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The global alien ranges (a) and flows (b) of
established alien birds in our present study.
Alien birds with higher feeding innovations tendto
be more successful invaders (c).
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Public summary
m The role of behavioral innovation in alien bird establishment is analyzed worldwide

m Behavioral innovation is a key factor facilitating alien bird establishment success

m Technical innovation is more influential than consumer innovation in this process
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Behavioral innovation is believed to represent the ability of species to
adapt to novel environments and to thus affect the observed establish-
ment success of alien species in a new range. However, the relative
importance of behavioral innovation in explaining alien species estab-
lishment among key event-, location-, and species-level factors remains
poorly evaluated. In addition, the effects of technical innovation in food
searching and handling techniques and consumer innovation in the use
of new foods on establishment success are not clear. Here, based on a
global dataset including information on 247 species across 9,899 suc-
cessful and 2,370 failed introduction events spanning 199 countries or
regions worldwide, we show that the behavioral innovation rate is a
key factor facilitating alien bird establishment success after considering
propagule pressure, climate matching, historical invasional meltdown,
and life-history traits. Furthermore, we find that technical innovation is
more influential than consumer innovation in explaining establishment
success. Our results contribute to a deeper understanding of the effect
of behavioral innovation on the establishment success of alien species
in new ranges and may help predict the response of both native and alien
species to accelerating global change during the Anthropocene.

Keywords: biological invasion; behavioral innovation; global change;
behavioral plasticity; alien bird

INTRODUCTION

With the increasing introduction of alien species in the era of globalization,’
biological invasion has been regarded as a major global change component
causing rapid biodiversity decline, economic damage, and public health
concerns.” Understanding why some alien species are more successful
than others when introduced into the same regions is crucial for predicting
new invasion events and developing effective prevention strategies at early
stages.” Among the different invasion determinants, species traits have al-
ways been a central factor.” This is particularly true for behavioral innovation,
which reflects the ability of species to cope with novel environments in their
invaded ranges, and there have been great exploratory efforts addressing the
effect of such innovation on the observed variation in alien species establish-
ment probability.”® However, the generality and relative importance of
behavioral innovation in the establishment success of alien species remain
difficult to identify for several reasons. First, most previous studies were
based on indirect behavioral innovation surrogates such as brain size.”®
Nevertheless, brain size may be related to many components of species
traits, and it has been shown that brain size mainly works through behavioral
plasticity variables; thus, behavioral innovation is a more direct variable
reflecting the adaptation ability of species in response to changing
environments.® Second, for studies based on behavioral innovation variables,
previous evidence was largely obtained at the continental or country scale,
such as data on alien birds in New Zealand.” Third, global studies using
behavioral innovation as the variable® have been based on relatively limited
sample sizes compared with those on currently known established alien
birds.” In addition, these previous studies did not consider some important
climatic and biotic predictors, notably environmental similarity with that
of the species’ native distributions, reflecting the climatic suitability
hypothesis,'® and the presence of other alien groups, reflecting the invasional

meltdown hypothesis,'" both of which have been identified as primary hy-
potheses of alien species establishment.'? Therefore, the documented corre-
lations between these key variables and establishment success may
confound the behavioral innovation effect, and we thus know little about
the relative importance of behavioral innovation when incorporating these
key predictor variables together. Furthermore, there are different innovation
types, including consumer innovation, such as the use of new foods in a
species’ diet, and technical innovation, such as food searching and handling
techniques.’® Whether there are differences in the effects of consumer and
technical innovations on establishment success remains largely unknown.
Finally, certain behavioral features of species may be highly phylogenetically
conserved;'* therefore, more elaborate phylogenetic methods are needed to
control potential phylogenetic pseudoreplication of ecological characteristics
among species.'®

