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abstract: Darwin’s naturalization hypothesis predicts that the suc-
cess of alien invaders will decrease with increasing taxonomic sim-
ilarity to the native community. Alternatively, shared traits between
aliens and the native assemblage may preadapt aliens to their novel
surroundings, thereby facilitating establishment (the preadaptation
hypothesis). Here we examine successful and failed introductions of
amphibian species across the globe and find that the probability of
successful establishment is higher when congeneric species are pres-
ent at introduction locations and increases with increasing congener
species richness. After accounting for positive effects of congeners,
residence time, and propagule pressure, we also find that invader
establishment success is higher on islands than on mainland areas
and is higher in areas with abiotic conditions similar to the native
range. These findings represent the first example in which the pre-
adaptation hypothesis is supported in organisms other than plants
and suggest that preadaptation has played a critical role in enabling
introduced species to succeed in novel environments.

Keywords: abiotic-suitability hypothesis, alien species, climate match,
Darwin’s naturalization hypothesis, invasive species, preadaptation
hypothesis.

Introduction

Anthropogenically assisted biotic exchanges across the
globe are eroding biodiversity (Mack et al. 2000). Iden-
tifying traits that predict the successful establishment of
introduced species has thus become a central goal of con-
servation efforts (Kolar and Lodge 2001, 2002; Forsyth et
al. 2004), but broad generalizations regarding determi-
nants of establishment success remain elusive (Hayes and
Barry 2008). Disparities between studies reflect confound-
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ing factors, including taxonomic and geographic biases in
the introduction stage of the invasion pathway (Blackburn
and Duncan 2001b; Tingley et al. 2010) and failure to
simultaneously account for characteristics of the invader
(e.g., range size), the introduction event (e.g., propagule
pressure), and the location of introduction (e.g., climate
match; Blackburn and Duncan 2001a). Biodiversity in the
area of introduction also may influence invasibility, yet
characteristics of the native community rarely have been
considered in studies attempting to link invasive-species
traits with establishment success (Thuiller et al. 2010).

Darwin (1859) postulated that the relatedness of an alien
species to taxa in the introduced range would affect the
success of introductions. More specifically, he predicted
that introduced plants that were closely related to native
flora would be less successful in establishing viable pop-
ulations than species with no native relatives (Darwin’s
“naturalization hypothesis”). Darwin’s rationale was that
closely related species share similar life-history traits, pred-
ators, and pathogens, and hence, introduced species closely
related to species in the native assemblage would have to
compete with relatives for resources and would be more
likely to be attacked. Darwin also recognized the reverse
possibility, however: shared traits between aliens and the
native biota may preadapt aliens to their novel surround-
ings, thereby facilitating establishment (the “preadaptation
hypothesis”; Darwin 1859; Duncan and Williams 2002;
Ricciardi and Mottiar 2006).

Previous tests of Darwin’s naturalization hypothesis in
plants have yielded equivocal results (Rejmánek 1996;
Daehler 2001; Duncan and Williams 2002; Lambdon and
Hulme 2006; Strauss et al. 2006; Diez et al. 2008, 2009),
and only one animal group (fishes) has been investigated
in this respect (Ricciardi and Mottiar 2006). Here we use
data on successful and failed introductions of amphibian
species across the globe to examine the effects of congener
presence and richness on establishment success, while si-
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multaneously accounting for differences among regions
and taxonomic levels, and confounding species-, event-,
and location-level characteristics.

Methods

Data on 521 successful and failed introductions of 162
anuran and caudate species were taken from Kraus (2009;
see also Bomford et al. 2009). This database is the result
of an extensive review of the published literature on am-
phibian introductions. Only introductions that took place
outside of a species’ native geographic range are included
in the database. Introduction attempts were considered
successful if they resulted in the establishment of a viable
population, as determined by the most recent literature
citation to the introduction in question (Kraus 2009).

Because data on the number of animals released at each
location were not available, multiple releases of the same
species to the same jurisdiction were considered a single
introduction event. Introduction localities included coun-
tries, islands, archipelagos, or, for North America, states
or provinces (see table A1 in the online edition of the
American Naturalist; Cassey 2002). In the case of intro-
ductions to large regions such as Russia, China, and Aus-
tralia, we tried to identify a smaller jurisdiction (e.g., a
state or province) within each larger region. Individual
species were introduced to between 1 and 57 jurisdictions
( ; fig. A1 in the online edition of the Americanmedian p 1
Naturalist).

