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Abstract. A fundamental assumption in invasion biology is that most invasive species
exhibit enhanced performance in their introduced range relative to their home ranges. This idea
has given rise to numerous hypotheses explaining “invasion success” by virtue of altered
ecological and evolutionary pressures. There are surprisingly few data, however, testing the
underlying assumption that the performance of introduced populations, including organism size,
reproductive output, and abundance, is enhanced in their introduced compared to their native
range. Here, we combined data from published studies to test this hypothesis for 26 plant and 27
animal species that are considered to be invasive. On average, individuals of these 53 species
were indeed larger, more fecund, and more abundant in their introduced ranges. The overall
mean, however, belied significant variability among species, as roughly half of the investigated
species (N = 27) performed similarly when compared to conspecific populations in their native
range. Thus, although some invasive species are performing better in their new ranges, the
pattern is not universal, and just as many are performing largely the same across ranges.

Key words: animal invasion; biogeography, comparative demography; invasion paradox; invasive
species, plant invasion.

INTRODUCTION profound invasions when they do occur is the focus of a
large body of empirical and theoretical literature in
invasion biology (van Kleunen et al. 2010a, Blackburn et

al. 2011, Gurevitch et al. 2011), with most hypotheses

Although many species have been introduced outside
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become abundant and widespread in the new ranges
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meltdowns (Simberloff and Von Holle 1999, Parker et
al. 2006), or interactions among these factors.

As an indicator for whether introduced populations
are benefiting from novel conditions, numerous studies
have focused on whether organism size, fecundity, and
abundance are increased in the new range (Hierro et al.
2005, van Kleunen et al. 2010a). In support, individuals
in introduced populations can indeed be larger (Crawley
1987, Grosholz and Ruiz 2003, Jakobs et al. 2004), more
fecund (Grigulis et al. 2001, Stastny et al. 2005), and
more abundant (Freeland 1990, Hinz and Schwarz-
laender 2004, Prati and Bossdorf 2004, Hierro et al.
2005, Vila et al. 2005, Herrera et al. 2011). These
differences have been linked to novel conditions as a
way of explaining invasion success (e.g., Torchin et al.
2001, Mitchell and Power 2003, Alba and Hufbauer
2012).

In contrast, other studies show no difference in
performance between the native and introduced ranges
(Thébaud and Simberloff 2001, Firn et al. 2011),
sometimes despite large differences in biotic conditions
(e.g., Adams et al. 2009, Lamarque et al. 2012). These
patterns suggest the alternative hypothesis that invasion
success may reflect the inherent properties of certain
species rather than novel conditions. For example, many
invasive species are characterized by traits related to
widespread dispersal and rapid growth (van Kleunen et
al. 2010b), and widely abundant invasive and native
species often share similar traits (Lind and Parker 2010,
van Kleunen et al. 2010q). If invasion success better
reflects species-specific traits rather than novel condi-
tions per se, it suggests that some invasive species may
be ecologically dominant in both their introduced and
native ranges, a prediction that has received surprisingly
little attention in the literature (Firn et al. 2011). For
example, most biogeographical studies of the perfor-
mance of introduced organisms have to date focused on
naturalized but not necessarily highly invasive species
(e.g., Thébaud and Simberloff 2001, Firn et al. 2011), or
on just a few archetypal invaders (e.g., Prati and
Bossdorf 2004, Herrera et al. 2011). We thus currently
lack an understanding of whether highly invasive
species, defined as those exhibiting local dominance
(Richardson et al. 2000b) or negative impacts on native
species (Parker et al. 1999), are experiencing dispropor-
tionate success in their new ranges or performing
similarly regardless of range.

To determine whether individuals of invasive intro-
duced species are generally larger, more fecund, or more
abundant in their novel ranges, we quantitatively
evaluated population data from both the native and
introduced range for 53 introduced species that are
considered to be invasive, including 36 species catego-
rized as among the “World’s Worst Invasive Alien
Species” (Lowe et al. 2004). This set of species is not
intended to be exhaustive or rank species based on their
impact, but rather to represent a group of introduced
species that have had well-documented impacts on
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biological diversity or human activities. We searched
the literature to find performance data in both the
introduced and native ranges for a diverse array of plant
growth forms, including herbs, shrubs, and trees, and a
range of animals, including birds, amphibians, reptiles,
fishes, and invertebrates, broadening the taxonomic
focus of previous studies. We also asked whether any
differences in demography were explained by the time
elapsed since initial introduction, and whether a species’
introduction was intentional or accidental, as both of
these factors are also thought to help explain relative
success of invasive populations (Richardson et al. 20004,
Miller et al. 2002, Pysek and Jarosik 2005, Chrobock et
al. 2011).

