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Abstract

As climatic variation re-shapes global biodiversity, understanding eco-evolutionary
feedbacks during species range shifts is of increasing importance. Theory on range
expansions distinguishes between two different forms: “pulled” and “pushed” waves.
Pulled waves occur when the source of the expansion comes from low-density periph-
eral populations, while pushed waves occur when recruitment to the expanding edge is
supplied by high-density populations closer to the species' core. How extreme events
shape pushed/pulled wave expansion events, as well as trailing-edge declines/contrac-
tions, remains largely unexplored. We examined eco-evolutionary responses of a ma-
rine invertebrate (the owl limpet, Lottia gigantea) that increased in abundance during the
2014-2016 marine heatwaves near the poleward edge of its geographic range in the
northeastern Pacific. We used whole-genome sequencing from 19 populations across
>11 degrees of latitude to characterize genomic variation, gene flow, and demographic
histories across the species' range. We estimated present-day dispersal potential and
past climatic stability to identify how contemporary and historical seascape features
shape genomic characteristics. Consistent with expectations of a pushed wave, we
found little genomic differentiation between core and leading-edge populations, and
higher genomic diversity at range edges. A large and well-mixed population in the
northern edge of the species' range is likely a result of ocean current anomalies increas-
ing larval settlement and high-dispersal potential across biogeographic boundaries.
Trailing-edge populations have higher differentiation from core populations, possibly
driven by local selection and limited gene flow, as well as high genomic diversity likely as
a result of climatic stability during the Last Glacial Maximum. Our findings suggest that
extreme events can drive poleward range expansions that carry the adaptive potential
of core populations, while also cautioning that trailing-edge extirpations may threaten
unique evolutionary variation. This work highlights the importance of understanding

how both trailing and leading edges respond to global change and extreme events.
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1 | INTRODUCTION small leading-edge founding populations with higher dispersal or re-
productive capacity (Miller et al., 2020). In contrast, pushed waves
As climate change increasingly alters marine environments, are characterized by low-fitness peripheral populations, when re-

many species are shifting poleward (Bates et al., 2014; Burrows cruitment to the expanding edge is supplied by high-density pop-

et al,, 2011; Sunday et al., 2012). Poleward range expansions often ulations closer to the species' core (Miller et al., 2020). Because in
reflect organisms tracking their thermal niches, especially in ma- pulled waves recruitment is mainly from the pre-existing range edge,
rine species that shift at faster rates than their terrestrial coun- evolutionary consequences can include the expansion front having
terparts (Pinsky et al., 2020; Poloczanska et al., 2013). However, lower genetic diversity, unique allele frequencies due to allele surf-
ecological niche models do not always accurately predict the dy- ing, greater numbers of private alleles, and genomic differentiation
namics of a species' geographic range, in part because intraspecific from the core (Garnier & Lewis, 2016; Hallatschek & Nelson, 2008).
genomic and phenotypic variation can lead to different expan- Conversely, pushed wave recruits represent a larger gene pool as
sion success depending on the source populations of recruitment they originate from high-density populations across a broader spatial
(Bestion et al., 2015; Hastings et al., 2020). A growing body of extent than pulled wave expansions driven by previous range edges.
theoretical work on eco-evolutionary feedbacks of range expan- Thus, pushed wave expansion fronts should have higher genetic di-
sions (Andrade-Restrepo et al., 2019; Henry et al., 2013; Legrand versity, higher genetic load, and less genomic differentiation from the
et al., 2017; Norberg et al., 2012) suggests that the expanding edge core of the species' range compared with pulled waves (Bonnefon
is likely to harbor distinct frequencies of alleles or fixed mutations etal.,, 2014; Sz(ics et al., 2019). The mechanism of range expansion can
due to genetic drift following a bottleneck event (which are often in turn affect the expansion rate. Pulled waves can experience a pos-
associated with range expansions), or driven by low gene flow and/ itive feedback of spatial sorting aggregating strong dispersers at the
or local adaptation to the novel range edge environment (Hardie & range edge which then escape from density-dependent competition,

Hutchings, 2010; Williams et al., 2019). The genomic composition leading to “spatial selection” for high-dispersal ability, thereby accel-

of the leading edge will depend on the expansion history and the erating range expansions; pushed waves can experience a feedback of
environmental drivers of the range shift. maladaptation to novel conditions counteracting dispersal selection,
Broadly, range expansions can be described as “pulled” or decelerating the rate of expansion (Andrade-Restrepo et al., 2019;
“pushed” waves (Figure 1; Miller et al., 2020; Williams et al., 2019). Miller et al., 2020). Determining whether range expansions occurred
Pulled waves occur when the source of the expansion comes from via pushed or pulled waves can help predict future species' shifts and
high-fitness, low-density peripheral populations being “pulled” by their ecological consequences (Kerr, 2020).
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FIGURE 1 Conceptual diagram of pulled and pushed wave range expansions and genetic outcomes. Individual genotypes are represented
by the different colored circles, with higher fitness alleles matching the color along the environmental gradient. The left demonstrates

