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1 | INTRODUCTION

Species undergoing range expansion may rapidly colonise large
geographic areas and encounter environmental heterogeneity that
can impede further spread in the absence of adaptive evolution
(Bock et al., 2015; Gilbert et al., 2017; Szlics et al., 2017). Indeed,
rapid, contemporary evolution is increasingly recognised as neces-
sary for understanding and predicting the successful establishment
of range-expanding species in novel habitat (Colautti & Lau, 2015;
Szlcs et al., 2017). Understanding factors that facilitate or constrain
adaptation during range expansions may benefit management of
invasive species, which are a leading global threat to biodiversity
(Hogue & Breon, 2022; Leclerc et al., 2018; Molnar et al., 2008), as
well as management of species imperilled by climate change whose
persistence may require range shifts.

The spatial context of range expansions affects interactions
among evolutionary forces. Range expansions often result in a
spatial analogue of genetic drift: the sequential establishment of
populations at the advancing range edge can generate a progres-
sive decline in genetic diversity from the expansion origin to the ex-
pansion front, a phenomenon referred to as a serial founder effect
(Excoffier et al., 2009; Slatkin & Excoffier, 2012). Concomitantly, the
spatial spread of alleles can result in the chance establishment of al-
lele frequency gradients across populations distributed along the di-
rection of expansion, known as allele surfing (Edmonds et al., 2004;
Fix, 1997; Klopfstein et al., 2006). Because allele surfing is a form
of genetic drift (Slatkin & Excoffier, 2012), populations distributed
along an environmental gradient may initially experience a strength-
ening or disruption to local adaptation via chance increases in the fre-
quencies of locally adaptive or maladaptive alleles, respectively (e.g.
Gralka et al., 2016; Travis et al., 2007). Following initial colonisation,
genetic drift may be strong within very small expansion front popu-
lations, which can hinder local responses to selection (Polechova &
Barton, 2015). Finally, reduced adaptive potential at the expansion
front (due to both founder effects and enhanced drift while popula-
tions are small) may impede continued spread into areas with novel
environments (Antonovics, 1976; Polechova & Barton, 2015).

Increased dispersal capacity often evolves during range ex-
pansions (e.g. via spatial sorting) (Hargreaves & Eckert, 2014;
Miller et al., 2020; Phillips et al., 2008; Shine et al., 2011; Travis &
Dytham, 2002). To the extent that dispersers reproduce success-
fully at their destinations, increased dispersal can bolster gene flow
among populations near the expansion front. Gene flow can intro-
duce genetic variation into expansion front populations, thereby
ameliorating serial founder effects (Bialozyt et al., 2006; Fayard
et al., 2009; Ray & Excoffier, 2010) and facilitating adaptation at the
range edge (Polechova, 2018). Alternatively, substantial gene flow
can swamp local adaptation among populations experiencing diver-
gent selection (Lenormand, 2002) and thereby limit further range
expansion (Fedorka et al., 2012). Owing to differences in dispersal
capacity between earlier-colonised portions of a species' range and
the expansion front, the magnitude of gene flow and whether it facil-
itates or constrains adaptive evolution are expected to vary spatially.

Although studying adaptation of range-expanding species may be
critical for predicting their capacity for further expansion, range ex-
pansions pose a unique analytical challenge for genomic approaches
to studying local adaptation. Allele surfing can generate spurious al-
lele frequency - environment correlations (i.e. genetic-environment
associations or GEAs) that are often interpreted as evidence that
a given locus experiences spatially divergent selection and thus
contributes to local adaptation (Hoban et al., 2016; Lotterhos &
Whitlock, 2015; Zhao et al., 2020). In addition, typical GEA analy-
ses assume spatial stationarity of the allele-environment relationship
(Joost et al., 2013); this assumption is almost certainly violated in the
context of rapid range expansions. The evolution of increased dis-
persal and consequent gene flow can homogenise allele frequencies
among populations (Slatkin, 1985), thereby hindering the efficacy of
selection at the expansion front. Geographic cline theory (Alleaume-
Benharira et al., 2006; Barton & Hewitt, 1985; Endler, 1977) suggests
that this phenomenon will be borne out analytically as a reduction in
the slope or ‘steepness’ of a GEA (i.e. the allele frequency change per
unit change in an environmental factor) at the expansion front rela-
tive to established portions of the range where dispersal is compara-
tively low. Clearly, more work is needed to disentangle the effects of
drift (via allele surfing), gene flow and selection in genomic tests of
local adaptation during range expansions.

The cane toad (Rhinella marina) colonisation of Australia rep-
resents a marquee example of a biological invasion characterised
by evolution of increased dispersal at the range expansion front.
Initially introduced to the northeastern (NE) coast of the Australian
mainland in 1935, the cane toad became invasive and rapidly spread
northwest and southeast (Urban et al., 2008) (Figure 1). Although the
NE region (throughout central and northern Queensland; Figure 1)
and southeastern region (S; extending from southern Queensland to
New South Wales) of the cane toad's Australian range have largely
remained stable since the 1970s (Macgregor et al., 2021; Urban
et al., 2007), the northwestern (NW) region remains an expand-
ing invasion front, where cane toads have spread into the upper
part of the Northern Territory and into Western Australia (Doody
et al., 2018). The colonisation of the NW region is characterised by
an accelerating invasion speed of approximately 40-60km per year,
contrasting with an estimated invasion speed of 10-20km per year
in the earlier colonised NE and S regions (Urban et al., 2008). The
increased invasion speed of the NW region is thought to have oc-
curred as a result of selection for a dispersal-enhancing phenotype
(Alford et al., 2009; Gruber et al., 2017a; Hudson et al., 2016, 2020;
Phillips et al., 2008) that appears to have a genetic basis (Gruber
et al., 2017b; Phillips et al., 2010). In contrast, longer-colonised
areas are inhabited by toads with reduced dispersal capacity (Alford
et al.,, 2009; Gruber et al., 2017a; Hudson et al., 2016; Phillips
etal.,, 2006, 2008).

Prior population genomic work suggests that the cane toad in-
vasion of Australia is an ideal testbed for advancing analytical ap-
proaches to understanding the genomic basis of local adaptation in
range-expanding species. Trumbo et al. (2016) provided a test of the
central-marginal hypothesis of species' range limits, which suggests
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FIGURE 1 Sampling of cane toads across the species' invasive range in Australia. Hexagonal points indicate the final 59 sampling
localities coloured by geographic sampling region (teal=NW, orange =NE and purple=S5). Hexagonal point sizes reflect final sample sizes
at localities. The red triangle (Gordonvale) identifies the initial introduction location of the cane toad in 1935; white triangles indicate
subsequent introductions (1935-1937) derived from Gordonvale cane toads. Map features are superimposed on a simplified colonisation
year surface showing progression of the cane toad invasion across Australia; the colonisation year surface is only shown for areas with

habitat suitability 20.20 as inferred by Trumbo et al. (2016).

that genetic diversity and gene flow should decrease from the core
of a species' geographic range to the range edges (Eckert et al., 2008).
Results in Trumbo et al. (2016) were consistent with the predictions of
the central-marginal hypothesis: within the NW and S regions, genetic
isolation between localities increases with distance from the range
core, suggesting increasing habitat fragmentation towards the inland
range edge. Additionally, genetic diversity in the S region is negatively
correlated with distance from the range core. Despite expectations for
sequential declines in genetic diversity within the expanding NW re-
gion owing to serial founder effects, this region shows high effective
population sizes (N,) and genetic diversity (Trumbo et al., 2016). These
prior results suggest that spatial variation in the relative strengths of
evolutionary processes may impact the capacity for cane toad pop-
ulations to become locally adapted. However, apart from an RNA
sequencing study of cane toads from a limited number of localities
(Selechnik et al., 2019), genomic signatures of local adaptation and

geographic variation in these signatures have yet to be tested across
the cane toad's invasive Australian range.