Alien bird invasions provide an ideal model system and unique opportunity
to address these scientific questions worldwide. First, relatively accurate re-
cordings of global avian establishment status comprising 27,723 population
records spanning 971 alien bird species across more than 200 countries and
territories that are updated in a timely manner are available.” Crucially, these
data provide quantitative information on important factors affecting popula-
tion establishment, such as propagule pressure; environmental differences
between the native and alien ranges; the richness of historically established
alien species across multiple taxonomic groups prior to the arrival of the
bird invaders; species traits representing population growth, such as repro-
ductive investment; and habitat generalism.'” Furthermore, a comprehensive
and global dataset quantifying the behavioral innovation of 8,645 birds was
recently developed,'® making it possible to test the generality of the behav-
ioral plasticity hypothesis using more alien birds than ever before at the global
scale. Behavioral innovation is regarded as an ideal metric for measuring
behavioral plasticity ability when individuals encounter new abiotic and biotic
selection pressures in novel environments.'® Here, based on data for 247
alien bird invaders (12,269 population records) with available behavioral
innovation information in 199 countries or regions across seven global
biogeographic regions and five other crucial determinants of establishment
success of alien birds,'? we aim to assess the relative importance of behav-
ioral innovation, propagule pressure, climate similarity, invasional meltdown,
reproductive investment, and habitat generalism on alien bird establishment
success across the globe. We further distinguish the relative roles of
technical innovation and consumer innovation in predicting establishment
success. We hypothesize that behavioral innovation may be an important
variable in predicting the probability of alien bird establishment success
after accounting for all previously pivotal confounding variables and phyloge-
netic autocorrelation, and there might be variations in the relative contribu-
tions of technical innovation and consumer innovation to establishment
success.

RESULTS

Among the 247 species, we found that a couple of taxonomic groups
tended to be more successful regarding their establishment in a new range
(Figure 1). Typically, groups with a high success rate of establishment were
(1) some goose and swan species, such as the pink-footed goose (Anser
brachyrhynchus), red-breasted goose (Branta ruficollis), and trumpeter
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Figure 1. Phylogenetic distribution of the establishment success rate (from 0
to 1: blue to red) for 247 alien bird species Silhouettes (retrieved from
www.phylopic.org) represent some typical taxonomic groups with a high estab-
lishment success rate in a new range.

b

0 Successrate 1
[ ——

swan (Cygnus buccinator); (2) the African sacred ibis (Threskiornis
aethiopicus) and African spoonbill (Platalea alba); (3) some flamingo species,
such as the greater flamingo (Phoenicopterus roseus) and lesser flamingo
(Phoeniconaias minor); (4) some Amazon species, such as the yellow-
headed Amazon (Amazona oratrix) and red-crowned Amazon (Amazona
viridigenalis); and (5) some weaver species, such as the village weaver
(Ploceus cucullatus) and streaked weaver (Ploceus manyar) (Figure 1).

Linear mixed-effects models with multiple regression accounting for
phylogenetic autocorrelation as a random effect (A = 0.61; 95% confidence
interval, 0.34-0.76; Table ST) showed that species innovation significantly
promoted the establishment success of alien birds (t = 3.1, p = 0.002, n =
247 species; Figures 2 and 3; Table S1). Furthermore, propagule pressure
(i.e., founding population size, t = 3.6, p < 0.007; Figure 3; Table S1) was
the most important variable, and the effect size of the innovation rate was
larger than that of most of the other variables, such as established popula-
tions, reproductive investment, and habitat generalism, which greatly
affected the establishment success of alien birds (Figure 3; Table ST).
Thus, behavioral innovation tended to be a more important factor affecting
the establishment success of alien species in a new environment. More spe-
cifically, we found that both consumer and technical innovations facilitated
the species’ establishment success rate (consumer innovations: t = 2.5,
p = 0.01. Technical innovations: t = 3.2, p = 0.0018), although technical inno-
vations seemed to be a more influential factor (Figure 3; Tables S2 and S3).
Additionally, we found a significant effect size of difference from native envi-
ronment (i.e., the difference in environmental conditions between an invaded
location and the native range of a species; t = —2.1, p = 0.03; Figure 3; Table
S1), which was consistent with the results of a previous study.'?

DISCUSSION

Our study based on recent alien bird invasion and foraging innovation
data reveals that behavioral innovation is indeed an important factor deter-
mining alien bird establishment, indicating the generality of this phenome-
non in avian invasions. However, we covered many more species and
regions of the world than past studies and incorporated more key
processes determining alien bird establishment. We also found that bird

technical innovation in searching and handling foods is more crucial than
adopting new food types in predicting establishment success. This finding
is of great importance because we accounted for phylogenetic relatedness
in greater detail and quantified the relative importance of each of the pre-
dictor variables, showing that behavioral innovation was the second most
important variable contributing to the probability of alien bird establishment
after propagule pressure, particularly in terms of the ability to develop new
foraging techniques.

