotic invasions: causes, epidemiology, global consequences, and control. Ecological Applications, 10, 689–710.
Maron, J.L. & Vila, M. (2001) When do herbivores affect plant
invasion? Evidence for the natural enemies and biotic resistance hypotheses. Oikos, 95, 361–373.
Morrison, W.E. & Hay, M.E. (2011) Herbivore preference for
native vs. exotic plants: generalist herbivores from multiple
continents prefer exotic plants that are evolutionarily naı̈ve.
PLoS ONE, 6, e17227.
Ness, J.H., Rollinson, E.J. & Whitney, K.D. (2011) Phylogenetic
distance can predict susceptibility to attack by natural
enemies. Oikos, 120, 1–8. no. doi: 10.1111/j.1600-0706.2011.
19119.x
Pagel, M.D. (1992) A method for the analysis of comparative
data. Journal of Theoretical Biology, 156, 431–442.
Parker, J.D. & Hay, M.E. (2005) Biotic resistance to plant
invasions? Native herbivores prefer non-native plants. Ecology Letters, 8, 959–967.
Parker, J.D., Burkepile, D.E. & Hay, M.E. (2006) Opposing
effects of native and exotic herbivores on plant invasions.
Science, 311, 1459–1461.
Parker, J.D., Caudill, C.C. & Hay, M.E. (2007) Beaver herbivory on aquatic plants. Oecologia, 151, 616–625.
Pearse, I.S. & Hipp, A.L. (2009) Phylogenetic and trait similarity to a native species predict herbivory on non-native
oaks. Proceedings of the National Academy of Sciences USA,
106, 18097–18102, doi: 10.1073/pnas.0904867106.
Pimentel, D., Zuniga, R. & Morrison, D. (2005) Update on the
environmental and economic costs associated with alieninvasive species in the United States. Ecological Economics,
52, 273–288.
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