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Abstract
Hybrid zones are important windows into the evolutionary dynamics of popula-
tions, revealing how processes like introgression and adaptation structure popula-
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1 | INTRODUCTION

sea star species, Asterias rubens and A. forbesi, distributed along rocky European and
North American coastlines of the North Atlantic, and use genome-wide molecular
markers to infer the distribution of genomic variation within and between species
in this group. Using genomic data and environmental niche modelling, we document
hybridization occurring between northern New England and the southern Canadian
Maritimes. We investigate the factors that maintain this hybrid zone, as well as the
environmental variables that putatively drive selection within and between species.
We find that the two species differ in their environmental niche breadth; Asterias
forbesi displays a relatively narrow environmental niche while conversely, A.rubens
has a wider niche breadth. Species distribution models accurately predict hybrids to
occur within environmental niche overlap, thereby suggesting environmental selec-
tion plays an important role in the maintenance of the hybrid zone. Our results imply
that the distribution of genomic variation in North Atlantic sea stars is influenced by

the environment, which will be crucial to consider as the climate changes.
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is now challenging the long-held assumption that high dispersal

Adaptive ecological divergence between populations due to en-
vironmental variation is a key factor in the generation and main-
tenance of species-level biodiversity (Kawecki & Ebert, 2004;
Nosil, 2012; Palumbi, 1994). This is exemplified in the nearshore
marine environment, which often has steep gradients in tempera-
ture, salinity and other abiotic variables (Harley & Helmuth, 2003),
which might promote local adaptation in species that occur there
(Zardi et al., 2011). Although growing evidence in marine species

ability can limit the potential for adaptive divergence (Sanford &
Kelly, 2011; Bernatchez, 2016), examining the population genomics
and environment of hybrid zones between closely related coastal
marine species is particularly informative about how adaptation,
gene flow and intrinsic reproductive barriers can influence the spe-
ciation process (Abbott et al., 2013; Barton & Hewitt, 1985, 1989;
Chown et al., 2015).

Hybrid zones are typically studied in the context of cline the-
ory, which describes spatial variation in traits or allele frequencies
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as spatial gradients that change across the region where hybridizing
species meet (Barton et al., 1981; Harrison & Larson, 2014). There
are many factors that are known to affect the shape, geographic
extent and maintenance of hybrid zones; in marine systems, hybrid
zones are likely to be dually shaped by physical seascape features
(i.e. soft barriers, habitat availability and ocean currents) and selec-
tive processes whereby hybrid genotypes have higher or lower fit-
ness than parental forms (El Ayari et al., 2019). Although research on
marine hybrid zones often focuses on the effects of paleoenviron-
mental or physiographic barriers, such as ocean currents (Fenberg
et al., 2014; Hare et al., 2005), many marine species exhibit tran-
sitional hybrid clines without the existence of an obvious barrier
(Kelly & Palumbi, 2010; Wares, 2001). Endogenous selection against
hybrids can arise via genomic conflict that leads to post-zygotic
reproductive incompatibilities (Bronson et al., 2003; Dobzhan-
sky, 1934; Svedin et al., 2008). This can lead to a tension hybrid zone
where the selection against hybrids occurs within a narrow region of
contact and a steep cline of hybridization (Barton & Hewitt, 1985).
Such clines formed by endogenous selection can often coincide with
biogeographic barriers or sharp environmental gradients that do not
directly drive selection (i.e. exogenous selection), as would happen
when environmental filtering prevents recruitment of hybrids within
parental ranges that are climatically divergent from one another. In
contrast to tension zones, cases of exogenous selection driven by
environmentally divergent factors can lead to a mosaic hybrid zone
(Howard et al., 1993). Often, mosaic hybrid zones have broad and
varying areas of overlap in habitats that are intermediate between
those of the parental forms, thereby leading to a patchwork of hy-
brid and parental forms often associated with gradual environmen-
tal or ecological transitions (Bierne et al., 2003). The latter may also
occur when hybrid individuals show increased fitness outside of the
parental niches, a condition referred to as transgressive segregation
(Rieseberg et al., 1999). These two types of forces (i.e. endogenous
and exogenous selection) underlying tension and mosaic hybrid
zones can be difficult to disentangle and likely do not operate exclu-
sively (Bierne et al., 2011).

Data on hybridizing species also give researchers the opportu-
nity to study adaptation that might impact a species' resilience to cli-
mate change (Chunco, 2014; Taylor et al., 2015; Thomas et al., 2006).
For instance, the expansion or contraction of hybrid zones can result
from changes to the oceanic environment (Hilbish et al., 2012; Tay-
lor et al., 2015). In some cases, range retractions due to habitat loss
could lead to reductions in range overlap between closely related
species and thus reduced gene flow (Thomas et al., 2006). In other
cases, the likelihood of hybridization could increase if one or both
hybridizing species expand their distributions (Garroway et al., 2010;
Vallejo-Marin & Hiscock, 2016).

Sea stars (Asteroidea) are ecologically important keystone spe-
cies in rocky intertidal communities; their population fluctuations
can have rippling effects on whole communities (Lubchenco &
Menge, 1978; MacKenzie Jr & Pikanowski, 1999; Paine, 1966). They
are thus valuable models for studying organismal responses to the
environment. Importantly, invertebrates inhabiting rocky intertidal

communities have a high potential for local adaptation due to selec-
tion imposed by strong gradients and a complex mosaic of biotic and
abiotic conditions (Sanford & Kelly, 2011). Thus, sea stars are also
excellent models for understanding how the environment shapes
genomic variation as well as how changes to environmental condi-
tions could affect coastal communities on the whole.

Asterias rubens and A.forbesi are sister species that occur in the
North Atlantic intertidal (Clark & Downey, 1992), and presently
overlap in an area from northern New England to the Canadian Mar-
itimes (Menge, 1979). Atlantic Asterias are estimated to have initially
diverged into these two sister lineages about 2-3mya across the
North Atlantic (Wares, 2001; Wares & Cunningham, 2001). Initially,
A.forbesi was restricted to the North American coast and A. rubens to
Europe. Subsequently, trans-Atlantic colonization of A.rubens from
Europe to North America is thought to have occurred soon after the
last glacial maximum (Wares, 2001; Wares & Cunningham, 2001)
leading to the present pattern of co-occurrence in northeastern
North America (Harper et al., 2007).

Within this zone of overlap, the two Asterias species have largely
overlapping spawning seasons (Menge 1986), and there is evidence
that hybridization may be occurring. Although some authors have
suggested that hybridization in Asterias is rare or absent (Schopf &
Murphy, 1973; Worley & Franz, 1983), studies combining mor-
phological and mitochondrial DNA (mtDNA) have suggested the
potential for more widespread admixture (Harper & Hart, 2007).
Moreover, an experimental study of Asterias showed that the two
species are able to produce fertile offspring in a laboratory setting
(Harper & Hart, 2005).