Behavioral innovation has long attracted great attention as an important
attribute of successful invaders.®® Our present study provides further
quantitative evidence of its important effect after accounting for other key
determinants at the invasion event, location, and species levels. Behavioral
innovation can reflect learning, cognition, and rapid adjustment to new envi-
ronments and thus plays a critical role when species invade new habitats.
Specifically, the foraging innovation considered here can indicate variation
in the discovery of hard-to-reach foods by alien species and changes in
food availability in new ranges.'® The critical effect of propagule pressure
is not surprising because the magnitude of introduction efforts has long
been regarded as a fundamental driver of alien species establishment.'”'®
Our results support the propagule pressure hypothesis, which posits that
the probability of alien species establishment increases with the number of
introduction events and the number of individuals involved in each introduc-
tion event'® because high propagule pressure can overcome inbreeding
depression and genetic drift due to demographic and environmental stochas-
ticity or Allee effects.'® We also provide results consistent with the finding of
an important role of climatic similarity between native and invaded ranges in
explaining alien bird establishment. These results support the climatic simi-
larity hypothesis, which states that alien species may be more likely to estab-
lish naturalized populations in alien environments with high climatic suitability
in terms of similarity with the species’ native ranges, as it has been suggested
that such species may be preadapted to nonnative conditions.”” Indeed, as a
fundamental ecological principle related to species distributions, climatic
matching between native and alien ranges is widely recognized as a key pre-
dictor of establishment success by nonnative populations,”’ and emerging
evidence across taxa has demonstrated the high conservatism of climatic
niches during the invasion process.”?

We did not detect a significant contribution of reproductive investment
(brood size used here), historical alien species richness, or habitat generalism
to establishment of the 247 alien birds. Reproductive investment is thought to
represent the population growth capacity,” and this variable likely added little
variation that may have been captured by other more important predictors
influencing population size, such as propagule pressure. We also revealed
no overall significant effect of historical alien species richness. This does
not mean that an effect of interactions among congeneric invaders is absent
but may demonstrate the complex interactions among cooccurring invasive
animals,”*® which is dependent on a number of factors, such as relative pop-
ulation density, functional equivalence, and trophic position.?® For instance,
although the invasional meltdown hypothesis suggests that there tends to
be a positive relationship between the probability of establishment of one
alien species and the number of prior successful invaders that can help
reduce predators or competitors,”’ the naturalization hypothesis posits
that the presence of sympatric species reduces the probability of establish-
ment success owing to competition with congeners for limited resources.”®
We found no significant effect of habitat generalism on alien bird establish-
ment, suggesting that this variable might be correlated with other more
important variables, such as behavioral innovation, which represents the abil-
ity to adapt in response to various abiotic and biotic selection pressures.”
Indeed, we found that using new foods (i.e., consumer innovation) was a sig-
nificant variable affecting alien bird establishment, supporting the idea that
opportunistic omnivores that can use different types of foods, especially
new foods in nonnative ranges, are particularly likely to be successful in-
vaders.*® However, we further found that technical innovation has a larger ef-
fect size than consumer innovation, indicating that how various types of
foods are used may be more crucial than the exact food per se for alien birds
in terms of their ability to colonize new environments. One potential
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Figure 2. Establishment success rate as a function of innovation score (innova-
tion rate) Here, the regression function (equation) is from the mixed-effects
model (Table S1) with an intercept of 0.57, and the slope of the innovation score
is 0.07.

explanation is that the capacity to acquire hard-to-reach foods may be key to
the survival and establishment of alien species when they arrive in novel
environments.

