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Ecography Competing phylogenetic models have been proposed to explain the success of species
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species pool and the use of phylogenetic correction in the models. We argue that tests
of alternative phylogenetic hypotheses including both source and recipient community
phylogenetic structure, as well as important covariates such as propagule pressure, are
likely to be critical for identifying general phylogenetic patterns in introduction suc-
cess, predicting future invasions and for stimulating further exploration of the under-
lying mechanisms of invasibility.
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Introduction

Understanding why some species that have been introduced to a new location are
able to establish self-sustaining populations while others fail to do so is of critical
importance for preventing the spread of invasive species, increasing the success of
deliberate introductions (e.g. reintroductions, assisted migrations, rewilding) and for
understanding the community assembly process. With the growing availability of phy-
logenetic data (Jetz et al. 2012, Faurby and Svenning 2015, Smith and Brown 2018),
there has been an increase of interest in methods that use phylogenetic data to try to
predict which introduced species are more likely to become established (Strauss et al.
2006, Maitner et al. 2012, Park and Potter 2013, Ma et al. 2016, Park et al. 2020,
Pinto-Ledezma et al. 2020).
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Most uses of phylogenetic data to predict the success of
introduced species rely on the assumption that closely related
species are more similar in both their competitive niches and
environmental requirements (Darwin 1859, Webb 2000,
Wiens et al. 2010). From this assumption, two competing
hypotheses have been posited: the 'competition-relatedness
hypothesis' (also known as 'Darwin’s naturalization hypothe-
sis'; Rejmdnek 1996) and the 'environmental filtering hypoth-
esis' (also known as the pre-adaptation hypothesis; Ricciardi
and Mottiar 2006). The competition-relatedness hypothesis
assumes that because niche differences likely increase with
phylogenetic distance, competition will generally be more
intense among closely related species, leading to competi-
tive exclusion (Darwin 1859). Conversely, the environmental
filtering hypothesis assumes that introduced species closely
related to natives may generally be more likely to establish
because they are adapted to similar environments (Darwin
1859). In summary, the competition-relatedness hypothesis
predicts that introduced species that are closely related to the
recipient community will be /ess likely to successtully estab-
lish (due to competitive exclusion from close relatives; Table
1), while the environmental filtering hypothesis predicts that
these species will be more likely to successfully establish (due
to shared environmental tolerances with the recipient com-
munity; Table 1; Darwin 1859).

Both the competition-relatedness hypothesis and the envi-
ronmental filtering hypothesis focus solely on phylogenetic
similarity between an introduced species and the recipient
community. This makes the implicic assumption that the
evolutionary context of the source region does not make a
substantial contribution to establishment success. However,
Maitner et al. (2021a) highlight three additional hypotheses

which make predictions about the establishment success of
species based on their phylogenetic relationships with taxa
in their native source regions: the 'evolutionary imbalance
hypothesis' (Darwin 1859, Fridley and Sax 2014), the 'com-
petitive constraint hypothesis' (Meyer and Kassen 2007, de
Mazancourt et al. 2008, Wilson 2014) and the 'universal
trade-off hypothesis' (Niklas 1997, Marks and Lechowicz
2006, Tilman 2011). The evolutionary imbalance hypoth-
esis states that phenotypic optimization will be maximized in
regions characterized by intense competition (i.e. many close
relatives, if competition intensity declines with phylogenetic
distance) that have experienced similar environmental condi-
tions for longer periods of time (Fridley and Sax 2014). The
competitive constraint hypothesis proposes that species origi-
nating in regions containing many competitors (or apparent
competitors) will be at a competitive disadvantage, as they
may have experienced reduced population sizes leading to
fewer beneficial mutations and reduced efficacy of selection
(Meyer and Kassen 2007, Wilson 2014) and may have been
constrained in their evolutionary trajectories by character dis-
placement (de Mazancourt et al. 2008). The universal trade-
off hypothesis states that potential competitors are subject
to the same set of evolutionary trade-offs regardless of their
source region and as such will have similar species average
fitnesses (Tilman 2011). The evolutionary imbalance hypoth-
esis thus predicts that species originating from regions with
many close relatives will be relatively successful invaders due
to a greater phenotypic optimization (Table 1). Conversely,
the competitive constraint hypothesis predicts that species
originating from regions containing many close relatives will
be relatively unsuccessful invaders, as their evolutionary tra-
jectories may have been constrained by strong competition.

Table 1. Summary of phylogenetic hypotheses of establishment success. Hypotheses highlighted in blue predict that being closely related to
a community will increase establishment success, while those highlighted in red predict that being distantly related to a community will

increase establishment success.

Phylogenetic
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e Tilman 2011
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competition constrain adaptation ¢ Meyer and Kassen 2007
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Finally, the universal trade-off hypothesis predicts that intro-
duction success should be unrelated to source-region phylo-
genetic structure, as species from different regions should be
roughly equivalent in relative fitness.

