
P
os

te
d

on
A

ut
ho

re
a

22
Fe

b
20

21
|T

he
co

py
ri

gh
t

ho
ld

er
is

th
e

au
th

or
/f

un
de

r.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

us
e

w
it

ho
ut

pe
rm

is
si

on
.

|h
tt

ps
:/

/d
oi

.o
rg

/1
0.

22
54

1/
au

.1
61

39
96

70
.0

52
32

07
4/

v1
|T

hi
s

a
pr

ep
ri

nt
an

d
ha

s
no

t
be

en
pe

er
re

vi
ew

ed
.

D
at

a
m

ay
be

pr
el

im
in

ar
y.

A test of Darwin’s naturalization conundrum in birds reveals
enhanced invasion success in presence of close relatives

Daniel Sol1, Joan Garcia-Porta2, César González-Lagos3, Alex Pigot4, Joseph Tobias5, and
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Abstract

Despite biological invasions are one of the main environmental problems of the twenty-first century, there is still no theoretical or
empirical agreement on whether a high phylogenetic relatedness between exotic and native species positively or negatively affect
invasion success. To resolve this conundrum, it has been proposed that the effect might be scale-dependent, being negative
at smaller spatial scales and positive at larger scales. Here we show that this scale-dependent pattern may be a sampling
artefact associated with species-area effects and a non-random pattern of species introductions. We support this conclusion
with simulations and empirical data on invaded and non-invaded avian communities in regions from five continents. We further
show that at smaller-scales —where these artifacts are negligible— invasion success generally increases with the presence of
closely-related species, but that predictive accuracy largely depends on considering the influence of human-related disturbances
in facilitating invasions.
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Abstract. Despite biological invasions are one of the main environmental problems of the twenty-first
century, there is still no theoretical or empirical agreement on whether a high phylogenetic relatedness
between exotic and native species positively or negatively affect invasion success. To resolve this conundrum,
it has been proposed that the effect might be scale-dependent, being negative at smaller spatial scales
and positive at larger scales. Here we show that this scale-dependent pattern may be a sampling artefact
associated with species-area effects and a non-random pattern of species introductions. We support this
conclusion with simulations and empirical data on invaded and non-invaded avian communities in regions
from five continents. We further show that at smaller-scales —where these artifacts are negligible— invasion
success generally increases with the presence of closely-related species, but that predictive accuracy largely
depends on considering the influence of human-related disturbances in facilitating invasions.

Keywords: Biotic resistance; environmental filtering; invasion potential; risk assessment; alien species

Growing concern over the environmental and socio-economic impact of biological invasions has fueled a surge
of interest in identifying and preventing situations where the risk of a species becoming invasive is high (Hulme
et al. 2008; Blackburn et al. 2009; Pyšek & Richardson 2010; Pysek et al. 2010; Li et al. 2015). However,
anticipating these situations has proved challenging, primarily because the risk of invasion depends not only
on the features of the exotic species but also on the way they interact with the species from the recipient
community (Shea & Chesson 2002; Duncan et al.2003; Romanuk et al. 2009). A potential way to tackle this
challenge was proposed by Darwin (Darwin 1859) who suggested that the degree of evolutionary relatedness
between exotic and native species can inform the likelihood that a species establishes and proliferates (i.e.
becomes invasive). If invasion success were related to evolutionary relatedness, this would not only allow
a more accurate assessment of the risk of biological invasions but also assess the risk for species that are
data-deficient regarding their ecology or success in previous introductions.

Although Darwin’s suggestion has attracted increased research attention, there is still no empirical agreement
on whether relatedness to native species positively or negatively influences invasion success (Cadotteet al.
2018). In fact, both possibilities are predicted by theory (Darwin 1859; Daehler 2001; Thuiller et al. 2010;
Cadotteet al. 2018). Darwin’s naturalization hypothesis suggests that introduced species should be less suc-
cessful at invading communities in which their close relatives are present, because phylogenetically-related
species often share similar niches and hence are more likely to compete for similar resources. Thus, the hy-
pothesis predicts a negative association between relatedness to native species and invasion success. However,
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if successful invasion instead primarily depends on phylogenetically-conserved adaptations to find a suitable
niche in the novel environment, then the presence of close-relatives may indicate that the invader already
has the necessary adaptations (hereafter ‘preadaptation hypothesis’). This predicts a positive association
between relatedness to native species and invasion success.