a pulled wave: Where the expansion is “pulled” typically by high-dispersal/high-fitness individuals from the pre-existing range-edge
population. As the edge populations in pulled waves are likely small and negative density dependent, they will often experience spatial
sorting, genetic drift, allele surfing, and have lower genetic diversity and higher linkage disequilibrium. The right shows a pushed wave:
Where the expansion is “pushed” by high-density populations well behind the leading edge. This type of expansion is usually characterized
by positive density dependence in growth/dispersal, with the leading edge showing higher genetic diversity and maladaptation, as well as
lower genetic differentiation from the core.
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Few studies have empirically assessed the evolutionary dynam-
ics of poleward marine range shifts (Banks et al., 2010; Dawson
et al., 2010; Fifer et al., 2022; Hu & Dong, 2022; Ramos et al., 2018;
Wang et al., 2022). Of the studies that have tested for genetic dif-
ferentiation in marine species experiencing poleward expansions,
several have identified the expanded population as a distinct evolu-
tionary unit (Fifer et al., 2022; Ramos et al., 2018; Wang et al., 2022),
likely driven by novel selective forces and genetic bottlenecks from
founder effects. Studies have predominantly focused on range ex-
pansions driven by long-term climatic warming rather than those ini-
tiated during extreme events. Pulled and pushed waves, and range
expansions as a whole, can occur over short timeframes (Burford
et al., 2022), as well as with ocean currents flowing against the di-
rection of climatic velocities (Garcia Molinos et al., 2022). Shorter-
term warming caused by extreme events, such as marine heatwaves
(MHWs), can rapidly shift the distribution and abundance of marine
species (Lonhart et al., 2019; Sanford et al., 2019), accelerate exist-
ing poleward range shifts (Smith et al., 2019), and cause “genetic
tropicalization” within species in which warm-adapted alleles rapidly
replace cool-adapted ones (Coleman et al., 2020). The evolutionary
imprint of an extreme event may differ from that of gradual warm-
ing, as the selection forces are likely to be stronger and more acute
(Harvey et al., 2022; Marzonie et al., 2023). Additionally, El Nifios
and other MHWs may also cause wind and ocean current anomalies
(Fewings & Brown, 2019; Li et al., 2022; Sanford et al., 2019), which
are likely to influence dispersal, spatial sorting, and subsequent

eco-evolutionary feedbacks. As climate anomalies are projected to
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increase in frequency and severity (Oliver et al., 2018), understand-
ing how these extreme events shape evolutionary trajectories of
range-shifting species is critical.

Here, we explore eco-evolutionary dynamics of a recent range
expansion of the owl limpet, Lottia gigantea. This marine gastropod
increased in abundance within its northern edge populations in asso-
ciation with the 2014-2016 MHWs (resulting from the warm-water
blob and 2015-2016 El Nifno) along the Eastern Pacific (Sanford
et al.,, 2019; hereafter referred to as the “MHWSs”"). This region of ex-
pansion (Figure 2a) has seen ongoing recruitment for the first time in
over 15years of monitoring (Fenberg & Rivadeneira, 2011; Sanford
et al., 2019), which highlights the novelty of this particularly strong
and prolonged extreme event (Sen Gupta et al., 2020). The species'
range historically extended even farther north, with specimens ex-
isting from ca. 41.7°N, compared with the ca. 39.4°N of the current
range edge (Fenberg & Rivadeneira, 2011). However, there are no
known occurrences within this historical range since the early 1960s
(including surveys conducted by the authors in seven separate visits
from 2003 to 2022). Biogeographic analyses suggest that the north-
ern edge of the distribution is recruitment-limited, while the south-
ern edge is habitat-limited (Fenberg & Rivadeneira, 2011). A previous
study using microsatellite markers revealed no significant structure
across the California range of L. gigantea (Fenberg et al., 2010). This
system provides the ideal backdrop to explore range expansion
dynamics in a pulled vs. pushed wave framework, as genomic im-
prints of the range shift may become diluted by future demographic

changes and selection over time.
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FIGURE 2 Sampling sites and population clustering. (a) Map of Lottia gigantea sample sites for genomic sequencing (Table S1) along the
Pacific coast of North America, with the expanded range (where increased recruitment occurred in association with marine heatwaves)
highlighted by the black box. Locations of common phylogeographic breaks (Monterey Bay, Point Conception, San Diego, and Punta Eugenia)
are also indicated with arrows. (b) The first and second components of a principal components analysis (PCA) of SNP data with individuals
colored by site, and the three clusters identified by the Kmeans clustering analysis encircled by dashed lines. Leading- and trailing-edge
populations are based on abundance trends from Fenberg and Rivadeneira (2011).
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We leverage whole-genome sequencing data to characterize
population substructure, genomic diversity, and differentiation
across the species' range, as well as identify source populations for
the recent recruitment event. We address the following questions:
(1) What demographic changes in migration, distribution, and effec-
tive population size of L. gigantea populations have occurred, and
how have historical and recent shifts in abundance shaped genomic
variation at the range edges? (2) Do the recent heatwave-mediated
recruitment events represent a pushed or pulled wave? and (3) How
do patterns of gene flow and dispersal influence evolutionary tra-
jectories of the leading-edge, core, and trailing-edge populations?
These patterns can be used to understand how long-term warming
and extreme events interact to influence the demographic and ge-
netic attributes of leading- and trailing-edge populations, and their

potential for future range expansion and contraction.

2 | METHODS
2.1 | Study system, sampling, and sequencing

We sampled 19 sites on the Pacific coast of North America, spanning
most of the contemporary range of L. gigantea (Figure 2; Table S1).
Lottia gigantea is a broadcast spawner, with gamete release occur-
ring during the northern hemisphere winter (November-February;
Daly, 1975; Sanford et al., unpublished data). They have lecitho-
trophic larvae, with a pelagic larval duration of ca. 4-21days at
12-18°C (Sanford et al., unpublished data). Lottia gigantea are pro-
tandric hermaphrodites, changing sex from male to female as they
grow (Fenberg & Roy, 2012; Kido & Murray, 2003). As grazers, they
play a key role in regulating available space within the rocky inter-
tidal zone and influence the abundance of other sessile invertebrates
such as barnacles, mussels, and anemones (Lindberg et al., 1998;
Stimson, 1970). Human exploitation of L. gigantea also occurs within
most of the species' range, with size-selective harvesting leading
to differences in growth rates, size at sex change, and abundance
(Fenberg & Roy, 2012; Sagarin et al., 2007).

