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Abstract

Since Darwin's time, degree of ecological similarity between exotic and native species
has been assumed to affect the establishment success or failure of exotic species.
However, a direct test of the effect of exotic-native similarity on establishment of
exotics is scarce because of the difficulty in recognizing failures of species to establish
in the field. Here, using a database on the establishment success and failure of exotic
fish species introduced into 673 freshwater lakes, we evaluate the effect of similar-
ity on the establishment of exotic fishes by combining phylogenetic and functional
information. We illustrate that, relative to other biotic and abiotic factors, exotic-
native phylogenetic and functional similarities were the most important correlates of
exotic fish establishment. While phylogenetic similarity between exotic and resident
fish species promoted successful establishment, functional similarity led to failure of
exotics to become established. Those exotic species phylogenetically close to, but
functionally distant from, native fishes were most likely to establish successfully. Our
findings provide a perspective to reconcile Darwin's naturalization conundrum and
suggest that, while phylogenetic relatedness allows exotic fish species to pre-adapt
better to novel environments, they need to possess distinct functional traits to reduce

competition with resident native fish species.
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1 | INTRODUCTION

The introduction and establishment of exotic species is occur-
ring ever-more frequently worldwide (Dawson et al., 2017; Pysek
et al., 2020; Seebens et al., 2021), and successful invaders have
brought about widespread ecological, economic, and social con-
sequences (Cuthbert et al, 2021; Pysek & Richardson, 2010).
Understanding and predicting which exotic species can invade suc-
cessfully have become a major goal in ecology and conservation
(Fristoe et al., 2021; Kolar & Lodge, 2001; Seebens et al., 2018).
Among the myriad hypotheses to explain successful invasion
(Enders et al., 2020), two hypotheses proposed by Darwin that focus
on phylogenetic relatedness between exotic species and recipient
communities have attracted much attention during the last two de-
cades (Cadotte et al., 2018; Diez et al., 2008; Thuiller et al., 2010).
On the one hand, Darwin posited that exotic species closely related
to resident species would be more likely to establish successfully,
because they might share similar adaptations to the local physical
environment with their native relatives, which was referred to as the
“pre-adaptation hypothesis” (PAH) (Ricciardi & Mottiar, 2006). On
the other hand, Darwin also stated that exotic species phylogeneti-
cally distinct from the native species would tend to be more success-
ful, as they might suffer less competition and share fewer natural
enemies with the native species, which was known as “Darwin's nat-
uralization hypothesis” (DNH) (Daehler, 2001). These two opposing
hypotheses have been referred to as “Darwin's naturalization conun-
drum” (Cadotte et al., 2018; Diez et al., 2008).

Many studies have investigated this conundrum across dif-
ferent taxonomic groups and ecosystems using observational
approaches (Bezeng et al., 2015; Duncan & Williams, 2002; Li,
Cadotte, et al., 2015; Park et al., 2020; Pinto-Ledezma et al., 2020;
Qian et al., 2021; Strauss et al., 2006). However, the vast majority
of these studies were based primarily on observations of success-
fully invaded exotic species, but did not consider those that were
introduced but failed to establish. These studies generally used the
null model approach and considered exotic-native phylogenetic
relatedness more distant than expected by chance as evidence
that supports the DNH, with the opposite pattern supporting the
PAH (Li, Cadotte, et al., 2015; Proches et al., 2008). However, co-
occurrence of exotics with distantly related native species could
arise either from exclusion of exotics by closely related native spe-
cies or from elimination of native species by closely related exotics
(Cadotte et al., 2018; Thuiller et al., 2010). For example, Li, Cadotte,
et al. (2015) showed that closely related exotic species were more
likely to establish (consistent with the PAH), but their strong com-
petitive ability excluded their closely related native species, result-
ing in an apparent coexistence between distantly related exotic and
native species (apparently consistent with the DNH) (Li, Cadotte,
et al., 2015). Alternatively, besides pre-adaptation to novel environ-
ments, competitive exclusion could also result in co-occurrence of
exotics with closely related native species (Mayfield & Levine, 2010).
That is, even distantly related exotic species are more likely to es-
tablish (consistent with the DNH), they may then exclude distantly