Both the naturalization and preadaptation hypotheses are theoretically sound and have been demonstrated in
small-scale experiments (Jianget al. 2010; Li et al. 2015), but extrapolating the results to the real world has
proven difficult, with multiple studies reporting contradictory results (Cadotte et al. 2018). Discrepancies
among studies may reflect methodological shortcomings (Thuiller et al. 2010; Li et al. 2015). These include
inaccurate assessment of invasion success, insufficient phylogenetic resolution, inappropriate spatial scales
of analysis and violation of the assumption of statistical independence when making inference (Lambdon
& Hulme 2006; Diez et al. 2008; Thuiller et al.2010; Sol et al. 2014b; Li et al. 2015). Thuiller et al.
(2010), for example, suggested that large spatial scales and taxonomy-based relatedness metrics are unlikely
to detect the signature of competition and hence are inappropriate to test the naturalization hypothesis.
These authors advocate for quantifying relatedness based on the phylogenetic distance between exotic and
local native species as a stronger framework to link invader characteristics and community properties. The
key assumption that phylogenetic distance correlates with ecological distance is also contentious, largely
because the strength of niche conservatism is known to vary across clades (Wienset al. 2010). Evaluating
this assumption empirically requires not only testing whether phylogenetic relatedness describes the degree
of niche overlap in resource use—a fundamental premise of the naturalization hypothesis—but also whether
it describes the extent to which close relatives share the traits required to thrive in a particular environment,
a major assumption of the preadaptation hypothesis.

The ecological context is also critical to reconciling the opposing predictions regarding the relationship
between phylogenetic distance and invasiveness. Specifically, the naturalization hypothesis assumes that
competition controls community composition. While competition can certainly prevent the success of some
introduced species (Levineet al. 2004), whether this is the primary mechanism controlling biological inva-
sions remains controversial. One reason is that many exotic species attain higher success in human-altered
environments, where competitive regimes may have been changed by frequent disturbances and the extirpa-
tion of many native species (Elton 1958; Bartomeuset al. 2012; Cadotte et al. 2017; Sol et al.2017b). In
these environments, the success of the species may largely depend on the ability of individuals to cope with
new challenges to which they have had little opportunity to adapt, potentially favoring preadapted species
(Sol & Maspons 2016; Sol et al. 2017b). However, previous attempts to reconcile the naturalization and
preadaptation hypotheses have focused on the influence of the spatial scale of analysis rather than on the
environmental contexts where either competition or filtering should be more relevant. Park et al. (Parket al.
2020), for example, recently suggested that at small spatial scales, competitive exclusion inhibits alien inva-
sions, but these effects are attenuated at larger spatial scales because of greater environmental heterogeneity.
Thus, spatial scale provides an alternative solution to Darwin’s naturalization conundrum.

Here, we provide an empirical assessment of Darwin’s naturalization conundrum for birds. A recent analysis
by Redding et al. (Reddinget al. 2019) revealed that the biotic environment had a relatively weak effect
on establishment success of birds compared to other factors such as propagule pressure or the species’ life
history. After accounting for these other factors, however, the probability of establishment increased with the
presence of closely related species in the region. While these findings are consistent with the preadaptation
hypothesis, it remains to be shown whether and how the phylogenetic structure of the recipient communities
influences the success of invaders once established. This is a crucial gap, because the impact of exotic species
largely depends on the extent to which the species increases in numbers and expands across different habitats.

Using published data on well-surveyed avian communities along gradients of human-related disturbances (Sol
et al. 2020b), we assess whether phylogenetic relatedness to native species predicts invasion success, and
whether the predictive power varies with the scale of analysis and/or the degree human-related disturbances.
Our analyses are based on > 1,300 estimations of invasion success for 63 exotic species —including all the
most invasive birds and invaded regions worldwide (Dataset 1). Because the same species was frequently
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introduced to different locations, and because most locations were subject to several introductions and
contained communities with different species and exposed to different levels of disturbance (Fig. 1 ), our
dataset provides a unique opportunity to clarify Darwin’s naturalization conundrum. In addition, we make
use of the increased availability of avian functional trait data sets describing fine-scale variation in trophic
niche, resource acquisition behaviors and response to novel environments (Pigot et al. 2020; Solet al. 2020b),
allowing us to go beyond a mere assessment of phylogenetic relatedness between invaders and their community
neighbors to assess whether phylogenetic patterns reflect ecological differences.