MATERIAL AND METHODS
Literature review

As a starting point for collecting data on species
considered to be invasive, we used a list of “100 of the
World’s Worst Invasive Alien Species” (Lowe et al.
2004), which are described as having a “serious impact
on biological diversity and/or human activities.” We
excluded eight microbial species from the list because
their life histories and morphologies would make
demographic comparisons difficult relative to other
taxa. We also excluded three mammals (domestic cats
Felis catus, goats Capra hircus, and pigs Sus scrofa) that
have been domesticated for so long that the identifica-
tion of free-ranging native populations was not possible.

For each of the remaining 89 species, we searched in
ISI Web of Science (1960—present) to obtain data for the
following metrics in both native and introduced popula-
tions: (1) individual organism size (e.g., biomass, length
per individual, or some standardized measure of size such
as stem width, and other metrics), (2) organism repro-
ductive traits (e.g., offspring per individual, gonadoso-
matic index, inflorescence size, seed mass, seed bank, and
other traits), and (3) population abundance (e.g., density,
cover, biomass, and other values). We also searched the
references of returned papers for additional sources and
prominent invasive species’ web sites (e.g., the Global
Invasive Species Database). Importantly, because we
wanted to examine the traits of species under the
conditions they would typically experience in a natural
setting in both ranges, we excluded studies conducted in
artificial settings, such as greenhouses, common garden or
field experiments, and laboratory experiments.

We further expanded our data set by collecting
comparative data for additional introduced species that
were not on the list of the World’s Worst Invasive Alien
Species. This search returned data for an additional 16
species (15 plant species), all of which are also
considered “invasive” by various sources (e.g., Randall
2002) (available online).*' One important distinction
between the data we compiled on some of the World’s
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Worst Invaders and the latter search is that many of the
papers we found documenting the performance of the
World’s Worst Invaders were conducted by different
researchers across ranges, and thus were not explicitly
focused on making biogeographical comparisons. In
contrast, all studies uncovered in our second search were
explicitly interested in making biogeographical compar-
isons using the same methods in both ranges. Thus, in
addition to expanding our data set, this second group of
“targeted” comparative biogeographical studies (here-
after termed BIO studies) served to evaluate whether
patterns seen in the World’s Worst invaders (hereafter
termed WW studies) could be artifacts of varying
experimental methodology across studies. Overall, we
found comparable data from both the native and the
introduced range for a total of 53 species (37 on the list
of the WW studies, and 16 from more targeted BIO
studies), from 221 publications, and over 100 countries
and territories (see Supplement).

From each study we recorded the mean value for each
metric of interest, with population or site as the unit of
replication. A single paper could thus have multiple
entries for the same metric if they investigated multiple
populations per range. We entered data directly from
tables where possible, or calculated the means from
figures. If temporal data were presented, we took the
mean of all data points. Some metrics were measured in
multiple formats within and across ranges. Population
abundance data, for example, could be variously
presented as density, cover, and/or biomass per area.
Rather than arbitrarily selecting one of these metrics, we
kept all measures of performance, and we made
biogeographical comparisons only for metrics that were
measured in both ranges. We first calculated the mean
for each unique metric (e.g., cover, density, mass per
organism, and so forth) in the introduced and native
ranges, respectively, and then calculated the log response
ratio of performance for each unique metric in the
introduced divided by the native range. Positive values
indicate increased performance in the introduced range,
and negative values indicate decreased performance.
Each unique metric was assigned to one of three
different categories reflecting broad parameters thought
to be important to invasion success: organism size,
reproductive performance, and population abundance
(see Supplement).

