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Abstract

Invasive species present an opportunity to test the association between selective forces and
adaptive morphological traits because these species can experience rapid changes when
introduced to new environments. One such invader is the common myna (Acridotheres
tristis), a broadly ranging avian species that has been introduced on most continents and
many oceanic islands. Here, we studied morphological variability in native and introduced
populations of common mynas to identify the key environmental variables correlated with
local phenotypic variation during biological invasions. In particular, we aimed to deter-
mine whether similar selective pressures acted on populations in the native range and the
introduced ranges, and whether the same factors shaped morphological variation in differ-
ent introduced populations. We recorded eight morphological measurements from 1,331
individuals across sites throughout most of the common myna’s range, as well as climatic,
topographic and anthropogenic environmental data, sex and age of individuals, and years
since local introduction. We found inconsistent signals of morphological adaptation in the
native population, representing different patterns between females and males. Conversely,
urbanization was a significant explanatory factor of phenotypic shifts in introduced popula-
tions, especially with regards to foraging-related traits. Moreover, we found that adapta-
tion occurred differently across two focal introduced populations (Sydney, Australia and
Israel). Therefore, caution is required in studies relating to evolutionary adaptations and
predictions made regarding characteristics of invasive populations within a limited range of
their introduced ranges. Our results also indicate a major role for urbanization in impacting
the shape and size of foraging-related features in this broadly-distributed invasive species,
emphasizing the impact of human-induced environmental changes upon the trajectories of
biological invasions and, ultimately, their effects on native biodiversity.
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Introduction

Morphology represents a subset of phenotypic adaptations to local environmental condi-
tions. Traditionally, spatial patterns of morphological variation have been explained by
ecogeographical rules (e.g., Bergmann’s rule, Bergmann 1848; Salewski and Watt 2017;
Gloger’s rule, Gloger 1833; Delhey 2017), according to which endothermic species should
differ in their morphological traits in different environmental conditions such as humidity
and temperature (but see Meiri et al. 2004, 2007; Feldman and Meiri 2014). This variation
can occur at different taxonomic levels, and morphometric differences among populations
of a single species resulting from local adaptation have been described comprehensively
(Blondel et al. 1999; Sather et al. 2007; Badyaev et al. 2008; Magory Cohen et al. 2018).
However, the rate at which these differences arise and the strength of the selective pres-
sures leading to morphological evolution remain unclear in populations that experience
non-directional or slow modifications in their environments. Therefore, focal studies where
rapid environmental changes take place, e.g., when species invade new environments, pre-
sent an opportunity to test the associations between selective forces and adaptive morpho-
logical traits (including, for example, relaxed selection, Lahti et al. 2009).

A relatively recent selective force now widely operating on phenotypic variation in
some populations of wild animals is urbanization. Urbanization-induced processes have
been shown to instigate morphological changes in several animal lineages, including birds
(Badyaev et al. 2008; Liker et al. 2008; Giraudeau et al. 2014), mammals (Tomassini et al.
2014; Yu et al. 2017), and fishes (Kern and Langerhans 2018; Alter et al. 2020). Specifi-
cally, differences in diet composition between urbanized areas and natural environments
were suggested to cause changes in traits related to foraging such as bill size and shape in
birds (Badyaev et al. 2008; Giraudeau et al. 2014) and cranial size in mammals (Tomassini
et al. 2014). Whether these trends reflect general patterns across a species’ complete range,
or necessitate an acute environmental change, remains unclear.

Invasive species can experience rapid morphological changes when introduced to new
environments (Phillips et al. 2006; Alford et al. 2009; Mathys and Lockwood 2011; Cardil-
ini et al. 2016; Gleditsch and Sperry 2019). The realized phenotypes can be advantageous
in promoting invasive dispersal at range fronts (Phillips et al. 2010; Berthouly-Salazar et al.
2012, 2013; Hudson et al. 2016), responding to novel conditions by improving (Sol et al.
2005) and facilitating cognitive skills (Magory Cohen et al. 2020), exploiting new food
resources (Hudson et al. 2016), or adapting to new climatic conditions (Baker and Moeed
1979; Cardilini et al. 2016). These resulting local adaptations possibly occur independently
of each other. For example, whereas longer wings may allow for greater dispersal distances
during range expansion (Berthouly-Salazar et al. 2012), an increase in head size, which
may be associated with improved cognition in new environments (Lefebvre et al. 2004),
may not occur (Berthouly-Salazar et al. 2012). Therefore, the ability of an invasive species
to respond to locally different selective pressures may predetermine its invasion success
(Cerwenka et al. 2014). Consequently, biological invasions provide an opportunity to study
the link between rapid phenotypic adaptation to novel environments and invasion success
on a microevolutionary timescale (Phillips and Shine 2005; Clarke et al. 2019).