Methods

Survey data. We used information on well-surveyed avian communities from published studies and our own
field work (Sol et al. 2020b, c). The term community is used to describe assemblages within a region that
could be unambiguously assigned to one of five land-use classes: native vegetation, rural, little urbanized
(e.g. urban parks), moderately urbanized (suburbs) and highly urbanized (city centers). Our criteria to
accept data were that, at each study region, bird species were exhaustively surveyed and that at least
one of the communities was invaded by one or more non-indigenous bird species. The resulting database
comprised information on 1367 species —63 non-indigenous in one or more communities— in 277 communities
from 50 study regions. In 47 of these study regions, surveys were conducted both in urbanized areas and
in the surrounding non-urbanized areas, allowing us to assess the effect of human-related disturbances on
invasiveness. The entire dataset is available in Sol et al. (2020a).

Introduced species information. We extracted information on bird species introduced and established in
regions outside their native range from the Global Avian Invasion Atlas GAVIA (Dyer et al. 2017), the most
complete dataset of historical introductions currently available. The dataset covers > 27,000 introductions
of 971 bird species and also provides information of the year of introduction for established exotics.

Invasion success. We used two classic measures of invasion success: 1) the presence/absence of the invader
in communities from a same region, 2) the abundance of exotic species relative to native species within
the invaded communities. The Gavia dataset (see above) confirmed that the exotic species analyzed were
introduced sufficiently time ago (range from 1853 to 1975) to make their abundances little influenced by
time lags or introduction effort. The density of occurrences of an animal in a given place may however be
influenced by their size, either directly (e.g. by increasing the demands of food) or indirectly (by correlating
with the fast-slow continuum of life history variation). We evaluated the importance of body size by including
it as a co-variate in the models (see below).

Phylogenetic information. We extracted from the BirdTree database (http://www.birdtree.org) (Jetz et
al. 2012), two samples of 5,000 phylogenies that included all native and exotics species included in this
study. Each sample was based two alternative backbone topologies: Hackett et al. (2008) and Ericson et al.
(2006). Phylogenetic distances were estimated based on two summary trees calculated from both samples.
These were computed as the maximum clade credibility tree using the program TreeAnnotator (included in
the package BEAST v1.8.0) (Drummond et al. 2012). Because results from both phylogenies were highly
coincident, we only present the results of analyses based on Ericson et al. (2006).

Functional traits information. We described the foraging niche of species based on three types of functional
traits extracted from Pigot et al. (Pigot et al. 2020): 1) eight morphological traits (all log-transformed),
2) seven diet categories, and 3) 30 categories of foraging behavior collected from the literature, as described
in Sol et al. (Sol et al. 2020b). Diet and foraging behavior were described as fuzzy variables, ranking each
category from 0 to 10 as a function of the degree of use (Pigot et al. 2020). In addition, we extracted
information on relative brain size, resource niche breadth and brood value from Sol et al. (Sol et al. 2014a,
2020b) and Sayol et al. (Sayol et al. 2016). To estimate niche breadth, we used Rao’s quadratic entropy (De
Cáceres et al. 2011), based on the functional distances matrix (see below) derived from niche information.

Phylogenetic and functional distance metrics. We used two complementary metrics of phylogenetic distance,
the average and nearest phylogenetic distance between each exotic species and all the native species of the
community (Tucker et al. 2017). For each invader from a given site, we calculated the mean (MPD) and
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nearest phylogenetic distance (NPD) between invaders and all native species of each community regardless
of whether the exotic species was present or not (see justification below). Summary trees were pruned down
to the species present in the communities and phylogenetic distances among species were calculated by
means of the function “cophenetic” in the R package “Picante” (Kembel et al. 2010). To consider the fact
that most native species in the community were rare, we used weighted versions of MPD and NPD in which
the distance of the invader to each native species was multiplied by 1 – Abr , whereAbr is the relative
abundance of the invader in the community. This increases the distance of rarer species relative to more
common species. Functional distances were estimated the same way, but applying Gower’s distance (Gower
1971) to morphological, diet and foraging behavior traits (the last two coded as fuzzy variables).