Environmental disturbance has been recognized as an important facili-
tator of biological invasions, as alien species are often observed taking
advantage of human-modified environments.'*? One potential explanation
for this effect is that disturbed habitats can promote nonnative species estab-
lishment by decreasing the abundance of native species and thus creating
vacant niches that can be filled by invaders.*® We argue that the important
behavioral effect on alien species establishment identified here and in previ-
ous studies indicates that the habitat disturbance hypothesis might be alter-
natively explained by the animal behavior phenomenon in which successful
invaders may have higher behavioral innovation ability when faced with
disturbed habitats, which warrants additional research. We acknowledge
that current evidence of the behavioral innovation hypothesis mainly stems
from alien bird invasions, and its generality needs to be further tested across
more taxonomic groups. In addition, existing correlative analyses based on
observations must be integrated with experimental approaches to explore
more causal relationships between behavioral plasticity and establishment
success. For example, the observed changes in foraging behavior may be
regulated by different expressions of the same physiological and genetic fea-
tures in different environments.®* Indeed, the foraging innovations that we
used in the present study tended to be repeatable (intraclass coefficient =
0.36) across different regions.'® This indicated the potential heritability of
these innovation behaviors according to the theoretical prediction of quanti-
tative genetics, which is beyond the scope of the present study but warrants
further investigations when related physiological and genetic data modu-
lating bird predatory behaviors are available. Furthermore, as alien species
usually show high phenotypic plasticity and even rapid evolutionary abilities
during biological invasions®® and animal behavior has been demonstrated
to be shaped by novel selection pressures, further investigations of whether
alien species could enhance their behavioral flexibility in varied environments
in new ranges are needed. The crucial role of the behavioral innovation of
alien species during establishment could not only facilitate the understanding
of the potential interactions of biological invasion with other global change
processes, such as land-use modifications, but also help predict the survival

probability of native species in response to changing environments. Indeed,
recent work showed that behavioral innovation is a good predictor of native
species endangerment.’® In response to the accelerating rate of human-
induced environmental changes during the Anthropocene, comparisons
of these two fields may provide valuable insights into key characteristics
that allow both native and alien species to rapidly adapt to changing
environments.”’

MATERIALS AND METHODS
Establishment success rate

The establishment success data (e.g., establishment status and population loca-
tion) for alien birds used in the present study are from Dyer et al.,” which include a data-
base of alien bird distributions at a global scale. This database (Global Avian Invasions
Atlas) comprises 27,723 population records for 971 species introduced to 230 coun-
tries and regions across all biogeographical realms. More details regarding the whole
database are presented in Dyer et al.® In short, the raw data in this database include
taxonomic, spatial, and temporal information as well as details relating to introduction
events and their ultimate consequence (i.e., failure or success). For the present study,
we calculated the species establishment success rate, which is the proportion of suc-
cessfully established population records for each species (the number of successful
invasion events divided by the total number of introduction events). By doing so, we
obtained data for 688 species (18,544 population records) of this variable for further
analysis.

Behavioral innovation variables

Rather than relative brain size, our present study used behavioral innovation, which
is regarded as a more direct variable reflecting the ability of birds to adapt to new en-
vironments.'® Furthermore, there has long been concern and debate regarding the use
of brain size as a predictor of animal behavior because contradictory results have been
observed in multiple comparative studies.*® Indeed, we did not find a significant cor-
relation between any of three foraging innovation variables and brain size for 144 alien
bird species with available brain size data (Pearson correlation coefficient, innovation
rate versus brain size, r = —0.046, p = 0.58, n = 144; food innovation versus brain size,
r=-0.085, p = 0.31, n = 144; technical innovations versus brain size, r = —0.005, p =
0.95, n = 144). We directly extracted the behavioral innovation data from Ducatez
et al.’® In that study, the authors built a unique database of >3,800 published field ob-
servations of birds that covered most regions of the world and documented the incor-
poration of new foods into the diet or the use of novel feeding techniques. Descriptions
of the data are presented in Overington et al.>*>*? and Ducatez et al.”® In brief, the data-
base was compiled by systematically searching for reports of new behaviors in birds
across 204 ornithology journals published between 1960 and 2018. A consumer inno-
vation was defined as a feeding behavior if it was described in the report with key
words such as novel, opportunistic, first description, not noted before, or unusual.*'
Similarly, a technical innovation refers to having a novel searching and handling tech-
nique regardless of whether the food type was novel.'**° For species with at least one
recorded innovation, either consumer or technical, the total number of innovations
reported was extracted and referred to as the innovation rate (the sum of consumer
innovations and technical innovations; see the definition of innovation rate in Ducatez
et al."®). Therefore, we used three variables of innovation in the present study: (1)
innovation rate, (2) consumer innovations, and (3) technical innovations. Following
Ducatez et al.,'® we considered 8,645 species with these three innovation variables,
including 7,397 species with zero innovation records and 1,248 species with at least
one recorded innovation, for further analysis.