Tests of correlations between morphological characters and environmental condi-
tions can benefit from studying a widespread invader that occupies multiple introduced
areas, allowing for repeatedly independent assessment across different environments.
One such invader is the common myna (Acridotheres tristis), a broadly ranging avian
species that has been introduced on every continent except for Antarctica, and on many
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oceanic islands (Magory Cohen et al. 2019). Previous studies suggest that different
selective pressures act on common myna populations in various parts of the species’
expanded range. For example, in an introduced population of common mynas in New
Zealand, evidence of early morphological local adaptation was found to match two
biogeographical rules of morphological variation (i.e., Bergmann rule and Gloger rule;
Baker and Moeed 1979). However, across its native populations in India, no evidence
was found to support Bergmann’s rule and, instead, a trade-off between bioclimatic
factors and inter-specific competition for food resources was suggested to explain size
variation (Baker and Moeed 1980). In another introduced population in South Africa,
Berthouly-Salazar et al. (2012) found evidence of spatial sorting in traits related to dis-
persal, whereas foraging-related traits were correlated with environmental variables,
including urbanization. Because introductions of common mynas varied in space and
time (i.e., earliest known introductions were mid-nineteenth century in Hawaii and
Australia: Cramp & Perrins 1994; Long 1981; the most recent ones occurred in Spain
and Portugal: Saavedra et al. 2015, and in Italy: Mori et al. 2020), they constitute an
ideal study system to explore local adaptations across contemporary time scales and
under diverse geographic conditions.

Despite accumulating evidence of local morphological adaptations in a multitude
of invasive species (Ross and Baker 1982; Phillips and Shine 2006; Berthouly-Salazar
et al. 2012; Bitton and Graham 2015; Hudson et al. 2016; Gruber 2017), whether these
adaptive changes occur similarly across a species’ different invasive ranges remains
uncertain. Here, we studied morphological variations in native and introduced popu-
lations of common mynas across several continents in order to identify the key envi-
ronmental variables correlated with local adaptation during biological invasions. In
particular, we aimed to determine whether similar selective pressures acted on popu-
lations in the native range and the introduced ranges and whether the same factors
shaped morphological variation in different introduced populations.

We measured morphological traits from a combination of wild-caught live birds,
carcasses from culled birds following conservation management, and museum speci-
mens to investigate changes in morphology across the native and the introduced ranges
of the common myna. Native populations have been subjected to diverse environmen-
tal conditions throughout their evolutionary history. We expected that the morpho-
logical traits of native and introduced populations will change in similar directions in
response to the impacts of particular environmental predictors (albeit that the magni-
tude of environmental conditions experienced by disparate populations may differ). For
example, we predicted that morphological traits related to thermoregulation will be
negatively correlated with mean annual temperatures across both native and introduced
ranges (Johnston and Selander 1964; Baker and Moeed 1979; Grant 1979). Addition-
ally, because urbanization has been shown to be an important explanatory predictor of
the global distribution of common mynas (Magory Cohen et al. 2019; Magory Cohen
and Dor 2019), and urban areas offer different dietary opportunities than semi-urban
or rural areas, we predicted that morphological character shifts related to foraging will
increase with the intensity of urbanization (Badyaev et al. 2008; Norazlimi and Ramli
2015). In turn, we expected that characters related to invasiveness will be highest in
populations at the invasion range’s front, and decrease as a function of the time since
introduction, as mynas from the range front were shown to be more innovative and less
neophobic than their native conspecifics (Magory Cohen et al. 2020).
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Materials and methods
Sample collection

We measured 1331 individuals from the majority of the common myna distribution
range, using a combination of field sampling in Israel, Australia, and India (between
the years of 2014-2018) and specimens collected globally which were deposited in
ornithology museum collections between the years 1836-2018 (Fig. 1, Table S1). Live-
caught or culled specimens collected in Israel and Australia represent the introduced
range (introduced in 1997 and mid-nineteenth century, respectively), whereas samples
collected in India represent the native range. In total, we collated data from 1,015 indi-
viduals from the introduced ranges and 316 from the native range.

In the field, birds were trapped via specific myna traps and opportunistic mist-netting
(Israel and India), occasional shooting by authorized individuals or rangers (Israel and
Australia) or a direct collective culling effort (Australia). Birds trapped in India were
subsequently banded and released at the point of capture, whereas invasive birds cap-
tured in Israel and Australia were transferred to the Israel Nature and Parks Authority or
euthanized, respectively, according to local permits. Collected carcasses were frozen for
measurement at a later date. All animal care procedures were approved by the Tel Aviv
University ethics committee (permit nos. L-15-033 and 04-17-056), the Israel Nature
and Parks Authority (permit numbers 2015/40,828 and 2017/41,780), the Australian
Museum Animal Care and Ethics Committee (approval number 15-03), and the Wildlife
Institute of India Animal Welfare committee and Uttarakhand State Forest department
permit (L. No. 1258/5-6). Global positioning system (GPS) coordinates were recorded
for each bird caught. When a museum specimen or a bird collected from culling had not
been assigned coordinates, then coordinates of the nearest town or reference point were
recorded using an online tool (https://www.gps-coordinates.net/). Records for which the
sampling locality was too coarse (i.e., were not specific enough, such as large cities or
regions) were omitted from the data set.