To date, studies using patterns of relatedness to understand
introduction success have overwhelmingly focused on test-
ing the environmental filtering and competition-relatedness
hypotheses (reviewed in Ma et al. 2016, Cadotte et al. 2018),
with very few tests of the evolutionary imbalance, competi-
tive-constraint or universal trade-off hypotheses (reviewed in
Maitner et al. 2021a). Support for the environmental filter-
ing vs competition-relatedness hypotheses has been mixed,
with some supporting the environmental filtering hypoth-
esis (Maitner et al. 2012, Park and Potter 2015a, Marx et al.
2016, Pinto-Ledezma et al. 2020, Trotta et al. 2021), some
supporting competition-relatedness hypothesis (Darwin
1859, Strauss et al. 2006, van Wilgen and Richardson 2012,
Levin et al. 2020), others supporting scale dependence
(Ma et al. 2016, Park et al. 2020) and still others supporting
neither hypothesis (Ricciardi and Mottiar 2006). Studies of
the three source-range hypotheses have been very limited, with
Fridley and Sax (2014) showing that asymmetries in species
exchanges across canals can be predicted by the phylogenetic
diversity of their source regions, as predicted by the evolu-
tionary imbalance hypothesis and other studies documenting
asymmetric species between regions as predicted by the evo-
lutionary imbalance and competitive-constraint hypotheses
(Kalusova et al. 2015, Mason Heberling et al. 2017). The
competitive-constraint hypothesis is also supported by simu-
lation studies (de Mazancourt et al. 2008, Johansson 2008)
and microcosm experiments (Meyer and Kassen 2007), while
the universal trade-off hypothesis receives support from
theory (Niklas 1997, Marks and Lechowicz 2006, Tilman
2011) and patterns of coexistence in the fossil record (Tilman
2011). Thus, while there are many studies investigating the
recipient-region hypotheses, few investigate the source-region
hypotheses, and none to our knowledge investigate both the
source- and recipient-region hypotheses in the same frame-
work (Maitner et al. 2021a).

Previous studies examining the predictive power of phy-
logenetic structure on establishment success have largely
focused on the mean (or minimum) distance between an
introduced species and the recipient community (Strauss et al.
2006, Maitner et al. 2012, Park and Potter 2013, 2015a, b,
Ma et al. 2016, Marx et al. 2016). However, focusing solely
on the mean (or minimum) distance between species ignores
much of the information present within the distributions of
phylogenetic distances which may be captured by the higher
moments of the distributions (Fig. 1; Maitner et al. 2021a).
In situations where we expect being closely related to the
source or recipient community to be beneficial (i.e. the envi-
ronmental filtering and evolutionary imbalance hypotheses),
we also predict that: 1) species with lower variance in phy-
logenetic distance should be less successful, as these species
are distantly related to the community on average; 2) spe-
cies with strong, negative skewness will be less successful, as
this reflects relatively few, closely related species and many

distantly related species; and 3) species with a higher kurtosis
with be less successful, as these species will be basal taxa that
are similarly distantly related to the rest of the community.
Where we expect being distantly related to a community to
be beneficial (i.e. the competition-relatedness and competi-
tive-constraint hypotheses), the predictions are the opposite.
Finally, in the case of the universal trade-off hypothesis, we
expect these to be unrelated to establishment success.

Here we present the first empirical work to examine mul-
tiple hypotheses of how both source- and recipient-range
phylogenetic structure will influence establishment success.
In order to understand how the inclusion of source-range
phylogenetic data may alter our conclusions, we revisit the
first data set used to examine the impact of recipient-range
phylogenetic structure on establishment success in birds
(Maitner et al. 2012). This data set focuses on three highly
invaded avifaunas: Florida, Hawaii and New Zealand. In
addition to the commonly used metrics of phylogenetic diver-
sity (PD), phylogenetic nearest neighbor distance (NND)
and mean phylogenetic distance between species (MPD),
we also include metrics based on the higher moments of the
distributions of distances between species: variance in phylo-
genetic distances (VPD), skewness in phylogenetic distances
(SPD) and kurtosis in phylogenetic distances (KPD) between
species. Finally, we include additional covariates known to
explain establishment success from prior studies: propagule
pressure (Lockwood et al. 2009) and species traits known to
be associated with establishment success (Sol et al. 2012).