Spatial scale and biases. We used our community dataset to assess how the nearest phylogenetic distance
between exotic and native species varied with spatial scale (i.e. community, region, country and continent).
We used simulations to explore whether spatial patterns were affected by the increase in species with scale
or by the fact that exotic and native species came from different regions. The former was investigated by
randomly sampling without replacement pairs of species in different numbers (from 1 to 125) from the entire
avian phylogeny (n=9993). We compared all species as well as the subset that were introduced in regions
outside their native range and the subset of them that have become successfully established in the new
region. The analysis of geographic effects was conducted comparing species within and across biogeographic
realms that have been either donors (Palearctic) or receptors of invaders (Nearctic and Australian).

Modelling invasion success as a function of phylogenetic and functional distance.

To test whether phylogenetic distance predicted invasion success, we asked how mean phylogenetic distance
(MPD) and nearest taxon phylogenetic distance (NTD) affected our two measures of invasion success by
means of generalized linear mixed models (BPMM, hereafter). We built the models in the R packages
MCMCglmm (Hadfield 2010) and BRMS (Bürkner 2017), which implement Bayesian generalized linear
mixed models by means of a Markov chain Monte Carlo process. To test whether phylogenetic distance
influenced the likelihood that the exotic occurred in a community, the occurrence of exotic species was
modelled by means of BPMMs with binomial distribution and logit link, including either MPD or NTD (or
related abundance-weighted metrics and metrics based on functional distances) as fixed predictor and study
site, species (as some species occurred in more than one community) and phylogeny as random factors. The
inclusion of study site as a random effect was important because it allowed modelling the likelihood that the
exotic was present in a community to be evaluated within each study site, ensuring thus that the absence
of the invaders did not result from the fact that the species had never been introduced in the region. To
test whether phylogenetic distance influenced the relative abundance of the invaders within a community,
we restricted the analyses to communities with two or more exotic species and used BPMMs with Gaussian
structure of errors. The fixed and random effects were the same used to model occurrence with the only
difference that study site was replaced by community as random factor. In this way comparisons were made
within communities instead of across communities. For each BPMM model we ran two independent runs with
200,000 generations, from which a 10% was discarded as “burn in”. Convergence and good mixing of each
of the MCMC chains was assessed visually, plotting the traces of each of the model parameters. We re-ran
all models including the interaction between phylogenetic distance and habitat, and the potential confounds
of body size and native species richness. Based on a model selection approach, habitat was simplified to
two categories according to the degree of human-related alterations: habitats with high levels of alterations
(highly and moderately urbanized habitats) and habitats with low levels alterations (little urbanized, rural
and natural habitats).

Sampling procedure to study the effect of species richness on phylogenetic distances. We randomly selected
pairs of species without replacement for different sample sizes (from 10 to 150 pairs) and extracted the
nearest phylogenetic distance from the matrix of phylogenetic distances for the entire avian phylogeny. We
repeated the sampling 1,000 times, and represented the results as means and standards errors of the mean.
The sampling was conducted for all birds, as well for the subset of species that were introduced in regions
outside their native range and those from the subset that became established at least once (data from GAVIA
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(Dyer et al. 2017)). The approach was also used to show that whether introduced and established species
are a non-random subset of all avian species.

Ecological validation of phylogenetic distance. We evaluated the assumption that phylogenetic distance is a
good surrogate of functional distance in two ways. First, we used the package “geomorph” (Adams & Otárola-
Castillo 2013)to estimate the overall phylogenetic signal by means of a multivariate version of Blomberg’s K
(Adams 2014). Major axes of niche variation were described by means of a Principal Coordinates Analysis
(PCoA), based on Gower’s generalized distance. Second, we used Mantel correlations to compare phylogenetic
distances with functional distances (Mouquet et al. 2012). This analysis was conducted both on the entire
dataset and splitting it in the main clades where exotics were represented. Finally, we used a multi-mantel test
to test whether, besides describing the resource niche, phylogenetic relatedness also contained information
on the degree of similarity in response traits (i.e. relative brain size, resource niche breadth and brood value).