N

Fig.1 Sampling records of common mynas used in this study. The light blue shading represents the known
native range of the species, while the purple shading represents its introduced range (according to IUCN
data; IUCN 2019). Sampling records are marked with red (introduced, n=1015) and blue (native, n=316)
circles. Additional details of samples used in this study are found in Table S1. This map lacks the most
recent local introductions in Italy, Spain, and Portugal (see main text)
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Morphological measurements

We aged birds by their plumage (Cramp and Perrins 1994) and classified them as either
adults (After Hatching Year—AHY) or juveniles (Hatching Year—-HY). Birds sampled
during field sampling were sexed anatomically (Australia) or via Polymerase Chain
Reaction (PCR) by amplifying sex-specific coding regions (chromo-helicase-DNA
binding protein; CHD) on the Z (male and female) and W (female-only) avian sex
chromosomes with the primers F2250 and R2718 (Fridolfsson and Ellegren 1999) or
CHD1-i116-F and CHD1-i16-R (Suh et al. 2011) (Israel and India). We recorded eight
measurements following Berthouli-Salazar et al. (2012) and Baker and Moeed (1979),
including wing chord, hereafter wing length (carpal joint to tip of the longest primary
flattened), tarsus length (tibio-tarsus joint to the distal end of the tarso-metatarsus), bill
length (bill tip to the nasal-frontal hinge), bill depth (at the proximate edge of the nos-
trils), bill width (at the proximate edge of the nostrils), head length (tip of the bill to
the back of the head minus bill length), middle toe length (distal inter-condylar fossa to
the tarsometatarsal facet of phalanx I), and premaxilla length (tip of the bill to the ante-
rior border of the nostrils). Wing length was only used in the analysis if the individual
was not molting its 7th or 8th primary (the longest primary feathers). All measurements
were recorded with a 0.1 mm-unit dial caliper except for wing length that was recorded
with a 1 mm-unit flat ruler. All measurements were taken by a single person (TMC),
except for 13 Indian specimens taken by RSK after careful steps were taken to confirm
that the measurements did not differ systematically.

Environmental variables

We extracted a set of environmental variables that had been determined biologically
important in shaping the global common myna distribution (Magory Cohen et al.
2019). Because the temporal scale of the examined specimens spanned approximately
150 years, it was crucial that the environmental data reflect the time period in which the
specimen was collected. Therefore, we used data with a yearly resolution for climatic
variables that included mean temperature (TMP), annual average precipitation (PRE),
potential evapotranspiration (PET), and diurnal temperature range (DTR) (Harris et al.
2014; 0.500 degree resolution). In addition, we included a topographic variable (alti-
tude, ALT, METI/NASA 2011; 0.004 degree resolution) and two proxies of urbaniza-
tion: constructed impervious surface area (IMP [density for each grid cell as a percent-
age of the total area in km?], Elvidge et al. 2007; 0.008 degree resolution) and human
population density (HD [number of people per cell * 10°], CIESIN 2014; 0.008 degree
resolution). Both IMP and HD were previously shown to effectively capture urbaniza-
tion with regards to common mynas (Magory Cohen et al. 2019). To correctly model the
temporal changes in morphology, we used historic human density extracted for the spe-
cific year of the record. We achieved this by calculating the factor by which the popula-
tion has increased from the year the record was taken to modern day estimates (Roser
and Ortiz-Ospina 2018), and dividing the current human density (per location) by this
factor. We applied the same transformation to impervious surfaces in the absence of his-
torical measurements, assuming that anthropogenic changes have occurred in a similar
direction and order of magnitude. In addition, we estimated the time since the invasion
based on previous documentation and museum records (TIME).
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Statistical analyses

Since common mynas are sexually dimorphic in size (males being larger, Cramp and
Perrins 1994), the analyses were conducted for each sex separately. In addition, only
adult specimens were analyzed to avoid signal loss in traits that stabilize in adult-
hood. None of the response variables (i.e., morphological traits) were highly correlated
(Pearson’s IrI<0.64, Table S2), therefore we modeled each of the eight measurements
separately. This modelling approach is better suited for interpreting biological results
because it allows for independent consideration of each trait. Similarly, none of the
environmental variables were highly correlated (Pearson’s Irl<0.75). We treated the
urbanization predictor variables (HD, IMP) both as linear and quadratic terms (HD?,
IMP?) so that simple nonlinear relationships could be detected. We expected that non-
linear association may occur between anthropogenic predictors and morphological
traits because the urban environment may give rise to multidirectional selective forces
that act on the same trait in dissonance; for example, dietary changes in urban envi-
ronments may favor longer bills (Badyaev et al. 2008; Giraudeau et al. 2014), while
bill shape may be limited by acoustic requirements for song to overcome anthropogenic
noise (Giraudeau et al. 2014). Ultimately, we standardized response variables and con-
tinuous predictors by subtracting the mean and dividing by the standard deviation using
the ‘stdize’ function in R package ‘MuMlIn’ version 2.7-0 (Barton 2018). We tested
the correlation between each morphological trait (response) and standardized climatic
(TMP, PRE, PET, DTR), topographic (ALT) and urbanization (IMP, HD) variables by
employing General Linear Models (GLM) and General Linear Mixed Models (GLMM;
‘Country’ being the random factor in analyses that included multiple countries) using R
statistical software (R Core Team 2019).

