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Abstract
Climate change is altering species ranges, and relative abundances within ranges, as

populations become differentially adapted and vulnerable to the climates they face.
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Understanding present species ranges, whether species harbour and exchange adap-
tive variants, and how variants are distributed across landscapes undergoing rapid

L . change, is therefore crucial to predicting responses to future climates and inform-
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ing conservation strategies. Such insights are nonetheless lacking for most species
of conservation concern. We assess genomic patterns of neutral variation, climate
Handling Editor: Cynthia Riginos adaptation and climate vulnerability (offsets in predicted distributions of putatively
adaptive variants across present and future landscapes) for sister foundation species,
the marine tubeworms Galeolaria caespitosa and Galeolaria gemineoa, in a sentinel re-
gion for climate change impacts. We find that species are genetically isolated despite
uncovering sympatry in their ranges, show parallel and nonparallel signals of thermal
adaptation on spatial scales smaller than gene flow across their ranges, and are pre-
dicted to face different risks of maladaptation under future temperatures across their
ranges. Our findings have implications for understanding local adaptation in the face
of gene flow, and generate spatially explicit predictions for climatic disruption of ad-
aptation and species distributions in coastal ecosystems that could guide experimen-

tal validation and conservation planning.
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1 | INTRODUCTION Understanding current ranges, whether species harbour (and ex-
change) different genetic variants involved in climate adaptation,

Global climate change is redistributing Earth's biodiversity. and how such variants are distributed across landscapes undergo-

Geographical ranges are shifting as species move to track tolera-
ble climatic conditions, and abundances are changing within ranges
as populations adapt, or grow maladapted and thereby vulnerable,
to the climates they face (Pecl et al., 2017; Scheffers et al., 2016).

ing rapid climate change, is therefore key to predicting responses
to future change and informing conservation strategies (Teixeira &
Huber, 2021; Willi et al., 2022). This remains challenging for many
species, especially those that are cryptic or unsuited to traditional
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ways of inferring adaptation and persistence (reciprocal transplants,
multigeneration breeding experiments, etc.). However, emerg-
ing tools linked to the rise of population genomic approaches for
nonmodel organisms in recent years can provide new insights into
climate adaptation and vulnerability for understudied species of con-
servation concern (Hoffmann et al., 2021; Hohenlohe et al., 2021).

Genomic predictions of climate adaptation rely on genome scans
and genotype-environment associations to identify putatively adap-
tive (candidate) loci harbouring variants whose frequencies covary
spatially with climate (Forester et al., 2016; Rellstab et al., 2015).
Then, using climate forecasts, climate-adaptive candidates can be
projected through time to assess the mismatch in their predicted dis-
tributions across present and future landscapes, known as genetic
offset (Capblancq et al., 2020; Fitzpatrick & Keller, 2015) or genomic
vulnerability (Hoffmann et al., 2021). Such assessments assume that
candidate loci have causal effects on fitness, which is challenging
to validate, and ignore the scope for phenotypic plasticity or future
adaptation to temper vulnerability (Hoffmann et al., 2021; Laruson
etal., 2022; Rellstab et al., 2021). Nevertheless, they offer promising
tools for identifying regions in which taxa of ecological importance,
but limited tractability to experimentation, may be at risk of decline
without adaptation in situ to track future climates, and for identify-
ing key environmental drivers of that risk (Fitzpatrick et al., 2021,
Laruson et al., 2022). Combining such assessments with insights
from neutral genomic variation, moreover, may allow population
structures and species barriers to be explored from adaptive and
nonadaptive perspectives, with differing implications for popula-
tion dynamics, species range shifts and management actions under
climate change (Hohenlohe et al., 2021; Kardos et al., 2021; Willi
etal., 2022).

Accordingly, mounting studies have now assessed genomic vul-
nerability to climate change for large, long-lived or otherwise in-
tractable species, including trees (Borrell et al., 2020; Ingvarsson
& Bernhardsson, 2020; Jia et al., 2020; Pina-Martins et al., 2019),
seaweeds (Vranken et al., 2021; Wood et al., 2021) and birds (Bay
et al., 2018). Rarely, however, has the approach been extended to re-
lated species in overlapping ranges (but see Nielsen et al., 2021), de-
spite the predicted impacts of dispersal and gene flow not only among
populations but also across species barriers that remain permeable.
The extent of local adaptation reflects the balance between migra-
tion and selection (Savolainen et al., 2013; Yeaman & Otto, 2011).
Locally beneficial variants can establish and persist if selection
is strong relative to migration, but should be swamped by gene
flow or lost to drift otherwise (Garcia-Ramos & Kirkpatrick, 1997,
Haldane, 1930; Lenormand, 2002). Gene flow across species bar-
riers can create highly fit hybrids that increase population sizes in
the short term (Fitzpatrick et al., 2020) or rates of adaptation in the
long term (Grant & Grant, 2019; Mitchell et al., 2019). Conversely,
it may introduce variants into new environments to which they are
maladapted (Hoffmann & Sgro, 2011; Polechova, 2018), or cause
outbreeding depression if species' genomes are incompatible
(Frankham, 2015). Over time, species barriers may blur or vulnerable
species may be displaced by less vulnerable ones, at a net cost to

biodiversity (Roman-Palacios & Wiens, 2020; Todesco et al., 2016).
Multispecies assessments of genomic vulnerability may thus help to
identify genetic lineages on distinct evolutionary pathways linked
to climate, which could warrant separate management to conserve
their genetic uniqueness (Willi et al., 2022).