Statistical analyses

Observations from multiple unique metrics were
nested within species, and the number of comparisons
varied among species; thus we used a Bayesian
hierarchical model to estimate mean species’ parameters
and overall “hyperparameters” describing the overall
effect size (Appendix). A Bayesian model is ideal for
meta-analyses where observations are nested within
higher groups, some groups have few observations,
and designs are unbalanced (Sutton and Abrams 2001,
Conlon et al. 2007). In contrast, traditional meta-
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analyses use bootstrapping resampling to estimate
confidence intervals, and thus confidence intervals
cannot be estimated for species with a single comparison
of performance in the introduced vs. native range.
Bayesian hierarchical models, however, still provide
posterior credible intervals for all parameters even when
individual sample sizes are small; thus all data can be
used to inform the overall means. Another important
difference is that rather than threshold P values
associated with traditional frequentist statistical ap-
proaches, the Bayesian approach results in exact
probabilities of a certain outcome. In this case, we were
interested in the probability of increased performance in
the introduced range; thus we assessed statistical
significance as the posterior probability that the log
response ratio of performance in the introduced over the
native range was greater than zero.

Within a species, observations were allowed to vary
around the species mean with normally distributed
errors:

Yij ~ N(Bia 62)
where y;; is the jth observation of species i, B; is the mean
of species i, and o° is within-species variance. To
estimate the effects of organism type (i.e., plant/animal)
and WW/BIO status on species’ log response ratios
(RR), we included an additional level of hyperparam-

eters in the model where species means were modeled as
a function of organism type and WW/BIO status:

B; ~ n 4 Aorganism, + YWW /BIO;

where p is the overall mean, A is the effect of being a
plant vs. animal, and v is the effect of being a World’s
Worst invader vs. a BIO invader. Thus, prior to
estimating effects of organism type and World’s Worst
status, observations were nested within species to
account for the fact that observations within a species
are likely correlated and therefore not independent.
Redundant parameterization was used to speed
convergence of parameters (Gelman and Hill 2007).
All modeled parameters were assigned uninformative
priors from a wide normal distribution (u = 0, ¢° =
1000). These priors represent a conservative a priori
uncertainty as to whether nonnative species respond
better, worse, or the same in their introduced ranges
(e.g., Firn et al. 2011). We used four Monte Carlo
Markov chains; each chain had a “burn-in” of 10 000
iterations. Convergence of chains was verified using
probability density plots. Posterior distributions of
mean log response ratios for each species and the overall
mean were generated by saving every 10th value of
10 000 MCMC samples from the posterior distribution.
To indicate the degree to which a species mean was
“shrunk” to the overall mean because of few observa-
tions within a species, we estimated pooling factors for
each species in the analysis following Gelman and Hill
(2007). If significant shrinkage was observed, we ran
unpooled models to calculate the exact change in the
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estimated effect size due to Bayesian modeling (Gelman
and Hill 2007), and then we compared pooled and
unpooled models to estimate whether the results were
qualitatively different.

We ran separate models for each data category of size,
reproduction, and population abundance; and then a
final model for the pooled data set of all observations
combined. Pooling data across the different metrics
increased the number of replicates within species
substantially, allowing us to accurately model both the
species and overall means. To specifically examine the
hypothesis that introduced species exhibit increased
performance in their introduced ranges, we calculated
the one-tailed probability that the log response ratio was
>0 (Prry > 0) for each species within each data
category, for all group means, the overall mean, and for
the pooled data set. We also used contrasts to compare
means for WW plants against BIO plants, which
provided some estimate of whether methodological
differences were driving any observed patterns. A second
contrast of WW plants vs. WW animals tested whether
plants vs. animals were more likely to exhibit enhanced
performance.

In addition to the mean response across ranges, we
also examined whether variability in size, reproduction,
and abundance differed in the introduced compared to
the native range. Some work has suggested larger
variability in the introduced range (Jakobs et al. 2004,
Hinz et al. 2012), potentially reflecting higher plasticity
or postintroduction evolution in introduced populations
(Blossey and Notzold 1995, Bossdorf et al. 2005). For
this comparison, we removed any species with fewer
than three replicates per unique metric and then
calculated the coefficient of variation (CV) of each
metric for each species, resulting in 46 comparisons
across 20 species, which we then further collapsed into
mean (= SE) values for each species. We then plotted
the introduced range CV against the native range CV,
with values above the 1:1 line having higher population
level variance in the introduced range and vice versa.