Sampling occurred from November 2020 to January 2022. We
non-lethally excised a small piece of foot muscle tissue (Table S1).
For all locations except the four northern sites, we collected tis-
sue from roughly 30 individuals per site, comprised of 10 individ-
uals within each of the following size ranges: 10-25mm (small),
30-40mm (medium), and >40mm (large). Sampling of the four
northern sites (i.e., expanded range) also consisted of roughly 10
small, medium, and large individuals per site. However, as individual
limpets at these four sites have been closely monitored over the past
8years, these sites had known cohorts based on the estimated year
of settlement. Size classes at sites for which we do not have monitor-
ing data were chosen based on our data and previous growth curves
(Kido & Murray, 2003) to approximately group individuals into those
that settled during the MHWs, soon after the MHWs (late 2016 or
late 2017), or well after the MHWs (late 2018 or late 2019). For our
purposes, we group these individuals into those that settled during

or after the MHWs. Tissue was stored in 90% ethanol at -20°C.
We used the Qiagen DNAeasy extraction kit to perform DNA ex-
tractions following the manufacturer's protocols. DNA quantity and
quality were assessed with Nanodrop, Qubit, and gel electropho-
resis. Library preparation followed the Nextera Lite protocol, with
adaptations following Rowan et al. (2019). Briefly, this consisted of
normalizing samples, tagmentation, PCR, pooling samples, and bead
size selection. The purified samples were run on a High Sensitivity
DNA Bioanalyzer chip and then sent to BGI Genomics for whole-
genome sequencing on the DNBSEQ-T7 PE150 platform on four
lanes of sequencing.

2.2 | Bioinformatic processing and SNP calling

We used fastQC to assess the overall quality of raw reads. Initially
quality and adapter filtering were performed with fastp (Chen
et al,, 2018). Quality-filtered reads were mapped onto the L. gi-
gantea reference genome using BWA-MEM (NCBI RefSeq assembly
GCF_000327385.1; Li, 2013). Mapped reads were filtered (with pa-
rameters -q 20 -f 2 -F 8 -F 4), sorted, indexed, and converted to
bam files using samtools v1.8 (Li et al., 2009). We removed duplicate
reads with picard v1.119 MarkDuplicates (http://broadinstitute.
github.io/picard/), soft-clipped overlapping reads with the clipOver-
lap function bamUtils v1.0.14 (Breese & Liu, 2013), and realigned
insertions/deletions with GATK v3 RealignerTargetCreator and
IndelRealigner (McKenna et al., 2010). Due to variable sequencing
and coverage across samples (Figure S1-S3), we chose to call single-
nucleotide polymorphisms (SNPs) and estimate genotype likelihoods
with the Analysis of Next Generation Sequencing Data software
(ANGSD) v0.931 (Korneliussen et al., 2014). Genotype likelihoods
were estimated simulating the GATK method (-GL 2), using the most
frequent as the major allele (-doMajorMinor 1), and with the follow-
ing parameters: -remove_bads 1 -baq 1 -skipTriallelic 1 -SNP_pval
1le-6 -uniqueOnly 1 -only_proper_pairs 1 -minMapQ 30 -minQ 20
-minMaf 0.05. In the same SNP-calling step, we filtered to only in-
clude SNPs that were present in at least 50% of individuals, and a
total coverage below 3X the number of individuals. Using plink, we
filtered SNPs that were in linkage disequilibrium (LD), using a 12 of
0.5, with a window of 25kbp and step of 10kbp.

2.3 | Population structure and genomic variation

We used analyses of population structure to test whether the
leading and trailing edges had higher levels of differentiation com-
pared with the species' core. We ran principal components analy-
ses (PCAs) with pcangsd v0.985 (Meisner et al., 2021) using the
BEAGLE file from ANGSD. To identify clusters within the PCA,
we ran the “kmeans” function in the R stats package. We created
structure plots using NGSadmix, testing clusters (K) 1-10. We
generated global-weighted pairwise Fg; values using unfolded
two-dimensional site frequency spectrums (2dSFSs) created

d ‘L ‘¥TOT ‘98YTSIEl

1[uoy/:sdny woiy papeoy

2SULDIT SUOWIWO)) 2ANEAI) d[qearjdde ayy £q PauIaA0s a1e Sa[oNIe () fasn JO Sa[NI J0j AIRIQIT AUI[uQ) A[IAY UO (SUOTIPUOD-PUR-SULI)/WOD K3[IM* KIeIqI[aur[uo//:sdyij) SUONIPUO)) pue SULd ], oy 23S ‘[+70T/21/91] uo Axeiqry auruQ A[Ip\ ‘SIAR(] - RILIOJ[ED) JO ANSIATU() Aq #[H2]1°Q98/[ [ 1°0/10p/wod’ Kafim K1eiq|



NIELSEN ET AL.

with ANGSD. Sliding window F¢; was calculated over 25kb non-
overlapping windows with a step size of 5kb. To further charac-
terize population differentiation, we estimated covariance (Q)
matrices from allele frequencies in BayPass v.2.1 (Gautier, 2015).
We ran BayPass with default parameters and then converted Q
to a correlation matrix with the cov2corr function of the R stats
package.

We calculated several measures of genomic diversity, in-
cluding expected heterozygosity (Hg), Watterson's theta (OW;
Watterson, 1975), and nucleotide diversity (x; Nei, 1987). We
calculated individual heterozygosity and averaged per popula-
tion with ANGSD, which calculates the proportion of heterozy-
gous genotypes (over the whole genome, excluding regions of low
confidence) divided by the adjusted genome size. Heterozygosity
was calculated from genotype likelihoods using the expectation
maximization (EM) algorithm in ANGSD's realSFS using the fol-
lowing script: git@github.com:sbarfield/yap_ahyacinthus-.git/
heterozygosity_beagle.r. To determine whether genomic diversity
differed between different size classes, we also generated per-site
Hp values for either the large individuals or small/medium individ-
uals (small and medium individuals were grouped together here
as they are both likely to have settled after the MHWs). OW and
Tajima's D were calculated using ANGSD's realSFS, doThetas, and
thetaStat, using the same parameters used for pairwise Fq; cal-
culations. Nucleotide diversity was calculated from the ANGSD.
geno file using the get.snpR.stats function of the snpR R package
(Hemstrom & Jones, 2023). ANGSD has been shown to produce
slightly higher & estimates compared with other methods such as
pixy and VCFtools (Korunes & Samuk, 2021) but was chosen as it
is more suitable for low and uneven coverage data (Korneliussen
et al., 2014).