Gaps also limit our understanding of adaptation and vulner-
ability to different components of climate change, given signs of
change in not only the means (or trends) of key variables, but also
their extremes and the extents to which they vary predictably or
stochastically (Fischer & Knutti, 2015; Ruokolainen et al., 2009;
Waldock et al., 2018). By imposing different selective pressures,
these components may have different consequences for biodiver-
sity and lead to different risks of fitness decline (Bitter et al., 2021,
Kingsolver & Buckley, 2017; Lande, 2014; Rescan et al., 2021; Ripa
& Lundberg, 1996). To date, however, most assessments of climate
adaptation have focused on variables (precipitation, temperature,
vegetation, elevation) relevant to terrestrial systems, whereas ma-
rine systems are underrepresented (Grummer et al., 2019; Lotterhos
et al., 2021). Compared to terrestrial species, marine species often
have high fecundity, large population sizes and extensive dispersal
at early life stages (gametes, embryos and larvae) with high mor-
tality, especially when development is planktonic (Plough, 2016;
Strathmann, 1990). Gene flow, selection and drift can therefore
play out in oceanographic settings that strongly couple physical and
evolutionary processes, while decoupling the environments of early
stages and adults (Lotterhos et al., 2021). Trends in key variables such
as temperature, moreover, are less striking and stable than they are
on land (Gaylord & Gaines, 2000), potentially giving other compo-
nents of change (e.g., extremes or predictability) greater influence.
Marine systems can therefore offer new genomic insights into adap-
tation, especially in the face of gene flow (Liggins et al., 2019; Tigano
& Friesen, 2016). Nevertheless, assessments of genomic vulnerabil-
ity to climate change remain rare, especially in marine systems (but
see Vranken et al., 2021; Wood et al., 2021), have not explored en-
vironmental drivers such as predictability and are lacking for many
species of ecological importance in regions undergoing rapid change
where adaptation may be vital for persistence.

Southeast Australia is a climate change hotspot, identified as one
of the world's fastest warming marine regions and also one of its most
biodiverse (Hobday & Pecl, 2014; Ramirez et al., 2017). East-west
differentiation of lineages in the region is often attributed to histori-
cal isolation by a land-bridge joining Tasmania and mainland Australia
during glacial maxima (Dawson, 2005; O'Hara & Poore, 2000). The
region also sees two boundary currents—the East Australian Current
flowing south from the tropics, and the Zeehan Current flowing east
from the Great Australian Bight—meet subantarctic water in Bass
Strait. Both currents vary seasonally, with the former strongest in
summer and the latter strongest in winter (Ridgway, 2007), forming
complex gradients in temperature and flow that may shape postgla-
cial gene flow, selection and drift (Miller et al., 2020; Waters, 2008).
Those gradients are set to steepen as the East Australian Current
continues to warm and intensify southward (Hobday & Lough, 2011;
Ridgway & Hill, 2009), making the region a natural laboratory for
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studying climate adaptation and vulnerability in order to better pre-
dict how biodiversity will fare in future climates.

Here, we assess climate adaptation and vulnerability in the
endemic marine tubeworm Galeolaria, a genus of sessile, habitat-
forming foundation species that enhance coastal biodiversity (Cole
et al., 2018; Wright & Gribben, 2017). In the southeast hotspot,
two cryptic sister species are geographically concordant with neu-
tral genetic markers that place G. gemineoa at warmer, northern lat-
itudes and G. caespitosa at cooler, southern ones (Halt et al., 2009).
Species have high dispersal capacity in early life and may still
cross-fertilize (Styan et al., 2008), yet their ranges, the extent of
gene flow within and between species, and whether species are
locally adapting to climate within the spatial scale of gene flow
is unknown. Thus, we ask whether sister Galeolaria species show
signals of climate adaptation despite potential gene flow, whether
signals are similar or divergent between species, and whether spe-
cies differ in genomic vulnerability to climate change. To address
these questions, we first characterize spatial patterns of gene flow
and genetic differentiation within and between species throughout
the hotspot. Second, we identify candidate loci displaying signals
of climate adaptation (specifically, to different components of tem-
perature) in each species, and combine candidate loci with climate
forecasts to predict each species' genomic vulnerability to ongoing
climate change. Our analyses suggest that sister species are now
partly sympatric in the hotspot but do not appear to hybridize,
show a blend of parallel and unique signals of local adaptation to
climate in the face of extensive gene flow, and are differentially
vulnerable to near-future climates. Our study has fundamental im-
plications for understanding adaptation with gene flow, and pro-
vides insights into evolutionary processes that could be used to
better manage and conserve biodiversity in a sentinel region for

climate impacts.

2 | METHODS
2.1 | Studysystem

Galeolaria tubeworms are foundation species on rocky shores of
southeast Australia, where their dense colonies of stony tubes
enhance coastal biodiversity by providing habitat and refuge from
environmental stressors for species that cannot otherwise per-
sist there (Figure 1a; Cole et al., 2018; Wright & Gribben, 2017).
Year-round, adults shed gametes into the sea for external fertiliza-
tion and embryogenesis (Chirgwin et al., 2020, 2021). Larvae then
spend another ~2-3 weeks offshore, dispersed by currents, before
transitioning to sessile life stages (juveniles and adults) onshore
in the intertidal zone. As for other aquatic ectotherms, planktonic
stages are thermal bottlenecks in the life cycle, defining vulner-
ability to climate as well as gene flow and genetic differentiation
across species' ranges (Dahlke et al., 2020; Lotterhos et al., 2021;
Rebolledo et al., 2020). Galeolaria caespitosa and G. gemineoa are

said to have diverged in the hotspot due to historical isolation
or restricted dispersal across unsuitable habitat (90 Mile Beach;
Figure 1b), with G. caespitosa occurring west to Western Australia
and G. gemineoa occurring north to Queensland (Halt et al., 2009;
Styan et al., 2008).