related native species that have low competitive ability (Mayfield &
Levine, 2010), leading to an observed exotic-native phylogenetic
clustering (apparently consistent with the PAH). Therefore, while
offering important insights, it may be difficult to draw definitive
conclusions about Darwin's naturalization conundrum based upon
the posterior observation of successful invaders. By contrast, by
considering both successful and failed exotic species in the field, we
can examine directly how and to what extent phylogenetic distance
affects the likelihood of establishment in nature. Positive effects of
phylogenetic distance would indicate that distantly related exotics
are more likely to establish, supporting the DNH, while negative ef-
fects would support the PAH. Further, we can include other biotic
and abiotic factors conveniently into analyses and account for their
potential confounding effects statistically. This approach is techni-
cally similar to several experimental studies (Feng et al., 2019; Jiang
et al., 2010), but can reveal the effect of phylogenetic similarity on
successful or failed establishment in complex real-world ecosystems
much more clearly and convincingly.

Based upon the assumption that closely related species should
share similar traits (Cavender-Bares et al., 2009; Webb et al., 2002),
functional similarity has been assumed to play an important role
similar to phylogenetic relatedness in predicting successful or failed
invasions (Divisek et al., 2018; Gallien & Carboni, 2017; Rocha &
Cianciaruso, 2021; Yannelli et al., 2017). However, an increasing
number of studies have recognized that functional and phylogenetic
similarities may provide different, and perhaps complementary, in-
formation in capturing species differences (Cadotte et al., 2019; de
Bello et al., 2017; Mazel et al., 2018). Phylogenetic relatedness may
represent an integrative measure of functional similarity and capture
some potentially important functions, which may not be covered by a
limited number of measured traits (Cadotte et al., 2013). Several ob-
servational studies have compared the phylogenetic and functional
similarity of exotic species to co-occurring natives, and provided im-
portant insights into understanding their differential influences on
invasion success (Marx et al., 2016; Ordonez, 2014; Pinto-Ledezma
et al.,, 2020). However, while phylogenetic and functional similarities
may operate at the same time, these separate examinations make it
difficult to reveal their synergistic effect. Considering phylogenetic
and functional similarities simultaneously would help distinguish
their magnitudes and directions in predicting the success or fail-
ure of exotic species, and may offer more insights into interpreting
Darwin's naturalization conundrum.

In addition to exotic-native ecological similarities, multiple abi-
otic and biotic characteristics of the recipient communities may also
affect the establishment of exotic species (Catford et al., 2009). For
example, with increasing diversity of native species, more niche
space is occupied, and the native community is also more likely to
include species with strong competitive abilities. Therefore, native
diversity may resist successful invasion (Beaury et al., 2020). High
elevation and latitude and associated harsh environments may also
limit establishment of exotics (Pearson et al., 2018). These multiple
determinants of successful or failed invasion may make it difficult
to identify the actual role of ecological similarity. Few studies to
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date have investigated the relative importance of ecological similar-
ity compared with these confounding factors explicitly and identi-
fied their direct and indirect effects on the establishment of exotic
species.

Here, using a unique database of 965 successful or failed estab-
lishments of introduced fishes in 673 freshwater lakes, we tested
Darwin's naturalization conundrum by integrating phylogenetic and
functional information. We also evaluated the relative importance
of ecological similarity compared with biotic (native community tax-
onomic, phylogenetic, and functional diversity) and abiotic factors
(geographical locations and water temperature). We revealed that,
relative to native diversity, geographical, and environmental factors,
ecological similarity was the most important factor that influenced
the establishment of exotic fishes. However, the phylogenetic and
functional similarities have opposing effects: phylogenetic similarity
between exotic and resident species promoted successful establish-
ment, but functional similarity led to failure of exotics to become es-
tablished. Our findings provide a perspective to reconcile Darwin's
naturalization conundrum and suggest that a successful invader
should be phylogenetically closely related to natives but have dis-

tinct functional traits.