We set out to test for evidence of local adaptation using GEA
analyses (Hoban et al., 2016; Rellstab et al., 2015). However, be-
cause range-expanding species can confound signals of selection
via genetic drift, unlike Trumbo et al. (2016), we also tested the rel-
ative strengths of gene flow, selection and drift among populations
in established range regions (NE and S) and the expanding NW re-
gion (Figure 1). Furthermore, we re-genotyped the sequencing data
from Trumbo et al. (2016) for 932 cane toads collected in 2010-2011
and used the reference genome published in the interim (Edwards
et al., 2018) to assist genotyping and annotate loci with nearby genes.
Environmental heterogeneity is replicated across the three sampling
regions (Figure S1), providing a rare opportunity to evaluate the cor-
respondence between the strength of genomic signatures of local
adaptation and the magnitudes of genetic drift and gene flow among
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populations. Additionally, the availability of 76years of georefer-
enced Australian cane toad occurrence records provides the potential
to explicitly model allele surfing and control for its impact on GEA
analyses. We hypothesised that high gene flow within the expanding
NW region swamps local adaptation, as measured by a reduction in
the slope of GEAs in the NW relative to the comparatively dispersal-
limited NE and S regions. To test this hypothesis, we (1) reconstructed
the cane toad's spatiotemporal spread across Australia; (2) tested for
differences in the magnitudes of genetic drift and gene flow among
regions by estimating genome-wide genetic diversity and structure
and (3) used a novel application of geographically weighted regression
(GWR) to assess spatial variation in the slopes of GEAs and thereby
test the strength of local adaptation to abiotic environmental hetero-

geneity while also accounting for allele surfing.

2 | MATERIALS AND METHODS
2.1 | Sequencedata

We re-processed raw sequencing data generated by Trumbo
et al. (2016). These data were from tissue samples collected from
1123 individual cane toads at 62 Australian mainland localities in
2010 and 2011 between January and April; sampled cane toads
were typically adults (Trumbo et al., 2016). The localities spanned
the Australian range of the cane toad at the time of sampling, and lo-
calities corresponded to three broad geographic regions with vary-
ing invasion histories. Specifically, the NW region remains a range
expansion front, while the NE and southern (S) regions are stabilised
portions of the cane toad's Australian range (Figure 1).

Trumbo et al. (2016) generated sequencing libraries using a double-
digest restriction site-associated sequencing (ddRADseq) protocol
(Peterson et al., 2012). The restriction enzymes Pstl and EcoRI, which
each recognise different 6-bp restriction sites, were used in restriction
digestion. Further details regarding tissue sample processing in prepa-
ration for sequencing can be found in Trumbo et al. (2016). In total,
Trumbo et al. (2016) sequenced eight libraries separately on Illumina
HiSeq 2000 lanes at the University of Oregon Genomics Core Facility
using 100-bp single-end reads. We downloaded these sequence data
from the NCBI BioProject Accession PRINA328156.

As this study's aims differed from Trumbo et al. (2016), and a draft
genome assembly has since been made available for the cane toad
(Edwards et al., 2018), we reprocessed the data from raw sequence
reads. First, we removed seven individuals represented by <10,000
reads. Next, we employed an integrated alignment procedure (Paris
etal., 2017) by assembling RAD loci de novo in Stacks 2.52 (Rochette
et al., 2019) and subsequently aligning the catalogue of assembled
RAD loci to the draft genome generated from an Australian cane
toad (Edwards et al., 2018). We created the de novo RAD locus cat-
alogue using the Stacks script denovo_map.pl, allowing a minimum of
three reads to form a stack (m=3), a maximum of two mismatches
between read stacks within individuals (M=2) and a maximum of
three mismatches between read stacks across individuals (n=3). We

aligned the de novo RAD locus catalogue to the cane toad draft ge-
nome using GSNAP (Wu & Nacu, 2010); we specified a maximum
of five mismatches, minimum coverage of 0.95, and terminal align-
ments disabled. We did not align sequence reads directly to the ref-
erence genome because the integrated alignment procedure can be
more effective at discovering RAD loci (Paris et al., 2017). Finally, we
retained only the RAD loci with unique alignments to the reference
genome, which should increase single nucleotide polymorphism
(SNP) quality by removing loci that may represent collapsed paralo-
gous sequences (O'Leary et al., 2018).

We then used an iterative data filtering scheme (O'Leary
et al., 2018) to improve genotyping quality and reduce missing data
(Table S1). The filters included progressively strengthened individual-
level missing data thresholds and SNP-level missing data thresholds
whereby sampling localities were grouped into 12 spatial clusters
(Figure S2) before removing SNPs showing high missing data in at
least one spatial cluster from the entire dataset (e.g. Beer et al., 2022,
2024). This process leads to similar levels of missing data at the same
SNPs across the entire study area. The spatial clusters of localities
were generated using hierarchical clustering of geographic coordi-
nates and truncating the resulting tree to generate 12 groups; higher
numbers of spatial clusters led to excessive loss of SNPs during fil-
tering. Note that this procedure differs from the filtering used by
Trumbo et al. (2016), who filtered SNPs separately by transect and
region; this methodology was appropriate for the study question in
Trumbo et al. (2016) but is not appropriate for our research, as SNPs
must be consistently genotyped across the entire study area to make
inter-region comparisons of signatures of local adaptation. SNP filter-
ing was conducted in VCFtools version 0.1.16 (Danecek et al., 2011).

The final dataset consisted of 5723 SNPs and 932 individuals
distributed across 59 sampling localities (mean=15.80 samples/
locality; SD=4.52; range=5-20). Individual sequencing depth aver-
aged across SNPs was generally high globally (mean=19.10 reads/
SNP; SD=11.23; range=6.30-88.43). Individual sequencing depth
was also generally high when averaging across individuals grouped by
sampling locality (mean=18.83 reads/SNP; SD=6.58; range=38.36-
31.48). SNP sequencing depth averaged across individuals was also
generally high globally (mean=19.56 reads/SNP/individual; SD =4.69;
range=10.51-105.20). Global individual-level missing data was gen-
erally low (mean=9.35%; SD=11.56%; range=0.63%-51.46%),
as was global SNP-level missing data (mean=9.35%; SD=5.03%;
range=0.32%-34.33%). Per-locality individual missing data was also
low (mean=9.76%; SD=7.01%; range=1.59%-32.72%).