To assess the eco-evolutionary consequences of the expansion,
we characterized genetic load, allele surfing/genetic drift, private
alleles, and inbreeding at the expansion front compared with the
core and trailing-edge populations. Estimates of genetic load were
assessed with purifying selection, calculated as the ratio of the
diversity at nonsynonymous vs. synonymous sites (ON/0S; Fifer
et al., 2022). The type of mutation was identified using ensembl's
variant effect predictor (McLaren et al., 2016), and then, OW was
calculated from either subset of SNPs following the same procedure
stated above. This analysis assumes that populations with higher
diversity at nonsynonymous sites are experiencing purifying selec-
tion and have lower genetic load. To characterize the extent of allele
surfing or genetic drift, we calculated the minor allele in the highest
frequency (MAHF; Wilde et al., 2021). This metric consisted of the
count of minor alleles that exist at their highest frequency in each
population. The number of private alleles was calculated with the
calc_private function of snpR. Inbreeding coefficients (F), here de-
fined as the proportion of loci for an individual where the observed
alleles are identical by descent, were estimated using ngsF v.1.2.0
(Vieira et al., 2016). Using genotype likelihoods from ANGSD, we
ran the approximated expectation-maximization (EM) algorithm
(-approx_EM), and then, the full EM maximum likelihood model.

50f18
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Inbreeding coefficients were then averaged across all individuals per

site.

24 | Gene flow

We characterized patterns of gene flow across the species' range
to investigate how ocean currents and larval dispersal within recent
years may have shaped patterns of genomic variation. Isolation-by-
distance (IBD) was generated using Fq/(1-F¢;) as the pairwise ge-
netic distance response variable and distance along the coastline (or
Euclidean distance to island sites) calculated in QGIS as the explana-
tory variable. We assessed IBD with Mantel tests within the ecodist
R package (Goslee & Urban, 2007) using 1000 permutations, and de-
termined model significance with g-values generated by the g-value
R package, using a false discovery rate (FDR) of 0.05. We visualized
patterns of gene flow with fast estimated effective migration sur-
faces (FEEMS; Marcus et al., 2021). This method is similar to EEMS
(Petkova et al., 2016), using a stepping-stone model to estimate mi-
gration within a user-defined grid, but also integrates a Gaussian
Markov Random Field model for more efficient optimization. FEEMs
was run with a lambda of 0.75, which we chose after running a leave-
one-out cross-validation following the cross-validation.ipynb.

To investigate how larval dispersal influences patterns of gene
flow, we ran larval simulation models with Opendrift v.1.71 (Dagestad
et al., 2017), which is a Lagrangian particle tracking framework that
calculates particle drift over a domain. Simulations were run sepa-
rately, sourcing the larvae from predefined groupings based on the
biogeographic regions defined in Blanchette et al. (2008). Separate
models were run per grouping using minimum and maximum set-
tlement age parameters guided by preliminary larval rearing experi-
ments at either 18 or 12°C (Sanford et al., unpublished data). Models
were run yearly during winter spawning months from 2012 to 2020.
We used the available “Bivalvelarvae” sub-model (https://github.
com/simonweppe/opendrift/blob/master/opendrift/models/bival
velarvae.py), which was built for the transport of pelagic ichthyo-
plankton, to include the larval behavior parameters of minimum and
maximum age of settlement, as well as interactions with a coastline.
Models were based on the “GLOBAL_MULTIYEAR_PHY_001_030,”
“WIND_GLO_WIND_L3_REP_OBSERVATIONS_012_005" reanaly-
sis of the NEMO global ocean circulation model from 1992 to the
present, at a 0.083°x0.083° spatial resolution (https://marine.coper
nicus.eu/access-data). These environmental inputs consisted of daily
means of sea water velocities, mixed layer depths, wave heights, and
wind velocities. Full Opendrift larval simulation methods can be

found in the Supporting Information Methods.
2.5 | Population assighment
We used population assignment tests to assess the eco-evolutionary

dynamics of the northern range edge, and whether recruitment
dynamics support a pulled or pushed wave event. We ran Guided
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Regularized Random Forest (GRRF) models (Deng & Runger, 2013)
to assign source locations to recruits that arrived in the expanded
range either during or following the MHWs. GRRFs are based on
Random Forest (RF) models, which use supervised machine learn-
ing algorithms to create a series of decision trees to classify a set of
features, which were SNPs in our analyses. The SNPs identified by
the GRRFs represent genomic distinctions between source popula-
tions and are used to assign “unknown” individuals (i.e., recruits in
the leading edge) to the different sources. The full description of the
GRRF models can be found in the Supporting Information Methods.
Two sets of population assignment tests were performed: assign-
ing individuals from the expanded range which arrived (1) during the
MHWs or (2) after the MHWs (based on yearly monitoring of individ-
ual limpets in the four northernmost sites). Population assignment
tests used predefined geographic regions (based on Blanchette
et al., 2008) as potential source populations. We did not include
Mexico sites as source locations because larval simulation model
outputs suggested limited gene flow between Mexico and California

(see Section 3).

2.6 | Population demography

To disentangle whether genomic diversity and population struc-
ture are driven by historical or recent evolutionary processes,
we simulated past demographic histories per genomic cluster.
We used the Moments pipeline (Jouganous et al., 2017) to fit
and compare predefined two-population past demographic mod-
els from 2dSFSs. To determine whether the leading edge has a
distinct demographic history from the core populations, we ran
multi-model inferences comparing the expanded range (“Leading-
edge”) with the genomically derived central California cluster
(“Core_cluster”). We also compared demographic estimates of the
southern genomic groupings: “Baja_cluster” and “South_cluster.”
All two-population folded models were run on 10 bootstrapped
unfolded 2dSFSs, with six replicates per model. Models were eval-
uated based on their Akaike Information Criterion (AIC) values.
We bootstrapped the best model 100 times over six replicates
to estimate demographic parameters such as effective popula-
tion size (N,) and migration rates. We also generated stairway
plots displaying the changes in N, over time per each of the four
groupings within the Moments analysis, using the unsupervised
approach of StairwayPlot 2 (Liu & Fu, 2020). For both Moments
and StairwayPlot analyses, we used a generation time of 2years
and a mutation rate of 1.6 x10-9 (Chen et al., 2022). To further
explore population recombination history and effective popula-
tion sizes, we generated measures of LD decay from plink, and
r? values were plotted with the following custom script: https://
github.com/speciationgenomics/scripts/blob/master/ld_decay_
calc.py. We ran StairwayPlot 2 and LD decay on the four northern
“Leading-edge” sites to assess whether there are fine-scale differ-

ences within the expanded range.