Results and Discussion

Our analyses do not support that the probability of observing the signature of environmental filtering and
competition is scale-dependent (Park et al. 2020). We found that the phylogenetic distance of exotic species
to the closest coexisting native relative was, on average, three times larger at the local community level than
at the continental level (Fig. 2A ), consistent with previous studies (Park et al. 2020). Yet a similar pattern
was found when we instead estimated the minimum phylogenetic distance between each exotic species and
the native species from communities where those exotic species are absent (Fig. 2B ). Thus, it is unlikely
that the pattern is a signature of environmental filtering. A more plausible alternative is that the increase
in species richness at larger spatial scales increases the probability of including a closely related exotic and
native species (Fig. 2C ).

Given the risk that results are biased by sampling artifacts, we opted by addressing the conundrum at lower
spatial scales and ask whether the success of the invader in a community is influenced by the degree of
phylogenetic relatedness with native neighbors. Under the naturalization hypothesis, for example, we should
expect that within any region exotic species will be restricted to those communities where they do not
find close relatives. Instead, the preadaptation hypothesis predicts a preference for communities with close
relatives. As some exotic species were absent from certain communities despite being well-established in near-
by communities (505 out of 1,359 cases), we tested whether the probability that an exotic species occurred in
a community was related to the phylogenetic distance with the native species from the community. Despite
previous studies suggesting that the naturalization hypothesis should be favored at smaller spatial scales, we
found no evidence that the presence of close relatives competitively exclude exotic species. On the contrary,
we found that exotic species were more likely to be present in communities containing native species that
are on average more closely related (Fig. 3A, B ).

One possible explanation for the failure to support the naturalization hypothesis is that native species may
reduce the success of exotic species but rarely prevent invasion (Levine et al. 2004). Thus, the relative
abundance of an exotic species in the community may be a more informative measure of invasion success
to address the naturalization hypothesis. Based on estimations of exotic species abundance in communities
where they were established (N = 792), we again found no evidence that exotic species more distantly related
to native residents reach higher relative abundances than exotic species with closer relatives (Fig 3C, D ).
Rather, exotic species abundances marginally decreased with the mean and nearest phylogenetic distance to
native species. Although most native species in the studied communities had low relative abundances (Sol
et al. 2020b), and thus may be unlikely to inhibit invasions even if the exotic species have similar resource
needs, the conclusion does not change when using mean and nearest phylogenetic distances weighted by their
relative abundance (Fig 3E-H ).

The lack of support for the naturalization hypothesis may reflect that in birds competition plays a minor
role in influencing invasion success, relative to other intrinsic or environmental factors (Duncan et al. 2003).
One reason is that exotic species tend to attain higher success in disturbed habitats, mostly urbanized
habitats (Sol et al. 2020b), where competitive regimes have frequently been altered by the extinction of native
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species (Bartomeus et al. 2012). These human-altered habitats often impose strong environmental filtering,
as only a few species have the adaptations needed to live in artificial environments frequently disturbed
by human activities (Sol et al.2014b). Adding the interaction between phylogenetic distance and degree of
habitat alteration improves the fit of previous models of invasion success (Table S1 ). When considering
this interaction, we find support for the preadaptation hypothesis, with a negative relationship between
invasion success and phylogenetic distance but only for human-altered environments, such as urbanized
habitats (Fig. 4 ). Importantly, this pattern is not confounded by species richness (Tables S2-S3 ) because
urbanized environments tend to contain fewer species than the surrounding non-urbanized environments
(Solet al. 2020b).

While our results support the pre-adaptation hypothesis, they are not exempt of potential biases. An issue
that may make the patterns difficult to interpret is that the subset of species that have been introduced
and successfully established in regions outside their native range is a non-random sample of the entire avian
phylogeny, a possibility well-documented in the literature (Duncan et al.2003). The clustering of introduced
species within the avian phylogeny should increase the probability that a native species randomly selected
from the avian phylogeny belongs to a different clade. This effect may be further accentuated by the fact that
introduced species often come from distant regions. For example, if we compare the phylogenetic distances of
pairs of species randomly sampled within and across the main bioregions involved as donors and recipients
of invaders, we find that by chance the average distances across bioregions are higher than within regions for
a same sample size (Fig 2D, E ). To better interpret the results, we assessed to what extent phylogenetic
patterns reflect ecological differences.