Important questions remain about the maintenance of this hy-
brid zone, including the width of the hybrid cline, the degree of in-
trogression and the relative importance of the environmental niches
of the two parental species in determining and predicting where hy-
brids are found. Among the studies that have documented evidence
of hybridization in this system, geographic sampling was relatively
sparse and inferences were based on only two mitochondrial gene
fragments (Harper & Hart, 2007). Furthermore, although hybrids
have been shown to be viable, many factors useful for predicting
future hybrid zone movements are unknown, such as the environ-
mental factors that may influence the geographic distribution of
hybridization. Thus, determining the geographic and genomic ex-
tent of hybridization and finding the relative importance of the pa-
rental ecological niches on cline maintenance requires a combined
approach that integrates population genomics data with spatially
explicit environmental data.

To this end, we use RADseq data from 171 geo-referenced in-
dividuals across the ranges of both A.rubens and A.forbesi and the
Pacific outgroup, A.amurensis, along with species distribution mod-
els (SDMs) to (1) characterize the spatial distribution of genomic
variation in Atlantic Asterias and subsequently test the hypothesis
that A.rubens and A. forbesi experience hybridization (2) quantify and
compare the environmental space and level of environmental spe-
cialization of the two parental species and their hybrids, (3) test the
alternative hypotheses that (a) the environmental overlap between
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the two species predicts the observed geographical distribution of
hybridization as predicted under a mosaic or tension hybrid zone, or
(b) that hybrids persist outside the parental environmental niches
and (4) characterize the genome-environmental associations (GEA)
in Asterias that could be driving locally adaptive divergence across
their genomes and potentially limit hybridization beyond areas of

environmental overlap.

2 | METHODS
2.1 | DNA extraction and sequencing

We visited 33 sites across the North Atlantic to collect samples
across both species' ranges between 2015 and 2019 (Table 1). For
each sample, we collected 15-30 tube feet or a portion of one leg
and placed them either in RNAlater or flash frozen on liquid N, at
-190°C. We also photographed and assigned georeferenced locali-
ties to each sample.

We extracted DNA using the DNEasy Blood & Tissue Kit or
the MagAttract High Molecular-Weight DNA kit, both from Qia-
gen (Valencia). Library preparation and sequencing for 190 samples
was completed by Floragenex using restriction site-associated DNA
sequencing (RADseq) with established protocols (Lozier, 2014). For
RADseq, genomes are digested with restriction enzymes which al-
lows for a short DNA fragment flanking the restriction site to be se-
quenced. This results in thousands of small, independent fragments
across the whole genome (Andrews et al., 2016; Miller et al., 2007).
These samples were processed into a single RAD library using the
enzyme Sbfl-HF (NEB). After sonication to shear the DNA, initial size
selection was ~300-500bp and final size selection ~400-600bp
(including adapters). Size selection was performed using an agarose
gel and the Qiagen MinElute Gel Extraction Kit, and the completed
library was sequenced on an lllumina HiSeq 4000 sequencer. Se-
quencing included eight samples of Asterias amurensis collected from
Tasmania as an outgroup. Asterias amurensis is found in the Pacific
and is considered invasive to many regions in the Southern hemi-
sphere (Byrne et al., 1997).

2.2 | RADseqread processing and filtering

We processed RadSeq reads using iPyrad v0.9.81 (Eaton & Over-
cast, 2020). We first demultiplexed sequence data, then mapped
cleaned reads to the Asterias rubens reference genome (https://
www.ncbi.nlm.nih.gov/assembly/GCA_902459465.3), and finally
called single nucleotide polymorphisms (SNPs). iPyrad utilizes bwa
for read-mapping (Li & Durbin, 2009). As parameters in the iPyrad
pipeline, we required base calls with a minimum Phred quality score
above 20, up to five low-quality bases per read, and a maximum frac-
tion of 0.05 Ns and heterozygous sites in each consensus sequence,
and a minimum of four samples per locus for output. For the cluster-
ing depth for assembly, we set a minimum of six reads per locus for

statistical base-calling and a minimum depth of four for majority-rule
base-calling. We set the clustering threshold to 0.85 similarity, which
is the standard recommended by iPyrad. Samples with fewer than
150 recovered loci after filters were applied were removed from
downstream analyses.

2.3 | Population structure and estimation of hybrid
indices using genome polarization

To calculate summary statistics for each population, including
n, Watterson's Theta (9) and Tajima's D, we used DnaSP v6.12.03
(Rozas et al., 2017). We used STRUCTURE, a model-based cluster-
ing method, to assign individuals into genetic clusters based on their
inferred ancestry (Pritchard et al., 2000). STRUCTURE assigns each
individual probabilistically to one assumed population (out of K as-
sumed populations) for each iteration. We tested K values 2-5 for
the dataset that included the outgroup, A.amurensis and K values of
1 through 5 without the outgroup. For each value of K, we ran 10
independent replicates of STRUCTURE, with each replicate evaluat-
ing 100,000 MCMC generations after an initial burn-in of 25,000.
We selected an appropriate K by choosing the highest /AK-value
(Evanno et al., 2005) and by assessing the mean log probability of
the model at each value of K (Figure S1). We then used CLUMPP, an
algorithm for aligning multiple replicate analyses of the same dataset
(Jakobsson & Rosenberg, 2007), to optimally align runs by permuting
105 replicates for each K value. As an additional method for visual-
izing and assessing population genomic structure, we also computed
and visualized a Principal Components Analysis (PCA) both with and
without the outgroup included, using the extended iPyrad analysis
toolkit with sampling imputation, which imputes missing data by ran-
domly sampling genotypes from predefined populations.

To characterize the potential hybrid cline between the Asterias
sister species, we used genome polarization implemented in diem
(Baird et al., 2022) to calculate each individual's genome-wide hy-
brid index (or genome admixture proportions) across the diploid
genome blocks obtained from the RAD sequences. This genome
painting by association, coupled with sufficient geographic sam-
pling, allows for quantification of the width and barrier strength
of a putative hybrid zone, and with sufficient genome sampling,
the locations and size distribution of introgressing blocks. Intro-
gression is identified by polarizing the labelling of bistate markers
with respect to their association with the sides of a barrier, if one
exists (Baird et al., 2022). Unlike the post-STRUCTURE Evanno
procedure, this approach allows the K=1 versus K=2 cases to be
distinguished, as no coherent polarization occurs if K=1. The diem
polarization is applied, as with the RAD analysis, after mapping
the reads to the A.rubens reference genome (https://www.ncbi.
nlm.nih.gov/assembly/GCA_902459465.3). This has two advan-
tages: First, it provides an ordering of the loci along the genome;
second it provides a measure of relevance for all SNP variants
within RAD blocks—the diagnostic index (DI). This allows an ob-
jective choice of which SNPs to use in downstream analyses. In
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TABLE 1 Sampling locations, coordinates and number of samples used in downstream analyses for Asterias.