2.7 | Past climatic suitability

To understand how historical climatic variation contributes to con-
temporary distributions of genetic variation, we conducted species
distribution models (SDMs) to hindcast L. gigantea distribution from
the present day to the Last Glacial Maximum (LGM) 21 thousand
years ago (kya). The SDMs included mean sea surface temperature
(SST) and sea surface salinity (SSS), and minimum air temperature
(Tmin) as predictor variables. We only included contemporary occur-
rence points, excluding range edge regions where the species was
present but not within the timeframe of the environmental predictor
variables within the model (2000-2014). For detailed methods on
SDMs, see Supporting Information Methods.

3 | RESULTS
3.1 | SNPidentification and population structure

The number of raw reads, reads passing filters, and read depth varied
across samples, with Intake Pipes (IP) having the lowest, and China
Rock (CR) having the highest values across all three (Figures S1-
S3). A total of 3,209,370 SNPs were identified by ANGSD, which
was reduced to 908,948 SNPs after filtering for LD. These SNPs
show population structuring, with a clear separation between the
two southernmost sites (BT and BA; “South_cluster”) and the rest
of the range (Figure 2b). Additional sub-structuring was found with
the two southernmost California sites and the two northern Mexico
sites (the “Baja_cluster”) separating from the rest of the California
sites (“Core_cluster”; Figure 2b). The PCA of just the California sites
shows some separation between the two southernmost sites (SC,
CB) along PC2, which captures 18% of the variation, and no cluster-
ing among the rest of the sites (Figure S4). The K-means clustering
analysis identified three clusters (Figure 2b), while the NGSadmix
analysis identified K=2 as the best representation of clustering
(Figure 3a). Hierarchical admixture plots show three clusters: two
southernmost sites (BA, BT), followed by the four southern sites
(SC, CB, PB, and SR), and the rest of the sites as a single cluster
(Figure 3a,b; Figure S5). Differentiation among populations was low,
with pairwise Fg; values ranging from 0.007 to 0.024. There was no
evidence of significant IBD among sites (Mantel tests, p-value=.523,
R?=-.018, Figure 3c).

3.2 | Range-wide genomic variation

Both leading and trailing edges showed high levels of genetic diver-
sity, with the trailing edge exhibiting the highest levels of genomic
load and drift. Genomic diversity varied across sites, with H, =,
and O6W all showing higher diversity at the range edges (Figure 4;
Figure Sé). Patterns of diversity across the range were similar be-

tween the small/medium and large individuals (Figure 4a). Tajima's
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representing the clusters of the two sample sites being compared.

D was negative across all sites, with overall higher values at the
range edges (Figure S6). Genetic load, represented by the diversity
of nonsynonymous over synonymous SNPs (ON/0S), was highest in
the trailing edge, followed by the northern range (Figure 4c). Minor
alleles in highest frequency (MAHF) suggest that genetic drift or al-
lele surfing is strong in southern populations (Figure 4d). The num-
ber of private SNPs was significantly higher in lower latitude sites,
with Punta Baja (PB) having the highest and Willows Anchorage
(WA) having the lowest number of private SNPs (p-value=.0021, adj
R?=.4208). Range edges generally had lower inbreeding estimates
(except for KR), and Intake Pipes had the highest inbreeding estimate
(Figure S7).

3.3 | Patterns of gene flow and dispersal

Larval simulations support northward migration during MHW
years. Similar settlement density patterns were found from larval
simulations using parameters based on larvae reared at either 12
or 18°C, with varied larval dispersion estimates across years under
both temperatures (Figure 5a, Figures S8 and S9). The years with
heatwave anomalies, 2014-2016, as well as 2018-2020 (Weber
et al., 2021; Wei et al., 2021), show noticeable increases in settle-
ment densities farther north across the California-seeded regions
(Figure 5a; Figures S8 and S9). The simulations also show Monterey-
seeded larvae stranding within the extended range predominantly
in the winters of 2018/2019 and 2019/2020 (Figure 5a), suggesting
that these could be important years of recruitment within the four
northern sites. The Opendrift analyses also show low settlement of

Mexico-seeded larvae into California (Figure 5a). The FEEMs output
suggests that there are significant breaks in gene flow around Punta
Eugenia, San Diego, and Point Conception (Figure 5b).

Assignment tests suggest mixed recruitment from source popula-
tions across the species' core combined with ongoing local recruitment
at the leading edge. Models assigning individuals that settled during the
MHWs suggest that they came from all three predefined regions, and
that there is no decrease in southern-sourced recruits as settlement-
site latitude increases (Figure 6ée,h). Models assigning individuals ar-
riving after the MHWs reported fewer assignments from central and
southern core sites (Figure 6f,i). The assignment tests suggest that self-
recruitment is higher in the more northern leading-edge sites (FR and
KR; Figure 6i). The GRRF models assigning individuals that settled after
the MHWs also did not show an increase in southern-sourced recruit-

ment within the leading-edge sites at lower latitudes (Figure 6f,i).