Methods

Introduction data

We conducted tests of the alternative source- and recipient-
region hypotheses using data regarding bird introductions
to Florida, Hawaii and New Zealand previously used by
Maitner et al. (2012). Bird introductions to these regions are
relatively common, with relatively high ratios of introduced
species to native species (>25%). Published data for both
failed and successful introductions are available for all three
regions (Long 1981, Moulton et al. 2001, Ornithological
Society of New Zealand 2003, Pranty 2004). We analyzed
a total of 433 introductions originating from 6 continents
(Fig. 2). We followed Maitner et al. (2012) in categoriz-
ing species as either ‘successes’ or ‘failures’ based on their
original classifications in the source materials (Long 1981,
Moulton et al. 2001, Ornithological Society of New Zealand
2003) or in the case of Pranty (2004), where a species was
listed as breeding and was not listed as having been extir-
pated. We excluded introduction attempts if: 1) fewer than
five individuals were introduced (following Moulton et al.
2001); 2) introduction status was listed as uncertain (due to
insufficient documentation); or 3) the introduction repre-
sented a translocation or reintroduction of a species that was
native within the region. Our data set contained 347 spe-
cies, 79% of which were introduced to one region, 17% to
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Figure 1. Panel A: Summary of source- and recipient-range hypotheses. Dashed lines reflect hypothesized relationships. CRH, competition-
relatedness hypothesis; EHE environmental filtering hypothesis; CCH, competitive-constraint hypothesis; UTH, universal trade-off
hypothesis; EIH, evolutionary imbalance hypothesis. Panel B: Extending measures of relatedness to include higher moments of phyloge-
netic distance distributions. Shown are examples of how the shapes of distributions of phylogenetic distances between a community and a
single focal species (dotted line) are reflected in their moments. Line colors correspond to support for the different source- and recipient-

range hypotheses (Table 1).

two regions and 4% to all three regions. These introductions
resulted in 30% successes and 70% failures.

Source and recipient communities

We quantified native and recipient communities using a
‘phylogenetic field’ approach. Phylogenetic fields quantify
the phylogenetic relatedness of all the species that co-occur
with the focal species of interest (Villalobos et al. 2013) and

are a property of species. Quantifying a phylogenetic field
provides a framework for linking species co-occurrence pat-
terns to other aspects of a species such as the history of inva-
sion, functional traits or life history (Barnagaud et al. 2014a,
Villalobos et al. 2017). To do this, we projected the species
range maps to a cylindrical, equal-area projection and raster-
ized them at a 110 km by 110 km resolution, as evidence
suggests that this is the finest scale at which species occur-
rences are accurately captured by such maps (Hurlbert and
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Figure 2. Bird introduction sources for each of the three focal regions of this study (Florida, Hawaii, New Zealand). Lines connect the
centroid of the source range of each introduced species with the geographic centroid of the region where it was introduced.

Jetz 2007). A species’ source community was defined as the
focal species plus all of the species that shared one or more
grid cells with the focal species in its native range (Fig. 3). The
recipient community was defined as all species that shared
one or more grid cells with the focal region (Fig. 3). We delin-
eated communities using a grid cell approach (rather than
intersecting range maps) as Hurlbert and Jetz (2007) recom-
mend that range maps are more appropriately used at these
relatively coarse scales.

Recipient community data for each region were taken
from Birdlife International (BirdLife International 2019)
and published sources (Moulton et al. 2001, Ornithological

Society of New Zealand 2003, Pranty 2004). Native com-
munity data for introduced species were taken from Birdlife
International (BirdLife International 2019). In determining
native communities, we excluded species that were classified
as either ‘introduced’ or ‘vagrant’ in that region (BirdLife
International 2019). Communities were calculated on the
basis of shared grid cells given evidence that this is the fin-
est resolution at which expert range maps can delineate the
presence of a species (Hurlbert and Jetz 2007, Kissling et al.
2012). Two species (Cacatua goffiniana and Erithacus koma-
dori) had ranges so small they were effectively invisible to the
rasterization and were thus omitted from further analyses.

Native region

Introduced region

“Focal species - IFocal region
Species A \J Species
Species B Species B

Figure 3. Delineation of native and introduced communities. Within a focal species’ native region, range maps were used to determine
which species co-occur with the focal species. Within each introduced region, communities included all species with ranges that intersect
the region. Successfully and unsuccessfully introduced species within the region were determined from published sources.



Our definition of the recipient community includes all
species with ranges overlapping our focal regions of Florida,
Hawaii and New Zealand and likely overestimates the species
that an introduced species encountered. Failed introductions
lack a more closely defined recipient community, however,
and complete range maps were unavailable for some success-
ful introduced species in our data set. By including all poten-
tial interacting species in each region, we provide the most
comprehensive estimate of the recipient community phy-
logeny, but we expect that this will bias some phylogenetic
distance metrics (e.g. nearest neighbor distance will likely be
lower; Park et al. 2020).