For each species, we also estimated the date of
introduction to the region of interest from the source
paper or through other published sources. Similarly, we
also listed whether each species was accidentally or
intentionally introduced when information was avail-
able. We then used a Bayesian ¢ test, allowing for nested
parameters as described above, assessing whether
intentionally introduced species performed better in
their new ranges relative to accidentally introduced
species. Three species were intentionally introduced into
some locations, but accidentally introduced into others,
resulting in more than 53 species in this comparison. To
assess whether differential performance attenuated with
residence time, we regressed the log response ratio of
each unique metric against time since invasion separate-
ly for each introduced population or metric against the
mean value for that metric across all reported values in
the native range. We also analyzed whether performance
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for plants/animals differed by mode of introduction or
residence time using a single ANCOVA with mode of
introduction and plant/animal status as fixed factors,
and residence time as a covariate. Bayesian analyses
were conducted using JAGS v3.2 and the “rjags”
package in R v2.13 (Plummer 2012).

RESULTS

Hierarchical Bayesian modeling showed that these 53
invasive species were strongly likely (P(rr=0) > 0.942)
to be larger and more fecund in their introduced ranges
relative to conspecifics in their native ranges, but less
likely (P(rr=0) = 0.860) to be more abundant (Fig. 1).
For size specifically, there was a high probability
(Prr>0) = 0.962) that the 35 introduced species for
which we found size data were larger in their new
ranges. However, only World’s Worst (WW) invaders
(both animals and plants) were strongly likely (P(rr>0)
> 0.974) to show larger sizes, whereas plants from the
targeted biogeographical studies (BIO) showed no
tendency to be larger in their introduced ranges
(Prr>0)=0.310; Fig. 1). At the species level, 23 species
were at least 92% likely to be larger in the introduced
range, whereas 12 species were likely to be of similar
size in the introduced and native range (i.e., 50%
credible intervals crossing zero). Notably, however,
there were some uncertainties in the species-level
estimates, as evidenced by pooling factors >0.90 for
numerous species (Appendix: Table Al), suggesting
significant “shrinkage” to the group mean. To analyze
the extent to which this might influence the results, we
re-ran the analysis as an unpooled model using only the
raw means. The Bayesian estimated mean response
ratio for each species differed from the raw mean by
only 0.01 = 0.44 (mean = SD) across all 35 species.
Moreover, only nine species had raw means that did not
fall within the Bayesian credible intervals, and the
difference between the estimated and raw means for
these species was only —0.13 = 0.71. Thus, it is unlikely
that shrinkage due to small sample size for some species
dramatically influenced the estimates of size at the
overall or species level.

We found comparably collected reproductive data for
only 21 species, but across these species there was a high
probability (Prr>0) = 0.942) of increased reproductive
performance in the introduced range (Fig. 1). In contrast
to size comparisons, increased reproductive performance
was driven by differences for both BIO and WW plants,
but not WW animals. At the species level, only four
species were at least 95% likely to exhibit greater
reproductive performance in their introduced range,
whereas 12 species had reproductive traits that did not
differ substantially between native and introduced
ranges (Fig. 1). Reproductive performance comparisons
were not influenced by shrinkage (Appendix: Table Al).