2 | MATERIALS AND METHODS

2.1 | Data collection

We acquired fish introduction data from a published dataset
(Henriksson, Rydberg, & Englund, 2016) that includes 1157 inten-
tional introductions that record the successful and failed establish-
ment of 26 freshwater fish species introduced into 820 Swedish
lakes from 1685 to 2002. Successful establishment means that the
introduced fish species were present in the lake for 220years, or that
reproduction was observed earlier than that (Henriksson, Rydberg,
& Englund, 2016). Most of these introductions were conducted for
consumption or recreational fisheries and the outcome of introduc-
tions was often carefully monitored. Therefore, this dataset may
have the best documentation for failures as well as successes of ex-
otic fishes and is thus most appropriate for exploring our questions.
For each lake, native species richness, lake area, elevation, longitude,
and latitude were recorded. Accumulated and maximum water tem-
perature were also calculated with the following approaches: ac-
cumulated water temperature was firstly calculated for 198 lakes
using the available temperature readings; then, the accumulated
water temperature was regressed on lake depth, lake area, and ac-
cumulated air temperature (modeling using latitude and elevation as
predictors), obtaining the parameterized regression function; finally,
using the regression function, the accumulated water temperature
for all other lakes was estimated based on the known abiotic factors.
Similar procedures were also conducted to calculate the maximum
water temperature. We filtered the data as follows: (1) we omitted
73 lakes because the native species richness was recorded as 0 and
thus the similarity between the introduced and native species could
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not be determined; (2) we omitted nine introductions of two hybrid
species (Salvelinus fontinalis x S. alpinus; S. namaycush x S. fontinalis)
because their genetic and functional information was unavailable; (3)
we omitted one introduction in which the introduced species name
in the dataset had been lost (Introduction_no. 512 in the original
dataset); (4) we omitted three native species because only family
names (Cottidae, Cyprinidae, and Gasteriodae) were recorded and
thus genetic and functional information was unavailable for them;
and (5) we inferred conservatively that one native species was ab-
sent in a specific lake when the authors were unable to assure its
presence (the authors defined the uncertain presence as 0.5 in the
original dataset, and we defined it as O in this study). Accordingly,
we used a clean dataset that included 965 intentional introductions
of 23 freshwater fish species into 673 lakes in Sweden (Figure 1).
The maximum, median, and minimum native fish species numbers
for these lakes are 27, 6, and 2, respectively. A total of 38 introduced
and native fish species were involved in this study. We constructed
the phylogenetic and functional distance matrices for all these intro-
duced and native species to explore the effect of phylogenetic and

functional similarities on the establishment of the introduced fishes.
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FIGURE 1 Geographical distribution and results of fish
introductions into 673 freshwater lakes in Sweden. Circle size is
proportional to lake area. Map lines delineate study areas and do
not necessarily depict accepted national boundaries.
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2.2 | Molecular phylogeny reconstruction

We constructed the Bayesian phylogenetic tree for these species
based upon three mitochondrial gene sequences (cytb, COI, and
16S rRNA) obtained from GenBank and used Carcharodon carcha-
rias (a fish species belonging to the Chondrichthyes) to serve as an
outgroup. Sequences were aligned independently using MUSCLE
v. 3.8.31(Edgar, 2004) and the best-fit model of nucleotide sub-
stitution for each region was selected using jModelTest v. 2.1.10
(Posada, 2008). For each region, the “GTR + G + |” substitution
model was selected and its parameter estimates were used in
BEAUti (Remco et al., 2014), with an uncorrelated lognormal re-
laxed molecular clock model and a Yule speciation tree prior.
The Bayesian phylogeny was reconstructed using BEAST v. 2.4.7
(Remco et al., 2014). The Bayesian MCMC chain was run for 10
million generations and convergence was checked using Tracer
version v. 1.6.0 (http://beast.bio.ed.ac.uk/Tracer). The maximum
clade credibility tree from the posterior distribution was used
to quantify phylogenetic patterns with TreeAnnotator v. 2.4.7
(Remco et al., 2014). The reconstructed phylogeny represented
the evolutionary relationship among introduced and resident fish
species in all 673 Swedish freshwater lakes (Figure 2a). Based
upon the phylogeny, we calculated the pairwise phylogenetic dis-
tance among all species using the cophenetic.phylo function of the
ape R package (Emmanuel et al., 2004).