Phylogenetic metrics

For each introduced species, we calculated the mean, variance,
skewness and kurtosis of phylogenetic distances between the
focal species and all other species in the community (MPD,
VPD, SPD, KPD, respectively). Nearest neighbor distance
(NND) was calculated as the shortest phylogenetic distance
between the focal species and all other species in the com-
munity. In addition to these focal-species metrics, we also
calculated Faith’s phylogenetic diversity (PDj; Faith 1992)
which measures the total evolutionary history within an
assemblage. When they formalized the evolutionary imbal-
ance hypothesis, Fridley and Sax (2014) argued that PD was
the best available surrogate for the phenotypic optimization
as the hypothesis describes as it captures the number of lin-
cages and habitat age, two factors that may affect the amount
of phenotypic optimization. By including PD here, we are
able to test the relative predictive ability of this assemblage-
specific metric vs alternative, focal-species metrics which cap-
ture information about the relative position of a given species
within an assemblage, which may be more informative if
competition or other biotic interactions depend on phylo-
genetic distance.

MPD, VPD, SPD, KPD and NND within the introduced
range were calculated relative to three sets of species: 1) the
native community; 2) the native community plus successfully
established introduced species; 3) successfully established
introduced species only. We circumscribed recipient com-
munities in multiple ways because the mechanisms proposed
by the environmental filtering and competition-relatedness
hypotheses are not necessarily limited to native species only,
and phylogenetic distances to both native and established spe-
cies may be meaningful. However, depending on the location
and date of the introduction event, introduced species may
have primarily co-occurred with native species (e.g. for early
introductions) or established species (e.g. for introduction in
anthropogenic environments; Sol et al. 2017), and thus these
circumscriptions may be meaningful as well. Phylogenetic
metrics were calculated using the Jetz et al. (2012) phylog-
enies derived from the Hackett et al. (2008) backbone, which
was the most complete avian phylogeny available at the time
of these analyses. Native range size was calculated as the num-
ber of grid cells that a species’ range intersected. For each
of the questions detailed below, introduction success was

predicted using linear models, and model fits were compared
via Akaike information criterion (AIC).

The Jetz et al. (2012) phylogenies are a pseudo-posterior
distribution of phylogenies constructed by grafting species
without genetic information within their clade in a man-
ner consistent with taxonomy and inferred branching times
(Jetz et al. 2012). These phylogenies are among the best
available bird phylogenies and are in frequent use (Jetz et al.
2014, Freeman et al. 2019, Montafo-Centellas et al. 2020).
For community phylogenetic metrics, the use of commonly
available phylogenies is supported, as the results are strongly
correlated with results using the more time-consuming
approach of generating a purpose-built phylogeny (Li et al.
2019). Nonetheless, to account for potential phylogenetic
biases and uncertainty, each phylogenetic metric (PD, NND,
MPD, VPD, SPD, KPD) was calculated as the mean value
of that metric derived from a random sample of 100 phylog-
enies from the complete set of 10 000 phylogenies. Across the
100 phylogenies used, the SE in cophenetic distance was of a
relatively small magnitude (1.09 million years) relative to the
mean cophenetic distance (159.16 million years).

Phylogenetic diversity was calculated using the function
‘pd’ in the R package picante (Kembel et al. 2010). MPD,
VPD, SPD, KPD and NND were calculated by extracting
the mean, variance, skewness, kurtosis and minimum phy-
logenetic distances (respectively) between a focal species and
the rest of the community using the function ‘cophenetic’ in
the R package szats (<www.r-project.org>).

Statistical analyses

All analyses were conducted in R ver. 3.6.3 (<www.r-project.
org>) using the package package /me4 (Bates et al. 2015) for
non-phylogenetically corrected models and phyr (Li et al.
2020) for phylogenetically corrected models. Model fits were
compared via Akaike information criterion (AIC). The scales
of the predictor variables differed by orders of magnitude,
and so all variables were standardized to a mean of 0 and SD
of 1 prior to analysis using the function ‘scale’ in R (<www.r-
project.org>).

Comparison of phylogenetic metrics

We compared the relative predictive ability of six source-
range phylogenetic metrics (PD, NND, MPD, VPD, SPD,
KPD) by comparing the fits of generalized linear models.
The models contained the source-region phylogenetic met-
ric, source-region range size and source-region species rich-
ness as continuous predictor variables, region of introduction
(Hawaii, Florida, New Zealand) as a random effect intercept
and introduction success as a binary response (successful vs
failed) variable following a binomial distribution with a logit
link. We also compared these models with an equivalent set
of phylogenetically corrected models which contained two
additional random terms: a phylogenetic covariance matrix
and a non-phylogenetic identity matrix, as implemented in
the default structure of the function ‘pglmm’ in the phyr
package for R (Li et al. 2020). The predictor variable native



range size was significantly correlated with PD (Pearson cor-
relation correlation=0.38, p < 0.05), marginally correlated
with NND (r=-0.09, p=0.054) and not significantly cor-
related with MPD, VPD, SPD or KPD (p > 0.05). Species
richness was strongly and significantly correlated with PD
(r=0.99, p < 0.05), significantly correlated with NND
(r=-0.10, p < 0.05) and VPD (r=-0.12, p < 0.05) and
not significantly correlated with MPD, SPD or KPD (p >
0.05). Due to the strong correlation between species richness
and PD, we excluded species richness from models where PD
was the response variable.