Additionally, to measure temporal change in traits through time, we analyzed two
populations for which we had large sample sizes: Israel (n=286) and Sydney, Australia
(n=233). The Israel population was recently introduced (approximately 23 years ago)
while the Sydney population represents an older invasion (approximately 150 years
ago). Ewart et al. (2018) recently demonstrated that the two separate known introduc-
tions of common mynas in Australia in Sydney and Melbourne resulted in multiple,
genetically distinct groups. Therefore, we compared only the Sydney population, for
which our data set was larger, to the Israeli population. Given that common mynas reach
sexual maturity approximately within a year (Eddinger 1967), sufficient time for detect-
able selection would have occurred (Grant and Grant 1995) across the multiple genera-
tions produced even in the recently introduced population in Israel. To account for the
differences among the introduction times, we included standardized time since introduc-
tion (TIME) as an additional explanatory variable. Since temporal data as to the time
since invasion was unavailable for most of the local spreads from Melbourne, this was
another reason for excluding Melbourne from this comparison. For these subsets, we
again modeled each morphological trait separately (Pearson’s IrI<0.70, Table S2). How-
ever, one of the environmental variables (potential evapotranspiration) was highly cor-
related (Pearson’s Irl>0.80) in both the Israeli subset (with diurnal temperature range,
Pearson’s Irl=0.90) and the Australian one (with annual average precipitation, Pearson’s
Irl=0.82). Therefore, we excluded potential evapotranspiration (PET) from these mod-
els. Additionally, two more predictor variables were highly correlated in the Australian
subset (human density and impervious surface area, Pearson’s Irl=0.86). In order for
the two subsets to be comparable, we included the correlated predictor variables in the
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Australian model. However, we ran separate models omitting one of the two correlated
predictor variables each time to validate the results of the model with all of the predic-
tors. Our results showed that all model outputs were very similar (Table S3).

For each of the morphological traits, alternative models with different combinations of
environmental predictors were produced using an all-subsets approach, including the null
model. We fitted the models based on the Shapiro-Wilk test of normality (Shapiro and
Wilk 1965), and used General Linear Models (GLM) or General Linear Mixed Models
(GLMM) if a random factor was used. We opted against models that account for spatial
autocorrelation for two reasons. Firstly, Spatial Autocorrelation Regression models require
aggregation of the observations that were collected at the same coordinates. Our dataset
consisted of many localities from which multiple measurements were available for a single
pair of coordinates only, as was often the result of historical museum record keeping and/
or collection, as well as of culling efforts. Secondly, evidence for spatial autocorrelation
(Moran’s I, calculated via the ‘ape’ R package (Paradis and Schliep 2018) was variable
and partial (Table S4). Therefore, we accounted for some of the spatial autocorrelation
by including ‘country’ as a random factor in our models. We then evaluated the models
using the Akaike information criterion (AIC), and selected the best models (AAIC <2).
We employed model averaging over the best models that were selected using the R package
MuMIn (Barton 2018). To describe the statistical significance of the predictor variables,
we calculated 95% confidence intervals (CIs) and determined coefficients significant if
they did not overlap zero (Barton 2018). In addition, we calculated the relative importance
of each explanatory variable across averaged models via the R package MuMIn (Barton
2018).

Results
Local adaptation in the native range

We found inconsistent signals of morphological adaptation in the native population,
whereby different trait patterns were evident between males and females. (Tables 1, S5).
For example, in males and females, morphological characters related to foraging (bill
length, bill width, head length) were correlated with both climatic and urbanization predic-
tors, although the same traits were explained by different variables in the different sexes;
bill length in females was best explained by mean temperature (estimate+SE=0.12+0.04,
CI: 0.04-0.21), whereas in males it was best explained by impervious surfaces coverage
(estimate + SE=3.86+1.77, CI: 0.39-7.34). Morphological traits considered to be proxies
of body size (wing length, tarsus length, toe length) were explained by urbanization varia-
bles in females (e.g., tarsus length: impervious surface area: estimate+ SE= —3.03 +1.22,
CI: —5.42 to —0.64) but by climatic variables in males (e.g., wing length: mean tempera-
ture: estimate + SE= —2.32+0.66, CI: —3.62to —1.02).