2.2 | Local colonisation year estimation

We reconstructed the cane toad's spread across Australia in order
to obtain an estimate of the year each of our sampling localities was
first colonised; we subsequently used these colonisation year esti-
mates to test for serial founder effects and account for allele surfing
in GEA analyses. Previous reconstructions of the cane toad's spread
across Australia (Phillips & Shine, 2004; Urban et al., 2008) did not
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extend through the timeframe of our sample collection; we generated
anovel reconstruction up to 2010. We obtained 19,762 observations
of cane toads across mainland Australia from the Global Biodiversity
Information Facility (GBIF; Edwards et al., 2000). We removed ob-
servations lacking precise geographic coordinates and dates; we
also removed observations with implausible locations based on prior
knowledge of the cane toad's spread (e.g. we removed observations
in the inland Australian deserts). We then added our own observa-
tions for the localities we sampled in 2010-2011, such that our final
dataset totalled 19,804 unique observations (Figure S3). We then
separated observations for each year from 1936 to 2010. Broadly
following Urban et al. (2008), we generated an alpha shape describ-
ing the spatial extent of cane toad observations each year. 1936
was the earliest year used because >3 observations are necessary
to construct alpha shapes. Alpha shapes were generated using the
function getDynamicAlphaHull in the R package rangeBuilder (Davis
Rabosky et al., 2016). The yearly alpha shapes were then collapsed
into a single surface describing the putative year that cane toads
colonised different locations across Australia.

2.3 | Environmental data processing

We obtained environmental data from the WorldClim v2 database
(Fick & Hijmans, 2017). We initially collected data for mean annual
temperature (BIO1), mean temperature diurnal range (BIO2), isother-
mality (BIO3), temperature seasonality (BIO4), temperature annual
range (BIO7), annual precipitation (BIO12), precipitation seasonal-
ity (BIO15) and elevation. Temperature- and precipitation-related
variables relate to amphibian stressors (Daszak et al., 2005) and
may broadly act as selective pressures (Snyder & Weathers, 1975).
Dissolved oxygen concentration affects embryonic development in
a different toad species (Dmitrieva, 2015), and elevation may be a
proxy for this factor. These variables also contribute to cane toad
habitat suitability across Australia (Trumbo et al., 2016).

We first estimated Pearson's correlation coefficient r between
each environmental factor and colonisation year at sampling locali-
ties; we removed environmental factors correlated with colonisation
year at |r|>.70 to reduce the potential for mistaking SNPs showing
allele surfing along environmental gradients as being subject to
spatially divergent selection. For the remaining environmental fac-
tors, we removed one environmental factor when a pair had |r|>.70
(Figure S4). Our final set of four environmental factors consisted of
mean diurnal temperature range (BIO2), temperature seasonality

(BIO4), annual precipitation (BIO12) and elevation.

2.4 | Population genomic structure

In order to identify consensus genetic groupings of samples on
which to run downstream population genetic analyses, we employed
four methods to characterise the number of genetic clusters rep-
resented in our dataset: TESS3, ConStruct, principal components
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analysis (PCA) and Treemix. TESS3 analyses were performed using
the R package tess3r. TESS3 uses geographically constrained non-
negative matrix factorisation to characterise population genomic
structure (Caye et al., 2018), including the evaluation of statistical
support for the number of ancestral genetic clusters (K). We tested
K=1-40 (10 replicates each) and assessed statistical support using
root mean squared error and cross entropy. K=4-9 showed simi-
lar support when summarising across replicates; for each of these
values of K, we retained the individual replicate that showed the
strongest statistical support (i.e. minimum RMSE).

Genetic clustering algorithms can overestimate the number of
ancestral genetic clusters when there is continuous genetic differen-
tiation across space (Bradburd et al., 2018). Therefore, we used the
R package conStruct as another method to characterise the num-
ber of genetic clusters in our dataset. ConStruct partitions genetic
variation across K geo-genetic ‘layers’ (genetic clusters). Genetic
similarity is allowed to decay with geographic distance within each
layer, thereby allowing allele frequencies to vary spatially within
each genetic cluster. We tested K=1-10 and evaluated statistical
support using 20 cross-validation replicates with 75/25% training/
testing data partitions and 10,000 iterations. We chose as optimal
the value of K at which predictive accuracy reached an asymptote
and at which each genetic cluster explained >5% of total genetic co-
variance; larger values of K added genetic clusters that explained
little covariance. We re-ran conStruct on the full dataset using the
optimal value of K to generate a final model.

We also implemented PCA of individual genotypes to visualise
genomic variation using the R package adegenet (Jombart, 2008).
PCA does not allow missing data, so we imputed missing genotypes
using the R package LEA (Frichot & Francois, 2015). Using the func-
tion snmf, we ran three replicates of each value of K=1-40 and
identified the replicate with the best genotype prediction accuracy.
Using this value of K, we used the function impute to replace miss-
ing genotypes. We also conducted PCA of locality allele frequencies
using function rda in the vegan R package (Oksanen et al., 2020); 20
missing locality allele frequencies were replaced using median allele
frequencies at the appropriate SNPs. We centred and scaled data
prior to both individual- and locality-based PCAs.

We used Treemix to infer population trees based on locality al-
lele frequency data (Pickrell & Pritchard, 2012). Treemix estimates a
drift parameter describing the magnitude of drift experienced along
branches in the population tree, as indicated by branch lengths. We
also tested directional migration edges connecting branches in the
population tree using 100 replicate runs with m=0 (i.e. no migration
edges modelled) and 10 replicate runs each for m=1-20. We eval-
uated relative evidence for values of m using the delta-m method
implemented in the R package OptM (Fitak, 2021); we identified the
value of m at which (1) the composite log-likelihood reached an as-
ymptote and (2) the second-order rate of change in the composite
log-likelihood was maximised; this value of m was considered the
optimal number of migration edges.

To estimate gene flow, we calculated Weir and Cockerham's
estimator of Fo; (Weir & Cockerham, 1984) using the R package
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diveRsity (Keenan et al., 2013). Pairwise F¢; values and their 95%
confidence intervals (Cls) were estimated using the diffCalc func-
tion; Cls were estimated by bootstrapping across SNPs for 5000
iterations. Pairwise F¢; was estimated among sampling localities
as well as among TESS3 genetic clusters. We tested for isolation-
by-distance (IBD) by fitting linear models using generalised least
squares (GLS); we specified a correlation structure following the
method of maximum likelihood population effects (MLPE) to ac-
count for non-independence of pairwise observations (Clarke
et al., 2002). Specifically, we regressed pairwise linearised Fq;
(calculated as F¢;/[1-F¢]) against the natural logarithm of geo-
graphic distance (Rousset, 1997). We also fitted an intercept-only
null model. All models were fitted using the gls function in the R
package nlme, and the correlation structure was specified using
the function corMLPE in the R package MLPE. The geographic dis-
tance model was preferred over the intercept-only null model when
the geographic distance model had the lowest AlCc, and the null
model had AAICc>2 relative to the geographic distance model.
Models were fitted based on pairwise Fo; between sampling local-
ities within regions as well as F¢; between the K genetic clusters
inferred by TESS3 for K=4-9. Given that multiple sampling local-
ities are subsumed into each of K genetic clusters, we calculated
geographic distances between genetic clusters using the mean of
the geographic coordinates of their constituent sampling localities.