To test Darwin’s naturalization hypothesis, we gathered
data on the presence/absence and richness of native con-
geners at each introduction locality, using geographic and
taxonomic data available from the Global Amphibian
Assessment (GAA; http://www.iucnredlist.org/initiatives/
amphibians). Of the 521 introduction attempts considered
in our analysis, congeneric species were present at 158
(30%). We also accounted for confounding species-level
(body size, range size, human affiliation), event-level
(propagule pressure, residence time), and location-level
(island vs. mainland, climate match) characteristics that
have been reported to influence vertebrate establishment
success (Blackburn and Duncan 2001a; Kolar and Lodge
2001; Forsyth et al. 2004; Jeschke and Strayer 2006; Hayes
and Barry 2008; Jeschke 2008; Blackburn et al. 2009; Bom-
ford et al. 2009). We used body-size category data gathered
by Sodhi et al. (2008; for anurans: 0–50 mm, 51–100 mm,
1100 mm; for caudates: 0–100 mm, 101–150 mm, 1150
mm). Geographic range size was calculated using equal-
area projections of native-range polygons available from
the GAA. Human affiliation was calculated as the average
human population density within each species’ native geo-
graphic range (taken from the 2000 United Nations–

adjusted census data: http://sedac.ciesin.columbia.edu/
gpw).

Propagule pressure, often quantified as the number of
animals released or the number of introduction attempts
to a location, has been shown to be one of the most con-
sistent predictors of establishment success (Veltman et al.
1996; Cassey et al. 2004b; Lockwood et al. 2005; Hayes
and Barry 2008). Here we used the (minimum) number
of independent introduction attempts from outside each
locality as a measure of propagule pressure. This conser-
vative measure of introduction frequency is based on a
variety of sources, including data given in published stud-
ies, counts of independent introduction locations on spe-
cies distribution maps, and interpretations of the original
author’s observations (e.g., “several” p three introduction
attempts; see Kraus 2009 for further details). Despite the
coarse resolution of these data, they were collected ac-
cording to a standardized methodology by a single re-
searcher (F. Kraus) and currently are the only source of
information on introduction effort available. Furthermore,
the low correlation between congener presence and prop-
agule pressure at this coarse resolution (Spearman’s

) suggests that our conclusions regarding effectsr p 0.063
of congeners are likely robust to variation in the number
of introduction attempts. Nevertheless, future studies
should attempt to quantify propagule pressure more
precisely.

To control for effects of residence time on establishment
success, we grouped the earliest recorded dates of intro-
duction events into decadal classes, following Kraus
(2009). Data on residence time were available only for a
subset (68%, ) of the introduction events used inn p 356
our analyses.

To test the island-susceptibility hypothesis, which pre-
dicts lower establishment success on species-poor islands
compared to species-rich mainland regions (Elton 1958;
Blackburn and Duncan 2001a), we classified introduction
localities as being island or mainland in origin, depending
on whether or not they occurred on a major continent
(Asia, Africa, Australia, North America, South America;
Blackburn and Duncan 2001a). The difference between
the latitudinal midpoint of each species’ native range and
that of each introduction location (regardless of hemi-
sphere) was used to test the abiotic-suitability hypothesis
(i.e., climate match; Blackburn and Duncan 2001a; Cassey
et al. 2004b).

We accounted for clustering of introduction events
within biogeographic realms (Olson et al. 2001), species,
and higher taxonomic units (genera, families, and orders)
by using nested random effects in a generalized linear
modeling framework (logit link, binomial error distribu-
tion). A minimum adequate model was derived by re-
moving nonsignificant fixed effects by backward selection
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Figure 1: Predicted probability of amphibian establishment success (A) in the presence/absence of congeners and (B) on islands and
mainland regions. Predicted probabilities were derived from the minimum adequate model presented in table 1. Boxes represent medians
and quartiles, and whiskers extend to the most extreme observations that are no more than 1.5 times the interquartile range from the box.

(using likelihood ratio tests at ). The percentagea p 0.05
of deviance explained (%DE) by each fixed effect was as-
sessed by removing each term from the final minimum
adequate model, where

%DE p

deviance � deviancereduced model minimum adequate model .
deviancenull model

To normalize the distribution of predictor values, congener
species richness, range size, human affiliation, and prop-
agule pressure were log-transformed. Following these
transformations, multicollinearity between predictors was
generally weak (Spearman’s rank correlations ranged from
0.003 to 0.56). Statistical analyses were conducted in R
2.9.0 using the lme4 library (Bates and Maechler 2009; R
Development Core Team 2009).