Morphological variation in the introduced range

There was a set of more consistent signals in the introduced population, especially with
regards to foraging-related traits. Urbanization was a significant explanatory factor in
introduced populations globally in five morphological characters in females and four
in males. Most traits were inversely proportional to impervious surfaces, or coalesced
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towards an optimal value, depending on human density (Tables 1, S6). For example,
bill width and bill depth had a parabolic relationship with human density (Fig. 2a, d,
respectively), while premaxilla and head length decreased as impervious surfaces
increased (Fig. 2b, c, respectively) in females (this trend was missing for bill depth in
males, where temperature was a significant explanatory predictor; mean temperature:
estimate + SE=0.12+0.04, CI: 0.05-0.20). One body size related trait (the middle toe
length) also decreased as impervious surfaces increased (in both sexes; Tables 1, S6).
However, no significant explanatory predictor variable was found for traits related to
the remaining body size-related traits in either sex (tarsus length and wing length; see
Table 1, S6). Some variance in foraging-related traits was also explained by climatic
factors (e.g., males, bill length, diurnal temperature range: estimate + SE=0.31+0.10,
CI: 0.10-0.50, but these represented no significant predictors in females).
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Fig.2 Morphological traits in female common mynas as model outputs of the function of anthropogenic
factors. a Bill width [mm] as a function of human density [number of people per cell * 10°] b Premaxilla
length [mm] as a function of impervious surfaces [density for each grid cell as a percentage of the total area
in km?] ¢ Head length [mm] as a function of impervious surfaces [density for each grid cell as a percent-
age of the total area in km?] d Bill depth [mm)] as a function of human density [number of people per cell
* 10°]. All other factors were kept constant. Dashed red lines represent upper and lower 95% confidence
intervals

@ Springer



452 Evolutionary Ecology (2021) 35:443-462

Fig.3 Relative importance of
each of the predictors used to

model male premaxilla length THE
in the models selected for the
population in Israel and Sydney, INE

Australia. Models were selected
using the Akaike information
criterion (AIC) and averaged
over the best models (AAIC <2). PRE
Israel is represented by blue
bars and Sydney, is represented
by light green bars. Significant
explanatory variables (deter-
mined by confidence intervals
not overlapping 0) are marked HD?
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Putative adaptation in two introduced populations (Sydney, Australia and Israel)

We detected morphological shifts that varied between two focal introduced populations
(Sydney, Australia and Israel) (Table S7, Fig. 3). Most traits were best explained by dif-
ferent factors or combinations of variables; for example, wing length in females was
best explained in the Sydney population by human density (estimate+SE=0.63+0.31,
CI: 0.01-1.25), impervious surface area (estimate+SE=0.92+0.57, CI: —0.21-2.05)
and its quadratic term (estimate+SE=-0.32+0.29, CI: —0.89-0.25), time since the
invasion (estimate+SE=1.14+0.62, CI: —0.09-2.38) and annual precipitation (esti-
mate + SE=0.23+0.38, CI: —0.54 to —0.99), whereas in the Israeli population, the best
explaining factors included diurnal temperature range (estimate+SE= — 3.39+1.21,
CI:—5.79 to —0.99), mean temperature (estimate+SE=7.03+2.91, CI: 1.27-12.79),
time since the invasion (estimate + SE=10.51+3.93, CI: 2.72-18.30) and human density
(estimate + SE= —0.34+0.39, CI: —1.12-0.43). Additionally, there was an inverse rela-
tionship between measurements in different populations for traits that were best explained
by the same factors (e.g., premaxilla length in females, impervious surface area: Sydney:
estimate + SE= —0.33+0.15, CI: —0.63 to —0.02; Israel: estimate + SE=0.45+0.19, CI:
0.08-0.83). Generally, most of the statistically significant explanatory factors were anthro-
pogenic (impervious surface area or human density). Furthermore, in both populations,
some traits were significantly correlated with the time since the introduction event. In
Israel, two out of eight traits were significantly correlated with the time since the invasion
in at least one of the sexes (bill depth in males, estimate+SE=1.77+0.53, CI: 0.72-2.83,
and wing length in females, estimate + SE=10.51+3.93, CI: 2.72-18.30), whereas in Syd-
ney this occurred in three traits (e.g., head length in both males and females, Fig. 4).
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Discussion

This study aimed to determine how morphological traits are shaped during biological
invasions, and whether similar environmental conditions may act as selective pressures
on native and/or introduced populations. We explored how morphological variation may
evolve in different environments by comparing different introduced populations. Our main
findings infer a major role of urbanization in predicting the shape and size of foraging-
related traits in introduced populations, while selective pressures appear to vary across
geographically disjunct populations.