Location and sample code

Le Croisic, France (LEC)

Hoek van Holland, The Netherlands (HHND)
Scheveningen, Netherlands (SCH)

Drgbak Marine Field Station, Norway (DRNO)
Skateraw near Edinburgh, UK (EDUK)
Hvalfjérdur, SW Iceland (ISL)

Newman's Cove, Newfoundland, Canada (NCNL)
Amherst Cove, Newfoundland (ACNL)

Melrose, Newfoundland, Canada (MLNL)

New Melbourne, Newfoundland, Canada (NMNL)
Sibleys Cove, Newfoundland, Canada (SCNL)
Prince Edward Island, Canada (PEI)

Halifax, Nova Scotia, Canada (HFNS)

Lubec, Maine (LBME)

Eastport, Maine (EPME)

Harriman Point Preserve, Brooklin, Maine (HPME)
Belfast, Maine (BFME)

Rockport, Maine (RPME)

Owl's Head, Maine (OHME)

Kennebunkport, Maine (KBME)

Portsmouth, New Hampshire (NH)

Folly's Cove, Rockport, Massachusetts (FCMA)
Gloucester, Massachusetts (GLMA)

Nahant, Massachusetts (NAMA)

Marshfield, Massachusetts (MRMA)

Brant Rock, Marshfield, Massachusetts (BRMA)
Provincetown, Cape Cod, Massachusetts (PTMA)
Chatham Pier, Cape Cod, Massachusetts (CCMA)
Wood's Hole, Massachusetts (WHMA)
Ponquogue Bridge, Long Island, New York (PBNY)
Pine Knoll, Bogue Sound, North Carolina (PKNC)
Charleston, South Carolina (CHSC)

Tasmania (TAS)

Geographic coordinates

(latitude, longitude)

47.3014, -2.5211
51.9850, 4.0927
52.1026, 4.2588
59.6630, 10.6257
55.9726, -2.4207
64.3927, -21.5566
48.5835, -53.1961
48.5695, -53.2196
48.4850, -53.0632
48.0473, -53.1528
48.0436, -53.1054
46.1863, -63.1352
44.6246,-63.5640
44.8627, -66.9834
44.9065, -66.9843
44.2971, -68.5313
44.4286, -69.0041
-69.0669, 44.1793
44.0927, -69.0452
43.3465, -70.4742
43.0473, -70.7154
42.6859, -70.6428
42.6200, -70.6240
42.4197, -70.9065
42.1190, -70.6710
42.0952, -70.6472
42.0360, -70.1963
41.6804, -69.9477
41.5275, -70.6794
40.8448, -72.5005
34.7223,-76.7573
32.7510, -79.8970
-43.0044, 147.3244

Number of samples

7

w W o -

=
o A OO N B O NN DN DNDNDN R

=
N O

=
o w

A B A O N O VOV R

[ee]

Hybrid index range

0.0094-0.0174
0.0149
0-0.0278
0.0176-0.0396
0.0142-0.0213
0.0111-0.0232
0.0201
0.0231-0.0245
0.0177-0.0215
0.0201-0.0211
0.0156-0.0188
0.8657-0.8968
0.0236-0.9128
0.8624
0.0217-0.0244
0.4118-0.9090
0.8236-0.8940
0.0228-0.8995
0.0204-0.8986
0.0216-0.8943
0.0208-0.4140
0.8964-0.9178
0.4214-0.8882
0.8959-0.9149
0.8976
0.8873-0.9157
0.8944-0.9073
0.85-0.9884
0.9015-0.9411
0.9136-0.9393
0.9578
0.9556-0.9585

Note: The range of hybrid indices of samples from each location is also included. A hybrid index range between 0-0.124 is considered A. rubens, a
hybrid index range between 0.876-1 is considered A. forbesi, and a hybrid index range between 0.125 and 0.875 is considered a true hybrid.

particular, RAD blocks that might otherwise be rejected due to
high coverage (signalling over-merging) may still contain highly
barrier-diagnostic SNP states that need not be discarded for bar-
rier analyses. Mapping to a reference itself reduces over-merging
without introducing reference bias such that the reference state is
ignored when calling the mapped data (Eaton & Overcast, 2020).
For diem analysis, we used mpileup in samtools (Li et al., 2009) to
compile mapped RAD reads which was then converted to matrix,
or sync, format using Popoolation2 (Kofler et al., 2011), and the
two most common states at each variant site were identified. Im-

portantly, the commonest means occurring most frequently across

individuals, not ‘with the highest total pileup count’ (which can be
biased by individual coverage variation). All variant sites were then
encoded with O and 2 representing the homozygotes of the two
commonest SNP states, 1 representing their heterozygote, and U
for diplotypes Un-encodable using the 2 most common states (this
naturally included the missing data state). The Mathematica im-
plementation of the diem algorithm was then used to polarize the
encoded data, and all sites were filtered post-diem on the per-site
DI output. This step discards both data-poor sites (with few reads
mapped) and sites with variation orthogonal to the barrier such as
shared polymorphisms.
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For much of the downstream analyses that required assigning
genotypes to discrete categories, we designated individuals into one
of three subsets (A.rubens, A.forbesi or hybrids) based on their hy-
brid index (HI) as calculated by diem. Any HI value between 0.125
and 0.875 was considered a hybrid (see Table S1 for HI values for
each sample and Table 1 for the range in hybrid index values per
location), while individuals with HI between 0 and 0.124 were des-
ignated as A.rubens and those with HI between 0.876 and 1 were

designated as A. forbesi.

2.4 | Spatially explicit population connectivity

We assessed samples for spatial patterns of migration and diversity
with the Estimated Effective Migration Surfaces (EEMS) program
(Petkova et al., 2016), which uses Bayesian inference to model the
relationship between geographic and genetic distance. EEMS pro-
vides an estimate of effective migration by assessing the areas in
which genetic similarity decays or increases more quickly than ex-
pected from a null model. We ran EEMS on all samples of A.rubens
and A.forbesi. We calculated genetic distance using the iPyrad
toolkit, which samples one randomly selected variable site per locus
to calculate pairwise genetic distance across samples based on the
proportion of shared SNPs. The polygon for the entire Asterias
range contained 1500 demes, or subpopulations, while the poly-
gon for the North American portion of the range contained 1000
demes to account for a smaller area. We performed three runs of the
Markov chain Monte Carlo (MCMC) for each of these polygons for
2,000,000 iterations, thinning every 9999 iterations, and excluding
a burn-in of 1000,000 iterations. We assessed MCMC convergence
by plotting the log posterior probabilities of each run and comparing

results among the runs for each polygon.

2.5 | Species distribution models

We built species distribution models (SDMs) for A.rubens and
A.forbesi using WALLACE2 (Kass et al., 2023), which implements
the Maximum Entropy (Maxent) machine-learning method with the
maxnet R package (Phillips et al., 2006, 2017) to model the distribu-
tion of each species using presence-only data. These SDMs build
on previous work predicting the distribution of Asterias using SDM
techniques that used a smaller set of environmental variables that
included both the terrestrial and marine domain (Waltari & Hicker-
son, 2013), but which lacked many relevant marine environmental
layers available today, as well as the genetic context of hybridization
in Asterias.

We obtained occurrence data from each species from the
Global Biodiversity Information Facility (GBIF.org, 2021a; GBIF.
org, 2021b) and our own additional sampling locations (Table 1).
Using the STRUCTURE analysis as a guide, we conservatively chose
only areas with no evidence of admixture for each species to avoid
mis-identified occurrence points. Therefore, the occurrences for

A.rubens only included presence data from Newfoundland and
Europe, and the occurrences for A.forbesi only included presence
data from Cape Cod, Massachusetts and further South. We filtered
A.rubens and A.forbesi occurrence data from GBIF to include only
georeferenced points from 1981 to 2021, to capture a robust num-
ber of data points while also partially matching the temporal range of
our contemporary environmental layers from Bio-Oracle 2.0 (Assis
et al., 2018), which range from 2000 to 2014. For A.rubens, we fur-
ther filtered our data to include only points with photographs for
taxonomic verification. We did not perform this filtering for A. forbesi
since the southern range of this species occurs in an area with fewer
similar-looking sea stars, which allows for more confidence in species
identification. With this filtering strategy, we retained 490 occur-
rence points for A.rubens and 105 occurrence points for A. forbesi.