2.2 | Sampling throughout the southeast
Australian hotspot

We sampled adult populations of G. caespitosa and G. gemineoa
from 30 locations spanning ~800km of coast throughout the hot-
spot (Figure 1b; Table S1) in January 2019. Locations were chosen
to capture thermal variation in each species' range based on pre-
liminary analyses of sea-surface temperature data. We aimed to
sample every 20km of coastline, but distance between locations
sometimes ranged from 7 to 200km subject to accessibility and spe-
cies detection (see Figure 1b). Each of 10-15 individuals per loca-
tion was immediately extracted from its tube, spawned for 5 min in
filtered seawater to minimize contamination by gametes, then rinsed
and placed in an Eppendorf tube with 70% ethanol. Individuals
were transported to the laboratory and stored at room temperature
(~22°C) until DNA extraction.

2.3 | DNA extraction, library
preparation and sequencing

We extracted DNA from the posterior ~5mm of each individual.
We digested tissue overnight with proteinase K, then extracted
DNA using the Qiagen DNeasy Blood and Tissue Kit following the
manufacturer's instructions (Qiagen, 2006). Quality was checked by
running individual samples on 2% agarose gel stained with ethidium
bromide and also with a UV-Vis spectrometer (NanoDrop 1000,
Thermo Scientific). Quantity was checked with a QuBit fluorometer
(dsDNA HS, Invitrogen).

Library preparation followed a double-digest genotyping-by-
sequencing protocol, using Pstl-HF and Mspl restriction enzymes
and equal amounts of DNA per individual (Poland et al., 2012). Both
enzymes are methylation-sensitive and may therefore enrich for
genic regions of the genome (Pootakham et al., 2016). The extent
of DNA methylation in our species is unknown, but was detected
at 63%-73% of scorable loci in a close relative (Ardura et al., 2017).
The protocol was modified by performing PCR (polymerase chain
reaction) amplifications for individuals, then pooling equal amounts
of PCR products. A size selection step targeting 400-600-bp frag-
ments was also added to ensure repeatable sampling of compara-
ble subsets of the genome across individuals and species (Andrews
et al.,, 2016; Peterson et al., 2012). Sequencing was performed in
two batches, one by GenomeQuébec and one by GENEWIZ. Both
batches used one lane of lllumina HiSeq 4000 (paired-end, 150 bp).
Data are archived in Gallegos et al. (2022).
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FIGURE 1 Geographical setting and genetic structures of Galeolaria species. (a) A typical colony showing adults retracted into tubes at
low tide. (b) Locations from which species were sampled across the hotspot, where boundary currents converge at a now-submerged land
bridge between Tasmania and mainland Australia (inset). Pie charts show the proportions of individuals identified as Galeolaria caespitosa
(blue) and G. gemineoa (red) by AbmixTURE analyses. Until now, species ranges were thought to diverge near Ninety Mile Beach (grey line),
which lacks rocky habitat to colonize. (c) A principal components analysis of genetic variation reveals two distinct clusters corresponding

to the two species, with individuals from western locations (Glenaire to Wilsons Promontory) in green and individuals from northeastern
locations (Wilsons Promontory to Merimbula) in purple. (d) Ancestries of individuals (vertical bars, coloured as in (a)) suggest little gene flow

between species. Vertical black lines group individuals by location.

2.4 | Identifying single nucleotide polymorphisms
(SNPs)

Raw reads were quality-checked using rastqc (https://www.bioin
formatics.babraham.ac.uk/projects/fastqc/), then demultiplexed
and cleaned using process_radtags in the stacks software pipeline
(Catchen et al., 2011; Catchen et al., 2013). To optimize parameter
values for identifying SNPs, we ran the pipeline nine times using
a range of values for a subset of 16 individuals, then explored key
statistics including the distribution of SNPs per locus and the num-
ber of loci shared by at least 80% of individuals (Paris et al., 2017;
Rochette & Catchen, 2017). Based on results, we called SNPs for
all individuals using values of m = 3, M = 5 and n = 5, where m
is the minimum number of raw reads required to form a stack (a
putative allele), M is the number of mismatches allowed between
stacks to merge them into a putative locus, and n is the number
of mismatches allowed between stacks during construction of the
catalogue (representing homologous loci across individuals; Paris
et al., 2017).

We filtered SNPs in several steps. First, we filtered loci with
low allele frequencies in stacks (with min_maf = 0.01). Next, we fil-

tered the remainder in vcrr version 1.8.0 (Knaus & Griinwald, 2017),

ADEGENET version 2.1.1 (Jombart, 2008) and castoN version 1.5.6
(Perdry & Dandine-Roulland, 2020) to keep only biallelic loci with
depth>5 and genotype quality >30, and to exclude individuals miss-
ing more than 60% of loci. Last, we excluded loci missing more than
55% of data across individuals and loci with linkage disequilibrium
(r’)>0.8. We used this large SNP set for genotype-environment as-
sociation analyses. For all analyses of population genetic structure,
which do not require large numbers of SNPs, we used a reduced
SNP set that excluded loci missing more than 30% of data across
individuals.