2.5 | Genetic diversity

We calculated Weir and Cockerham's estimator of F using the ba-
sicStats function in diveRsity, with 95% Cls calculated from 5000
bootstraps (Keenan et al., 2013). Observed and expected SNP
heterozygosity, as well as allelic richness (Ar), were similarly es-
timated using the basicStats function. For Ar, we enabled rarefac-
tion to account for sample size differences across localities (Keenan
et al., 2013). We estimated effective population size (N,) for each
sampling locality using the linkage disequilibrium (LD) method in
NeEstimator v2.1 (Do et al., 2014); we also estimated overall N, for
each region by jointly analysing all samples within each region. F ; and
N, were estimated using putatively neutral SNPs (i.e. after removing
SNPs showing significant GEAs; see below). Observed heterozygo-
sity, expected heterozygosity and Ar were estimated separately for
putatively neutral SNPs and SNPs with significant GEAs. Locality-
specific N, observed heterozygosity, expected heterozygosity and
Ar were regressed against locality colonisation year using the Im
function in R v4.1.2.

2.6 | Genetic-environment association analyses

Our final sample size of 932 individuals from 59 localities sur-
passes minimum statistical recommendations (e.g. a total sample
size of 2200 individuals) for GEA analyses (Selmoni et al., 2020).
Environmental conditions were also replicated across the three

sampling regions (Figure S1). Thus, we were able to make high-
quality inter-region comparisons of GEAs.

We implemented GEA tests using Bayenv2 and GWR. Bayenv2
tests for GEAs at individual SNPs while accounting for genome-
wide neutral genetic structure using a population covariance matrix
(Glinther & Coop, 2013). We generated the covariance matrix of our
sampling localities by calculating the median matrix based on five
replicates of 500,000 iterations each. For each SNP - environmen-
tal factor combination, we then estimated Bayes Factors describing
the relative support for a model containing an environmental factor
compared to a null model excluding the environmental factor. We also
estimated Spearman's Rho, a correlation coefficient that is robust to
outlier populations. We ran five replicates of 750,000 iterations each
and calculated the median Bayes factor and median absolute value of
Spearman's Rho for each SNP - environmental factor combination.
SNPs that were in the top 0.05 quantile of Spearman's Rho and had
Bayes Factors >10 were considered as showing significant GEAs; a
Bayes Factor >10 alone is considered strong evidence in favour of
the model including the environmental factor (Kass & Raftery, 1995);
thus, our use of thresholds for both Spearman's Rho and Bayes Factors
should increase confidence in our results (Gunther & Coop, 2013).

We also performed one of the first applications of GWR to in-
vestigate variation in slopes of GEAs across the three sampling
regions. In short, GWR estimates geographically local response
- covariate relationships. Specifically, GWR estimates a local re-
sponse - covariate beta coefficient (i.e. slope) for a focal obser-
vation (here, locality) based on nearby observations, with more
geographically distant observations contributing less to the esti-
mation of the local beta coefficient; this process is repeated for
every observation in the dataset (Brunsdon et al., 1996). Thus,
GWR accommodates the possibility that the steepness and/or
direction of the relationship between two variables (here, allele
frequency at a given SNP and an environmental factor) may vary
across space (Brunsdon et al., 1996). GWR has previously been
suggested and used for studying barriers to gene flow (Diniz-Filho
et al., 2016; Storfer et al., 2007); GWR has also been suggested for
detecting signatures of spatially divergent selection at individual
loci (Manel et al., 2010), but to our knowledge, it has not previ-
ously seen practical implementation as a GEA test.

We implemented GWR using the R package GWmodel (Gollini
et al., 2015). The extent to which geographically distant observa-
tions contribute to estimation of local beta coefficients at a focal ob-
servation depends partly on a parameter referred to as bandwidth.
Using a bisquare kernel function, bandwidth governs the spatial
rate of decay in the influence of distant observations and defines
the maximum geographic distance at which observations influence
the estimation of local beta coefficients at a focal observation. We
used the function bw.gwr to optimise model bandwidth using cross-
validation (i.e. the bandwidth that minimises out-of-sample pre-
diction error was selected as optimal). Subsequently, we used the
function gwr.basic to fit GWR models and obtain local estimates of
beta coefficients. Further details of model fitting and model compar-
ison are provided below.
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For each SNP, we specified a null model where locality allele
frequency was regressed against locality values for genome-wide
PC1 and PC2 scores and colonisation year. Colonisation year is a
proxy for range expansion direction, and alleles correlated with
colonisation year thus carry a signature of allele surfing. Thus, this
null model explicitly tests for the effects of neutral population
structure and allele surfing on allele frequencies. We compared
models that additionally include one of the four environmen-
tal factors (alongside genome-wide PC scores and colonisation
year) against this null model by calculating an approximate Bayes
Factor based on the models' Bayesian Information Criterion scores
(Wagenmakers, 2007). As both the null and alternative models in-
clude colonisation year, a Bayes Factor >1 indicates support for
an effect of the environment on allele frequencies that is not sat-
isfactorily explained by allele surfing alone. We considered SNPs
in the top 0.05 quantile of Bayes Factors as showing significant
GEAs; in practice, these SNPs had Bayes Factors >10.

Because our work represents a novel application of GWR as a
GEA test, we sought to be conservative in our use of the method.
Accordingly, we intersected significant SNPs identified by GWR with
the SNPs identified by Bayenv2; subsequent analyses used only the
overlapping SNPs. We also tested whether the observed overlap be-
tween Bayenv2 and GWR was significantly greater than expected
by random chance by using a permutation test with 500,000 repli-
cates. For each replicate, we completed two random draws of SNPs
without replacement: we randomly drew 287 SNPS to represent the
results from GWR, and we randomly drew 130 SNPs to represent
the results from Bayenv2. These numbers of SNPs are identical to
the numbers of SNPs identified by GWR and Bayenv2 in our real
results. Next, we computed the number of SNPs that overlapped
between the two random draws and used this as our test statistic.
500,000 replicates of the above procedure were used to construct a
distribution of overlap, which we subsequently used to calculate the
p-value of the overlap we observed in our real analyses.

To evaluate differences in genomic signatures of local adapta-
tion across our sampling regions, we focused on spatial variation
in the environmental beta coefficient (i.e. allele frequency-en-
vironment slope) estimated by GWR models for the SNPs that
overlapped between GWR and Bayenv2. The use of the environ-
mental beta coefficient as a metric to compare genomic evidence
for local adaptation in different geographic regions follows from
the fact that local adaptation depends on allele frequency dif-
ferentiation among populations experiencing different selective
environments (Hoban et al., 2016); small environmental beta co-
efficients (i.e. shallow slopes) in our regression models indicate
little allele frequency differentiation at putatively adaptive loci
(and vice versa) among populations inhabiting different environ-
ments. Additionally, geographic cline theory posits that the slope
of a cline (conceptually analogous to the environmental beta coef-
ficient estimated here) reflects the efficacy of selection at a locus
given the relative strengths of selection and other forces affect-
ing allele frequencies, such as gene flow (Barton & Hewitt, 1985;
Endler, 1977).
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For each SNP that overlapped between GWR and Bayenv2, we
re-fit GWR models using centred and scaled environmental data so
that the environmental beta coefficient represents the change in the
SNP's allele frequency per standard deviation change in the environ-
ment; this procedure makes beta coefficients obtained from models
including different environmental factors comparable. Within each
region, we then averaged the absolute value of each SNP's locality-
specific environmental beta coefficients such that each SNP had
one mean absolute beta coefficient per region. We statistically com-
pared environmental beta coefficients across regions using multiple
pairwise Wilcoxon signed-rank tests with a family-wise alpha of .05
after Bonferroni correction. The Wilcoxon signed-rank test lever-
ages paired data; in our case, the beta coefficient of a given SNP
was paired across regions. We used the nonparametric Wilcoxon
signed-rank test because paired differences in beta coefficients be-
tween the NW and NE regions showed a strong but non-significant
deviation from normality (Shapiro-Wilk test W=0.86; p=.06). The
Wilcoxon signed-rank test assumes that observations (here, SNPs)
are independent, so we pruned SNPs by LD. We used the VCFtools
commands geno-r2 and interchrom-geno-r2 to calculate the LD esti-
mator r? for the significant SNPs that overlapped between GWR and
Bayenv2. We calculated r? between SNPs separately for the NW, NE
and S sampling regions. We removed one SNP from a pair of SNPs
that had r?>.1 within at least one sampling region.