We spatially thinned occurrence points to 10km using spThin
(Aiello-Lammens et al., 2015), which matches the scale of the envi-
ronmental variables (5 arcmin) and which is shown to improve species
distribution models by reducing sampling bias (Boria et al., 2014). We
downloaded marine environmental variables from Bio-Oracle 2.0
(Assis et al., 2018). Maxent has no issues with collinearity because it
deals with it internally in model training, and the exclusion of highly
correlated variables does not have a real impact on Maxent model
performance (Feng et al., 2019). We therefore chose which environ-
mental variables to use for model construction (Table S2) based on
biological relevance and used the mean value of those variables. For
temperature we also used the long-term minimum, long-term maxi-
mum, and range.

We calibrated the models within a study region composed of a
1.25 point buffer around each occurrence point. For model evalu-
ation, we spatially partitioned the points using the block method
(Muscarella et al., 2014; Wenger & Olden, 2012). To account for
model complexity, we explored different combinations of feature
classes (linear [L], quadratic [Q], hinge [H], product [P]) to obtain sev-
eral types of modelled responses from explanatory environmental
variables: L, LQ, H, LQH, LQHP. We also used regularization multi-
pliers, which penalize model complexity, between one and five sep-
arated by steps of 0.5. We chose optimal models for each species
based on a lowest Akaike Information Criterion (AIC), and checked
for a low 10th Percentile training omission rate and high validation
Area Under the Curve (AUC) as a second measure of fit. Finally, we
then transferred the models for both species into the area of con-
firmed genomic admixture, to determine overlapping and differen-
tial suitability in this area of hybridization. We visualized each model,
as well as the transfer into the area of admixture, using the 10th
percentile training presence. This is a binary visualization method
to identify the areas where each species is most likely to occur and
have the highest levels of environmental suitability.

To estimate the environmental niche overlap between the two As-
terias species, we employed the ellipsenm R package (https://github.
com/marlonecobos/ellipsenm). This package represents the species'
environmental niche as a simple convex shape (Jiménez et al., 2019)
that contains the environmental conditions in which each species was

observed. Using the same occurrence data that were used to build the
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SDMs, we generated a minimum-volume ellipsoid (MVE) for each spe-
cies that included 95% of the occurrences. For this analysis, instead of
using the 18 environmental variables in their raw forms, we reduced
dimensionally by obtaining the first three principal components with
the kuenm package (Cobos et al., 2019). Niche breadth corresponded
to the volume of each species' ellipsoid. We then performed a niche
overlap test using the background points of the union between niche
ellipsoids. A rejected null hypothesis of the niche overlap test (p-
value <.05) means that the observed overlap value between ellipsoids
is lower than the 95% values obtained from random ellipsoids gener-
ated by background points (1000 replicates). Finally, environmental
conditions of the sampling localities from which we have genomic data
(including the hybrid population with evidence of admixture) were

plotted within the niche ellipsoids of species.

2.6 | Genome-environment associations
and detection of loci under environmentally
divergent selection

We took two complementary genome-environment associations
(GEAs) approaches to uncover how the different environmental
niches of the two species could be leading to adaptive ecological
divergence across parts of their genomes and leading to a hybrid
cline maintained by environmental barriers (i.e. exogenous selec-
tion). First, we performed a redundancy analysis (RDA), which is a
multivariate method for genome-environment associations. Second,
we flagged regions of the genome associated with F¢; outliers, and
then used Latent Factor Mixed Models (LFMM) on our set of envi-
ronmental variables to uncover which ones could be driving diver-
gent selection at these loci while explicitly accounting for population
structure.

The first approach, RDA, uses linear regression to detect can-
didate adaptive loci that are associated with our chosen 18 envi-
ronmental variables. RDA, as compared to univariate methods, are
highly effective in detecting multilocus selection since they consider
how genomic markers covary in response to environmental predic-
tors (Rellstab et al., 2015). RDA also uses constrained ordination, and
has been found to maintain a balance of true and false positive rates
and is robust across sampling designs, demographics and selec-
tion levels (Capblancq & Forester, 2021; Forester et al., 2018). This
method performs a PCA on allele frequencies while constraining
the PCA axes as linear combinations of uncorrelated environmental
predictor variables. We assessed the collinearity of the marine envi-
ronmental variables from Bio-Oracle2.0 and removed any variables
with correlations higher than 70%, and re-assessed this collinear-
ity by examining variance inflation factors. We performed a global
redundancy analysis (RDA) using the rda function in the R package
vegan (Oksanen et al., 2020) on the entire dataset to detect can-
didate loci that were correlated with environmental variation. We
also ran an RDA on each of the two species independently and on
hybrids, to assess the influence on each group separately. While it
is possible to perform a partial RDA which accounts for population

structure, it has been shown that global RDAs perform better (For-
ester et al., 2018; Xuereb et al., 2018), so global RDAs utilizing the
entire dataset were used for this analysis.

For the second approach, we obtained F¢; outliers that signal re-
duced diversity within genome regions (Cruickshank & Hahn, 2014)
or alternatively excessive divergence between the two species that
potentially include regions of the genome that have reduced gene
flow due to selection driven by adaptation to local environmental
conditions (Gosset & Bierne, 2013). For this, we used sNMF in the
R package LEA (Frichot & Francois, 2015), which uses a clustering
method to find differential levels of ancestry in individual samples.
We used an extended function of this method to find significant Fg;
outlier SNPs between Asterias rubens and A.forbesi that could indi-
cate divergent selection. We used a K of 3 from the sSNMF analysis in
LEA to account for inherent population genetic structure in the data.
The best run among the 100 sNMF repetitions was chosen based
on the minimum cross entropy score and subsequently used to infer
population differentiation statistics across the entire A.rubens and
A.forbesi dataset, complete with p-values for all loci. This method
uses a genomic inflation factor (1) to rescale the chi-squared statis-
tics and associated p values for all loci, and after exploring different
values as recommended by the creators of the software, we used a
A=2.5 and a false discovery rate of 0.01.

To understand which of these F¢; outliers were associated with
specific environmental variables, we then conducted GEA tests
using Latent Factor Mixed Models (LFMM) implemented in LEA
(Frichot & Francois, 2015). This was done on each of our 18 environ-
mental variables separately, such that SNPs that are flagged as both
F¢; outliers and associated with environmental variation suggest pu-
tative islands of genomic differentiation driven by local adaptation
to species-specific conditions.

The 18 environmental variables were the same ones used to
build SDMs (Table S2). LFMM uses MCMC to model the effects of
environmental variables and population structure on the frequency
of alleles across populations. SNPs flagged in these analyses reflect
correlations between genomic variation and environmental varia-
tion, with SNPs that are highly correlated with environmental vari-
ation (e.g. the environment is highly predictive of genomic variants)
flagged as significant by LFMM. Generally, environmental variables
with a high level of correlated SNPs can be considered important
for shaping genomic variation. This allows detection of loci that are
associated with environment variation across the range of both spe-
cies, while removing the influence of population structure.