Other important variables affecting the establishment success rate

To further investigate the relationship between establishment success and innova-
tiveness, we also considered important ecological and life-history traits that have been
found to affect the establishment success of alien birds according to Redding et al."?
from three sets of variables: (1) invasion-event-level factors (e.g., propagule pressure),
(2) species-evel factors (e.g., life-history traits), and (3) location-level factors (e.g.,
environmental similarity with the native range). For this study, we selected variables
from all three sets of factors listed in Redding et al.'? for which the effect sizes for
establishment success ranked at least 10™" among all factors and that were represen-
tative of those three sets of factors. By doing so, five key variables with significant ef-
fect sizes for the establishment success of alien birds and representative of these
three sets of factors (i.e., including at least one key factor from each set of factors)
were included in the present study. These five variables are as follows: (1) established
populations (represents specific invasion-event-level factors), which is the number of
alien taxonomic groups that are already established at a location at the time of intro-
duction. This variable has an impact on establishment success because the ecological
disruptions that are caused by (or enable) earlier invasions facilitate further successful
introductions.”" (2) Reproductive investment (represents species-level factors), for
which we used brood size here, following previous studies. This variable is expressed
as logso(1/[(broods per year) x (reproductive lifespan)]) and represents investment in
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Figure 3. Parameter estimates (effect sizes) from the
Propagule pressure mixed-effects model of the success of alien bird establish-
. ment Shown are the estimate of each parameter and its 95%
Innovation rate = - i confidence interval. The effect sizes of three innovation
Habitat " variables are shown with box symbols, and those of other
abitat generalism variables are shown with circle symbols.
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the future over current reproduction.*'? (3) Propagule pressure (represents specific in-
vasion-event-level factors), which is a numerical estimate of propagule pressure
(founding population size), measuring both the number of introduction events per
record (propagule number) and the number of individual birds that were introduced
during each event (propagule size).'”'® (4) Difference from native environment
(represents location-level factors), which is the difference in environmental conditions
between an invaded location and the native range of a species.'’ (5) Habitat general-
ism (represents species-level factors), which is a measure using the total number of
different habitat use types.*? Data on these five variables for 341 species were avail-
able and used for further analysis. For species trait factors, we did not include addi-
tional predictor variables, such as body size or body weight, that are not key traits
for introduced avian invasion.**

Statistical analyses

We carried out all analyses within the R statistical environment.** We first com-
bined all three datasets, which included data on the establishment success rate,
behavioral innovation variables, and other important variables affecting the establish-
ment success rate. This resulted in a total of 247 species (12,269 population records
of invasion events, including 9,899 successful and 2,370 failed events) for which all
data were available for further statistical analyses.

To quantify the association between the establishment success rate and behav-
joral innovation, we used linear mixed-effects models with multiple regression ac-
counting for phylogenetic autocorrelation as implemented with the function phylolm
in the package phylolm."® All models were run across a sample of 1,000 phylogenies
using the Ericsson backbone obtained from www.bridtree.org*® to account for phylo-
genetic uncertainty (coded as a random effect in the models), and the results represent
an average across these. The linear mixed-effects model has been regarded as a
robust multivariate analysis technique and is a widely used approach for comparative
studies that can account for both phylogenetic autocorrelation and random effects to
control the sampling pseudoreplication issue.*® The establishment success rate was
included as the response variable in the models. For the fixed effects, we fitted the
innovation rate and the other five predictor variables listed above. To further investi-
gate which type of innovation specifically affects the establishment success rate,
we ran the model two additional times by replacing the innovation rate with consumer
innovations and technical innovations, respectively. We calculated the standardized
effect size for each of the predictor variables with a mean of zero and standard devi-
ation to compare their relative importance in explaining the establishment success of
alien birds.'?
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