Comparison of competing hypotheses for introduction success
We compared the fits of phylogenetically corrected models
containing 1) source community phylogenetic metrics only
(i.e. tests of the evolutionary imbalance hypothesis vs the
competitive-constraint hypothesis vs the universal trade-off
hypothesis); 2) recipient community metrics (i.e. tests of
environmental filtering vs competition-relatedness); 3) both
source and recipient community metrics; and 4) source and
recipient community metrics including a source-by-recipient
metric interaction term. Metrics included PD, NND, MPD,
VPD, SPD and KPD. All models included source-range size
as a covariate, region of introduction as a random effect and
establishment success as the binary response variable. All
models contained source-region species richness except one
containing PD, as PD was strongly and significantly cor-
related with species richness. To account for phylogenetic
uncertainty, we fit model models using 100 randomly chosen
phylogenies and took the mean values of each model coef-
ficient. We also fit equivalent non-phylogenetically corrected
models for comparison purposes using the function ‘glmer’ in
the /me4 R package (Bates et al. 2015).

Comparison of phylogenetic metrics with propagule pressure
and traits

To compare the predictive power of phylogenetic metrics
with that of propagule pressure and species™ traits known to
be related to establishment success, we conducted additional
analyses on a subset of our data for which data on propagule
pressure and other traits were available. Traits included in
models were those identified by Sol et al. (2012) in their best-
fit model and included body mass, the residuals of brain mass
against body mass, the value of a brood relative to expected
lifetime reproductive output and habitat generalism (the
number of habitat types used by a species). Propagule pres-
sure metrics included both the number of individuals and
number of introduction events. We included our best-fitting
phylogenetic metrics, source MPD and recipient community
MPD (relative to native species only; Supporting informa-
tion). We used phylogenetic generalized linear mixed-effect
models to test hypotheses based on 1) propagule pressure
only; 2) propagule pressure and MPD metrics; and 3) propa-
gule pressure and species’ traits. The ‘propagule pressure
only’ model included the number of introduction events and
number of individuals introduced as fixed effects. The ‘propa-
gule pressure and MPD model’ additionally included source

and recipient community MPD as predictor variables. The
‘propagule pressure and traits' model included body mass,
brain mass residuals, brood value and habitat generalism in
addition to the number of events and individuals as predic-
tor variables. All models included establishment success as a
binary response variable with a logit link and a random effect
of site (Hawaii or New Zealand). We initially considered
including an interaction term between source- and recipient-
region MPD in models containing phylogenetic predictors,
but as this never improved model performance (1 < AAIC
< 2), we subsequently omitted this interaction term. We cal-
culated partial R* using the function ‘R2_pred’ in the 2
package for R (Ives and Li 2018), which calculates partial R?
as 1 —var(y — v, )/var(y — ¥,ueed)> Where yg, is the full model
and y, .4 s @ model containing only the intercept (Ives and
Li 2018).

Results

Comparison of phylogenetic metrics

Across both phylogenetically corrected and non-phylogenet-
ically corrected models, those containing VPD as a predic-
tor showed the best fit (AAICs=3.9 and 1.927, respectively;
Supporting information). The non-phylogenetically corrected
PD model performed the worst, and PD was not significantly
related to establishment success (Supporting information).
In our data set, establishment success showed a weak, non-
significant trend of positive association with PD of the native
(source) range (Fig. 4, Supporting information). In contrast,
establishment success showed a significant, positive relation-
ship with source-range VPD and SPD, as well as significant,
negative relationships with NND, MPD and KPD (Fig. 4,
Supporting information). Phylogenetically corrected models
were broadly consistent with non-phylogenetically corrected
models in both sign and significance, with the exception that
SPD was no longer significant after phylogenetic correction

(Fig. 4).

Comparison of competing hypotheses for
introduction success

Our preferred model (AAIC < 2) included a marginally
significant (0.1 > p > 0.05) positive effect of source-region
range size, a non-significant effect of source-region species
richness, a significant (p < 0.01) negative effect of source-
region MPD, and a significant (p < 0.01) positive effect
of recipient-region MPD relative to native species only
(Supporting information). Two additional models were also
well supported (0 < AAIC < 2). The next best performing
model (AAIC=0.153) included a significant (p < 0.05) posi-
tive effect of source region range size, a non-significant effect
of source-region species richness, a non-significant positive
effect of source-region SPD, a significant (p < 0.01) negative
effect of recipient-region SPD relative to native species only
and a significant (p < 0.01) negative interaction between



Hypothesis
supported

CCH
EIH

Phylogenetic
correction?