LFMM has been shown to have low rates of false positives and
negatives (Frichot et al., 2013) and is robust to the effects of popula-
tion structure and sampling (Rellstab et al., 2015). To control for false
discoveries, we corrected p-values with empirical genomic inflation
factors (1) of 10~ after inspection of histograms, as recommended
by program developers and similar to previous studies using this
program (Prates et al., 2018). To reduce the effects of missing data,
we imputed haplotype-based sSNMF ancestry coefficients using the
“mode” method as recommended in the LEA manual, wherein the most
likely genotype is used in matrix completion. A list of candidate SNPs
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was generated using the Benjamini-Hochberg algorithm (Benjamini &
Hochberg, 1995) and assuming a false discovery rate (FDR) of 0.01.

3 | RESULTS
3.1 | RADseq processing and filtering

After filtering and quality control, including removal of PCR dupli-
cates, our RADseq dataset included a total of 171 samples contain-
ing 31,604 loci. The number of loci per individual ranged from 172
to 12,360 with a mean+SD=5307.31+1945.96, and we obtained a
SNP matrix in which 73.03% of samples were missing sites.

Average number of nucleotide differences between sampled
individuals, or =, is similar between the two species, estimated at
0.0842 for A.rubens and 0.0856 for A. forbesi. Watterson's 6, another
estimate of diversity based on the number of segregating sites found
in a sample, is 0.1526 in A.rubens and 0.0764 in A.forbesi, suggest-
ing that A.rubens, with its large range across the Atlantic Ocean, has

higher levels of genetic diversity than the range-restricted A. forbesi.
The Tajima's D summary statistic was -0.8584 for Asterias rubens
and -0.0001 for A.forbesi, indicative of more low-frequency poly-
morphisms in A.rubens than in A.forbesi, potentially suggesting
stronger population expansion in A.rubens that could be a conse-
quence of recent colonization from Europe to North America. Addi-
tional summary statistics, as well as calculations for the small set of
A.amurensis and hybrid samples, can be found in Table S3.

3.2 | Population structure

Both PCA and STRUCTURE are suggestive of two distinct popula-
tion clusters with a zone of admixture along the coastline of New
England and Nova Scotia (Figures 1 and 2a,b), a general result that
was also consistent with the distribution of hybrid indices obtained
from the diem method (Figures S2 and S4). The STRUCTURE results
were consistent with a three-population model (K=3) when run with
the Pacific outgroup species A.amurensis, and though the Evanno

o=
Ancestry of Individuals

: I Asterias rubens

: I Asterias forbesi

FIGURE 1 Estimates of population structure as inferred from STRUCTURE, overlaid across the Asterias distribution in the North Atlantic
Ocean, and showing our sampling locations. Orange denotes ancestry from A.rubens and green denotes ancestry from A. forbesi. Individuals
showing evidence of admixture (or, hybrids) are those with both colours. Data used in this visualization were run without the outgroup
(A.amurensis), with a K of 2. Each vertical bar represents a single individual, and each group of bars is a sampling region (see Table S2 for a

full list of locations and their coordinates).
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method is unable to distinguish between a 1 versus 2 population
model for STRUCTURE data, when viewed in conjunction with
the diem results we were able to reasonably infer that the two-
population model (K=2) is the likeliest when analysed without the
outgroup (Figure 1; Figures S2 and S5). In both STRUCTURE and the
PCA, A.amurensis clusters on its own, with no apparent admixture
between this Pacific species and the two Atlantic members of the
genus (Figures 1, 2a,b and Figure S5). The PCAs show the two Atlan-
tic Asterias sister species clustering as a continuous geographic cline
along the first PC when the outgroup is present (Figure 2a). With-
out the outgroup, they cluster along two continuous clines, with the
samples from Maine, Massachusetts and New Hampshire spread-
ing between two clusters that are associated with the two species
(Figure 2b). This pattern is indicative of a north-south hybrid cline in
New England, centred in Maine. Similarly in the STRUCTURE plot,
Asterias rubens and A.forbesi show evidence of admixture beginning
in northern Massachusetts through Nova Scotia and Prince Edward
Island. Asterias rubens individuals from Newfoundland cluster en-

tirely with European individuals (Figure 1).

3.3 | Geographic cline analysis and hybrid indices

The hybrid indices obtained from diem are largely consistent with
our STRUCTURE analysis with regards to the geographic patterns
of admixture proportions and the location of the hybrid zone span-
ning from Cape Cod to Nova Scotia albeit excluding the Prince Ed-
ward Island samples which were all strongly A.forbesi (HI>0.875;
Figure 3; Table S1; Figures S2 and S4). These geographic trends of
hybrid proportions were robust to coverage bias imposed by a refer-
ence genome from one of the two sister species (A.rubens; Figures S2
and S4). Consistent with either exogenous or endogenous selection
being insufficiently strong to prevent F1 hybrids from back-crossing
or mating with other F1 hybrid individuals, diem uncovered a large
number of individual genotypes with HI values deviating from 0.5
while individuals with HI values >0.125 and <0.875 suggested a uni-
modal distribution (Table S1; Figure 3 and Figure Sé). The plotting of
coastal-distance and hybrid indices suggests a strong cline in the Gulf
of Maine, along with some heterogeneity (Figure 3 and Figure S6).

For instance, when plotted against coastal distance the hybrid indices

PC1 (55.9%)

L@ @ Europe e (b
) D © Newfoundland
) O Prince Edward Island
S O Nova Scotia & k
Y O Maine =
§ i O New Hampshire § & 0© O)Og
- © Massachusetts b o &
. @ New York OOOQ
O 000 Qo@ 9 N.&S. Carolina 7 o)
-10 0 10 20 9 A Amurensis 20 10 0 10 20 30

PC1 (66.3%)

©) Posterior mean migration rates(m)

log(m)

@ Posterior mean diversity rates(q)

log(q)
I 0.10
0.05
;‘
% s 0.00
\% v

I' -0.05
I -0.10

FIGURE 2 Principal components analysis (PCA) plots for RADseq data, including the outgroup Asterias amurensis (a) and excluding it (b).
PCAs were calculated and visualized in the ipyrad-analysis PCA toolkit, using a sampling imputation method. Panels c and d show visualized
results from EEMS. The mean migration rates (c) and diversity rates (d) are presented on a log scale. This includes all A. rubens and A. forbesi

samples.
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FIGURE 3 diem results showing the hybrid indices of North American Asterias across geographical space, with coastal distance on the
x-axis and hybrid index on the y-axis. In orange are samples classified as A. rubens (HI < 0.125), and in green are samples classified A. forbesi
(HI > 0.875). Intermediate samples are hybrids (HI between 0.125 and 0.875) and are coloured on a corresponding gradient between green

and orange.

change as a step function between Newfoundland (A.rubens) and
Prince Edward Island (A.forbesi), localities with the most hybrid ge-
nomes are found much further south-west, on the coast of New Eng-
land (Figure 3 and Figure S4). The area between Prince Edward Island
and Newfoundland, however, has not been sampled, and the overall

pattern in this area can therefore not be verified with genomic data.