Similarly to previous reports (Baker and Moeed 1979, 1980; Berthouly-Salazar et al.
2012), sexual dimorphism in size metrics was evident in mynas across the species’ range.
We found that different explanatory predictors often explained the variation in females vs.
males in both native and introduced populations. Previous studies also reported sex-spe-
cific patterns in response to environmental conditions (Ball and Ketterson 2008; Honnen
et al. 2016; Bezler et al. 2019; Tolla and Stevenson 2020). For example, in white-crowned
sparrows (Zonotrichia leucophrys), higher baseline corticosterone levels were detected
in urban males, but not in urban females (Bonier et al. 2007); urban male house finches
(Haemorhous mexicanus) were more parasitized than desert males, but not urban females
(Sykes et al. 2020); and urban female tree lizards (Urosaurus ornatus) had longer snout-
vent length than females at semi-natural and natural sites, but no significant differences
were found among males (French et al. 2008). Intraspecies sex-specific difference to envi-
ronmental cues may stem from a multitude of factors including behavior, endocrine profile,
spatial preferences and morphological constraints (Ball and Ketterson 2008; Tolla and Ste-
venson 2020). We suggest that morphological patterns in response to environmental condi-
tions be examined with respect to sex both in dimorphic and monomorphic species.

Difference in selective pressures among native and introduced populations.

General biogeographic patterns have been shown to explain morphological variation both
within and among species, including birds (Meiri and Dayan 2003; Salewski and Watt
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Fig.4 Head length [mm] as a function of the number of years since invasion in females a and males b in
the Sydney population as predicted by General Linear Mixed Models that were run with the other fixed pre-
dictors as constant at their respective means. The fixed factors were those included in the model averaged
over the best models per each sex (Table S7). Shaded areas are upper and lower 95% confidence intervals.
Models were run with 100 bootstraps (with function ‘boot’ from the ‘car’ R package, (Fox and Weisberg
2019)) over an expanded grid
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2017; Andrew et al. 2018; Nwaogu et al. 2018). In turn, whereas in native populations
the environmental conditions have been in place for evolutionary-scaled time periods (with
the exception of more recently induced changes, such as climate change and urbanization),
introduced populations are subjected to additional factors, such as time since introduction,
and/or a reduction in genetic diversity due to founder effect (Gibson et al. 1984; Phillips
and Shine 2005). Therefore, comparing morphological variation between native and intro-
duced populations can reveal invasion-induced phenotypes that may be beneficial in the
introduced range, under the constraints of unknown genetic origins. Here we report mor-
phological traits in native populations are associated with different explanatory predictors
(Tables 1, S5) to that of traits in introduced populations (Tables 1, S6).

In the native range, variation in morphological traits was explained by different factors
and the patterns were relatively inconsistent. These results are in accordance with morpho-
metric variation described in common myna populations in India, where size variation was
not related linearly to environmental factors (Baker and Moeed 1980). Baker and Moeed
(1980) speculated that interspecific competition and food particle size may act as selective
pressures in different regions, leading to the lack of observed pattern. Because of the global
resolution of our study, data on local species composition or resource availability is diffi-
cult to obtain, and therefore we cannot exclude their effect on the data analysis. Moreover,
our results support the presence of factors other than climate or topography that give rise
to these variable patterns across their native range, including urbanization related factors.
Conversely, urbanization (i.e., impervious surfaces or human population density) was the
best explanatory predictor for five morphological traits in females in introduced popula-
tions, and four traits in males (Table 1, S6). Berthouly-Salazar et al. (2012) reported simi-
lar results in an introduced population of common mynas in South Africa, where characters
associated with foraging were significantly correlated to urbanization intensity (but also
vegetation). The impact of urbanization on morphology has been reported in many species
(e.g., house finch (Giraudeau et al. 2014); Puerto Rican crested anole, Anolis cristatellus
(Hall and Warner 2017); and house sparrow, Passer domesticus (Meillére et al. 2015)),
and some studies suggested that this trend extends to introduced populations (e.g., Euro-
pean starling, Sturnus vulgaris (Bitton and Graham 2015); brown rat (Rattus norvegicus)
(Puckett et al. 2020); and red fox, Vulpes vulpes (Stepkovitch et al. 2019)). The importance
of factors additional to those in the native range, that explain morphometric patterns in the
introduced populations (mainly anthropogenic), suggests that different selective forces act
on native and invasive populations. Therefore, consideration is required in studies relating
to evolutionary adaptations and predictions made when characterizing invasive populations
across their introduced ranges, morphometric or other.