No
Yes

p < 0.05?

No
Yes

0.5
€
o
S 0.
£ 00
(0]
o]
(&)
o
o
@]
S -0.51

1.0

PD  NND MPD
Metric

VPD

SPD  KPD

Figure 4. Comparison of phylogenetic metrics in tests of the source-range metrics. Shown are estimated model coefficients and SE. Lightly
filled bars represent model coefficients which weren't significantly associated with establishment success. Striped bars represent models that
weren't phylogenetically corrected. Blue bars (i.c. all of them) represent models that are consistent with the predictions of the evolutionary
imbalance hypothesis. Full models included native region phylogenetic metric (PD, NND, MPD, VPD, SPD, KPD), and species richness
and area of the focal species’ native range as predictors, region of introduction as a random effect and introduction success as a binary
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PD was strongly correlated with species richness (r=0.99, p < 0.05), species richness was omitted from that model.

source- and recipient-region SPD. The third best performing
model (AAIC=1.276) was similar to our best performing
model but additionally included a non-significant negative
interaction term between source- and recipient-range MPD
(Supporting information). We also found that across all of
our models, the effect of source-region phylogenetic metrics
was consistent in sign, with NND, MPD and KPD always
showing a negative relationship with establishment success,
and VPD and SPD always showing a positive relationship
with establishment success. In contrast, most recipient-region
phylogenetic metrics (with the exception of NND, which
always showed a negative relationship with establishment
success) showed inconsistent relationships with establish-
ment success that changed in direction depending on circum-
scription of the recipient species pool (i.c. native, established
or native and established species) and whether source-region
phylogenetic structure was included. Source-region range
size always showed a positive association with establishment
success that was either significant (p < 0.05) or marginally
significant (0.1 > p > 0.05). Source-region species richness
was never significantly related to establishment success and
varied in sign.

The non-phylogenetically corrected models (Supporting
information) were broadly consistent with the phylogeneti-
cally corrected models: the best-performing model again
included a significant, negative effect of source-range MPD
and a significant, positive effect of recipient-range MPD (rel-
ative to the native community). The second bestperforming

model was also well supported (AAIC < 2) and was simi-
lar to the best performing but additionally included non-
significant, negative interaction term between source- and
recipient-region MPD. As with the phylogenetically cor-
rected models, source-region NND, MPD and KPD showed
negative relationships with establishment success, while
source-region VPD and SPD showed positive relationships
(Supporting information) and recipient community metrics
were sensitive to the additional terms included and the cir-
cumscription of the recipient community. However, there
were some important differences, including model terms that
differed in sign and/or significance between the models. For
example, recipient-range MPD calculated to the native com-
munity only shows a positive, significant effect when correct-
ing for phylogeny but a negative, non-significant effect when
failing to correct for phylogeny.

Comparison of phylogenetic metrics with propagule
pressure and traits

From our initial data set consisting of 433 observations, we
retained 112 observations for which trait and propagule pres-
sure data were available for introductions into Hawaii and
New Zealand. In our ‘propagule pressure only’ model (mean
partial *=0.428, SE=0.001), we found a significant (p <
0.05), positive effect of the number of introduction events on
establishment success but did not find a significant effect of
the number of individuals introduced. Our model including



community phylogenetic structure metrics in addition to
propagule pressure offered an improved fit relative to the
propagule pressure only model (AAIC=3.41, mean partial
*=0.417, SE=0.001) and included a significant (p < 0.05),
negative effect of source community MPD and a significant
(p < 0.05), positive effect of the number of introduction
events on establishment success, while recipient-region MPD
and the number of individuals introduced were not signifi-
cantly related to establishment success. Our propagule pres-
sure and traits model provided the best fit of the three models
examined (AAIC > 93, mean partial > 0.576, SE=0.001)
and included a significant (p < 0.05), positive effects of both
habitat generalism and the number of introduction events on
establishment success, while body mass, residual brain mass,
brood value and the number of individuals introduced were
not significantly related to establishment success.

Discussion

Negative relationships between establishment success and
source MPD and NND, and a positive relationship with
source SPD (although SPD was only significant prior to phy-
logenetic correction), indicate that species with more close
relatives (low values of MPD, NND, high values of SPD) in
their native range had higher introduction success elsewhere.
A positive relationship of source VPD and a negative relation-
ship of source KPD with establishment success indicate that
species which co-occur with species representing a greater
diversity of phylogenetic distances had higher introduction
success. Thus, our initial findings were consistent with the
predictions of the evolutionary imbalance hypothesis, and
there was a clear association between species that come from
closely-related and/or diverse communities and increased
establishment success (Fig. 4).