3.4 | Effective migration in the North Atlantic

The EEMS analysis indicated gene flow across the North Atlantic
with an area of reduced gene flow and elevated isolation between
Newfoundland A.rubens samples and all other samples in North
America, a region associated with the Cabot Strait and Laurentian
Channel (Figure 2c,d). In addition to this zone of isolation, there
was a break in gene flow roughly delineated at Cape Cod separat-
ing admixed samples in the Gulf of Maine and A.forbesi samples to
the south of the Cape. Genetic diversity patterns recovered from
EEMS reflect the pattern of hybridization inferred by STRUCTURE
and diem (Figure 1; Figure S2) with high diversity in the Gulf of Maine
hybrid zone and low diversity in areas that have low levels of ad-
mixture between species both in North America and in Europe. The

combination of gene flow and high diversity in the zone of contact
are consistent with our hypothesis of hybridization on a portion of

the east coast of North America.

3.5 | Species distribution models

The best-fitting SDMs for each species differed in regularization
multiplier, feature class and environmental variables used. For
A.forbesi, we selected a hinge model with a regularization multiplier
of 2. This model had an AIC of 730.221, as well as a training AUC
of 0.905, average testing AUC value of 0.859 and a testing omis-
sion rate of 0.162. For A.rubens, we selected an LQH model with a
regularization multiplier of 2.5. This model had an AIC of 4276.328,
a training AUC of 0.841, an average testing AUC of 0.824, and a test-
ing omission rate of 0.143. We used each of the two species-specific
SDMs to transfer their respective potential range distribution across
the North American coastline (Figure 4a). These range transfers
were consistent with our STRUCTURE analyses and ground-truth
localities in which Asterias were found across several field seasons.
Variables used by Maxent to build each model are listed in Table S2,
along with the percent contribution to the model.
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FIGURE 4 (a) Species distribution models, built using Maxent, for A.rubens (orange), A. forbesi (green), and area of overlap (purple). These
models are thresholded with the 10 percentile training presence with the area of overlap depicting areas where both species' 10th percentile
training presence are projected. (b) Climate niche breadth, shown as minimum volume envelopes (MVE), or ellipsoids, for each species.
Ellipsoids are shown in orange for A.rubens and green for A.forbesi along with their occurrence points. Points at which hybrids occur are

plotted in purple.

In the area of admixture delineated by the STRUCTURE and
diem methods (Figure 1 and Figure S2), the models show high suit-
ability for both A. forbesi and A. rubens, with a wide projected area of
overlap between Delaware and Nova Scotia. The niche overlap test
performed on the two respective models was significant (p=.011;
Figure S3), indicating that the two species' environmentally de-
fined niches are different. Analysis of niche breadth and overlap
(Figure 4; Figure S3) also showed approximately 9.02% overlap in
the environmental space of the A.rubens and the A.forbesi niches.
The volume of the environmental space ellipsoid for A.forbesi
(210.6327), is less than half of the volume of the A.rubens ellipsoid
(459.6536). Asterias rubens, with a much wider distribution across
Europe in addition to Newfoundland, shows a correspondingly
larger range of environmental tolerance and overall larger niche
breadth. However, A.forbesi shows a much smaller range of envi-
ronmental values.

The hybrids recovered from diem (0.125<HI<0.875) were
almost entirely within the area of environmental niche overlap
predicted by our SDM and the associated analysis of ecological
breadths of the two species (Figure 4). This is consistent with
exogenous selection having an impact on the geographic distri-
bution of the observed hybrid individuals, if we assume that ef-
fective dispersal is large and hybridization is not recent. This is
highlighted in the Prince Edward Island samples, which genetically
(HI<0.125) most resemble A.forbesi from the Carolinas, rather
than samples found in Newfoundland, which instead resemble
European A.rubens (HI>0.875). Strikingly, Prince Edward Island
lies in the environmental ellipse of A. forbesi rather than A.rubens
(Figure 4b).

3.6 | Genome-environment associations
and detection of loci under environmentally
divergent selection

The F¢; outlier procedure implemented in LEA uncovered 734 out of
25,148 loci to be significantly differentiated between A.rubens and
A.forbesi according to our chosen threshold values, including a false
discovery rate of 0.01. Differentiated SNPs and the histogram of p-
values for all SNPs are visualized in Figure S7. Given our strict pa-
rameters for testing, these figures show under 2.9% of tested SNPs
to be highly differentiated between A.rubens and A. forbesi.

When performing the RDA, we began by investigating correlations
between the 18 Bio-Oracle 2.0 variables used in our SDM analysis.
Several of the variables were found to be correlated (>70%), and were
therefore removed (Table 2; Figure S8), leaving one correlated variable
per set. All of the remaining predictor variables had a variance inflation
factor <10 (Table 2), which is satisfactorily low, and indicates no issues
of collinearity in the predictors for the RDA model (Capblancq & For-
ester, 2021). The RDA with all 25,148 SNPs, including all sampling loca-
tions and samples, was globally significant (p=.001), explaining 11.6%
of the variance (with an adjusted R? of .058) thereby demonstrating
that the divergent environmental niches we uncover in our SDM analy-
sis could be driving divergent selection across parts of the genome (Fig-
ure 5). The RDA for A. forbesi was significant (p-value of .045, R?of 132,
adjusted R? of .0197), but was not significant for A.rubens (R? of .198
and an adjusted R? of .016 and a p-value of .095) or for hybrids (R? of
.520 and an adjusted R? of .0875 and a p-value of .152). The results for
these data subsets are available in Table S4. The RDA found 1128 SNPs
significantly associated with environmental variation. RDA ordination
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TABLE 2 Genome-environment
associations tested with RDA in the R
package vegan.

Environmental layer

Mean calcite (CAL)

Mean currents velocity (CRV) -

Mean iron (IRO)
Mean nitrate (NIT)

Mean photosynthetic

Number of
associated loci

Variance inflation

Correlated variables factor (VIF)

available radiation (RAD)

Mean pH (PH)
Mean salinity (SAL)
Mean silicate (SIL)

Mean temperature (TAV)

Temperature range (TRA)

- 4.4009 0
1.9673 10 (0.034%)

- 3.6007 0

PHY, CHL, PRO 6.8349 232 (0.92%)

- 4.3541 10 (0.034%)

= 4.0644 201 (0.80%)

- 9.6952 1 (0.004%)

= 2.2232 2 (0.008%)

TMAX, TMIN, OXY,  4.2214 48 (0.191%)

CLU, PHO
= 5.0012 18 (0.072%)

Note: This table lists the number of loci most associated with each environmental variable, as well
as the variables that are highly correlated with the tested variable. In total, 25,148 loci were tested.
For definitions of the correlated environmental variable abbreviations, see Table S4.

v @ ~ -+ (b)
o — o
o 1 .
o
S P <
g ¥ fo o g v .OD
© | ° © * . OA. rubens
: [ : .
- . oo QA. forbesi
T 8 - [ .
b ' P @ Hybrids
o o o o
T T T T T T 1 T T T T T
-10 -5 0 5 10 -10 -5 0 5 10
RDA1 RDA1
o
~ -+ (€) NG PH,
N TAV
© 3 :
o NTo SRR < _TRA
« 17 © New Hampshire g o — —
S 5 | © Newfoundland o = T R
© Nova Scotia © Calcite (CAL) O pH (PH
€ 4 @ New York T o © Massachusetts | © Current velocity (CRV) sl ° gali(nity)(SAL)
; S © Maine ? 7| @ Iron (IRO) o silicate (SIL)
o | © Prince Edward 9“ m North & South ® Nitrate (NIT) ® \Mean Temp.(TAV)
. Island e Carolina o | ® Radiation (RAD) ‘ © Temp. range(TRA)
T T T — T T ! T T T ] 0
-10 -5 0 5 10 -2 -1 0 1 2
RDA1 RDA1