2.3 | Functional dendrogram construction

We extracted 10 morphological traits of all 38 introduced and
native fish species from the FISHMORPH database (Brosse
et al., 2021). To our knowledge, this dataset represents the most
comprehensive and best available data on fish traits to date, and
it has been used in multiple studies to analyze the functional di-
versity of fish species (Su et al., 2022; Toussaint et al., 2018). The
traits we considered include maximum body length, body elon-
gation, vertical eye position, relative eye size, oral gape position,
relative maxillary length, lateral body shape, pectoral fin vertical
position, pectoral fin size, and caudal peduncle throttling. The
methods used to measure these continuous traits and their as-
sociations with fish functions have been documented in Brosse
et al. (2021). While these traits undoubtedly do not account for
the entire range of fish functions, they provide key information on
food acquisition, locomotion, nutrient cycling, and defense against
predation (Villéger et al., 2017). We used the first five principal
components (PC1-PC5) of the ten morphological traits to calcu-
late pairwise functional distances between introduced and native
fish species, using the dist function of the stats package following
a common analytical approach (Swenson, 2014). Based upon the
distance matrix obtained, we constructed the functional dendro-
gram of all fish species using hierarchical clustering with the hclust

function of the stats package and compared it to the phylogenetic

tree generated above (Figure 2a). Alternatively, some physiologi-
cal and reproductive traits may be directly obtained from online
database such as FishBase (www.fishbase.se), which could also be
used to calculate functional distances. However, much informa-
tion on these traits was only qualitative or not available for the
species in our study. While the Gower distance apparently can be
applied to deal with categorical and missing data (Gower, 1971),
integrating a mass of qualitative or missing trait values into our
analysis would make the trait distance less clear and definitive,
and may obsucre the actual functional distance rather than deliv-
ering more functional information. Therefore, we only used con-
tinuous morphological traits and quantified the Euclidean distance
for pairwise fish species to represent their functional distance in
this study.

2.4 | Calculation of phylogenetic and
functional measures

Firstly, based upon the pairwise phylogenetic and functional dis-
tances, we calculated two phylogenetic and functional diversity
metrics used widely for the native fishes in each lake using the
picante package (Kembel et al., 2010): the mean phylogenetic and
functional distances (MPD & MFD), as well as the mean nearest
phylogenetic and functional distances (MNTD & MNFD) (Pinto-
Ledezma et al., 2020; Webb et al., 2002). Then, for each species in-
troduced into each lake, we calculated two metrics to measure the
phylogenetic and functional similarities between the introduced and
native species (Li, Cadotte, et al., 2015; Strauss et al., 2006): (1) the
introduced-native mean phylogenetic and functional distances (I-N
MPD & I-N MFD), which measures the mean distance between each
introduced fish species and all native fishes, and (2) the introduced-
native nearest phylogenetic and functional distances (I-N MNTD &
I-N MNFD), which measures the distance between each introduced
fish species and the most evolutionarily related or most functionally
similar native species.

2.5 | Phylogenetic signal and correlation between
phylogenetic and functional measures

We tested the phylogenetic signal for the functional traits using the
Mantel test with the ape package (Emmanuel et al., 2004), to check
whether more closely related species have more similar functional
traits. We also examined the correlations between native MPD
and MFD, as well as I-N MPD and I-N MFD. We found a signifi-
cant phylogenetic signal (Figure 2a) and a significant correlation
between MPD and MFD (Figure 2b), and I-N MPD and I-N MFD
(Figure 2c). However, the relatively low correlation coefficients
implied that the phylogenetic pattern captures limited functional
information. We verified further that including both phylogenetic

and functional metrics did not lead to multicollinearity issues
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FIGURE 2 The relationships between the phylogenetic tree and functional dendrogram (a), between native phylogenetic and functional
diversity (b), and exotic-native phylogenetic and functional similarities (c). The predictive lines (and 95% confidence bands) are derived from
simple linear regressions. The distributions of these four indices are shown as marginal histograms. MPD denotes the mean phylogenetic
distance of native species, while MFD denotes the mean functional distance. I-N MPD denotes the mean phylogenetic distance between
introduced exotic species and native species, while the I-N MFD denotes the mean functional distance between introduced exotic species

and native species.
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given that the variance inflation factors (VIFs) for all of them were
less than three. Therefore, we integrated both functional and phy-
logenetic metrics into one model in the following analyses to dis-

tinguish their effects on the establishment of exotic fishes.