2.7 | Candidate gene identification

To gain insight into the genomic basis of local adaptation and gen-
erate hypotheses for future work, we recorded genes nearest each
SNP with a significant GEA using the BEDTools closest command
(Quinlan & Hall, 2010). We obtained gene ontology (GO) terms for
the candidate genes from Xenbase (Xenbase.org), which is a biologi-
cal database that focuses on Xenopus frog species. Next, we used the
PANTHER-powered system (Mi et al., 2019) on the GO Consortium
webpage to employ GO enrichment analysis (The Gene Ontology
Consortium, 2019). We specified genes nearest all 5723 SNPs in our
dataset as the reference gene set. We specified the reference spe-
cies as the western clawed frog (Xenopus tropicalis), as it is the most
closely related reference species available. We tested for significant
over- or under-representation of biological processes, molecular
functions and cellular components GO terms among the genes near-
est the SNPs with significant GEAs; we used Fisher's exact test and a
false discovery rate of 0.05 (Benjamini & Hochberg, 1995).

3 | RESULTS
3.1 | Local colonisation year estimation
Using 76years of georeferenced Australian cane toad occur-

rence records, we reconstructed the cane toad's spatiotemporal
spread across Australia. Our estimation of cane toad colonisation
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years across Australia shows strong agreement with prior studies
(Figure 1; Figure S3) (Phillips & Shine, 2004; Urban et al., 2008) but
extends estimates through 2010. NW localities were colonised in
approximately 1996-2010, NE localities 1937-1974 and S localities
1941-1980. As cane toads have a generation time of approximately
1-2years (Kosmala et al., 2018), some NW localities may have been
sampled herein within one generation of colonisation. Note that
downstream uses of estimated colonisation years involve correla-
tive analyses, so minor deviations from true colonisation years are

unlikely to obscure general patterns.

3.2 | Population genomic structure

Genetic data filtering (Table S1) generated a final dataset of 5723
SNPs and 932 cane toads from 59 sampling localities in three broad
geographic sampling regions (Figure 1). TESS3, ConStruct and
Treemix suggest that the NW, NE and S sampling regions corre-
spond to biologically meaningful and genetically distinct groups of
samples. PCA indicated broad clustering of individuals and locali-
ties based on sampling region (Figure 2a; Figure S5). TESS3 iden-
tified similar support across replicates for between four and nine
genetic clusters (i.e. K=4-9; Figure S6). K=4 grouped the sampling
localities such that the NW and NE regions each comprised a sin-
gle genetic cluster and the S region comprised two genetic clusters
(Figure S7a), and this partitioning of sampling localities into genetic
clusters is broadly consistent with PCA (Figure 2a; Figure S5). K> 4
primarily further subdivided the S region and split the NE region
into two genetic clusters occupying the coast and more inland
geographic areas (Figure S7b-f). ConStruct indicated weaker sup-
port for a non-spatial model of population structure compared to
a spatial model that explicitly models IBD within genetic clusters
(Figure S8a,b) (Bradburd et al., 2018). Comparisons among differ-
ent values of K for the spatial model suggested that there are three
meaningful spatial genetic clusters represented in the dataset (i.e.
each cluster contributes 25% to total covariance; Figure S8c,d).
These three genetic clusters largely correspond to the three sam-
pling regions (Figure S9).

The maximum pairwise F¢; value (F5T=O.218) occurred between
a locality in the NW region and a locality in the S region. Pairwise
F¢r values between localities within the NW sampling region were
low (mean=0.008; range =0-0.038) compared to pairwise F¢; val-
ues in the NE (mean=0.051; range=0.009-0.121) and S regions
(mean=0.123; range=0.014-0.192); this pattern holds for pairs
of localities separated by similar geographic distances (Figure 2b).
For each region, the MLPE model regressing linearised F¢; (i.e. Fg/
[1-Fg;]) against the natural logarithm of geographic distance out-
performed an intercept-only null model with AAICc> 2, evidencing
IBD (Table S2); the coefficient estimated for geographic distance
was smaller in the NW than in the NE and S, reflecting weaker IBD
among localities in the NW region (Figure 2b; Table S2). With respect
to TESS3, K=5-9 showed significant signatures of IBD; K=4 did not
show significant IBD despite a general positive correlation between

genetic and geographic distances, possibly due to the small number
of data points (Figure S10, Table S3).

Treemix indicated that sampling localities clustered together
phylogeographically in a way that reflected sampling region and geo-
graphic proximity within regions. The NW and S regions share a com-
mon ancestor that in turn shares a common ancestor with inland NE
localities (Figure 2c). Treemix indicated that localities in the S region
have experienced substantially greater independent genetic drift
than localities in the NE and NW regions, as represented by relative
branch lengths in Figure 2c. Localities in the NW region have expe-
rienced relatively little independent drift. The addition of one direc-
tional migration edge had high support, with the next best models
suggesting the presence of four and 11 migration edges respectively
(Figures S11 and S12). Migration edges typically occurred between
groups of localities in the southernmost S region (Figure S12). Taken
together, these analyses consistently support the NE, NW and S as
biologically meaningful and genetically distinct groups of samples.
Thus, we focus on population genomic patterns within and across

these three sampling areas for the remainder of our analyses.

3.3 | Genetic diversity

Point estimates of locality effective population sizes (N,) were
generally highest in the most recently invaded NW region (median
N,=180.7), lower in the NE region (median N,=63.7) closer to the
site of original introduction and the lowest in the S region (median
N,=40.8; Figure 3a). We report median locality N, here because the
earliest-colonised locality had an extremely high outlier estimate
(N,=1091.4; Figure 3b), which skewed the mean. However, we note
that locality N, estimates were typically imprecise, with upper 95%
confidence limits often returned as infinite. N, was significantly neg-
atively correlated with colonisation year in the NE region (Pearson's
r=-.76, p<.0167), although this correlation was non-significant
after removing the outlier N, value (r=-.6, p=.08). A negative but
non-significant correlation between N, and colonisation year was
identified in the Sregion (r=-.43, p=.05). The NW region showed no
trend between N, and colonisation year (r=.03, p=.91; Figure 3b).
Estimates at the region scale revealed relatively high N, in the NW
region (N,=178.2), intermediate N, in the NE region (N,=90.8) and
relatively low N, in the S region (N =44.2).