3.4 | Historical changes in demography and
distribution

All genomic clusters display concordant demographic histories with
broadly similar trends in population size over time and LD decay. LD
decay was lower in the core populations (Core_cluster and Baja_clus-
ter). Genome-wide LD was highest in the southern edge (South_clus-
ter; Figure 7a). Present-day N, was similar across regions, albeit with
the expanded-range population having slightly lower N, (Figure 7e).
The four regions had similar changes in N, over time, with two major
decreases in N, over the past 100 kya (Figure 7e). The Core_cluster
had slightly different timing of population changes, with decreases
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FIGURE 4 Range-wide genomic variation in Lottia gigantea. (a) Per-site genomic diversity (H; “Expected Het”) is shown for both large
(>40mm; top panel) and small/medium (10-40 mm; bottom panel) individuals (as small/medium individuals are more likely to have settled
after the MHWs). (b) Nucleotide diversity, (c) mutational load (estimated from ON/6S), (d) number of private alleles, and (e) minor allele in the
highest frequency (MAHF) were averaged per site, ordered from low to high latitude. Site abbreviations are defined in Figure 2a.

in N, around 15kya and 80kya, compared with other regions which
experienced a decrease in N, around 7kya and 45kya (Figure 7e).
Leading-edge sites show site-level differentiation, with KR display-
ing higher contemporary N,, KR, and DB having specific N, over time
trends, and BB and DB showing distinct LD decay (Figure S10).

The best-fitting models for both the Leading_edge vs. Core_cluster
and Baja_cluster vs. South_cluster comparisons all showed no signs of
a population split (“ns” in model name; Figure 7b,c; for a complete list
of model names and descriptions see https://github.com/z0on/AFS-
analysis-with-moments/blob/master/multimodel_inference/momen
ts_multimodels.xlsx). In the northern lineages, the three top models
ranked similarly by median AIC, and all suggest secondary contact (i.e.,
the reconnection of lineages that previously diverged; “sc” in model
name), but differ in the number of epochs (i.e., population size changes)
and whether there is isolation with migration (“IM” in model name;
Figure 7b). The southern lineages also showed high similarity between
the top four models' AIC, which differed in whether they had isolation
with migration and the number of epochs (Figure 7c). Due to the highly
similar fit between multiple models, we did not estimate parameters
for the best-fitting model for either population comparison.

SDMs support a potential southern refugia during the Last
Glacial Maximum. All models within the SDMs passed the ROC and
TSS thresholds (mean ROC=0.96, mean TSS=0.83), and were in-
cluded in the ensemble (Figure 8). Hindcasts of the species' distri-
butional range show very little change from the present day to the

Mid-Holocene (Figure 8). However, the SDMs showed a large range
contraction at the LGM, with only the southern edge region having
high climatic suitability at this time (Figure 8).

4 | DISCUSSION

Characterizing eco-evolutionary processes associated with climate-
driven range expansions is essential to predict the frequency, speed,
and success of range shifts under global change (Kubisch et al., 2013;
Phillips et al., 2011). Our results on the intertidal owl limpet Lottia gi-
gantea suggest that anomalies in ocean currents and temperature as-
sociated with El Nifio events and other MHWs (Sanford et al., 2019)
facilitated a pushed wave expansion, resulting in high genetic diver-
sity and minimal genomic differentiation at the leading edge of its
range. Consequently, leading-edge populations may have high adap-
tive potential due to high standing genetic variation, but may also be
at risk of maladaptive gene flow from the species' core with subse-
quent MHWs. The distinctive genomic composition of trailing-edge
populations could be driven by limited gene flow, local selection, and
historical climatic stability. Taken together, these patterns show how
short-term environmental variation such as changes in ocean current
patterns, coupled with long-term climatic change such as tempera-
ture stability across climatic oscillations, shape intraspecific genomic
variation. These findings provide a critical framework for predicting
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FIGURE 5 Patterns of dispersal and gene flow in Lottia gigantea. (a) Estimated density of stranded propagules from larval simulation
analyses are shown across latitude for each simulation. Densities are averaged across models run at 12 or 18°C, with higher density
representing greater potential for larval recruitment. Years marked with an asterisk indicate those where climatic anomalies are expected to
influence recruitment at the expansion front. The dotted line around 38° latitude represents the previous northern range limit for regular
recruitment. Colors indicate the source locations where larvae were seeded in the simulations—refer to panel (b) for corresponding colors.
(b) A map grid portraying effective migration surfaces, with brown regions indicating lower gene flow than expected given the distance
between sites, and blue regions indicating higher than expected gene flow (where w is a vector storing elements of the weighted adjacency
matrix representing genetic differentiation between subpopulations). Circles indicate sample sites and are colored by the different seeding

locations for the larval dispersal simulations.

and interpreting trait evolution across a core-edge gradient in the
face of heatwave-driven range expansions.

4.1 | High gene flow within the north, population
structuring within the south

Broad-scale phylogeographic structure can help reveal how range
expansions and contractions may alter population-level adaptive
potential. We found genomic structuring mainly within trailing-
edge populations. Consistent with other phylogeographic studies
within the region (Bernardi et al., 2003; Eberl et al., 2013; Fenberg
et al., 2014; Mares-Mayagoitia et al., 2023; Zarzyczny et al., 2024),
our genomic dataset shows two major clusters, with a dominant
break near Punta Eugenia, Mexico. Both topography and ocean
currents can impede gene flow between marine metapopulations
across this break. Specifically, the area around Punta Eugenia is
characterized by cyclonic eddies on either side, offshore flow within
the southern California current, and a strong temperature transi-
tion (Herrera-Cervantes et al., 2014; Zaytsev et al., 2003). We also

found a phylogeographic break within the Los Angeles region (LAR,
ca. 33.5° latitude) and Ensenada Front (ca. 32° latitude), which
have been reported in other marine species (Dawson, 2001), such
as the isopod Ligia occidentalis (Eberl et al., 2013) and the tidewa-
ter goby Eucyclogobius newberryi (Dawson et al., 2002). This region
encompassing LAR and the Ensenada Front is characterized by long
stretches of sandy habitat impeding gene flow for rocky shore ob-
ligates (Bernardi et al., 2007; Kuo & Sanford, 2013), topographic
changes during past climatic oscillations, and the unique seasonal
eddies and upwelling of the Ensenada Front where the California
Current comes nearshore (Haury et al., 1993).