Consistent with predictions of both the evolution-
ary imbalance hypothesis and the competition-relatedness
hypothesis, the overall best phylogenetic model included a
significant, negative relationship between introduction suc-
cess and source-range MPD and a significant, positive effect
of recipient-range MPD calculated relative to the native com-
munity. In other words, species originating in regions with
communities containing relatively closely related species that
are then introduced into regions containing relatively dis-
tantly related species are more likely to become established.
Two additional models received substantial support (AAIC
< 2). The second best-performing model included a non-
significant positive effect of source-region SPD, a significant
negative effect of recipient-region SPD relative to native
species only and a significant negative interaction between
source- and recipient-region SPD while the third best per-
forming model was similar to our best-performing model but
additionally included a non-significant negative interaction
term between source- and recipient-range MPD. These mod-
els thus also support both the evolutionary imbalance and
competition-relatedness hypotheses but also indicate that
interactive effects may strengthen these relationships.

Importantly, we found that including source-range phy-
logenetic structure in models, changing the circumscription
of the recipient community (e.g. including established and/
or native species), and utilizing phylogenetic corrections can
change the sign and significance of model terms. Including
native range MPD in the non-phylogenetically corrected
model caused a change in both the direction and significance
of the effect of recipient-range MPD, from a (non-signifi-
cant) negative relationship as predicted by environmental
filtering (similar to the findings of Maitner et al. 2012) to a
significant positive relationship as predicted by competition-
relatedness (Supporting information). However, this was not
true when employing phylogenetic corrections (Supporting
information). Therefore, the decision of whether (or not) to
incorporate both source- and recipient-region phylogenetic
structure or to include phylogenetic corrections in an analysis
can fundamentally change the results and may warrant re-
analysis of previously published work.

Adding phylogenetic structure (source and recipient com-
munity MPD) to models containing propagule pressure alone
improved the fit (AAIC=3.41); however, the the effect of
recipient- region phylogenetic structure was not significantly
associated with establishment success, unlike in the model
containing only phylogenetic structure metrics. One poten-
tial explanation for these differences between the models with
propagule pressure and those without them is that the subset
of introductions with information about propagule pressure
differs from our full dataset and might have a weaker relation-
ship with recipient-range phylogenetic structure. We tested
for this possibility and indeed found that source-range MPD
— but not recipient-range MPD — was significantly related to
establishment success in a model that utilized only the 112
observations with information about propagule pressure.
This suggests that within this subset of data, source-region
MPD is indeed a stronger predictor of introduction success
than recipient-region MPD.

These findings not only support the well-established
importance of propagule pressure in predicting introduc-
tion success (Holle and Simberloff 2005, van Wilgen and
Richardson 2012, Blackburn et al. 2015) but also indicate
that phylogenetic metrics can add significant explanatory
power to these models when trait information is lacking.
Detailed trait data were yet more powerful for predicting
establishment in our data set, but these types of data are not
always readily available, and there is a persistent desire to use
phylogenetic structure as a proxy for ecologically relevant
traits (Van Wilgen and Richardson 2011, Violle et al. 2011,
Ma et al. 2016).

Previous tests of recipient community phylogenetic
structure on the establishment success of birds have found
that species that are more closely related to the recipient
community were more likely to successfully establish (con-
sistent with environmental filtering; Maitner et al. 2012,
Baiser et al. 2018) and that the NND of the recipient com-
munity was a better predictor of establishment success than
MPD (Maitner et al. 2012). We find similar patterns when
only considering the recipient community NND in our data



set (Supporting information). In contrast, our best-fit model
provides support for the opposite conclusion when account-
ing for native region phylogenetic structure that species that
are more distantly related to the recipient community are
more likely to successfully establish. Intriguingly, a recent
ecological study of established bird species in New Zealand
found that native and introduced species tend to occupy dif-
ferent habitats and have relatively low overlap in functional
trait space (Barnagaud et al. 2014b), suggesting differentia-
tion rather than environmental filtering is structuring avian
establishment in this region, as indicated by our model incor-
porating the evolutionary imbalance hypothesis here.

We note that there are a number of important caveats
to consider when using phylogenetic structure as a predic-
tor (Gerhold et al. 2015). The hypotheses tested here assume
that the strength of competition (or apparent competition)
and shared environmental tolerances increase with phylo-
genetic distance. While there is substantial evidence that
apparent competition (Gilbert and Webb 2007, Liu et al.
2012, Parker et al. 2015) and environmental tolerances
(Wiens et al. 2010) show phylogenetic signal, the evidence
for competition is more mixed (reviewed in Gerhold et al.
2015). Phylogenetic distance may be capturing other impor-
tant information instead of, or in addition to, environmen-
tal and competitive similarities. For example, Lenzner et al.
(2021) recently proposed that novel traits may drive both
diversification rates and establishment success. If this is cor-
rect, species from lineages containing these novel traits will
tend to have close relatives (owing to the high diversification
rate) and be successful when introduced elsewhere (owing
to the novel traits). Thus the patterns would be identical to
those proposed by the evolutionary imbalance hypothesis,
though the mechanisms would be different. We also note that
the data we use here are relatively coarse in spatial resolution
and that data at a finer scale could show different patterns
(Park et al. 2020). However, recent work by Park et al. (2020)
suggests that a signal consistent with the environmental filter-
ing hypothesis may be more likely to detect as spatial scales
increase, and thus the support we find for the competition-
relatedness hypothesis is all the more striking given the rela-
tively coarse level of spatial data. Future studies are needed to
verify the mechanism(s) underlying these patterns, but our
results suggest candidate mechanisms to be tested (Weber
and Agrawal 2012) and may be of applied significance in pre-
venting unwanted (or facilitating wanted) establishment by
non-native species.