Remaining data analyses were performed in R version 4.0.5 (R

Core Team, 2021) unless otherwise stated.

2.5 | Environmental data

With climate change, marine species face particular risks of ex-
tinction due to water warming and the ensuing loss of oxygen
(Penn & Deutsch, 2022; Pinsky & Fredston, 2022). We there-
fore focused on assessing adaptation to different components of
temperature, but acknowledge that other variables (e.g., water
chemistry) may also drive adaptation in marine systems (Bitter
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et al., 2019; Rautsaw et al., 2021). We obtained a high-resolution

(1-km? grid cell) satellite-based time series of sea surface tempera-

ture from January 2010 to December 2018 (www.ghrsst.org), and
extracted daily observations for all 30 locations. We summarized
data using 10 variables based mostly on the WorldClim scheme
(Fick & Hijmans, 2017; Hijmans et al., 2005), then selected four
that captured different components of change in temperature and
had pairwise correlations below |0.7| (Table S2). They were mean
temperature (a measure of trend), maximum temperature of the
warmest month (a measure of extremity), mean monthly tempera-
ture range (a measure of variability) and temperature noise struc-
ture (a measure of stochasticity; see Appendix S1 for calculations).
Variables were mean-centred and scaled as recommended for sub-

sequent analyses (Gautier, 2015).

2.6 | Analyses of population genetic structure
2.6.1 | Genetic clustering

To explore genetic differentiation within and between species, we
estimated the ancestries of individuals, and levels of admixture
among ancestral lineages, using ADMIXTURE version 1.3 (Alexander
et al.,, 2009). The parameter K (presumed number of ancestral
lineages) was set to 2 for the between-species analysis, which
minimized cross-validation error. The latter was minimized at
K = 1 for each within-species analysis, supporting only a single
ancestral lineage per species. Setting higher values of K did not
alter our results. We also clustered loci based on principal com-
ponents analyses of genetic variation, using ADEGENET version 2.1.1
(Jombart, 2008). To compare the contributions of demographic
history and climate adaptation to differentiation within species,
clustering was done separately for putatively neutral vs. adaptive
loci. The latter were identified for each species by genome scans
of the large SNP set in Bavpass version 2.3 (Gautier, 2015; see de-
tails below), while the former were loci in the reduced SNP set

after adaptive loci were removed.

2.6.2 | Genetic diversity

To explore genetic diversity within species, and because some loci
were polymorphic between species only, we filtered out loci that
were monomorphic or unique to one species. For each population,
we then calculated standard measures of diversity—observed hete-
rozygosity (Hy), expected heterozygosity (Hp), inbreeding coefficient
(F,¢) and allelic richness (AR)—averaged across loci in HIERFSTAT version
0.5-7 (Goudet & Jombart, 2015). We compared diversity between
species using F-tests from linear models with species as a categori-
cal fixed effect, and corrected for multiple testing by controlling the
false discovery rate. Diagnostic plots of residuals detected no seri-

ous violations of model assumptions.

2.6.3 | Spatial genetic structure

To explore spatial genetic structure shaped by gene flow through-
out species' ranges, we calculated the matrix of pairwise genetic
distances (Fg;, also averaged across loci) among populations of
each species in HIErrsTAT version 0.5-7 (Goudet & Jombart, 2015).
Populations represented by fewer than three individuals were
excluded from calculations to reduce sampling error (Nazareno
et al., 2017). We then passed each matrix, along with population ge-
ographical coordinates, to the mgQuick function of MEMGENE version
1.0.2 (Galpern et al., 2014). The function identifies vectors of spatial
variation in genetic distance (Moran's eigenvector maps, or MEMs;
Legendre & Fortin, 2010) based on permutation tests of their sig-
nificance. We used the function's default settings, but increased the

number of permutations for identifying significant vectors to 1000.

2.7 | Analyses of climate adaptation and
vulnerability

2.71 | Candidate loci for thermal adaptation

To identify candidate loci whose allele frequencies vary in asso-
ciation with temperature, we performed genome scans separately
by species in Bavpass version 2.3 (Gautier, 2015). First, we fitted
the core (covariate-free) model to the reduced SNP set to estimate
the population covariance matrix (Q) of allele frequencies due to
shared demographic history. Second, we fitted the auxiliary covari-
ate model (with temperature variables and Q jointly analysed as
covariates) to the large SNP set to identify candidate loci while
correcting for neutral population structure due to shared his-
tory. We used default settings, but increased the thinning inter-
val and burn-in to 50 and 10,000, respectively, to ensure chain
convergence (checked by running the model five times with dif-
ferent seeds, per the Bavpass manual). Since all runs converged on
similar results, we used the default run (seed = 5001) for further
analyses. We identified candidate loci as allele frequency outliers
based on p-values of XtX statistics (analogous to F4;) and inferred
associations with temperature variables based on Bayes Factors
greater than 20 (decisive evidence of association) after correction
for multiple testing (Gautier, 2015). We then tested whether more
temperature-associated candidates overlapped between species
than expected by chance due to sampling, given the numbers iden-

tified from those screened, using a one-tailed hypergeometric test.

2.7.2 | Genomic vulnerability to climate change

To assess species' vulnerability to climate change in the hot-
spot, we used gradient forests (Ellis et al., 2012; Fitzpatrick &
Keller, 2015) to predict spatial turnover of alleles at temperature-

associated candidate loci in current and future climates. Gradient
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TABLE 1 Estimates of genetic diversity (mean + SE) for Galeolaria caespitosa and G. gemineoa.