Natural drivers of phenotypic variation have been largely displaced by anthropogenic
impacts, leading to an alteration of natural macroecological patterns (Santini et al. 2017).
Human-dominated landscapes can cause habitat homogenization (Frishkoff et al. 2016),
alter land surface temperatures (Ma et al. 2016) and precipitation levels (Seress and Liker
2015), modify nutrient cycles (Western 2001), become “ecological traps” (i.e., inappro-
priate habitat selection and behavioral and life-history decisions) (Rodewald et al. 2011)
and mask original biogeographical drivers (Di Marco and Santini 2015). These changes
can induce character displacement in urban populations that increase fitness. For example,
house sparrows in more urbanized habitats had reduced body size and body mass com-
pared to their rural conspecifics (Meillére et al. 2015), urbanization intensity affected wing
pointedness in common blackbirds (Turdus merula) (Saccavino et al. 2018), and human
behavior combined with ongoing urbanization has started changing niche differences that
would otherwise support adaptive radiation in Darwin’s finches on one of the Galapagos
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Islands (De Leon et al. 2018). In particular, urban environments offer different food items
or require different foraging techniques, which has been shown to affect the morphology
of foraging-related traits such as bill length (Badyaev et al. 2008; Giraudeau et al. 2014;
Bosse et al. 2017). In introduced populations of common mynas, we found that foraging-
related characters (bill width, premaxilla length, head length in both sexes and bill depth
in females) were mostly negatively correlated with urbanization proxies (i.e., impervious
surfaces and human population density), suggesting that urbanized areas offer character-
istic nutrition that favors certain phenotypes (size-related traits), irrelevant of the climatic
conditions present. Our findings provide global support to Berthouly-Salazar et al. (2012),
who showed a correlation between urbanization and bill shape in an introduced population
in South Africa.

The presence of significant correlations between urbanization and foraging-related
traits, but not body size proxies (e.g., tarsus length), suggests that urban selective drivers
act on specific morphological characters that facilitate adaptation to resource availability
in introduced common myna populations. We recently demonstrated that the probability
of common myna presence increases as the environment becomes more impervious (i.e.,
more urbanized) (Magory Cohen et al. 2019). Our present findings suggest that this habi-
tat preference may be aided by rapid morphological adaptation to urban diet or foraging
requirements. This association may be more evident in the introduced range for several rea-
sons. Firstly, introductions often happen in urban areas, hence the first invaders must cope
with and survive in urbanized environments. Secondly, even after invading, few introduced
common myna populations currently occur outside of urban or sub-urban areas (Old et al.
2014), whereas native populations were traditionally described from agricultural areas as
well (Long 1981). Lastly, despite a comprehensive data-set, most of the native specimens
we recorded were collected before the first half of the twentieth century, before urbani-
zation increased greatly, therefore limiting our temporal perspective of the native range.
Nonetheless, the signal observed in the introduced populations is statistically significant
with a large effect size and maximal relative importance in most cases. Therefore, our find-
ings indicate that morphological adaptations to urbanization have occurred in foraging-
related traits in common mynas in introduced populations, possibly allowing the species to
remain commensal throughout most of its invasive range.

To test whether local adaptation occurred similarly across the introduced range while
controlling for time since introduction, we searched for patterns shared by introduced pop-
ulations while accounting for the different invasions stages that they are in (i.e., the latency
in years since the introduction). Our results lack consistent patterns across most traits and
across sexes, in that different predictor variables explained the observed patterns. In a mor-
phometric study on introduced common myna populations in Australia, New Zealand, Fiji
and Hawaii, Gibson et al. (1984) noted that despite results indicating qualitatively similar
selection among populations, there was variably intense stabilizing selection, leading to
differences among populations introduced to different geographic localities. Gibson et al.
(1984) suggested that the simple within-population covariation structure they observed
may be a consequence of the small founding populations, or alternatively, the limited time
since the introduction. The differences between the patterns among introduced populations
may be the result of temporal (i.e., time sufficient for selection or plastic response), envi-
ronmental or genetic (e.g., founder effect, introduction origin) constraints that emphasize
the need to account for local-scale responses. However, in both populations, the majority
of predictive factors that best described the morphometric variation were anthropogenic,
indicating that the global trend can also be detected in higher local resolutions.
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Invasion-induced morphological variation

The challenges raised by novel environments require certain adjustments to be made, par-
ticularly during the initial establishment and subsequent dispersal invasion stages (Black-
burn et al. 2011). Some invaders show significant character displacement between the
native and the invasive range (Erfmeier and Bruelheide 2004; Zou et al. 2007), whereas
others differ in fewer morphological traits (Polacik et al. 2012). These changes can occur in
certain parts of the invasive range (i.e., at the invasion front, where a species had recently
colonized) or throughout the entire population if sufficient time has passed for adaptation
to occur (Shine et al. 2011).