On average, there was a lower probability (P(rr>0) =
0.860) that introduced species were more abundant in
their new ranges, as all three groups (WW plants, WW
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Size Reproduction Abundance
Achillea millefolium : - @ -0.699
Alliaria petiolata -@ 0.122 - @ -0.871 - @ -0817
Buddleja davidii @ 0.533 - +@- 0.799 - -@--0.187
Centaurea diffusa @ 0.491 - 4@ -0.786 :
Cirsium arvense -@ 0.364 : - 49 -0622
Cytisus scoparius . — @~ —0.794 '
Echium plantagineum --i@-0725 :
Euphorbia esula : - —=0---10.98
Fallopia japonica :-© - 0.995 : 1= O--0.992
Genista monspessulana -@- 0.434 - 4 -0.656 - -@— - 0.926
Heracleum mantegazzianum - —@~ —0.751 - <@ - 0.69
Hiptage benghalensis : = —=O=-- 0.98
Hypericum perforatum -@ 0.286 : + -@— 0.964
Imperata cylindrica +©- 0.967 : '
Lepidium draba @ 0.418 - —@- 0.684 - @ 0.968
Lythrum salicaria  +O- 0.964 - —O- - -0.982 -~O--033
Melaleuca quinquenervia - +=0O~--0.893 :
Mimosa pigra i — =O-— 0.994 :
Mimulus guttatus @ 0.347 | — ——@— - -0.997 :
Pinus pinaster +@- 0.968 : - —@- - 0.396
Prosopis glandulosa : - ~O--0.184
Rhododendron ponticum -@ 0.37 - -4@ - 0.736 - ——@— - -0.097
Solidago gigantea @ 0.248 + @ -0.947 —i—@~ - 0.902
Ulex europaeus - 4=O~-0.817 '
Undaria pinnatifida +©@- 0.963 : :
Verbascum thapsus -@- 0.378 - @ -0793
Asterias amurensis -~ -0.632 ,
Boiga irregularis 4 0.941 : B World’s Worst
Carcinus maenas  +/x 0.956 B Biogeographic
Cervus elaphus  +#x 0.943 ® Plants
Coptotermes formosanus - 0.984 : : A Animal
Crangonyx pseudogracilis-4i- 0.223 — — =i —0.328 : nimals
Eleutherodactylus coqui  +/x 0.942 : — e - 0.854 — 50% Cl
Gambusia affinis  +x 0.977 - <M -0.576 : ---95%Cl
Lates niloticus -+ 0.927 ' '
Linepithema humile : : —idM -0.856
Lithobates catesbeinus - 0.966 : :
Macaca fascicularis - 4 0.755 - - 0816
Micropterus salmoides - 0.994 : :
Mnemiopsis leidyi  x 0.978 : - <& - 0.591
Mus musculus — + 0.943 — 4=~ -0.836 :
Myocastor coypus = 0.971 : - —=/ - 0.209
Mytilus galloprovincialis — +x 0.959 - < -0.664
Oncorhynchus mykiss - 0.99 — - 0.182
Oreochromis mossambicus - 0.995 : :
Rattus rattus - 0.94 - -+ - 0.762 — = -0.826
Sciurus carolinensis  : : - > - 0.547
Solenopsis invicta ' - = -0.311
Sturnus vulgaris — == - 0.762 - 077
Trichosurus vulpecula  +x 0.971 : -~ -0.528
Vespula vulgaris -+ - 08
Vulpes vulpes = = - 0.935
. Wasmannia auropunctata A 0966 :
BIO plants # 0.31 +-0.951 -m-0.818
WW plants +@&- 0.974 = ~0k- 0.976 - -0.894
WW animals i@ 0.997 - +0--0.784 --0.734
Grand mean [ 0.962 +0-0.942 L 086
I T T T 1 I T T 1 I T T 1
-4 -2 0 2 4 -2 0 2 4 -6 -2 2 6
In(away/home)

FiG. 1. Response ratios depicting medians with 50% and 95% Bayesian credible intervals (CI) of 53 invasive species for various
responses in native and introduced ranges: organism size, reproduction, and population abundance (data not available for all
responses for all species). The x-axis is the log of the ratio of measurements in the introduced (away) vs. measurements in the native
(home) ranges. Positive numbers indicate enhanced performance in the introduced range. Numbers to the right of credible intervals
indicate the one-tailed probability that the response ratio is >0. WW species are from the World’s Worst Invasive Aliens list; BIO
species are from targeted biogeographical comparisons. Note that some credible intervals are smaller than the symbols and thus not
visible.

animals, and BIO plants) were only moderately likely to
be more abundant in their introduced range (P(rr>0) >
0.734). Similar to findings for reproductive traits, the
patterns were weaker for WW animals (Prr=0) =
0.734) than WW plants (Prr>0) = 0.894). Only 8 of 33