FIGURE 5 RDAs for the global dataset. (a) The global RDA, with genomic variation shaped by the environmental variables (see Table 2
for abbreviations of these variables). (b) The RDA with points coloured by population (R=Asterias rubens, F = Asterias forbesi, H=hybrids). (c)
The RDA with points coloured by sampling location. (d) The RDA by locus. Loci not significantly associated with environmental variation are
shown in grey, and loci associated with environmental variables are coloured by those variables.

plots have been coloured by locus, location and population (Figure 5)
and the relative proportions of environmental variants most associated
with SNPs, according to the RDA, is available in Table 2 and Table S4.
Genotype-environment association tests were run in LFMM
for 18 Bio-Oracle 2.0 environmental variables used in our SDM
analysis and for all 25,148 recovered and imputed SNPs for the (1)
entire dataset, and subsequently, (2) A.rubens, (3) A.forbesi and (4)

hybrids separately. The total number of loci significantly associated
with each variable for each species is shown in Table S5. Generally,
A.forbesi had more SNPs that were significantly associated with en-
vironmental variables than A.rubens, which had relatively few SNPs
flagged as correlative to the environment, and hybrid samples oc-
cupy a distinct space in the RDA as well. The global analyses from
both the RDA and the LFMM show significant correlations with
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several of the same environmental variables, highlighting their puta-
tive role in contributing to genomic variation.

We were also interested in understanding which of these environ-
mentally linked variants uncovered with LFMM were also flagged in
our analysis as being highly differentiated between species in our Fg;
outlier tests; if a SNP is both highly differentiated between the two
species and highly correlated with environmental variation, it could
suggest that this SNP resides in a genomic region that has undergone
ecologically driven isolation between the two species. Of the 734 F¢;
outlier SNPs, 143 were also associated with environmental variation
in Asterias as a whole in our pooled analysis and are visualized in Fig-
ure S9. Some F¢; outlier SNPs were associated with more than one en-
vironmental variable; the numbers provided are the number of unique
SNPs that are differentiated across species and are associated with
the environment. Reference maps showing the distribution of varia-

tion in the environmental variables are provided in Figures S11A-R.

4 | DISCUSSION
4.1 | Asterias hybridization is extensive

Although it has long been suggested that A. forbesi and A.rubens hy-
bridize in the wild as well as in the laboratory (Harper & Hart, 2005),
this study provides the first genome-wide evidence of introgression
in these taxa across a broad contact zone along the northeastern
North American coastline. Our study shows that hybrids likely sur-
vive in nature to produce late generation backcrosses, and we see no
evidence of hybridization beyond this region. Indeed, the edges of
the zone of hybridization are abrupt (Figure 3) despite evidence sug-
gesting high larval dispersal potential (Loosanoff 1964; Menge 1986)
and a history of long-distance colonization (llves et al., 2010; Ingolfs-
son, 1992; Wares & Cunningham, 2001).

Rather than forming a distinct region that bisects pure popula-
tions of both parental species, the observed hybrid zone in the Gulf
of Maine disjoins the distribution of pure A.forbesi populations into
one main group of sampling localities along the Mid-Atlantic Bight
(MAB), as well as a lone sampling locality from the Prince Edward
Island (PEI) 1000s of kilometres to the north (Figures 1 and 3). The
genetic clustering of the PEI samples with the MAB samples could
reflect contemporary larval dispersal coupled with environmental
filtering that may be influencing the distribution of both species
as well as areas of persistent hybridization. Indeed, environmental
filtering of larval settlement has been observed in Asterias (Casties
et al,, 2015; Sameoto & Metaxas, 2008).

4.2 | Selection leading to a mosaic or tension
hybrid zone

In mosaic hybrid zones, selection is environmentally driven; it can
favour hybrids within the area of environmental overlap, there can be
selection for or against hybrids outside areas of environmental niche

overlap between the parental species (Harrison & Larson, 2014;
Rieseberg et al., 1999). Mosaic hybrid zones are typically broader
in area than those predicted under a “tension zone” (Barton &
Hewitt, 1985) with the former often consisting of a patchwork of hy-
brid and parental forms often associated with gradual environmen-
tal or ecological transitions. Differential selection between hybrids
and parental genotypes could be driven by a variety of factors, such
as ecological, behavioural or physiological differences between the
two parent species that result in reduced fitness of hybrids in en-
vironments that are not shared by both parental species (Moore &
Price, 1993).

Our test of environmental niche divergence performed on the
SDMs was significant (Figure S3B), indicating that the two species'
environmental niches are different with little overlap in the envi-
ronmental space (approximately 9.02%) occupied by A.rubens and
A.forbesi based on our ellipsoid analyses (Figure 4b). One of our cen-
tral questions is if hybrids experience reduced fitness except in areas
of environmental conditions associated with both species. Indeed,
these predictions are matched with the observation that all individ-
uals with HI's ranging from 0.125-0.875 are almost entirely found
at locations that fall within the two overlapping MVEs of the two
species (Figure 4b). This area corresponds with the Gulf of Maine, an
oceanographic region that has a different climate envelope than the
rest of these species' distributions (Loder, 1998).

Selection against hybrids outside the zone of MVE over-
lap might also be consistent with our finding F¢; outlier loci be-
tween A.rubens and A.forbesi (Figures S7 and S9) suggesting
divergent selection, as well as our Asterias-wide RDA results.
However, interpretation of these values warrants caution as el-
evated Fg; can emerge in genomic regions of reduced diversity
due to the effects of background selection and low recombination
(Charlesworth, 1998; Cruickshank & Hahn, 2014), and finding lo-
calized areas of the genome with restricted gene flow is also con-
sistent with endogenous selection. Interestingly, hybrids invade a
separate space in the global RDA (Figure 5b), suggesting that there
may be an environmental space that leads to positive selection for
hybrid genotypes, and even potentially indicative of transgressive
segregation (Rieseberg et al., 1999).

Indeed, it is challenging and perhaps impossible to completely
discriminate between exogenous selection consistent with a mosaic
hybrid zone and mechanisms of endogenous selection predicted
under a tension zone, as outliers could be linked to endogenous ge-
nomic incompatibilities that coincide with environmental boundaries
(Bierne et al., 2011; Fraisse et al., 2016; Ryan et al., 2017) and the
predicted shapes of clines generated by these two selection mecha-
nisms are indistinguishable if a hybrid zone is stable and in long-term
equilibrium (Kruuk et al., 1999; Schneemann et al., 2020). Fitness
consequences for first-generation hybrids may also be slight, with
diminishing effects through backcross generations, further limiting
means for distinguishing the two mechanisms. Even with the limited
modes of distinguishing the two mechanisms (Bierne et al., 2013;
Simon et al., 2018), the spatial resolution of our samples also makes
it difficult to clarify (Harrison & Larson, 2016). Greater spatial and
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numeric density, complemented by experimental evidence, could be

promising in future efforts.