Allelic richness was comparable among regions (Figure 3c). The
S region showed a significant negative correlation between Ar and
colonisation year (r=-.67, p<.01; Figure 3d); we found no asso-
ciation between Ar and colonisation year for the NE and NW re-
gions. Observed and expected SNP heterozygosity showed similar
patterns to Ar (Figure 3e-h). F,; was negative in all localities except
one locality in the S region (Figure 3i), and we found no association
between F s and colonisation year in any region (Figure 3]). Note that
the trends in genetic diversity characterised here are consistent with
a previous study based on the same raw sequencing data (Trumbo
et al., 2016), although here we explicitly model the relationship be-
tween genetic variation and colonisation year.
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FIGURE 2 Population genomic structure among cane toads in Australia. (a) Principal components analysis of individual genotypes, with
individuals coloured by sampling region. (b) Isolation-by-distance among localities within regions. Points represent estimates of genetic
differentiation and geographic distance between pairs of localities, which are coloured by sampling region. Lines and 95% confidence
intervals visualise region-specific linear regression models fitted with maximum likelihood population effects. (c) Treemix phylogeny with
one migration edge. Branch lengths reflect the magnitude of genetic drift. The replicate with the highest log-likelihood is plotted. Localities
are labelled by region and a locality number corresponding to those mapped in Figure S2.
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FIGURE 3 Inter-region comparisons of within-locality genetic variation at putatively neutral SNPs. (a) Boxplots of effective population
sizes at sampling localities within regions. (b) Correlations between effective population sizes and local colonisation year estimates.
Subsequent pairs of plots (rows) represent the same analyses as panels (a) and (b) for other genetic variation statistics (indicated along

the leftmost y-axes). (c, d) Allelic richness. (e, f) Observed single nucleotide polymorphism (SNP) heterozygosity. (g, h) Expected SNP
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3.4 | Genetic-environment association analyses

We detected 287 SNPs with significant GEAs using GWR. Our im-
plementation of GWR accounted for allele surfing by including lo-
cality principal components scores (representing neutral population
structure) and local colonisation year in a null model; a locus was
identified as having a significant GEA indicative of spatially diver-
gent selection only when the addition of an environmental factor
explained additional spatial variation in allele frequencies compared
to the null allele surfing model. We also used Bayenv2 to identify
130 SNPs with significant GEAs (hereafter, ‘significant SNPs’).
Collectively, GWR and Bayenv2 identified 399 significant SNPs, 18
of which overlapped between the two analyses. The observed over-
lap is significantly greater than expected by chance (permutation
test, p<.001; Figure S13).

Among the 18 overlapping SNPs, one was associated with an-
nual precipitation, four were associated with elevation and 13 were
associated with temperature seasonality. Locality-specific allele
frequencies and locality-specific GWR environmental beta coeffi-
cients for each of the 18 overlapping significant SNPs are mapped
in Figures S14 and S15 respectively. All 18 SNPs had GWR environ-
mental beta coefficients that shared the same sign in the NE and
S regions (i.e. the same allele at a SNP increased or decreased in
frequency with an increase in the environmental factor in both the
NE and S regions). Twelve of the 18 SNPs had GWR environmental

beta coefficients that shared the same sign across all three regions.
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Notably, six SNPs showed a reversal in the sign of the environmental
beta coefficient only in the NW region (Figure S15).

After removing SNPs showing strong LD (i.e. removing one SNP
from a pair with r2>.1), we retained 11 of the 18 overlapping sig-
nificant SNPs to test for differences in the absolute values of GWR
environmental beta coefficients (i.e. absolute regression slopes
representing the magnitude of change in allele frequency per stan-
dard deviation change in an environmental factor; see Section 2).
Absolute environmental beta coefficients in the recently invaded
NW region were significantly smaller than those of the NE and S
regions (NW-NE Wilcoxon signed-rank test T=1, p=1.9E-03; NW-S
T=0, p=9.8E-04; Figure 4). Absolute environmental beta coeffi-
cients in the NE region were also significantly smaller than in the S
region (Wilcoxon signed-rank test T=18, p=4.9E-03; Figure 4).

Small GWR environmental beta coefficients in the NW are un-
likely to be statistical artefacts of regression analysis. Environmental
variance among localities was comparable across regions
(Figure Sla-d). Per-locality genetic diversity (i.e. Ar, observed het-
erozygosity and expected heterozygosity) at the 18 overlapping sig-
nificant SNPs was also comparable among regions (Figure $16); this
was also true for the collective set of 399 significant SNPs identified
by either GWR or Bayenv2 (Figure S16). Thus, regional differences in
allele frequency variance are likely not driving variation in the slopes
of GEAs (i.e. near-fixation of alleles at significant SNPs in the NW
could otherwise lead to near-zero environmental beta coefficients).

Smaller SNP-environment beta coefficients in the NW were also not
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driven by greater confounding between the environment and colo-
nisation year within the NW; correlations between the four environ-
mental factors and colonisation year were of similar magnitude for
the NW and at least one of the other two regions (Figure S4b-d).
Indeed, most of the 18 overlapping significant SNPs were associated
with temperature seasonality in GWR models, and this environmen-
tal factor was most greatly confounded with colonisation year in the
NE region, not the NW region (Figure S4b-d).

3.5 | Candidate gene identification

We considered genes nearest to the significant SNPs as being can-
didate genes contributing to local adaptation. Of the 18 significant
SNPs identified by both GWR and Bayenv2, 15 SNPs were near a
total of 17 genes (two significant SNPs were located within two
genes each). 12 of these 17 genes were orthologues of genes de-
scribed in other species (Table S4). Among the broader set of 399
significant SNPs identified by either GWR or Bayenv2, 357 SNPs
were near a total of 375 genes. 254 of these 375 genes were ortho-
logues of genes described in other species (Table S5). All genes were
<170kb away from their corresponding significant SNPs (<75kb for
the 18 SNPs identified by both GWR and Bayenv2) (Tables S4 and
S5). GO terms extracted from Xenbase are provided in Tables S4
and S5. No GO terms pertaining to biological processes, molecular
functions or cellular components were significantly over- or under-
represented among candidate genes near the narrower set of 18
significant SNPs nor the broader set of 399 significant SNPs. We
comment on the plausibility of candidate genes and their potential
connections to ecological observations in Section 4.

4 | DISCUSSION

Understanding how interactions between evolutionary forces influ-
ence species' adaptive responses to environmental heterogeneity
is critical for predicting the geographic extent of range expansions.
Serial founder effects can make genetic drift a powerful evolu-
tionary force that can constrain adaptive evolution of species un-
dergoing rapid range expansions or range shifts (Polechova, 2018;
Polechova & Barton, 2015). Allele surfing can generate spurious re-
lationships between allele frequencies and environmental variables
(i.e. GEAs), which are often interpreted as evidence of divergent
selection (Hoban et al., 2016; Lotterhos & Whitlock, 2015; Zhao
et al., 2020). Additionally, the evolution of increased dispersal during
range expansions can obscure genomic signatures of local adapta-
tion by driving the spatial non-stationarity of GEAs. We overcame
these challenges with a novel application of GWR for detecting can-
didate loci under selection while implementing an appropriate null
hypothesis that accounts for allele surfing.

Prior knowledge of colonisation times and dispersal dynam-
ics of the cane toad in Australia allowed us to characterise genetic
drift, gene flow and selection among populations occupying three

geographic regions with different invasion histories. Despite each
geographic region harbouring similar distributions of abiotic envi-
ronmental conditions, rapidly dispersing toads in the expanding NW
region show little evidence for local adaptation to the abiotic en-
vironment. That is, GEA slopes are shallower in the NW compared
to the more established NE and S regions. Despite higher effective
population sizes in the NW and the expectation that high genetic
variation may facilitate local adaptation, apparent poor local adap-
tation in the NW may be explained by a combination of (1) selection
having had little time to generate GEAs due to the recency of colo-
nisation and (2) substantially higher gene flow among NW localities
constraining local adaptation.