Hq HE Es AR
Galeolaria caespitosa 0.067+0.001 0.097+0.001 0.212+0.009 1.271+0.016
Galeolaria gemineoa 0.059+0.001 0.084+0.001 0.210+0.010 1.220+0.020
Fi1 40)=38.82"" Fiy 35 =152.61"" Fiy, 35 =0.20 Fiy,40)=4.70"

H, is observed heterozygosity, H is expected heterozygosity, F ¢ is the inbreeding coefficient and AR is allelic richness (ranging from one to two
because only biallelic loci were analysed). Estimates are averaged across loci and populations (see Table S3 for population values) and compared
between species using F-tests adjusted for multiple testing (*p <.05; **p <.001).

forests use a machine-learning algorithm to estimate turnover
functions describing changes in allele frequencies along spatial
gradients defined by predictors. Functions are weighted by pre-
dictor importance and model goodness-of-fit (R?) for each candi-
date, with only candidates having R? >0 retained (Fitzpatrick &
Keller, 2015). This step therefore provides spatially explicit pre-
dictions about local adaptation, along with further screening of
temperature-associated candidates. We fitted models separately
by species with minor allele frequencies at candidate loci as re-
sponse variables, temperature variables as predictors, and 2000
regression trees per locus using default settings in GRADIENTFOREST
version 0.1-32 (Ellis et al., 2012).

To map current turnover for each species, we extracted tem-
perature variables for each grid cell in the study range and trans-
formed variables into genetic importance (relative importance to
allele turnover) using the estimated turnover function (Fitzpatrick &
Keller, 2015). We summarized transformed variables as three prin-
cipal components, assigned components to an RGB colour palette
following Ellis et al. (2012), then mapped colours to grid cells using
RrASTER version 3.5 (Hijmans, 2017). Mapped this way, colours predict
genetic compositions (allele frequencies) in cells, and similar com-
positions are predicted for locations of similar colour. Biplots of the
two largest principal components were used to relate turnover in
composition to changes in temperature (Ellis et al., 2012).

Rather than map future turnover for each species directly, we
translated it to the genetic offset predicted to maintain thermal
adaptation under climate change (Ellis et al., 2012; Fitzpatrick &
Keller, 2015). We repeated the process above with mean and maxi-
mum temperatures projected for 2050 and 2100 under low (RCP4.5)
and high (RCP8.5) CO, emission scenarios, extracted for each grid
cell from the Bio-ORACLE database (Assis et al., 2018; Tyberghein
et al., 2012). Since projections for other variables were unavailable,
we also recalculated current turnover without them. For each cell,
we transformed variables into genetic importance as above, calcu-
lated genetic offset as the Euclidian distance between current and

future genetic compositions, then mapped offset as above.

3 | RESULTS
3.1 | Variantidentification

Sequencing returned an average of 3,392,340 quality-filtered reads
per individual, with ~24-fold read depth on average. stacks (Catchen

et al., 2011) identified 8,887,109 putative SNPs from 330 individuals.
Filtering retained 8788 unlinked loci from 272 individuals (with 16%
of data missing across loci and individuals) for the reduced SNP set
used to analyse population genetic structure, and 24,263 unlinked loci
from 272 individuals (with 31% of data missing across loci and indi-
viduals) for the large SNP set used to analyse genotype-environment
associations. Since the genome size is ~707Mb (K. Hodgins and K.
Monro, unpublished data), we were able to interrogate a locus for

signals of thermal adaptation approximately every 29 kb on average.

3.2 | Analyses of population genetic structure
3.2.1 | Genetic clustering

Principal components analysis of genetic variation in the reduced
SNP set revealed two distinct genetic clusters defined by PC1
and PC2, jointly accounting for 42.1% of the variation sampled
(Figure 1c). Most individuals in one cluster were from northeastern
locations, whereas most individuals in the other cluster were from
western ones (Figure 1b). However, multiple individuals from west-
ern locations clustered with the “northeastern” cluster, and one in-
dividual from a northeastern location clustered with the “western”
cluster (Figure 1c).

ADMIXTURE analyses supported the presence of individuals from
different ancestral lineages in western and northeastern popula-
tions (Figure 1b,d), but detected little gene flow between lineages
(individual ancestry proportions consistently exceeded 0.99, seen as
single-coloured bars in Figure 1d). Based on existing knowledge of
species distributions (Halt et al., 2009), the “northeastern” cluster
represents Galeolaria gemineoa and the “western” cluster G. caespi-
tosa, but species are now shown to be sympatric in some locations,
especially those in the west of the hotspot (Figure 1b). Subsequent
analyses were therefore separated by species based on ADMIXTURE
assignments. We also used the reduced SNP set to explore genetic
clustering or signs of distinct lineages within species, but detected
none in either case (Figure S1A,B).

3.3 | Genetic diversity
Roughly 30% of loci in the reduced SNP set were polymorphic and

shared between species. On average, measures of genetic diversity
based on these loci were significantly lower for G. gemineoa than
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for G. caespitosa, except for inbreeding coefficients (Table 1). These
were similarly high (~0.21) for both species, indicating that popu-
lations harbour more homozygotes than expected under Hardy-

Weinberg equilibrium.