Previous research has indicated that certain phenotypic traits that enhance rates of dis-
persal, such as longer limb length (Phillips and Shine 2005; Phillips et al. 2006) or wing
length (Simmons and Thomas 2004; Berthouly-Salazar et al. 2012; Bitton and Graham
2015), accumulate at expanding range edges, a process referred to as ‘spatial sorting’
(Shine et al. 2011). This evolutionary mechanism is thought to operate as a subset of natu-
ral selection, that is based on differentials in dispersal rate through space rather than dif-
ferentials in survival rate or reproductive success through time (Shine et al. 2011). Because
the adaptive value of these traits is expected to aid first invaders in expanding the inva-
sion range, spatial sorting is expected to constantly progress along the expanding invasion
front, and its effect is dependent on the time since the arrival of colonizing individuals
(i.e., time since invasion). In this study, we did not include a variable of distance from the
introduction core because common myna spread had occurred unevenly throughout some
regions in our dataset (e.g., in Israel, where spread occurred along the urban coast earlier
than it did along a more natural altitudinal cline). In such cases, distance from the source
does not correlate with differences between the core and the range front and hence may
bias the analyses. However, time since the invasion reflects whether the locality is a range
front, and therefore describes spatial sorting more accurately, we employed it as a proxy for
identifying range fronts. Alternatively, if a range expansion occurs in a continuous man-
ner equally across a landscape, the distance between the core population and the invasion
front can be utilized to investigate traits related to dispersal. In an introduced population of
common mynas in South Africa, Berthouly-Salazar et al. (2012) found that head length,
wing length and wing loading were positively correlated with distance from the source of
the invasion in females, indicating spatial sorting. Our analyses show evidence of spatial
sorting (a significant increase in head length in the range front) in the Sydney population
(long-term introduction) but not the Israeli population (recent introduction) (Table S7). It
is possible that in the recently introduced Israeli population, there was insufficient time
since the first colonialization event (less than 25 years) for the traits to stabilize in the core
population. Alternatively, the use of time since invasion to define the range front, however
plausible, may not represent the spatial sorting processes sufficiently. Revisiting this data
in the future could possibly enable a better perspective on this mechanism in recently intro-
duced populations.

It is possible that other selective forces masked the effect of spatial sorting. Time since
invasion was correlated with traits unrelated to dispersal, including bill length and head
length in both sexes and with bill width in females in the Sydney population, and with bill
depth in males in the Israeli population (Table S7). Classical natural selection may have
acted on these traits in response to habitat quality or resources availability, also known as
the ‘resource rule’ (McNab 2010). Yom-Tov and Geffen (2011) argue that weather-driven
food supply may affect body size directly or indirectly, in the same way as population
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size fluctuates with resource availability, either via adaptive genetic changes or plastic
responses. Food availability has been shown to be correlated with body size in amphibians
(Green and Middleton 2013), mammals (Giir and Kart Giir 2012; Boast et al. 2013; Schi-
affini et al. 2019), birds (Salewski et al. 2014; Sun et al. 2017) and reptiles (Jessop et al.
2016), and has been suggested to drive phenotypic variation in an invasive mink (Neovi-
son vison) (Zalewski and Bartoszewicz 2012). Because we did not (i) sample individu-
als more than once, (ii) estimate their genetic and transcriptomic makeup, or (iii) perform
common garden experiments, we cannot determine whether the phenotypes documented
here arose from genetic adaptation or a plastic response. Most of the traits measured likely
change very little throughout an individual life span once the individual has reached adult-
hood (e.g., tarsus length), but others may change more readily under certain environmental
conditions such as stress (e.g., wing length, (Butler et al. 2010)). Since natural selection
requires time, traits would appear to change over the course of several generations. There-
fore, given the observed correlations between time since invasion and morphological traits
unrelated to dispersal, we favor the explanation of natural selection generating these pheno-
types in the context of biological invasions, although our data cannot fully exclude the role
of phenotypic plasticity.

Many factors, both intrinsic and extrinsic, can influence the morphological composi-
tion of an individual, including inter- and intra-specific competition, resource availability,
wildlife management (including hunting pressure), and developmental and growth rates (as
well as those previously discussed; Yom-Tov and Geffen 2011). In invasive species, the
morphological profile also depends on limiting factors such as the original gene pool of the
founding population and time since introduction combined with rates of phenotypic change
(through local adaptation or plasticity) (Phillips and Shine 2006). In particular, the genetic
makeup of the founding population may dictate the rate and direction of selection (Mayr
1963, 1982). Our efforts to explain morphological patterns in native and introduced popu-
lations of common mynas did not incorporate these details, and therefore cannot exclude
the possibility that they contribute to explaining the patterns we describe. Due to the large
scale of our study that included many introductions of largely unknown origins, the genetic
makeup of the introduced individuals and the variation among introduced populations
may amplify particular signals. In addition, though extensive in its geographical sampling,
this study was also limited by the availability of specimens collected in the native range,
especially in recent years. Moreover, we corrected only partially for spatial autocorrela-
tion in our data, making the observed trends potentially non-independent. However, we
believe that the magnitude and geographic extent of our sample size somewhat decreases
bias stemming from spatial autocorrelation, especially in an avian species, like the myna,
with varying home ranges. Despite these caveats, we show consistent global trends relat-
ing urbanization to morphological changes in introduced common myna populations that
were not found in native populations. Our results emphasize the impact of human-induced
environmental changes on the trajectory of biological invasions, ultimately affecting
biodiversity.
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