The results presented here utilize data from three distinct
regions which were selected for their high availability of data
for both successful and failed introductions. However, it is
possible that these regions may not be broadly representative.
Both Hawaii and New Zealand are islands, while Florida is a
climatic ‘island’, separated from other tropical and subtropi-
cal regions by both water and temperate climates (Hardin
2007). It has been suggested that islands may be easier to
invade (Elton 1958); however, evidence suggests this may not
be the case for birds (Sol 2000). The importance of biotic
interactions in these introductions may also not be broadly

representative, as both Hawaii and New Zealand have had
many extinction events following the arrival of humans
(Blackburn et al. 2004), and it has also been suggested that
the tropical and neotropical regions of Florida may also
be relatively depauperate owing to their climatic isolation
(Hardin 2007). We recommend caution in the interpreta-
tion of our findings until we can establish whether they are
broadly representative of introductions more generally.

Conclusions

Recent years have seen an active interest in revisiting and test-
ing Darwin’s (1859) ideas regarding phylogenetic patterns in
introduction success. There have been many tests of the com-
petition-relatedness (‘Naturalization’) and environmental fil-
tering hypotheses in particular (Dachler 2001, Strauss et al.
2006, Diez et al. 2008, Thuiller et al. 2010, Van Wilgen and
Richardson 2011, Violle et al. 2011, Maitner et al. 2012,
van Wilgen and Richardson 2012, Park and Potter 2015a,
b, Li et al. 2015, Ma et al. 2016, Park and Razafindratsima
2019), but these have culminated in an often frustrat-
ing lack of generality (Thuiller et al. 2010, Ma et al. 2016,
Cadotte et al. 2018, Park et al. 2020). These hypotheses focus
on phylogenetic relationships with recipient communities,
but Darwin and others have also considered the potential for
the evolutionary history of introduced species in their source
communities to influence introduction success. The formal-
ization of multiple source-region hypotheses (reviewed in
Maitner et al. 2021a) has emphasized the need to test these
ideas and raised the possibility that incorporating both source
and recipient community features could resolve general pat-
terns in the ecophylogenetics of introduced species.

Our case study examined the success of birds introduced
into three well-described avian communities. Despite pre-
vious support for the environmental filtering hypothesis in
these introductions (Maitner et al. 2012), here we found
support for the competition-relatedness hypothesis once we
accounted for the phylogenetic structure of species’ source
regions. We also found consistent support for the evolu-
tionary imbalance hypothesis. These results indicate that
accounting for both source and recipient communities could
both provide important insights from the source-region rela-
tionships and improve the ability to detect competitive effects
within recipient communities at a regional scale.

While there has been relatively little work to date focusing
on source-range hypotheses, these have received indications
of support from a combination of empirical (Tilman 2011,
Fridley and Sax 2014), theoretical (Tilman 2011, Wilson
2014) and experimental studies (Korona 1996, Meyer and
Kassen 2007). We note that there are a number of impor-
tant considerations that will arise when testing these hypoth-
eses in a phylogenetic context and interpreting the results.
These include the choice of phylogenetic metric, whether to
include native or established species (or both) in the recipi-
ent community, the spatial scale and resolution modeled
and the inclusion of other explanatory factors such as range
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size, propagule pressure or species’ traits. It may be especially
important to recognize that, while including species traits
or propagule pressure can improve predictive power (van
Wilgen and Richardson 2012, this study), these explanatory
factors may also covary with phylogenetic patterns, particu-
larly where there are large ecological and propagule pressure
differences among major clades (Westoby et al. 1995). A
particularly pressing issue is the degree to which any best-fit
model has substantial explanatory power in predicting intro-
duction success (Mac Nally et al. 2018). These issues identify
the need for analyses exploring how phylogenetic metrics,
species’ traits, propagule pressure and community circum-
scription, within both source and recipient communities,
impact predictions of invasion success across scales, as well as
theoretical and experimental studies to refine predictions and
test specific mechanisms likely to generate observed patterns.
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