3.3.1 | Spatial genetic structure

Within species, mean (+SE) pairwise genetic distance (F4;) based on
the reduced SNP set was relatively low (G. caespitosa: 0.066+0.001;
G. gemineoa: 0.062+0.001; see Figure S2 for all values), but signifi-
cantly lower for G. gemineoa (F(1,3os) =6.567, p <.02). No vectors of
spatial variation in genetic distance (MEMs) were significant for either
species (R? =0, p =1 in each case), indicating a lack of spatial genetic
structure consistent with gene flow across their ranges in the hotspot.
Between species, in contrast, mean pairwise genetic distance
(F¢r) was relatively high (0.599+0.008), offering more evidence of
their genetic differentiation. To further check whether species remain
differentiated in sympatry, we compared mean species-level F; be-
tween sympatric and allopatric populations (see Figure S3 for all val-
ues). No difference was detected (F¢; in sympatry: 0.599 +0.009; Fq;
in allopatry: 0.598+0.001; F(1,85) =0.015, p =.903), suggesting that
species barriers persist even when geographical barriers are absent.

3.4 | Analyses of climate adaptation and
vulnerability
3.4.1 | Candidate loci for thermal adaptation

Genome scans of the large SNP set identified 1736 XtX outlier

loci for G. caespitosa and 1388 such loci for G. gemineoa. Based on

(@) G. caespitosa (b)

A
o
L

N
o
1

Bayes Factor

support from Bayes factors, those identified for G. caespitosa were
mostly associated with mean temperature (41), while 11 were as-
sociated with maximum temperature, nine with temperature range
and seven with temperature noise structure. Those identified for
G. gemineoa were mostly associated with mean temperature (16) and
temperature range (16), while five were associated with maximum
temperature and four with temperature noise structure (Figure 2
and Table S4). Species shared 9%-17% of all temperature-associated
candidates, which was significantly more than expected by chance
due to sampling (p <.001; Figure 3) and suggests a blend of parallel
and nonparallel adaptation. Note that candidate numbers in Figure 3
are less than the sums of numbers above due to some associations
with multiple variables.

In contrast to clustering of neutral loci, clustering of putatively
adaptive loci revealed stronger population differentiation within
species (for G. gemineoa especially), with western populations tend-
ing to cluster separately from those further northeast (Figure S1C,D).

3.4.2 | Genomic vulnerability to climate change

Gradient forests predicted spatial turnover in allele frequencies
at 12 temperature-associated candidate loci (from 64 screened) in
G. caespitosa, and 16 temperature-associated candidate loci (from 35
screened) in G. gemineoa (Figure S4). While all temperature variables
contribute to estimated turnover functions, noise structure and
maximum were most important to turnover in G. caespitosa, whereas
mean and range were most important to turnover in G. gemineoa (see
importance rankings in Figure S5).

Mapping current turnover within species predicted greater shifts
in putatively adaptive variants along the open coast for G. gemineoa

than for G. caespitosa (Figure 4), in line with patterns of population

G. gemineoa

Temperature
® Mean
O Maximum
O Range
® Noise

FIGURE 2 Associations between loci (points) and temperature variables (mean, maximum, range and noise structure) identified for (a)
Galeolaria caespitosa and (b) G. gemineoa by genome scans in Bavpass. Candidate loci are those with XtX statistics above vertical dashed lines
(indicating p <.05). Loci associated with temperature variables are those with Bayes factors above horizontal dashed lines (indicating decisive
evidence of association; Gautier, 2015). Candidate loci for thermal adaptation (in red squares) meet both conditions, and are coloured by the
variable they associate with. Pie charts show the proportions of candidates associated with different variables.
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G. caespitosa  G. gemineoa

P < 0.001

FIGURE 3 Overlap of temperature-associated candidate loci
between Galeolaria caespitosa and G. gemineoa, supporting a blend
of parallel and nonparallel adaptation. Species share 9%-17% of
candidate loci, which is significantly more than expected by chance
given the number of candidates identified from the total number of
loci screened.

structure in putatively adaptive loci (Figure S1C,D). For G. caespitosa,
little turnover was predicted except between western populations
and the sole northeastern sample, associated with changes in mean
and maximum temperature (higher in more purple and teal parts of
the range respectively; Figure 4a,b). For G. gemineoa, comparatively
greater turnover was predicted between western (sympatric) pop-
ulations and northeastern (allopatric) populations, associated with
changes in temperature mean and range (higher in more purple and
green parts of the range respectively; Figure 4c,d). For both species,
turnover was also predicted between the coast and enclosed bays,
associated with changes in temperature noise structure and range
(both higher in bays).

Unsurprisingly, more extreme warming (RCP4.5 vs. RCP8.5 and
2050 vs. 2100 scenarios) is predicted to increase divergence be-
tween current and future allele frequencies in both species, and
hence the genetic offset they need to maintain thermal adaptation
(Figure 5). For G. caespitosa, the predicted offset varied little across
the hotspot, but was highest in the northeast (Figure 5a). For G. gem-
ineoa, the predicted offset was roughly double that for G. caespitosa
and markedly higher for western (sympatric) populations compared
to northeastern (allopatric) ones, though this difference may fade

under more extreme warming in the longer term (Figure 5b).