species were strongly likely to be more abundant in their
new ranges (Prr=0y > 0.90), seven of which were
plants, and 13 showed no tendency to be more or less
abundant across geographic ranges (Fig. 1). Shrinkage
effects were negligible (Appendix: Table Al).
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Pooled data
Achillea millefolium --—i—@—--- 079
Alliaria petiolata --@—- 0575
Buddleja davidii --—@—-- 0567
Centaurea diffusa --t --- 0.79
Cirsium arvense ---<@—-- 07
Cytisus scoparius -—-+—@—---- 0769
Echium plantagineum - @—--- 0714
Euphorbia esula : e ———— - - - 0.999
Fallopia japonica : -——=0O—-- 00999
Genista monspessulana -+ -@=-- 0.876
Heracleum mantegazzianum -—-—@—--- 0767
Hiptage benghalensis : i © 0.999
Hypericum perforatum --—@—-- 094
Imperata cylindrica ————=—O—--- 0963
Lepidium draba + - —@=-—-- 0.964
Lythrum salicaria --=0--- 0993
Melaleuca quinquenervia - ——=0—--- 0.99
Mimosa pigra : -=-—0O—---- 0999
Mimulus guttatus - —@=--- 0.879
Pinus pinaster -———=—0O—--- 0645
Prosopis glandulosa - —=—O—---- 099
Rhododendron ponticum - —@--- 0685
Solidago gigantea ---@—- 0908
Ulex europaeus —4--=—O—--- 0932
Undaria pinnatifida -t ———@—--- 0956
Verbascum thapsus -—=—@—--- 0882
Asterias amurensis ———=—--- 0646
Boiga irregularis ———=A—-- 0592
Carcinus maenas —— = - - 0617
Cervus elaphus -———=/\—--- 0608
Coptotermes formosanus - ———--—- 0735
Crangonyx pseudogracilis - - - ——-+- 0.105
Eleutheéodagtqus cf?qqi - _—-_;A-—_A__ --- 0.798
ambusia affinis -- —-- 0.644 )
Lates niloticus - —=A—— -~ 0559 ®  World's Worst
Linepithema humile mme = —— 0341 = Biogeographic
Lithobates catesbeinus —e =D —— 061 ® Plants
Macaca fascicularis -~ =~ —- 0645 A Animals
Micropterus salmoides —— = —- 0546 — 50% Cl
Mnemiopsis leidyi ——— = - - 0324 ---95%Cl
Mus musculus - ——- 074
Myocastor coypus ——— < — — - 0682
Mytilus galloprovincialis —— =l --- 044
Oncorhynchus mykiss -—— --- 0702
Oreochromis mossambicus ——— —=—— - —- 0638
Rattus rattus -——=——+- 0159
Sciurus carolinensis - = - - 0412
Solenopsis invicta — ot fe—— . 0.845
Sturnus vulgaris —— - =——-- 0536
Trichosurus vulpecula - - -—-—- 0754
Vespula vulgaris =t N — — = = 0.905
Vulpes vulpes - == - - 0427
Wasmannia auropunctata +- -- 0955
BIO plants - 0954
WW plants . — - - 0.999
WW animals -1+ - 0.778
Grand mean LO- 0962
[ T I I 1
-4 -2 0 2 4
In(away/home)

Fic. 2.

Response ratios depicting medians with 50% and 95% Bayesian credible intervals (CI) for 53 individual species for

pooled responses across the categories of size, reproduction, and abundance. Positive numbers indicate enhanced performance in
the introduced (away) range. Numbers to the right of credible intervals indicate the one-tailed probability that the response ratio is
greater than zero. WW are species from the World’s Worst Invasive Aliens list; BIO are species from targeted biogeographical

comparisons.

When we pooled data from all three separate metrics,
there was a high probability (Prr=¢) = 0.962) of
increased performance in the new range across all 53
species (Fig. 2). Overall, both BIO plants and WW
plants were likely to perform better in the introduced
range (P(rr=0) > 0.95), while WW animals showed a
weaker trend (Prr>0) > 0.78). When broken down by

species, 15 of 53 invasive species were strongly likely to
perform better in their new ranges (Prr>0y > 0.91), but
27 showed no tendency to perform better or worse in
their introduced ranges (i.e., 50% credible intervals
crossing zero; Fig. 2). There were no shrinkage effects
(Appendix: Table Al). Contrasts also showed that WW
plants were likely to perform better than BIO plants,
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and WW plants were likely to perform better than WW
animals (Appendix: Fig. Al). In addition, with relatively
few exceptions, there was roughly equal variance in
introduced vs. native populations across all metrics
(Appendix: Fig. A2).

There were no performance differences due to mode
of introduction, as both accidentally (N = 27) and
intentionally (N = 28) introduced species showed on
average a similarly increased performance in their new
ranges (Fig. 3). Additionally, time since introduction did
not appear to be a strong factor in performance, as there
was no relationship between the performance differen-
tial of individual populations and the estimated number
of years since they were introduced (R> = 0.003, P =
0.40, linear regression; Fig. 3). There were also no
significant effects when we partitioned these data by
plant/animal status and by mode of introduction in a
single ANCOVA (all P > 0.18).