The notion that phylogenetic patterns reflect ecological differences is supported by two lines of evidence.
First, we found that the main axes of niche variation across all species—measured in terms of morphology,
dietary use and foraging behavior (see methods)— showed clear evidence of phylogenetic effects (Fig. S1) ,
supporting the existence of substantial niche conservatism. A Mantel test further confirmed that phylogenetic
distance co-varied with niche differentiation (P = 0.001), although the analysis also showed that it only
accounted for 31% of variation in the niche. Second, similar to phylogenetic distance, we found a negative
relationship between niche distance and invasion success measured in terms of abundance (Fig. 4; Table S4
). The relationship between invasion success and niche distance appears to primarily occur in human-altered
environments (Fig. 4K,L,O,P ).

Instead, we found a different pattern when we examined the probability that the invader occurred in a com-
munity within a given region. In communities occupying less human-altered areas, this probability tended
to increase with functional distance, suggesting that invaders prefer to settle in communities that lack spe-
cies with similar niches (Fig. 4I-N, Table S5 ). The alternative that the pattern results from extinction
of close-relatives by the invader is less likely because invaders rarely achieved higher densities in little di-
sturbed environments. Moreover, native species are expected to be more competitive than invaders in these
environments because they have had more opportunities to adapt (Sax & Brown 2000; Sol et al.2012a).

The discrepancy between patterns may indicate that functional and phylogenetic distances contain different
information. Phylogenetic distances among species reflect differences in the niche, but they also contain
important information on traits related to the ability of the species to persist in novel environments (Fig.
5) . While niche availability is arguably essential to proliferate in a new environment, response traits like
behavioral plasticity and a future returns life history strategy can also be important in novel environments
to buffer individuals against the demographic consequences of maladaptation (Solet al. 2012b). As response
traits are particularly relevant to live in human-altered environments (Sol et al. 2014a), it might be that
phylogenetic distance better captures differences among species that are relevant for the pre-adaptation
hypothesis than for the naturalization hypothesis. This finding further highlights the importance of using
functional traits to interpret phylogenetic patterns. It also suggests that the accuracy of predictive models
should increase when including functional information, a possibility supported by our data (Table S1 ).

Our comprehensive analysis of phylogenetic relatedness between invaders and natives yielded no support for
naturalization hypothesis. Previous works suggest that the failure to support the hypothesis reflects flaws in
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the analyses, like the adoption of inappropriate spatial scales or the use of taxonomic instead of phylogenetic
information (Thuilleret al. 2010; Li et al. 2015). However, we analyzed well-surveyed communities within
a phylogenetic framework, and considered possible sampling artifacts and a number of confounds such as
the body size of the invader and the relative abundance of native close relatives. We also considered the
possibility that native competitors do not exclude invaders but merely reduce their abundance. Despite
all these improvements, we failed to find evidence that nonindigenous organisms are more successful in
communities in which their close relatives are absent. While the role of competition in invasions remains
debatable, our results fit better with growing evidence that, at least in birds (Duncan et al. 2003; Sol et
al. 2012a), competition only plays a minor role in explaining invasion success. However, our finding that
the probability that the invader occurred in a community increased with functional distance may suggest
that invaders tend to avoid natural communities where they find species with similar niche requirements.
While human-altered environments are novel for both invaders and native species, in natural environments
the opportunity for adaptation is substantially higher for native species. These communities should thus
exert stronger biotic resistance, which may in part explain why exotic species tend to avoid them (Lovell
et al. 2021). However, our analyses indicate that the signatures of these effects are difficult to detect with
phylogenetic relatedness.

Our analyses provide more credence for the pre-adaptation hypothesis, showing that phylogenetic distance
is a good surrogate for both niche and functional response traits and that lower functional distances are also
associated with enhanced invasion success. This results aligns with growing evidence showing that invasion
success in birds critically depends on the possession of appropriate adaptations to flourish in human-altered
communities, where biotic resistance has been reduced by the extinction of specialized competitors (Sol et al.
2012b). Because these adaptations are phylogenetically conserved (Sol et al. 2014a, 2017a, 2020b), it follows
that the existence of phylogenetically close species in the communities can inform us on the likelihood that
an invader establishes itself and spread in a new region. Our findings thus extend those of Redding et al.
(Reddinget al. 2019) by showing that the presence of closely related species in a region not only increases the
probability of establishment but also the abundance a species attains, a key metric of invasion success and
a factor determining the impact of exotic species. This provides some of the clearest evidence to date that
the presence of close relatives enhances —rather than inhibits— biological invasions. It remains to be shown
whether this conclusion can be extrapolated to organisms with less ability than birds to sample habitats and
select those that best match their phenotypes.