4 | DISCUSSION

With climate change redistributing biodiversity around the globe
(Pecl et al., 2017), predicting species' responses to future climates
entails understanding their current ranges, whether they harbour or
share genetic variants involved in climate adaptation, and how vari-

ants are distributed across ranges undergoing climate change. We

assessed the distributions of neutral and adaptive genomic variation
in sister foundation species—the marine tubeworms G. gemineoa and
G. caespitosa—across a sentinel region for climate impacts. We found
that species are genetically isolated despite uncovering sympatry in
their ranges, show parallel and nonparallel signals of thermal adap-
tation despite seemingly high gene flow across their ranges, and are
predicted to face different risks of maladaptation under forecasted
temperatures across their ranges. Our results have implications for
understanding genetic parallelism and the maintenance of species
barriers in the face of gene flow, and generate spatially explicit pre-
dictions for climatic disruption of adaptation and species distribu-
tions in coastal ecosystems that could guide experimental validation
and conservation planning.

Detection of sympatry in sister Galeolaria species updates
previous molecular support for their geographical isolation (Halt
et al., 2009; Styan et al., 2008), and could reflect poleward range ex-
pansion (as reported for other marine species in the hotspot during
the last decade; Sunday et al., 2015) or else more intensive sequenc-
ing across the hotspot here than in previous work. That species ap-
parently coexist without admixture, despite their partial capacity
to cross-fertilize (Styan et al., 2008), points to isolation by extrinsic
prezygotic barriers (e.g., spawning asynchrony, conspecific sperm
precedence; Howard, 1999; Lotterhos & Levitan, 2010) or postzy-
gotic selection against hybrids (Fierst & Hansen, 2010; Sinervo &
Calsbeek, 2003), and such possibilities warrant further research to
understand the maintenance of species barriers in warming seas.
That species also have higher-than-expected levels of inbreed-
ing, despite little evidence of neutral population structure across
their ranges, may be typical of external fertilizers with dispersive
propagules and limited control of mate choice, and is attributed to
chronically low effective population sizes driven by high variance in
reproductive success (Olsen et al., 2020; Plough, 2016). Other mea-
sures of neutral diversity were lower in G. gemineoa than in G. caespi-
tosa, however, suggesting that differing demographic histories (e.g.,
population bottlenecks or range expansion) have left one species
more genetically depauperate, and potentially more vulnerable to
decline, than the other (Reed & Frankham, 2003; Sgro et al., 2011).

For both Galeolaria species, population structure in temperature-
associated candidate loci, in the absence of neutral structure, sug-
gests that populations are adapting to climate in the face of gene
flow across their ranges (Tigano & Friesen, 2016). In theory, this
is unlikely to occur unless selection is strong enough for locally
beneficial variants to establish and resist swamping by migrants
(Lenormand, 2002; Yeaman & Otto, 2011), selection targets large-
effect variants with more resistance to swamping (Yeaman &
Otto, 2011; Yeaman & Whitlock, 2011), or variants are selected
elsewhere in species' ranges before migrating to local populations
(Barrett & Schluter, 2008). Our spatial modelling predicts different
compositions of temperature-associated variants in different parts
of species' ranges (e.g., western vs. northeastern locations), but all
such variants have been filtered by selective forces correlated with
temperature-related variables to some degree. It is therefore plau-
sible that introgression of thermally pre-adapted variants may be
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FIGURE 4 Temperature-associated turnover in allele frequencies at candidate loci predicted for (a,b) Galeolaria caespitosa and (c,d)

G. gemineoa by gradient forests. Biplots in (a) and (c) show the two largest principal components (PC1 and PC2) per model, comprising linear
combinations of temperature variables (mean, maximum, range and noise structure) that explain 98%-99% of turnover per species. Colours
predict turnover along biplot axes, and vectors relate turnover to variables (variables increase in the directions of vectors, contribute more
to turnover if vectors are longer and have correlated effects if vectors align). Maps in (b) and (d) predict turnover throughout the study range,
with similar allele frequencies predicted for locations of similar colour. Points are locations from which species were sampled. Species have
planktonic life stages (gametes, embryos and larvae) that spend days to weeks offshore before transitioning to sessile stages (juveniles and

adults) onshore in the intertidal zone.

countering the swamping effects of migration within species (Tigano
& Friesen, 2016), although our molecular data are consistent with
strong species boundaries even in sympatric populations. However,
this, and the possibility of large-effect variants contributing to ad-
aptation with gene flow, await testing with more extensive genomic
resources than were available here.

Evidence that Galeolaria species share more temperature-
associated candidates than expected by chance supports a mix of
parallel and nonparallel adaptation between lineages. Thermally
adapted variants at the same loci in both species could emerge
from selection on standing genetic variation in their ancestor, ad-
mixture not detected by our analyses or independent mutations
(Lee & Coop, 2017; Stern, 2013; Wood et al., 2005). Nevertheless,
such overlap supports the idea that these loci are involved in ad-
aptation, since the same false positives are unlikely to be identi-
fied in both lineages, particularly if mutations were independently
derived in them (Yeaman et al., 2016). That most candidates were
species-specific, however, could have several nonmutually exclu-
sive explanations. First, species may be responding to divergent
thermal selection, given that G. gemineoa spans a wide latitudinal