DiscussioN

While our overall result suggests that invasive species
perform better in their introduced relative to their native
range, there was considerable variation across species.
Across all data for 53 species, we found a 96% likelihood
of enhanced performance in their introduced ranges,
including strong increases in organism size (P(rr>0) =
0.96), and reproductive performance (Prr=¢) = 0.94),
along with a more modest increase in abundance
(Prr>0) > 0.86; Fig. 1). These patterns suggest that
the process of introduction or novel conditions in new
ranges can enhance performance, at least for some
species. Although support for this phenomenon is
increasing at the species level (e.g., Herrera et al.
2011), to our knowledge this is the first evidence of this
pattern across numerous invasive species, disparate
plant and animal taxa, and utilizing a suite of
performance metrics. Importantly, the general patterns
of increased performance of introduced populations
belied substantial variation among taxa and species.
Increases in overall performance were stronger for
plants vs. animals (Fig. 2; Appendix: Fig. Al), and
roughly half the species we investigated showed little
evidence of increased performance. This finding suggests
considerable uncertainty in assuming that invasive
species are performing better in their new ranges, and
most invasive species might be performing relatively
similarly despite potentially large differences in ecolog-
ical and evolutionary conditions (Hufbauer and Torchin
2007).

Our findings indicated that plants performed consis-
tently better in the introduced range, but animals often
had smaller differences in performance. In contrast,
previous literature reviews have suggested that both
plants and animals exhibit increased performance in
their introduced ranges. For example, a literature review
by Hinz and Schwarzlaender (2004) found evidence that
plants often exhibited increased performance in their
introduced ranges, while a separate study by Freeland
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Fic. 3. Comparison of performance (all metrics combined)
between accidentally (N = 27) and intentionally (N = 28)
introduced species (A) in their introduced vs. native range, and
(B) plotted vs. time since introduction.

(1990) found that populations of six introduced mam-
mal species in Australia were often more abundant than
their respective native populations. Moreover, Jeschke
and Strayer (2005) found that introduced animals were
more likely than plants to establish and spread in their
new ranges. Our findings could reflect the potential to
gather more precise data on plants, which “stand still
and wait to be counted” (Harper 1977). However, the
same result could occur if plants are generally more
plastic than animals (Bradshaw 1972), leading to a
greater ability to respond to new conditions in the
introduced range.

Interestingly, WW plants performed better in their
introduced ranges than did BIO plants. This pattern
could reflect real differences among the investigated
species or methodological differences among studies.
For example, species on the list of the World’s Worst
Invasive Aliens may indeed be more “invasive,” hence
their inclusion on the list. One caveat, however, is that
most of the studies we found for WW species were
separate studies for each range and were generally
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conducted by disparate research groups, likely using
different methodologies. Thus, it is possible that the
WW comparisons could be biased toward finding larger
differences if only the most problematic populations of
introduced species were intentionally selected for study.
In contrast, the same research groups conducted the
BIO studies in both ranges with the express intent of
determining differences in performance. Thus, BIO
studies often controlled for environmental differences
across ranges and sampled haphazardly among popula-
tions to minimize the possibility of selecting “outlier”
populations (e.g., Herrera et al. 2011). Despite these
methodological differences, there were few differences in
variability among BIO-WW populations (Appendix:
Fig. A2), and qualitative patterns for WW plants and
BIO plants were similar with the exception of organism
size. Thus, even if biases in WW plant studies
overestimated the magnitude of increased reproduction,
abundance, and overall performance, they did not
fundamentally change the sign of the effect.

Roughly half the species included in our study (27/53)
performed similarly when compared to conspecifics in
their native range (Fig. 2). This result suggests that most
introduced species might be performing relatively
similarly across ranges despite profound differences in
ecological or evolutionary pressures. Indeed, Firn et al.
(2011) evaluated home and away abundances of 26 plant
species across 39 sites in eight countries and found no
consistent increase in plant abundance. Similarly, our
study showed only a relatively modest likelihood of
increased abundance in the introduced range. This
similarity is made more striking by the fact that Firn
et al. (2011) studied mostly “noninvasive” species (only
10 of the 26 species were considered invasive), whereas
all 26 plant species in our study are considered invasive.
Our results also match well with Firn et al. (2011) when
we examined the dramatic species-level variation in
performance in both ranges. In both studies, roughly
half of the investigated species had similar performance
between the native and introduced ranges (Fig. 2).
Similar equivocal findings for species within the models
for organism size, reproductive traits, and pooled
analyses emphasize our primary conclusion that al-
though invaders may on average be performing better,
the overall pattern appears to be driven by relatively few
introduced species exhibiting strong differences. Hence,
the widely presumed “away-field advantage” for intro-
duced species (e.g., Callaway and Ridenour 2004) may
be relatively uncommon or fairly small in magnitude,
even among a group of introduced species considered
invasive.