Results

Contrary to Darwin’s naturalization hypothesis, the prob-
ability of successful amphibian establishment increased

when congeners were present at introduction locations
( ; fig. 1A). This finding was robust to the re-%DE p 2.5
moval of the two most frequently introduced species, Bufo
(Rhinella) marinus and Rana (Lithobates) catesbeianus
(likelihood ratio tests after removal: ,D p 14 P p

and , , respectively), the inclu-.00014 D p 11 P p .00084
sion of taxonomic and geographic random effects, and the
addition of confounding species-, event-, and location-
level characteristics (table 1). Furthermore, we found no
evidence to suggest that positive effects of congener pres-
ence on establishment probability were due to reporting
biases in establishment rates among biogeographic realms.
Removing data from the Afrotropical, Indomalaysian, and
Neotropical realms (the three regions with the highest es-
tablishment rates and thus the highest likely rates of un-
derreporting; table A2 in the online edition of the Amer-
ican Naturalist) made no qualitative difference to any of
our results. In particular, effects of congener presence on
establishment probability still remained highly significant
(likelihood ratio test after removal of three realms: D p

, ). Repeating our analyses with the subset17 P p .000036
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Table 1: Minimum adequate model of amphibian establishment success

Effects Estimate
Standard

error
Likelihood

ratio P

Random:
Order 0 0
Family 1.7 .057
Genus 2.9 # 10�12 7.4 # 10�8

Species .78 .039
Biogeographic realm .53 .032

Fixed:
Presence of congeners 1.4 .34 15 .00011
Island vs. mainland .85 .33 5.9 .015
Climate match �.00085 .00014 38 8.6 # 10�10

Propagule pressure .47 .20 5.9 .015

Note: Shown are fixed and random effects and their associated standard errors. P values refer to

likelihood ratio tests (all ) conducted between the minimum adequate model above and adf p 1

model excluding each predictor. See “Methods” for variable descriptions.

of introduction events for which we had data on residence
time revealed a positive relationship between establish-
ment probability and the amount of time since a species
had been introduced to a location ( ; likelihood%DE p 1.5
ratio test: , ) but again did not influenceD p 5.7 P p .017
our conclusions regarding effects of congener presence
(likelihood ratio test: , ).D p 13 P p .00039

Species-level attributes were poor predictors of am-
phibian establishment success; body size, range size, and
human affiliation were not significantly correlated with
establishment. In contrast, all three event- and location-
level characteristics were retained in the minimum ade-
quate model (table 1). Probability of successful establish-
ment was higher on islands than on mainland regions
( ; fig. 1B), increased with propagule pressure%DE p 0.99
( ; fig. 2A), and decreased with latitudinal dis-%DE p 0.99
parity between a species’ location of origin and introduc-
tion (i.e., increased with increased climate matching:

; fig. 2B). A minimum adequate model con-%DE p 6.3
taining these three variables and congener presence ex-
plained 11% more of the deviance than did a model con-
taining only geographic and taxonomic random effects.
Decomposing the unexplained variation in amphibian es-
tablishment success among biogeographic realms and dif-
ferent levels of the taxonomic hierarchy revealed substan-
tial differences in establishment success among regions,
species, and families (table 1).

The number of congeneric species at introduction lo-
cations was highly positively correlated with the presence
or absence of congeners (Spearman’s ), and thusr p 0.98
substituting the presence or absence of congeners with
congener species richness in the final model of establish-
ment probability (table 1) produced qualitatively similar
results ( ; likelihood ratio test after removal%DE p 0.73
of congener species richness: , ). How-D p 4.4 P p .036

ever, differences in establishment success between islands
and mainland areas were no longer significant after con-
gener species richness was controlled for (likelihood ratio
test after removal of island vs. mainland: ,D p 2.2 P p

)..14

Discussion

Amphibian establishment success was higher when con-
generic species were present at introduction locations and
increased with increasing congener species richness. These
results are not consistent with the main prediction from
Darwin’s naturalization hypothesis: that the success of
alien invaders would be lower in the presence of closely
related species. Most likely, this contradiction reflects a
trend for the presence and richness of congeners to in-
dicate the abiotic suitability of novel environments (Dar-
win 1859). Another (less parsimonious) possibility is that
shared mutualists or facilitative interactions between in-
troduced species and native congeners may promote es-
tablishment success (Diez et al. 2009; Thuiller et al. 2010).
Interestingly, plants introduced to Hawaii, New Zealand,
and Australia show patterns similar to those that we de-
tected for amphibians (Daehler 2001; Duncan and Wil-
liams 2002; Diez et al. 2009)—the presence of congeners
increasing establishment success—although studies of
plant invasions in other regions have failed to find such
effects (Rejmánek 1996; Lambdon and Hulme 2006;
Strauss et al. 2006). Importantly, the only previous test of
Darwin’s naturalization hypothesis applied to animals
found no effect of congeners on establishment success
(Ricciardi and Mottiar 2006); our study therefore repre-
sents the first example in which the preadaptation hy-
pothesis is supported in organisms other than plants.