2.6 | Statistical analyses

We used three complementary statistical methods: (1) the Bayesian
hierarchical model includes the phylogenetic covariance matrix
in the model to account conveniently for the phylogenetic non-
independence among introduced species; (2) model averaging of
generalized linear mixed models (GLMMs) allows us to compare
different models conveniently and obtain the best model fit to the
data; and (3) structural equation modeling (SEM) can help identify
the direct and indirect effects of multiple predictive variables on es-
tablishment success.

2.6.1 | Bayesian phylogenetic hierarchical models
We included the I-N MPD, I-N MFD, native MPD, native MFD,
native species richness, lake area, elevation, and latitude as
fixed effects to predict successful or failed introductions with a
Bernoulli error structure. The lake name and introduced species
were used as random effects to account for the statistical non-
independence of multiple introductions within a specific lake, and
of multiple introductions of a given species. We considered phylo-
genetic non-independence among introduced species by incorpo-
rating the phylogenetic covariance structure into the model. We
derived the phylogenetic covariance matrix of the entire phylog-
eny using the ape package (Emmanuel et al., 2004) and extracted
the sub-matrix corresponding to the 23 introduced species. The
model was fitted using the INLA package (Rue et al., 2009), which
uses integrated nested Laplace approximation for Bayesian infer-
ence. This method approximates Bayesian posterior distributions
quickly and accurately without using MCMC, and allows for com-
plex layered random effects, including autocorrelation terms (Rue
et al., 2017). We used the default INLA priors for all of the fixed
effect parameters and the log-gamma prior (with shape = 0.01
and inverse scale = 0.01) for the hyperparameters (random ef-
fect parameters). All of the continuous predictor variables were
standardized before they were entered into the model using the
z-score (by subtracting the mean and dividing by the standard de-
viation) to interpret parameter estimates on a comparable scale.
We evaluated the relative importance of predictors in influenc-
ing establishment success by calculating the ratio between the
absolute value of the parameter estimates for each of the predic-
tors and the sum of all parameter estimates in the model. This
method is similar to a variance partitioning analysis because the
standardized variables have been used in the model and have
been adopted in several studies (Gross et al., 2017; Le Provost
et al., 2020).

2.6.2 | Model averaging in the generalized linear
mixed models

Firstly, we fitted a full generalized linear mixed model (GLMM) with
the Ime4 package using the same fixed and random effects as in the
Bayesian model (Bates et al., 2015). Then, we performed a multi-
model comparison using the dredge function of MuMIn package
(Barton, 2022), which constructs all possible candidate sub-models
and ranks them according to the corrected Akaike Information
Criterion (AlCc) values. Finally, we performed a model averaging for
the best models with AAICc <2 using the model.avg function in the
MuMIn package, and derived the best predictor variables as well as
associated coefficients. Based upon the averaging model, we evalu-
ated the effects of predictive variables and compared them to the

Bayesian model.

