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1 | INTRODUCTION
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| Pablo Saenz-Agudelo®’

Abstract

The distribution of genetic diversity is often heterogeneous in space, and it usually
correlates with environmental transitions or historical processes that affect demogra-
phy. The coast of Chile encompasses two biogeographic provinces and spans a broad
environmental gradient together with oceanographic processes linked to coastal to-
pography that can affect species' genetic diversity. Here, we evaluated the genetic
connectivity and historical demography of four Scurria limpets, S.scurra, S. variabilis,
S.ceciliana and S.araucana, between ca. 19°S and 53°S in the Chilean coast using
genome-wide SNPs markers. Genetic structure varied among species which was evi-
denced by species-specific breaks together with two shared breaks. One of the shared
breaks was located at 22-25°S and was observed in S. araucana and S. variabilis, while
the second break around 31-34°S was shared by three Scurria species. Interestingly,
the identified genetic breaks are also shared with other low-disperser invertebrates.
Demographic histories show bottlenecks in S.scurra and S. araucana populations and
recent population expansion in all species. The shared genetic breaks can be linked
to oceanographic features acting as soft barriers to dispersal and also to historical
climate, evidencing the utility of comparing multiple and sympatric species to under-

stand the influence of a particular seascape on genetic diversity.
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oceanographic and other factors shape marine biodiversity, compar-

Species' genetic diversity is often heterogeneously distributed in
space, a consequence of the ecological and evolutionary processes
interacting in the landscape (Manel et al., 2020; Selkoe et al., 2016).
For marine species that mainly depend on planktonic larvae for dis-
persal, it is expected that the environment is determinant of the
spatial distribution of this genetic diversity, especially considering
the highly variable temporal and spatial scales oceanographic fea-
tures act on (Riginos & Liggins, 2013). To understand how these

ative phylogeographic and population genetic approaches provide a
solid framework to study if patterns of genetic diversity and genetic
divergence among populations are shared among different species
with similar distributions (McGaughran et al., 2022). The spatial co-
variation between biogeographic partitioning and species popula-
tion genetic patterns in comparative studies can help build robust
tests to infer the evolutionary processes shaping species composi-
tion and population-level genetic divergence (Bowen et al., 2016;
McGaughran et al., 2022).
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Regions with abrupt or gradient-like changes in environmen-
tal conditions represent good natural laboratories to test if sim-
ilar patterns in species' genetic structure exist and infer which
processes, such as environmental restrictions, can explain these
pattern similarities (Dawson et al., 2014; Haye et al., 2014). The
central-northern coast of Chile in the Southeastern Pacific is one
example of this, extending almost linearly for more than 2000 km
from 18° to 42°S, where the smooth thermal gradient that follows
the latitudinal change is a clear environmental filter (Broitman
et al., 2021; Lara et al., 2019). In contrast, the coastline of south-
ern Chile between 42° and 55°S is highly heterogeneous due to
the effects of quaternary glaciations on the landscape. There is
an extensive system of fjords and channels that exhibit horizontal
and vertical salinity gradients due to high rainfall and sustained
meltwater inflows from glaciers and icefields (Pantoja et al., 2011;
Saldias et al., 2019). While the open coast of the southern fjord-
land is under a downwelling regime, the more homogeneous
central-northern sector experiences a wind-driven upwelling
regime that is semi-permanent north of 30°S and markedly sea-
sonal between 30° and 42°S (Thiel et al., 2007). Considering these
geological, environmental and community composition charac-
teristics two biogeographic provinces are defined on the Chilean
coast, the Peruvian Province (PP) and the Magellanic Province (MP)
(Brattstrom & Johanssen, 1983; Camus, 2001). These are sep-
arated by an Intermediate Area (IA) that sets two biogeographic
limits in this region, one at the end of the PP and the beginning of
the IA around 30°S, and the other at the end of IA and beginning
of the MP around 42°S (Camus, 2001).