Our study not only expands the taxonomic and geo-
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Figure 2: Predicted probability of amphibian establishment success as a function of (A) the (log) number of introduction attempts and
(B) the difference between the latitudinal midpoint of each species’ native range and that of each introduction location. Predicted probabilities
were derived from the minimum adequate model presented in table 1.

graphic scope of previous analyses but also addresses sev-
eral statistical and methodological shortcomings that have
hampered progress in the quest to resolve “Darwin’s nat-
uralization conundrum” (Diez et al. 2008; Thuiller et al.
2010). First, prior studies have often tested Darwin’s pre-
dictions by comparing established species to incorrect
source pools (e.g., all species from families that contain
naturalized species). This is problematic, given that most
species have never been introduced and thus have not had
the chance to establish populations outside of their native
geographic ranges (Cassey et al. 2004a; Tingley et al. 2010).
Second, previous studies have largely considered effects of
congeners on establishment success in isolation, ignoring
the possibility that reported effects could be due to cor-
relations between congener presence and unmeasured var-
iables such as propagule pressure (Lambdon and Hulme
2006). Here, we have used data on failed introductions
and accounted for confounding variables by using a mul-
tivariate, mixed-effects modeling framework. Adequately
resolving Darwin’s naturalization conundrum in addi-
tional taxa will require the use of similar data sets and

methods. Future inquiries might also examine the scale
dependence of Darwin’s predictions (Thuiller et al. 2010).
For example, Diez et al. (2009) found a positive association
between alien and native congener abundance across hab-
itats but a negative relationship between these two vari-
ables when only congeners that shared the same habitat
type were considered.

Accounting for alternative correlates of establishment
success also revealed some additional interesting patterns.
For example, we found moderate support for an effect of
introduction locality (island vs. mainland) on establish-
ment success. In our analysis, islands were easier to es-
tablish on than mainland areas. This result fits well with
notions of lowered biotic resistance to invaders on rela-
tively species-poor islands (Elton 1958) but has not been
consistently found in analyses of establishment success in
other taxa (see, e.g., Blackburn and Duncan 2001a; Jeschke
2008; Diez et al. 2009; Rodriguez-Cabal et al. 2009). Fur-
ther work will be required to determine whether these
inconsistencies among taxa reflect lack of control for im-
portant covariates of establishment success (see, e.g., Li et
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al. 2006). The fact that differences in amphibian estab-
lishment success between islands and mainland regions
were no longer significant after congener species richness
was controlled for supports the plausibility of such a
scenario.

Our analysis also revealed a strong correlation between
establishment success and the latitudinal disparity between
a species’ location of origin and introduction (i.e., climate
match). In fact, the two strongest predictors of establish-
ment probability in our analysis were the degree of climate
match and the presence or absence of congeners at an
introduction location. Together these results suggest that
preadaptation to both climate and other abiotic factors
(revealed through the presence of congeners) is the pri-
mary driver of establishment success in introduced
amphibians.

Although studies of species invasions have failed to
reach a consensus as to the generality of our findings con-
cerning positive effects of congener presence and richness
on establishment success, our results accord with numer-
ous studies that have investigated the role of interspecific
competition in structuring native and simulated com-
munities (Webb 2000; Scheffer and van Nes 2006; Cadotte
2007; Vergnon et al. 2009). For example, Scheffer and van
Nes (2006) used a simple competition model to demon-
strate that niche similarity between invaders and resident
species can increase invasion success in saturated com-
munities (the emergent neutrality hypothesis; Vergnon et
al. 2009). Thus, preadaptation not only is critical in de-
termining whether or not an introduced species is able to
succeed at a given introduction point but may also play
an important role in structuring species-rich communities.
Such parallels between Darwin’s predictions and theories
of species coexistence have been underappreciated to date
(Thuiller et al. 2010), but they provide exciting oppor-
tunities to integrate the largely disparate fields of inva-
sion biology and community ecology within a unified
framework.
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Cane toads (Rhinella marina) have been successfully introduced throughout the Caribbean and Pacific, rendering them one of the world’s
most notorious amphibian invaders. Photograph by Ben Phillips.
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