Within the southern portion of the range, the two San Diego
sites and two northern Mexico sites formed a separate cluster
(“Baja_cluster”; Figure 3, Figure S4). Earlier work reports similar
findings, including high gene flow between populations of the
eelgrass Zostera marina (Muhiz-Salazar et al., 2005) and the rocky
intertidal gastropod Mexacanthina lugubris (Fenberg et al., 2014)
in the region. The lack of genetic differentiation within the Baja_
cluster sites could also be due to El Nifios, which create poleward
flowing currents within northern Baja California. However, the
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larval simulation models suggest limited larval connectivity be- due to temporal variation in spawning months across the spe-
tween the San Diego and Mexico sites. The discrepancy between cies range. Preliminary results rearing L. gigantea larvae suggest
larval simulation and genomic differentiation outputs could be that spawning times differ somewhat between the northern and
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regions' change in effective population size (N,) through time (e).

central California sites (Sanford et al., unpublished data), and as
such, our larval simulation models should be regarded as broad
larval dispersal patterns which can be refined in the future. The
region between San Diego and Punta Eugenia had slightly higher
climatic suitability than the northern part of the range, and lower
climatic suitability than the southern Mexico sites during the LGM,
and thus, this shared climatic past might also be influencing the
genomic distinctiveness of the Baja_cluster.

We did not find genomic structuring across well-known phy-
logeographic breaks, such as Point Conception and Monterey Bay
within the northern part of L. gigantea range (Dawson, 2001; Pelc
et al., 2009; Wares et al., 2001). The FEEMs analysis was the only
one to report a genetic break around Point Conception. That signal
was driven by the IP site, which had highly distinct genomic differen-
tiation (shown by the FEEMs output without IP resulting in no break
around Point Conception; Figure S11). While this site had the low-
est coverage, there were still high levels of differentiation when low
coverage individuals were removed (Figure $12). The lack of phylo-
geographic structure within the northern California region could be
related to abundant rocky shore habitat, bi-directional gene flow fa-
cilitated by the southern flowing California Current and the northern
flowing Davidson Current, nearshore northward flowing currents
during L. gigantea spawning months, and stochastic events such as
upwelling relaxation and El Nifios (Fenberg & Rivadeneira, 2011; R. P.
Kelly & Palumbi, 2010; Sanford et al., 2019; Wares et al., 2001). The

little genomic differentiation over the Central-Northern California
(KR-SH sites, Figure 2) and California-Mexico (SC-SR sites; Figure 2)
regions and no significant IBD points to the relatively high-dispersal
capacity of L. gigantea. While the minimum PLD of L. gigantea is ca.
4days, the maximum PLD is 18-21days (Sanford et al., unpublished
data), which potentially allows for larval dispersal over greater dis-
tances than what is often considered possible for lecithotrophic spe-
cies (Weersing & Toonen, 2009).

4.2 | Pushed wave expansion at leading edge

Our results support a pushed wave expansion: the leading edge
showed little genomic differentiation from the distributional core,
no significant decrease in genomic diversity, low assignment rates
from the northern part of the species' range, and no increase in pri-
vate alleles or minor alleles in highest frequency (Figures 3-5). This
pattern contrasts other studies assessing the genomic composition
of marine leading-edge populations. For example, the expanded
range of the coral Acropora hyacinthus had lower genomic diver-
sity, higher LD decay, and was genetically differentiated from the
northern core populations (Fifer et al., 2022). Likewise, population
structure between the expanded range and core populations was
found for the intertidal gastropod, Nerita yoldii, along the Chinese
coast (Wang et al., 2022) and the octopus Octopus tetricus, along
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the western Australian coast (Ramos et al., 2018). In contrast, our
results mirror those seen in a range expansion of the sea urchin,
Centrostephanus rodgersii (Banks et al., 2010), the oyster, Crassostrea
sikamea (Hu & Dong, 2022), and the barnacle, Tetraclita rubescens
(Dawson et al., 2010), showing no evidence of population structure
or a decrease in genetic diversity at the expanded-range edge.
These findings highlight the diverse patterns of genomic vari-
ation observed among range expansions in marine systems. Fifer
et al. (2022) found the strongest evidence of a pulled wave, with
both structure and decreased genetic diversity at the expanding
range edge; but others have found less consistent evidence, with
genetic differentiation of the expanded range, but not a signif-
icant decrease in genetic diversity (Ramos et al., 2018; Wang
et al., 2022). These three studies evidencing pulled waves (Fifer
et al., 2022; Ramos et al., 2018; Wang et al., 2022) are similar to the
examples more consistent with pushed waves (Banks et al., 2010;
Dawson et al., 2010; Hu & Dong, 2022) in that they occur in regions

experiencing prolonged ocean warming and prevailing ocean cur-
rents aligning with the direction of the range expansion. In addi-
tion, the species in these examples have high-dispersal potential,
with pelagic larval durations ranging from 1 to 4 months. As such,
it is unlikely that pulled versus pushed wave expansions are deter-
mined by the rate of warming, ocean current direction, or pelagic
larval duration.

Of these studies, we can compare species that either show ge-
netic differentiation or not at the expanded-range edge in two re-
gions: southeastern Australia and northeastern China. Both the
octopus O. tetricus and urchin C. rodgersii expanded from the south-
eastern point of Australia into Tasmania, with the first detections in
the expanded range in the early 2000s (Banks et al., 2010; Ramos
et al., 2018), demonstrating how patterns of pulled or pushed waves
can occur within the same system and timescale. It could be that
C. rodersii shows no genetic structure at the range edge because
it spawns during the summer months, when the East Australian
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Current is the strongest, compared with O. tetricus which spawns
year round. This discrepancy is similar in the two species that ex-
panded along China's coast, with the expanded range of the oyster
C. sikamea showing lower genetic differentiation compared with the
snail N. yoldii, which could be driven by the oyster spawning in the
summer months when northward currents are strongest. Similarly,
Lottia gigantea spawns during the winter when poleward currents
are the strongest (Sanford et al., 2019). The environmental novelty
of the expanded-range habitat could also be an important driver
of whether an expansion mirrors pulled or pushed waves. Most of
these studies found high amounts of gene flow to the expansion
front, but it is those that report discrete environmental pressures
such as a new thermal niche in the expanded range, which found
genomic variation aligning more with pulled waves (Fifer et al., 2022;
Ramos et al., 2018; Wang et al., 2022).