4.1 | Geneticdiversity and structure

Recently colonised areas are expected to show more extreme sig-
natures of serial founder effects than more established portions
of a species' range due to ongoing gene flow in the latter (Jangjoo
et al., 2016). Contrary to expectations, the cane toad exhibits the
inverse pattern across its invasive range throughout Australia. The
NE and S regions, both of which were colonised >20 generations
prior to sampling, show the strongest negative correlations between
colonisation year and genetic diversity. In contrast, localities in the
NW were colonised <15 generations prior to sampling and show lit-
tle evidence for sequential declines in genetic diversity. A previous
study similarly found evidence for serial loss of genetic variation at
microsatellite loci in the S region but not in the NW region (Estoup
et al., 2004). Indeed, median per-locality effective population sizes
in the NW are higher than in the NE and S regions, although these
estimates are imprecise (likely due to poor power to differentiate
a signal of genetic drift from sampling effects; Do et al., 2014).
Heterozygosity and allelic richness in the NW are also comparable to
estimates in the NE and S regions. Negative F s values in most locali-
ties may reflect small local effective population sizes (Balloux, 2004;
Kardos et al., 2016; Luikart & Cornuet, 1999).

Relatively low genetic diversity in the S region may reflect the re-
peated range expansion further southward and subsequent retreat
northward driven by cold temperatures (Macgregor et al., 2021),
which can increase the effects of genetic drift (Davies et al., 2016).
This is consistent with the population tree inferred by Treemix,
which shows strong genetic drift and evidence for directional migra-
tion events among S localities. Indeed, the southernmost localities
near the area of repeated range expansion and retreat were often
the sources and recipients of directional migration events. The ex-
pected loss of diversity in the recently colonised NW region may
have been buffered by high gene flow among localities, as evidenced
by low pairwise F¢; values and little independent drift inferred by
Treemix. Indeed, simulations suggest that substantial gene flow
via long-distance dispersal can attenuate loss of genetic diversity
during range expansions (Bialozyt et al., 2006; Fayard et al., 2009;
Ray & Excoffier, 2010). Additionally, the NW region has high habitat
suitability (Trumbo et al., 2016), which may bolster population sizes
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and genetic diversity. Although repeated introductions of invasive
species can increase genetic diversity (Dlugosch & Parker, 2008),
repeated introductions of the cane toad in 1935-1937 all occurred
along the Queensland coast (near the NE and S sampling regions;
Figure 1) and used offspring of the single Australian founding
population (i.e. the first introduction near Gordonvale) (Sabath
et al., 1981). Thus, repeated introductions of the cane toad are un-
likely to have bolstered genetic diversity in the NW region, which
is geographically distant and was invaded approximately 63years
after the final introduction.

Geographic clines in local genetic diversity may also exist in con-
texts other than range expansions. For example, stable geographic
ranges may show such clines when less suitable edge habitats sup-
port smaller effective population sizes than core habitats, a predic-
tion posited by the central-marginal hypothesis for evolutionary
determinants of species' range limits (Eckert et al., 2008). Therefore,
putative serial founder effects identified in the stabilised NE and
S regions may instead reflect core-edge patterns characteristic of
many species (Eckert et al., 2008; Trumbo et al., 2016). However, the
cane toad was initially introduced in an area of high habitat suitabil-
ity (Trumbo et al., 2016) such that its inland spread into less suitable
habitat has generated a negative correlation between colonisa-
tion year and habitat suitability. Thus, it is difficult to discriminate
whether spatial variation in genetic diversity reflects a persistent
signature of a serial founder effect or a stable range core-edge pat-

tern driven by habitat suitability.

4.2 | Spatial variation in genetic-environment
associations

Although the propensity for gene flow to constrain local adaptation
has long been considered in theoretical work in population genetics
(Lenormand, 2002; Slatkin, 1987), few studies have provided em-
pirical evidence of this phenomenon (Fedorka et al., 2012; Kottler
et al., 2021; Storfer, 1999; Storfer et al., 1999; Storfer & Sih, 1998).
In one of the first empirical uses of GWR as a GEA analysis, we iden-
tified geographic variation in the slopes of GEAs at loci putatively
contributing to local adaptation. Cane toads in the expanding NW
region show significantly shallower GEA slopes than in the stabi-
lised NE and S regions. Shallower GEA slopes in the NW coincide
with substantially higher gene flow among localities. Indeed, the
magnitude of IBD aligns with the magnitude of GEA slopes across
all three regions (i.e. IBD is strongest and GEAs steepest in the S
region; IBD is weakest and GEAs shallowest in the NW region; NE
region intermediate). These patterns suggest that gene flow may
constrain local adaptation to abiotic environmental variation to
varying extents across the cane toad's Australian range. Although
strong genetic drift can also impede local adaptation (Polechova
& Barton, 2015), genetic variation is relatively high in the NW (see
above) and thus does not explain the shallower GEAs.

It is also possible that the recency of NW colonisation has
contributed to shallow GEA slopes: <15 generations had elapsed
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between colonisation of NW localities and our 2010-2011 sampling
efforts. Accordingly, selection has had little time to generate GEAs
and genetic differentiation at putatively adaptive loci in the NW.
Local adaptation may occur later despite high gene flow, depending
on the relative strengths of each evolutionary force. The reversal in
the sign of GEA slopes in the NW relative to the NE and S for some
SNPs may also reflect transient local maladaptation driven by recent
colonisation dynamics, which selection has not had time to reverse.
However, this explanation is speculative as geographic variation in
GEAs is typically not evaluated and causes for this ‘slope switching’
phenomenon have not previously been investigated.

To the extent that high gene flow in the NW region is driven by
the dispersal-enhancing phenotype inhabiting that region, evidence
of poor local adaptation to the abiotic environment in the NW sug-
gests that this phenotype may have a mean population fitness cost
(i.e. increased immigration from populations inhabiting alternative
environmental conditions may increase the frequencies of locally
maladaptive alleles, resulting in heightened migration load) (Bolnick
& Nosil, 2007). Thus, the evolution of increased dispersal capac-
ity resulting from spatial sorting (‘spatial selection’ sensu Phillips
et al., 2008) can interfere with spatially divergent ‘classical’ natural
selection driven by the abiotic environment. Additional studies sug-
gest that resource investment in the dispersal-enhancing phenotype
of expansion front toads trades off with reproductive investment
(Friesen & Shine, 2019; Hudson et al., 2016). Thus, the dispersal-
enhancing phenotype may be costly outside of the expansion front,
and these trade-offs may explain why longer-established cane toad
populations have reduced dispersal capacity (Alford et al., 2009;
Gruber et al., 2017a; Hudson et al., 2016; Phillips et al., 2006).
Consequently, fitness advantages of reduced dispersal capacity may
indirectly facilitate local adaptation to the abiotic environment in es-

tablished portions of the cane toad's invasive range.