4.3 | Historical fisheries' impacts on hybridization

In addition to selective processes, hybrid zones in marine systems
are likely to be shaped by ocean currents as well as historical con-
tingencies. For example, the southerly coastal currents could be a
source for A.rubens genomes into the Gulf of Maine before this cur-
rent diverts from the coast as it passes between Cape Cod and the
Georges Bank (Pringle et al., 2011). Unidirectional larval transport in
ship ballast water could also potentially affect observed admixture
and/or gene flow patterns, as the Pacific outgroup species of Aste-
rias (A.amurensis) is known to have invaded Tasmania from northern
Pacific source populations via larval transport in ballast water (Ling
et al., 2012), and there are also examples of A.rubens invading the
Black Sea in a similar manner (Unsal Karhan et al., 2008).

Could the historical fisheries of the Northwestern Atlantic have
led to some of the observed patterns of admixture? Our localities with
hybrids (Harper & Hart, 2007) coincide with the eastern seaboard hub
for large ground-fishing fleets that targeted the Grand Banks off of
Newfoundland. At its peak, millions of tons of biomass from shallow
Newfoundland waters were transported to the Gulf of Maine each
year (McFarland, 1911), raising the possibility that the observed hybrid
zone in the Gulf of Maine is partially the product of a large recent pulse
of A.rubens (larvae or adults) as by-catch from Grand-Banks ground-
fishing, which grew exponentially from the 1850s to the 1920s, before
collapsing in the 1950s and finally closing in the mid-1990s (Star-
key & Heidbrink, 2009). In this case, the mosaic configuration of the
observed hybrid zone might also be consistent with a hybrid swarm
associated with these putative pulses of human-mediated movement
of A.rubens larvae (Nielsen et al., 2003; Nikula et al., 2008; Wang
etal, 2017).

4.4 | Genome-environmental associations

The volume of the environmental space of A.rubens' ellipsoid (MVE) is
over double the size of A.forbesi's, suggesting a much larger range of
environmental tolerance for A.rubens (Figure 4b). This large difference
in MVE volumes is consistent with the much broader geographic range
of A.rubens which extend across both western European and eastern
North American coastlines. This key difference between A.rubens and
A.forbesiis also consistent with the two genome-environment associa-
tion (GEA) methods we implemented. First, the broader environmental
niche breadth of A.rubens evident from comparing MVEs is corrobo-
rated by Asterias rubens showing fewer genotype-environment asso-
ciations than A.forbesi obtained from LFMM (Table S5) and an RDA
model for A.forbesi that is significant, in contrast with the A.rubens
RDA model that is not significant (Table S4). The larger geographic
range and niche breadth coupled with fewer GEAs could indicate that
A.rubens has greater environmental niche plasticity.

For both Asterias species, environmental variables associated
with specific nutrients were strongly associated with allelic variation
(Table S5 for LFMM results and Table 2 and Table S4 for RDA re-
sults). In particular, mean nitrate showed relatively high associations
with allelic variation (Table 2; Tables S4 and S5). This is consistent
with the findings of a previous study that found that sea star spe-
cies richness in the Gulf of California was correlated with nitrate
concentrations (Cintra-Buenrostro et al., 2005). Post-metamorphic
sea stars cannot obtain nitrate directly, but instead acquire it from
the environment (Lawrence & Lane, 1982), suggesting that sea star
genomic variation could be shaped in part by the availability of this
nutrient. Interestingly, in early experiments involving echinoderm
utilization of dissolved organic material, A.forbesi was shown to be
highly adept at this type of amino acid absorption through epidermal
tissue (Ferguson, 1963a, 1963b, 1967; Stephens & Schinske, 1961).
Similarly, allelic components in A.forbesi are correlated with the
spatial distributions of salinity (Table S5) and ocean pH (Table 2).
Both factors are known to be key to survival in sea stars (Held &
Harley 2009; Clark & Downey, 1992), and again known to be chang-
ing in this region (Salisbury & Jénsson, 2018; Brickman et al, 2021).

Perhaps an expected outcome (Clark & Downey, 1992) is that ge-
nomic variation in Asterias seems driven by temperature. Both sets
of GEA analyses show a large influence of temperature on distribu-
tion of genomic diversity. In the LFMM analysis, A.forbesi harbours
many SNPs that are statistically associated with long-term minimum
temperatures (Table S5), although this variable did not contribute to
the SDM of A. forbesi. Conversely, long-term minimum temperatures
do appear to be a driver of the SDM for A.rubens, with a distribution
well into the Arctic along the Norwegian coast. A.rubens also exhib-
its a negative relationship between maximum temperature and pre-
dicted presence (Figure S10). Our results suggest that each species
faces oppositional selection pressure regarding temperature, such
that A. forbesi may be limited by colder habitats (again making the PEI
population of interest), A. rubens by warmer sites, and hybrid individ-
uals persisting in regional patches within the tolerances of both spe-
cies. As the Gulf of Maine is rapidly warming (Pershing et al., 2015),

we expect further change in these distributional boundaries.

4.5 | The future of Asterias sea stars in the
North Atlantic

As sea stars are keystone species in the threatened North Atlantic in-
tertidal (Pershing et al., 2015; Petraitis & Dudgeon, 2020), understand-
ing the population dynamics of these hybridizing species can drive our
interpretation of a rapidly changing ecosystem (Pershing et al., 2015;
Petraitis & Dudgeon, 2020) with continued genomic monitoring. In
general, the broader consequences of hybridization in a changing
climate are poorly known and variable; in some cases, hybridization
may lead to extinction from genetic swamping of rare species and
replacement by hybrid individuals (Todesco et al., 2016), whereas in
other cases, it holds the promise of evolutionary rescue by introduc-
ing adaptive alleles from one population into another, reducing the
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probability of extinction (Seehausen, 2004; Willis et al., 2006; Fitzpat-
rick et al., 2020). While our study demonstrates that a substantial

hybrid swarm has emerged from sister Asterias species hybridizing,
how hybridization will affect the future of Asterias in the context of
the rapid climate changes now occurring, such as the extreme warm-
ing of the Gulf of Maine during summer months, is less clear. Will the
swarm follow a moving environmental gradient as changes in sea sur-
face temperatures accelerate to the point of one species replacing the
other? Alternatively, will the hybrid swarm expand in area while the
two parental populations persist in their respective areas of origin?
Another possible scenario consistent with our finding of loci under
environmentally driven selection is where the current hybrid swarm
could result in evolutionary rescue (Baskett & Gomulkiewicz, 2011;
Brauer et al., 2023; Hansen, 2023), a process by which gene pools are
enriched by intraspecific hybridization, allowing for greater resilience
to climatic changes due to increased adaptive variation. In either of
these cases, Asterias population genomic data will be worth monitor-
ing as climate changes, and we expect studies that use whole genome
sequence data to further augment such efforts by providing informa-
tion regarding the timing and directionality of admixture along with
probabilistic model-based inferences of demographic history and
linked selection. Hence, Asterias could represent a useful system for
understanding the dynamics of range shifts and introgressive hybridi-
zation in marine environments subject to climate change.
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