2.6.3 | Structural equation modeling

To evaluate the direct and indirect effects of diversity and similar-
ity on establishment success and assess the influence of geograph-
ical factors (elevation, latitude, and area), we adopted piecewise
structural equation modeling (SEM) (Shipley, 2009) using the
piecewiseSEM package (Lefcheck, 2016). Piecewise SEM can inte-
grate a set of component models including random effects, and
allow for non-Gaussian error distributions, and is thus appropriate
for our data structure. Specifically, we incorporated the lake and
introduced species as random effects in each component model
to account for sampling non-independence. Multicollinearity in
each component model was checked according to the VIF. Model
fits were evaluated using the Fisher's C statistic based upon
Shipley's d-sep test (Shipley, 2000), and model selection was per-
formed using the AIC statistic for the d-sep test (Shipley, 2013).
Standardized path coefficients for the linear mixed component
models and the R2 for the endogenous variables were calculated
directly using the piecewiseSEM package. For the generalized lin-
ear mixed component model, we extended the method used by
piecewiseSEM for the generalized linear model and calculated the
standardized path coefficients manually by including the stand-
ard variance of random effects. Based upon our prior knowledge,
we constructed an initial SEM (Figure S1), and based upon the
d-sep test, we added missing paths step-by-step to construct a set
of candidate SEMs. We selected the best model with the lowest
AIC value and calculated the direct, indirect, and relative total ef-
fects on establishment success. We also developed another SEM
to evaluate the effect of water temperature specifically on estab-
lishment success and its influence on diversity and similarity by
replacing the geographical factors with the accumulated and maxi-
mum water temperature, respectively.

We performed the analyses using both mean distance indices
(MPD, MFD, I-N MPD, and I-N MFD) and nearest distance indi-
ces (MNTD, MNFD, I-N MNTD, and I-N MNFD). The results were
compared by the Watanabe Akaike information criterion (WAIC)
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(Watanabe & Opper, 2010), which follows a more fully Bayesian ap-
proach to construct an information criterion. Because the model that
used mean phylogenetic and functional metrics (WAIC = 1158.1)
was superior to the nearest metrics (WAIC = 1168.8), we report only
the results of the mean distance indices in the main text, and the
results on the nearest metrics are presented in the supplementary
information.

3 | RESULTS

The Bayesian phylogenetic hierarchical models showed that the
phylogenetic and functional similarities accounted for 51.0% of ex-
plained variance, the geographical characteristics (lake area, latitude,
and elevation) explained 34.5%, and the taxonomic, phylogenetic,
and functional diversity explained the remaining 14.5% (Figure 3).
Specifically, the introduced-native phylogenetic distances had a sig-
nificant negative effect on successful establishment, and accounted
for 28.2% of explained variance (Figures 3, 4a; Table S1), while the
introduced-native functional distances had a significant positive ef-
fect, and accounted for 22.8% of explained variance (Figures 3, 4b;

Table S1). The opposing significant effects of phylogenetic and

I-N MPD - 28.2%

——

-

I-N MFD -

Area -

Latitude - 13.3%

Species richness - 6.9%

Native MFD - 5.4%
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Elevation - 1.0%

40 05 00 05 10
Standardized effects

FIGURE 3 The effects and relative importance of predictive
variables in explaining the establishment success of exotic fishes.
The standardized effect size (+95% and 70% credible intervals)
was derived from the Bayesian hierarchical model with predictive
variables standardized by subtracting the mean and dividing by
the standard deviation. The relative importance of each predictor,
expressed as the percentage of explained variance, was calculated
using the ratio between its standardized parameter estimate and
the sum of all standardized parameter estimates. Dashed lines
indicate effect = 0. Positive effects (the 95% credible interval does
not include zero) indicate that the probability of establishment
increases with increasing values of predictive variables, while the
negative effects indicate the converse.
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functional similarities were confirmed by the model average for the
generalized linear mixed models (GLMMs) (Table S2).

Based upon the best structural equation modeling (Tables S3,
S4), the introduced-native phylogenetic and functional distances
had direct negative and positive effects on establishment success,
and accounted for 25.0% and 23.9% of the total effect, respectively
(Figure 5). Lake area had a direct negative effect on establishment
and meanwhile influenced the establishment indirectly by affect-
ing native species and phylogenetic diversity, and accounted for
18.3% of the total effect (Figure 5). Latitude and elevation had in-
direct effects on the establishment by influencing native diversity,
and accounted for 15.7% and 4.2% of the total effect, respectively.
Taxonomic, phylogenetic, and functional diversity influenced estab-
lishment indirectly by adjusting the introduced-native phylogenetic
and functional distances, and accounted for 3.2%, 9.4%, and 0.3%
of the total effect, respectively (Figure 5). Even considering the in-
fluence of water temperature, mean phylogenetic and functional
distance still had significant and opposing direct effects on estab-

lishment success (Figure S2).