4.3 | Management implications and
future directions

Genomic evidence for local adaptation in some parts of the cane
toad's Australian range suggests that genetic variation has been
maintained at ecologically functional loci. Indeed, we found com-
parable genetic variation at SNPs with significant GEAs and pu-
tatively neutral SNPs. The maintenance of genetic variation at
environmentally associated loci has also been supported by an
RNA sequencing study of cane toads across their native range,
the Hawaiian source population, and a smaller portion of their
Australian range (Selechnik et al., 2019). There are currently
vast areas of putatively suitable but uncolonised habitat across
Australia (Urban et al., 2007), and our results suggest that genetic
variation is unlikely to be a limiting factor in the cane toad's capac-
ity for further spread.

Given that poor local adaptation or local maladaptation can re-
duce the rate of range expansion (Andrade-Restrepo et al., 2019;
Gilbert et al., 2017; Szlcs et al., 2017), we expected that further
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ecological monitoring of the cane toad since the collection of our
samples in 2010 and 2011 would reveal a reduction in invasion speed.
Contrary to expectations, as of 2015, the cane toad has continued to
progress across NW Australia at approximately 50km/year (Doody
etal., 2018). This invasion speed is similar to the rate estimated for the
initial invasion of the lower NW region circa 2000 (Urban et al., 2008).
Although the expected reduction in invasion speed has not been ob-
served, it is possible that factors such as putatively reduced landscape
resistance to movement in the NW (associated with increased avail-
ability of suitable tropical habitat; Urban et al., 2008) may have at-
tenuated this phenomenon. Further genetic monitoring of cane toads
in the NW may capture the steepening of GEA slopes over time as
divergent selection progressively generates allele frequency differen-
tiation among populations and as the dispersal-enhancing phenotype
of the cane toad is replaced by weaker dispersers following initial col-
onisation of habitat (Phillips et al., 2006).

Knowledge of the genomic basis of local adaptation among
cane toad populations may yield important insights into evolution-
ary changes that may facilitate population establishment and geo-
graphic spread (Chown et al., 2015). Among the candidate genes
near the 18 significant SNPs identified by both GWR and Bayenv2,
we note that the gene GDPD1 (near a SNP associated with tem-
perature seasonality and annual precipitation) has previously been
implicated in local adaptation of chickens to geographic variation
in precipitation as well as transcriptional responses to heat and
drought stress in several ant and oak species respectively (Kotrade
et al., 2019; Perez et al., 2021). In addition to vulnerability to des-
iccation like many amphibians, cane toad metamorphs experience
a trade-off between risk of desiccation and risk of competition or
cannibalisation when selecting habitat farther away or closer to
ponds occupied by conspecifics respectively (Child, Phillips, Brown,
& Shine, 2008; Child, Phillips, & Shine, 2008); in precipitation-limited
locations, alleles that improve drought tolerance may improve fit-
ness by enabling metamorphs to spend less time exposed to com-
petitors or cannibals at ponds. Several other candidate genes (i.e.
ZCCHC3, OSBPL1A and USP45) are implicated in immune responses
(Lian, Wei, et al., 2018; Lian, Zang, et al., 2018; Machuka et al., 2022;
Taye et al., 2017), suggesting that signatures of selection related to
the abiotic environment identified herein may instead reflect biotic
selective pressures; indeed, there is geographic variation in rates
of parasitism of Australian cane toads by several pathogen taxa
(Freeland et al., 1986; Russo et al., 2021).

Several caveats are worth noting. Experimental study is neces-
sary for functional validation of putatively adaptive loci in the cane
toad; as with the majority of landscape genomics studies, the en-
vironmental associations we identified should be interpreted with
caution because it is unclear whether the environmental factors
included herein truly act as selective pressures or simply correlate
with unmeasured causal factors (Hoban et al., 2016). Additionally,
it is possible that putatively adaptive loci are affected by se-
lection differently in the NW than in the NE and S. For example,
genotypic redundancy may result in regional differences in the ge-
nomic architecture underlying local adaptation (Hoban et al., 2016;

Lotterhos, 2023), or putatively adaptive loci identified herein may
experience conditional neutrality in the NW (Anderson et al., 2013;
Mee & Yeaman, 2019). Interrogating a larger fraction of the genome
in the future will (1) enable tests for selection leveraging information
from linked loci (e.g. Abondio et al., 2022; Booker et al., 2024); (2) en-
able better characterisation of the genomic architecture underlying
local adaptation of cane toad populations (Lowry et al., 2017) and (3)

help clarify which environmental factors act as selective pressures.

4.4 | Broader implications for evolutionary study of
range expansions

Our work adds to the growing documentation of rapid adaptive
evolution of invasive species post-introduction (Butin et al., 2005;
Colautti & Lau, 2015; Gong et al., 2022; Maron et al., 2004; Prentis
et al.,, 2008; Woods & Sultan, 2022). We additionally provide novel
evidence of spatial variation in the outcomes of interactions between
drift, gene flow and spatially divergent selection during a biological
invasion. Although we found genomic evidence for local adaptation
across the established portion of the cane toad's invasive range, it is
unclear whether local adaptation facilitated subsequent invasion or
simply evolved concurrently. Thus, our work does not explicitly sup-
port the ‘adaptation hypothesis’ of biological invasions, which posits
that success of an invasion depends on adaptive evolutionary re-
sponses to environmental conditions in the introduced range (Enders
et al., 2020). Indeed, the rapid expansion of cane toads in the NW
with little signature of local adaptation to the environment suggests
that adaptive evolution may have a substantial temporal lag following
establishment of populations rather than being a driver of invasion,
although counterexamples exist (Sz(cs et al.,, 2017). Continuing to
study spatial heterogeneity in the interactions of evolutionary forces
may help clarify the extent to which local adaptation facilitates bio-
logical invasions. Accordingly, our work suggests that efforts aimed at
understanding potential drivers of invasive species should at a mini-
mum survey geographic regions known to differ in invasion dynamics.

Our results may also reflect eco-evolutionary dynamics oper-
ating during range expansions in general, outside the context of
biological invasions. For example, numerous species are undergo-
ing distributional shifts owing to climate change (Chen et al., 2011;
Pacifici et al., 2020; Parmesan & Yohe, 2003). Low genetic diver-
sity is commonly suggested as a constraint to adaptation during
range expansions and perhaps a constraint to range expansion
itself (Polechova, 2018), but our work suggests that interactions
between evolutionary forces may constrain adaptation at a range
expansion front even when genetic diversity is not limiting. Indeed,
the relative magnitudes of spatially divergent selection and gene
flow may strongly impact the extent to which range-expanding
species adapt to novel environmental conditions. Accounting
for this phenomenon may improve genomics-based predictions
of species' capacity to shift ranges, which often consider evolu-
tionary forces in isolation. However, evolutionary dynamics and

resulting population genetic patterns of non-invasive species
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undergoing climate change-driven distributional shifts may differ
from dynamics of invasive species because the former may have
greater initial population sizes (Bialozyt et al., 2006), new habi-
tat may become available more incrementally (Li & Park, 2020;
Platts et al., 2019), and biotic interactions such as competition
may be limiting (Legault et al., 2020). In contrast, invasive species
may be introduced to vast areas of resource-rich, suitable habitat
and may be comparatively unhindered by biotic factors (Enders
et al., 2020). Thus, more work is necessary to understand whether
genetic patterns among cane toad populations are typical of inva-
sive species and range-expanding species more generally.
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