One critical finding of our work is that we were not
able to find comparative data for a majority of species
labeled as the world’s worst invaders (60%, or 53/89). In
particular, there was a general lack of data from the
native ranges of species, pointing out that invasion
biologists still need more studies from the native ranges
of introduced species to better understand the invasion
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process. Although this has been pointed out repeatedly
(Hierro et al. 2005, van Kleunen et al. 2010a), the lack of
data from the native range indicates a continued
systematic bias toward studying invaders primarily in
their introduced ranges. Funding may in part drive this
discrepancy, as agencies may be more likely to support
research on a species novel to a range, rather than
something that is considered native. However, by
partnering with scientists around the world and by
forming international research networks (e.g., the U.S.
National Science Foundation supported the Global
Invasions Network that led to this paper), and by
engaging in citizen-science efforts such as the “Global
Garlic Mustard” survey (available online)® data from
the native range of introduced species may become more
accessible, advancing a more rigorous understanding of
invasion dynamics.

Our comparison of intentionally vs. accidentally
introduced species suggests that both pathways generate
invaders that are likely to flourish in their new ranges.
However, these comparisons may have juxtaposed
species that have already passed through important
filters (human selection and environmental filtering) that
would have accentuated differences in mode of intro-
duction. For example, intentionally introduced species
often exhibit better performance in their new ranges if
humans carefully select species to be compatible with the
new environment (Mack 2000, Chrobock et al. 2011).
Likewise, accidental introductions would presumably
not have this selection effect, but the well-established
species in our study have already passed nonrandomly
through the environmental filters that can prevent
invasions (Pysek et al. 2011). Thus, it is possible that
differences in mode of introduction are more important
in the establishment phase of introductions than the
already established species we investigated.

Our data examining temporal dynamics of invasion
did not show strong patterns of residence time. In
contrast, some invasion models predict that after an
initial population expansion phase, the success of an
introduced species may diminish over time either due to
an accumulation of natural enemies (Hawkes 2007,
Blakeslee et al. 2009, Mitchell et al. 2010), or from
environmental changes, such as is in the case of the
recent collapse of the Argentine ant (Linepithema
humile) in New Zealand (Cooling et al. 2012). However,
we did not see a tendency for species to converge toward
similar performance in the introduced and native ranges
over time (Fig. 3), although we note that we still need
more studies on long-established introduced species to
fully flesh out this pattern.

In conclusion, although our data generally support
the idea that invasive species exhibit increased perfor-
mance in their introduced range, roughly half of the
invasive species we investigated performed similarly

22 http://www.garlicmustard.org/
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between the home and away ranges. One implication of
this finding is that novel ecological and evolutionary
conditions in the introduced range may only partly
explain success in a new range. Indeed, there has been
much recent progress in determining the traits that make
some species invasive across a range of environmental
conditions, with growing evidence that many successful
introduced species share similar traits with successful
native species (Pysek and Richardson 2007, Lind and
Parker 2010, van Kleunen et al. 20105). Coupled with
our findings and those of Firn et al. (2011), this
highlights the notion that species’ traits, and particularly
the interaction between traits and environmental con-
text, may be a better predictor of invasion success than
novel conditions alone.
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SUPPLEMENTAL MATERIAL

Appendix

Hierarchical Bayesian model description, tables of pooling factors, and figures showing WW/BIO contrasts and coefficient of
variation in the introduced vs. native range (Ecological Archives E094-087-A1).

Supplement

Studies used in the analysis plus performance data from the introduced and native ranges of 53 species (Ecological Archives

E094-087-S1).


http://www.esapubs.org/archive/ecol/E094/087/
http://www.esapubs.org/archive/ecol/E094/087/
http://www.esapubs.org/archive/ecol/E094/087/


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00333
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00083
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /SyntheticBoldness 1.000000
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [1200 1200]
  /PageSize [612.000 792.000]
>> setpagedevice