4 | DISCUSSION

Using a unique dataset on the successful and failed establishment
of fishes introduced into freshwater lakes, we tested the effects of
exotic-native phylogenetic and functional similarities on their estab-
lishment success. Our main finding is that phylogenetic relatedness
promoted successful establishment of exotic fishes, while functional
similarity hampered success. The opposing effects of phylogenetic
and functional similarities indicate that a successful invader should
be phylogenetically closely related, but functionally distant to na-
tives. This finding suggests that both aspects of Darwin's naturaliza-
tion conundrum may operate simultaneously, but are characterized
by phylogenetic and functional dimensions, respectively.

The possible explanation of this contrasting effect is that phy-
logenetic and functional similarities offer complementary, rather
than similar information, in which the former largely reflects the
pre-adaptation to novel environments and the latter characterizes
the competition between exotic and resident species. Functional
similarity has been used commonly as a surrogate of phylogenetic
relatedness to evaluate Darwin's naturalization conundrum (Divisek
etal., 2018; Pinto-Ledezma et al., 2020; Rocha & Cianciaruso, 2021).
However, several studies have shown that phylogenetic and func-
tional distances were not congruent (Cadotte et al., 2019; Mazel
et al.,, 2018) and may provide different information about spe-
cies differences and associated patterns of coexistence (Cadotte
et al., 2013, 2017). We also found that, although there was a sig-
nificant phylogenetic signal for the phenotypic traits, exotic-native
phylogenetic distance explained only approximately 25% of the vari-
ation in functional distance (Figure 2). This indicates that the phy-
logenetic niche with respect to these phenotypic traits may be less
conserved (Losos, 2008) and similarity in the phylogenetic and func-
tional dimensions may capture different information in predicting
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the success of exotic species (Zheng et al., 2018). Specifically, phylo-
genetic similarity, as an integrative measure of all the traits, may cap-
ture the similarity in some important functions that we have yet to
discover with commonly used phenotypical traits. For example, phy-
logenetic similarity may capture some similarities in physiological
traits such as thermal tolerance (Comte & Olden, 2017) and hypoxia

tolerance (Collins et al., 2013), which may influence the establish-
ment of exotic fishes in novel environments. Consequently, on the
one hand, phylogenetically closely related exotics may adapt better
to environmental factors because of physiological tolerance more
similar to that of natives, consistent with PAH. On the other hand,
similar phenotypic traits such as body size and oral gape position
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may mean similar food or trophic level to natives, and thus suffer
stronger resource competition with natives, in accordance with
DNH.

Overall, we suggest that the opposing patterns arise from asym-
metry in phylogenetic and functional similarities. Phylogenetic
similarity, which represents some important functions that are not
captured by measured phenotypical traits, allows exotic species to
pre-adapt better to the novel abiotic environment or escape from
predators. However, to become established successfully, they need
to possess some distinct traits to reduce their competition with
native species. Although we did not test these potential processes
explicitly in this study, our results indicate that using either aspect
of ecological similarity alone to explore Darwin's conundrum may
yield biased conclusions and that integrating phylogenetic and func-
tional dimensions is required to better resolve the conundrum. We
advocate future experimental studies that select exotic species that
are phylogenetically close relatives to natives, but possess distinct
traits, and the converse, to further examine the mechanisms under-
lying the opposing effects of phylogenetic and functional similarities
on invasion success.