range (Halt et al., 2009) and more of its adaptive genetic turn-
over is associated with mean temperature, whereas G. caespi-
tosa spans a narrower range with more complex hydrodynamics
(Waters, 2008) and more of its adaptive turnover is associated
with stochastic changes in temperature. Second, species may face
similar selection, but differ genetically in ways that favour the
detection of nonparallelism between them (Blount et al., 2018;
Lenormand et al., 2016). Since thermal adaptation is polygenic,
and species were isolated historically (Halt et al., 2009; Styan
et al., 2008), this hypothesis is highly likely here. Third, nonparal-
lelism may reflect incomplete sampling of the genome, given our
reliance on reduced representation sequencing to identify candi-
dates. The cost-effectiveness of this approach, however, permit-
ted larger sample sizes that enhance power to detect selection
at genotyped loci in both species, and sequencing to higher read
depths that reduce errors in genotyping and allele frequency es-
timation (Andrews et al., 2016; Hoban et al., 2016). This should
increase the detectability of selected variants of small effect, es-
pecially because local adaptation with gene flow can promote link-
age disequilibrium around selected sites and aid their detection
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FIGURE 5 Genetic offsets predicted
to maintain thermal adaptation under @
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future climate change for (a) Galeolaria
caespitosa and (b) G. gemineoa (note the
differing scales). Predictions are shown
for 2050 and 2100 under low (RCP4.5)
and high (RCP8.5) CO, emission scenarios.
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with low-density markers (Charlesworth et al., 1997; Petry, 1983).
Future work using denser markers, and model-based methods for
exploring parallelism (e.g., Lee & Coop, 2017), would be important
to inform hypotheses about modes of adaptation above.

Offsets from spatial modelling of allele frequencies at candidate
loci predict that G. gemineoa is more genomically vulnerable than
G. caespitosa to climate change, needing twice as much thermal ad-
aptation in situ to maintain existing levels under projected warm-
ing (see caveats below). Since offsets rely on existing strengths of
genotype-temperature associations (Fitzpatrick & Keller, 2015), this
prediction probably reflects the stronger associations favoured by
G. gemineoa's wider latitudinal range compared to its sister species.
Offsets also predict greater vulnerability for G. caespitosa on the
northeast coast, which our data suggest is its northern range edge,
and for G. gemineoa on the southwest coast, which is presumably
its western range edge (although it may extend further west than
we sampled). Compared to range cores, range-edge populations are
predicted to be more evolutionarily dynamic, but also more prone

0.05 0.10 0.15 0.20

Genetic offset

to decline (Eckert et al., 2008; Polechova & Barton, 2015; Sexton
etal., 2009). Our predictions could therefore point to the contraction
or fragmentation of species' ranges in future climates, flagging range
edges as priorities for validating predictions (e.g., through reciprocal
transplants of core and edge populations; Hoffmann et al., 2021) and
exploring the extent to which plasticity or future adaptation in situ
might temper them. Last, offsets for G. gemineoa often predict lower
vulnerability in bays than in adjacent coasts. Given our limited sam-
pling in bays, however, more work is needed to clarify such patterns.

Despite their promise for identifying geographical regions where
adaptation is predicted to be most vulnerable to disruption by cli-
mate change (Fitzpatrick et al., 2021), the tools used here have lim-
itations worth acknowledging. First, as recent reviews (Capblancq
et al., 2020; Hoffmann et al., 2021; Laruson et al., 2022; Rellstab
et al, 2021) have emphasized, predictions of genomic vulnera-
bility ignore the potential for plasticity, migration or future adap-
tation to buffer populations against climate change, and rely on
genotype-environment associations whose links to phenotypes that
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underpin adaptation require experimental validation. Since reduced-
representation sequencing will also miss many of the loci involved
in adaptation (Hoban et al., 2016; Hoffmann et al., 2021), supple-
menting data like ours with insights from quality reference genomes
or whole-genome resequencing is a priority as such technologies
become more accessible to nonmodel taxa. Second, remote sensing
may adequately capture changes in coastal water temperatures over
large spatial scales (Stobart et al., 2015), and on timescales relevant
to climate adaptation (Rellstab et al., 2015), but poorly capture local
extremes and variability (Lathlean et al., 2011; Riginos et al., 2016).
The kind of satellite data used here remain standard for predicting
genomic vulnerability in coastal species (e.g., Adam et al., 2022;
Nielsen et al., 2021; Vranken et al., 2021; Wood et al., 2021), but
targeted data from in situ loggers may be vital to tune or fill gaps
in remote sensing. Moreover, while climate warming is considered
a main driver of selection on such species (Penn & Deutsch, 2022),
understanding its interplay with other potential drivers (e.g., water
flow or chemistry) will also be important for refining predictions of
genomic vulnerability to climate change in coastal ecosystems, espe-
cially as high-resolution time series become available.

Overall, we present parallel and nonparallel genomic signatures
of climate adaptation for partly sympatric foundation species in a
sentinel region for climate impacts. Insights into the repeatability of
adaptation are rare for sister species such as Galeolaria (e.g., Hartke
et al., 2021; see also Torrado et al., 2020), and are extended here by
spatially explicit predictions of where disruption of adaptation could
see species' ranges contract or fragment in future climates, and
where experimental validation of predictions could be prioritized.
Our results therefore identify sister Galeolaria species as evolution-
arily significant units worth conserving for their genetic unique-
ness and adaptive value (Foden et al., 2019; Smith et al., 2014; Willi
et al., 2022), given the broader impacts of range shifts in founda-
tion species on the biological communities they sustain (Thomsen
et al., 2022). Further, we present genomic patterns of neutral vari-
ation suggesting that sister species are genetically isolated but
adapting to local climates in spite of extensive gene flow across their
ranges. Our work therefore has implications for understanding the
genomic basis of adaptation and species barriers in the face of gene
flow (e.g., Seehausen et al., 2014; Tigano & Friesen, 2016; Yeaman &
Otto, 2011), and points to new opportunities to explore fundamen-
tal evolutionary hypotheses about its causes and consequences in
warming coastal ecosystems.
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