We therefore conclude that phylogenies can improve our ability to accurately predict the likelihood that a
species proliferates when introduced to a new region. However, phylogenetic information is only useful to make
predictions when considering the environmental context in which invasions take place, particularly the degree
of human-related disturbances. Moreover, phylogenetic information should be combined with functional data
to accurately predict invasiveness, as phylogenetic distances are not always an accurate surrogate of ecological
distances. The rapid development of new statistical techniques to integrate phylogenetic and phenotypic
information (Penone et al. 2014) provides new, largely unexplored opportunities to improve our ability to
predict and prevent the success and impact of biological invasions.
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Figures

Hosted file

image1.emf available at https://authorea.com/users/377081/articles/510239-a-test-of-darwin-
s-naturalization-conundrum-in-birds-reveals-enhanced-invasion-success-in-presence-of-
close-relatives

Figure 1. Variation in nearest phylogenetic distance (NPD) between exotic and native species
across the avian phylogeny. Panels show (A), NPD of the exotic to native species from the recipient
community (B), and the degree to which this NPD is larger or smaller than expected for the NPD between
native species (C). This latter difference is the fraction of NPDs estimated between all pairs of native
species of the community that are smaller than the NPD observed for the exotic and native species of the
communities. Thus, a large value means that exotic species are less closely related to native species than are
native species with each other, while a low value means the contrary.

Hosted file

image2.emf available at https://authorea.com/users/377081/articles/510239-a-test-of-darwin-
s-naturalization-conundrum-in-birds-reveals-enhanced-invasion-success-in-presence-of-
close-relatives

Figure 2. Scale-dependent sampling effects on phylogenetic distance. (A-B) Nearest phylogenetic
distance (NPD) of introduced species (63 species successfully established in 50 regions Worldwide) to native
species estimated at different spatial scales; (C) species randomly sampled from the entire avian phylogeny
(n=9,993), the subset that has been introduced in regions outside their native range (n=962) and those
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from the subset that have become successfully established in the new region (n=443); and (D-E) species of
the biogeographic realm from where most introduced species originated (Palearctic) and realms where those
have more frequently been introduced (Nearctic and Australian). Codes: IC = invaded communities, NIC
= non-invaded communities, REG = regional level, COU = country and CON = continental.

Hosted file

image3.emf available at https://authorea.com/users/377081/articles/510239-a-test-of-darwin-
s-naturalization-conundrum-in-birds-reveals-enhanced-invasion-success-in-presence-of-
close-relatives

Figure 3. Relationship between invasion success and phylogenetic distance as a function of
mean and nearest phylogenetic distance to native species while accounting for phylogenetic,
species and community effects. Lines show the values predicted by Bayesian mixed models, and the
lower and upper bounds represents the uncertainty interval of the prediction. Occurrence models implement
Bernoulli structure of errors and are based on 1358 estimations of presence/absence of 69 invader species
across 277 communities. Abundance models implement Gaussian error structures and are based on 792
estimations of 62 invader species in 213 communities where the invaders were present. All models are
univariate, including as a predictor mean phylogenetic (MPD), nearest phylogenetic distance (NPD) or each
of these predictors weighted by abundance of native species (denoted with the subscript w ).

Hosted file

image4.emf available at https://authorea.com/users/377081/articles/510239-a-test-of-darwin-
s-naturalization-conundrum-in-birds-reveals-enhanced-invasion-success-in-presence-of-
close-relatives

Fig. 4. Success of invaders as a function of mean and nearest phylogenetic and functional
distance to native species. Red plots indicate habitats highly altered by human activities (i.e. highly
and moderately urbanized habitats) and, blue plots indicate habitats with low levels of alteration (i.e. urban
parks, rural areas and wildlands). The lines represent the values predicted by Bayesian mixed models, and
the lower and upper bounds represents the uncertainty interval of the prediction (95% credibility intervals).
Details on the models are shown in Tables S2-S5.
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image5.emf available at https://authorea.com/users/377081/articles/510239-a-test-of-darwin-
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Fig. 5. Relationship between pairwise phylogenetic and functional distances (foraging niche
and response traits) between native species (a) and between native and exotic species (b).
Dots are 10,000 randomly sampled pairwise comparisons.
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