Another important finding of our study is that, compared with
native diversity and abiotic factors, exotic-native ecological similar-
ities play more important roles in the establishment of exotic fishes,
and account for approximately half of the explained variance. While
most studies that have tested Darwin's naturalization conundrum
have failed to reveal the relative importance of similarity, one study
in the plant community obtained results similar to ours. Carboni
et al. (2016) showed that, compared with functional characteris-
tics and introduction history, phylogenetic and functional similari-
ties were the most important determinants of successful invasion
(Carboni et al., 2016). Our results indicate that ecological similarities
may have far more important effects on invasion success than we
expected and highlight the importance of considering these simi-
larities to predict biological invasions. Native biodiversity has long
been proposed to be a barrier to invasion success, given that ex-
otic species are more likely to suffer strong competition in diverse
communities (Elton, 1958). However, we showed that diversity (re-
gardless of the taxonomic, phylogenetic, and functional dimensions)
had no significant direct effects on exotic fish establishment when
the effect of exotic-native similarities was considered. Rather, they
simply played an indirect role by adjusting the strength of similari-
ties. Consistent with our results, one experimental study of bacteria
communities also found that similarity rather than diversity pre-
dicted invasive ability better (Tan et al., 2015). We also found that,
because high diversity decreases phylogenetic and functional sim-
ilarities simultaneously (i.e., increases phylogenetic and functional
distances, Figure 5), the total effect of diversity on establishment
depended upon the relative extent of its influence on both aspects.
If increasing diversity decreases phylogenetic similarity more than
functional similarity, high diversity would be more likely to hamper
establishment. Otherwise, it would promote success. This provides
an alternative explanation for the invasion paradox (i.e., the oppos-
ing diversity-invasibility relationships) (Fridley et al., 2007).

S i ey

We found that lake area had a direct negative effect on suc-
cessful establishment in addition to an indirect mediation effect
by influencing native diversity, which is consistent with a study
conducted in freshwater lakes (Henriksson, Wardle, et al., 2016).
We suggest that a large lake area may denote a more hetero-
geneous environment and more predators for the introduced
fishes, which potentially lowers the probability of successful
establishment. As expected, we also showed that native diver-
sity decreased significantly at high elevation and latitude, while
increasing with rising water temperature. While decreasing di-
versity increases phylogenetic similarity and thus promotes the
establishment of exotics fishes at high elevations and latitudes,
it also increases the functional similarity and hampers estab-
lishment simultaneously. Taken together, these abiotic factors
primarily play indirect roles in exotic fish establishment by me-
diating diversity and similarities, and their net effects on estab-
lishment success depend upon how strongly they influence both
aspects of similarity.

Several limitations of our study should be acknowledged.
First, the choice of traits may influence the functional distances
calculated and different traits may affect establishment success
differentially (Kraft et al., 2015). While the ten morphological
traits that were widely used were combined in our study to calcu-
late functional distance, it is unknown to what extent the results
may differ when other traits, such as physiological and reproduc-
tive characteristics, are considered. Merging these traits with
morphological traits in the future is needed to provide a better
understanding on the functional structure of fish community and
its influence on fish invasions (Brosse et al., 2021). In addition, it
should be noted that these morphological traits were measured
from limited fish individuals per species and intraspecific varia-
tions may have some influence on the generalization of our results.
Second, given that all fish introductions in this study were inten-
tional and mainly for purposes of consumption and recreation,
some species with specific traits may be preferred for introduc-
tion, with more numbers of individuals and more frequent intro-
duction events (i.e., high propagule pressure). This could result in
more opportunities for them to become established, potentially
obscuring our results based on competition and environmental
adaptation (Ricciardi & Mottiar, 2006). Finally, while biological
invasions can be divided into different stages, i.e., introduction,
establishment/naturalization, spread, and impact (Richardson
et al., 2000), the effects of phylogenetic and functional similari-
ties often depend upon these specific stages (Divisek et al., 2018;
Li, Guo, et al., 2015). Our study focuses only on the establishment
stage, and more studies along the introduction-naturalization-
invasion continuum are still required to obtain a full understand-
ing of biological invasions.

In summary, our work provides a critical empirical assessment
of the roles of ecological similarity, diversity, geographical, and cli-
mate factors in the establishment of exotic fishes. We demonstrated
that phylogenetic and functional similarities were the most import-
ant predictors of establishment relative to other biotic and abiotic
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factors, and highlighted the importance of considering ecological
similarities to predict biological invasions. The opposing effects of
phylogenetic relatedness and functional similarity provide a novel
insight into reconciling Darwin's naturalization conundrum. In the
future, a key step forward is to identify which fish traits represent
environmental adaptation, predator susceptibility, and whether
those traits are conserved phylogenetically or not, which will offer
a mechanistic understanding of the contrasting effects of phyloge-

netic and functional dimensions.
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