Our study differs from these examples in that the range shift
was observed with an extreme climatic event rather than gradual
warming. Thus, more genomic inferences of extreme event-driven
expansions are needed to gain a holistic picture of the drivers of
pulled versus pushed waves. The MHWSs were characterized by
anomalously strong poleward flows along the central and northern
California coast during the fall and winter months when L. gigantea
larvae are in the water column (Sanford et al., 2019), which could
lead to pushed wave dynamics. Our findings suggest that large num-
bers of individuals can disperse from the species' core to edge during
MHWs, which might make extreme events important contributors
to pushed waves compared with long-term climatic velocity patterns
(Cimino et al., 2021; Miller et al., 2020).

Despite greater overall support of a pushed wave, we find
evidence of increased genetic load at the expansion front, with
the northern populations harboring higher 6N/6S than the
core (which is more indicative of a pulled wave). In the above
example that aligns more closely with the pulled wave model,
Fifer et al. (2022) found lower levels of genetic load within the
northern edge populations, which they attribute to environmen-
tal selection driving high levels of purifying selection. As the
stairway analysis suggests that the contemporary leading-edge
populations have lower N, compared with the rest of the range,
it could be that small population sizes are driving higher LD and
genomic load within the leading edge (i.e., due to genetic drift
rather than selection). By assessing multiple genomic metrics,
such as genetic load, gene flow, diversity, and allele surfing, we
can better tease apart the eco-evolutionary feedbacks occurring
during range expansions, which are likely more nuanced than
pulled versus pushed wave dynamics. This study also offers an
exciting first step in understanding eco-evolutionary dynam-
ics over time, as subsequent sampling can help elucidate how
range expansions may shift from pushed to pulled waves (Erm &
Phillips, 2020). For example, if population growth following the
initial event relies heavily on self-recruitment, genomic and phe-
notypic variabily will likely change from pushed to pulled wave

characteristics.
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4.3 | Unique evolutionary composition of
trailing-edge populations

Trailing edges remain largely understudied compared with their
leading-edge counterparts (Thuiller et al., 2008), and few studies as-
sess evolutionary processes across both trailing and leading edges
(Hampe & Petit, 2005). We find that the southern edge of the spe-
cies' range shows a distinct evolutionary trajectory, with high levels
of population differentiation, increased genomic diversity and unique
alleles, and low levels of gene flow. Previous work on L. gigantea
suggests that the southern portion of the species' range has higher
amounts of habitat fragmentation owing to long stretches of sandy
shore (Fenberg & Rivadeneira, 2011), which could impede recruit-
ment and gene flow. This habitat fragmentation and low gene flow,
in combination with Allee effects, could create an eco-evolutionary
feedback furthering differentiation of the southern populations
(Maciel & Lutscher, 2015). The southern edge also experiences differ-
ent environmental conditions than the rest of the species' range, with
higher sea surface, air, and rock temperatures, lower oxygen levels,
and the lack of biogenic habitats to facilitate recruitment such as mus-
sel beds and giant kelp (Bernardi et al., 2003; Lohse, 1993; Pondella
Il et al., 2005), indicating that local selection could further lead to
genomic differentiation among these sites (O'Connor et al., 2007).

Several studies suggest that past climatic-driven range dynam-
ics are stronger predictors of genetic diversity than contempo-
rary demographic patterns, and can lead to marginal populations
being highly diverse (Chefaoui & Serrdo, 2017; Hewitt, 2004;
Petit, 2003; Zarzyczny et al., 2024). We found that the southern
edge of the range had higher climatic suitability at the LGM, which
suggests that this region could have high genetic diversity due
to it being a climatically stable refugium (Beatty & Provan, 2011;
Hellberg et al., 2001; Waltari & Hickerson, 2013; Zarzyczny
et al.,, 2024). The Moments demographic analyses suggest that
Baja_cluster and South_cluster have a shared demographic history
and thus were similarly impacted by the changes since the LGM.
However, the stairway plot suggests that the South_cluster had
slightly different changes in N, over time. These populations likely
experienced changes in ocean currents and topography distinctly
(as shown by their distinct larval simulation and genomic patterns),
yet had enough intermittent gene flow that they remained a single
lineage through time.

Our findings point to the southern edge as an evolutionary dis-
tinct unit, which corroborates work suggesting that trailing-edge
populations are of conservation concern due to their unique genetic
composition (Budd & Pandolfi, 2010; Cocito et al., 2019; Rodriguez-
Munoz et al., 2007; Saada et al., 2016). These relict peripheral pop-
ulations may be important sources of warm-adapted individuals as
ocean warming continues to intensify (Kelly, 2019), but given that we
found a lack of gene flow from the southern Mexico sites, assisted
migration may be needed to supplement core populations. A better
understanding of trailing-edge demographics is needed, as Allee ef-

fects have been shown to be particularly important in the pace of
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range contractions, with areas of low fitness at low densities being at
higher risk of local extinctions (Kubisch et al., 2013). As L. gigantea is
undergoing a range contraction near the southern edge of its range
(Fenberg et al., unpublished data), this evolutionarily distinct unit is
at greater risk of local extirpation, and conservation intervention
might be warranted.

5 | CONCLUSIONS

This work emphasizes that range edge populations can have distinct
evolutionary dynamics, even within species with relatively high gene
flow and dispersal capacity (compared with other gastropods; Kelly
& Palumbi, 2010). Moreover, we show how extreme climatic events
may be important drivers of pushed wave expansions, which has
important eco-evolutionary implications with regard to expansion
rates and adaptive potential of the range edge. As we begin to un-
derstand ecological and evolutionary feedbacks during range expan-
sions, it is essential that both long-term and acute climatic velocities
are considered (Chapman et al., 2014), especially as extreme events
such as MHWs are increasing in frequency and intensity (Oliver
et al., 2018). This holistic approach will allow for more accurate pre-
dictions of whether leading-edge populations will be able to keep
pace with extirpations at the trailing edge, and if trailing and leading
edges will require distinct conservation efforts under global change
(Thompson et al., 2023).
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