Biogeographic breaks are often associated with concordant ge-
netic structure among species that cross these boundaries (Bowen
et al., 2016). Indeed such patterns have been observed in some
marine invertebrates in Chile, such as Tegula atra, Scurria zebrina,
Notochthamalus scabrosus and Acanthina monodon (Haye et al., 2014;
Saenz-Agudelo et al., 2022; Sanchez et al., 2011; Zakas et al., 2009).
Still, this pattern is not prevalent considering other invertebrates,
such as Concholepas concholepas and Heliaster helianthus (Cardenas
et al., 2009; Haye et al., 2014), have no genetic structure across
these limits. A recent biogeographic study in the IA region showed
that the difference in inferred breaks could be due to differences
in larval development, considering they found a break around 30°S
associated with species with lecithotrophic larvae and another break
at 34°S associated with species with planktotrophic larvae (Lara
et al., 2019). Yet, phylogeographic or population genetic compara-
tive studies in Chile are scarce and have focused on distant related
taxa or species with allopatric and parapatric ranges, hindering the
understanding of how common evolutionary processes shape simi-
lar genetic structure in the same space. To better understand how
present and past Chilean seascapes affected the genetic diversity
patterns observed today and what processes are common to sym-
patric species, we used patellogastropods from the genus Scurria
Gray, 1847 as models, specifically Scurria scurra (Lesson, 1830),
S.variabilis (Sowerby, 1839), S.ceciliana (Orbigny, 1841) and S.arau-
cana (Orbigny, 1841).
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FIGURE 1 Map illustrating the geographic range in Chile of
the four Scurria species in this study as vertical bars, the main
biogeographic breaks (dashed black horizontal lines) and the
location of the major upwelling centres (yellow circles) in the
studied region. Vertical colour bars indicate the geographic range
described in the literature for each species (orange corresponds
to S.scurra, green to S.variabilis, red to S. ceciliana and blue to
S.araucana). The filled section of each coloured bar indicates the
geographic range covered in this study and the empty sections
correspond to the reported distribution for each species where
specimens were not found. AR, Arica; CB, Carrizal Bajo; CH, Chiloé;
CN, Concepcion; HU, Huentelauquén; LI, Limari; MA, Magallanes;
NI, Niebla; PA, Paposo; PU, Puertecillo; TE, Temblador; TO,
Tocopilla.

Scurria limpets are common organisms in the intertidal zone of
rocky shores and are endemic to the Southeast Pacific (i.e. Chile and
Peru) occupying rocky substrates, or in the case of S.scurra, hom-
ing in the stipes of the kelps Durvillaea spp. and Lessonia spp. (Espoz
et al., 2004; Valdovinos, 1999). The known geographic range of these
species varies: S.scurra spans from 24° to 55°S, S. variabilis from 10°
to 42°S, S.ceciliana from 5° to 54°S and S.araucana from 15° to 42°S
(Espoz et al., 2004; Valdovinos, 1999; Figure 1). They occur in sym-
patry over most of their geographic ranges and also cross the two
biogeographic limits in this region, with S.scurra, S.variabilis and S. ar-
aucana crossing the 30°S break and S. ceciliana and S. scurra crossing
the 42°S break. According to a recent phylogeny, S.scurra, S. cecili-
ana and S.araucana comprise a monophyletic group with a relatively
recent divergence (Asorey, 2017; L. Peluso, A. Vargas, C. Asorey,
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S. Rosenfeld, P. Saenz-Agudelo, unpublished data). Information on
the reproductive strategies and the larval characteristics of our study
species is scarce. The only information available indicates that our
focal Scurria species are broadcast spawners (Rioz Cardoza, 1992)
and, as most patellogastropods, they likely share a lecithotrophic
larva with a pelagic duration of a few days (e.g. Kay & Emlet, 2002;
Kolbin & Kulikova, 2011; Kuo & Sanford, 2013; Page, 2002). Overall,
comparing the distribution of genetic diversity among these four
congeneric endemic species provides a unique opportunity to un-
derstand if biogeographic limits are associated with spatial genetic
structure and what processes may have caused it.

Previous studies suggest that genetic diversity for Scurria spe-
cies is spatially structured and likely linked to variation in environ-
mental conditions. Using a partial fragment of COI, Haye et al. (2014)
described a genetic barrier for S.scurra around 30°S. Using genome-
wide SNPs to describe the genetic diversity of two species, a more
recent study inferred a genetic break between 22 and 25°S for S. vir-
idula and a genetic break around 33-35°S associated with signatures
of divergent selection for S.zebrina (Saenz-Agudelo et al., 2022). The
genetic breaks observed for S.scurra and S.zebrina were located
within the IA, the region under the influence of seasonal upwelling,
which is also characterized by important mesoscale variability and
a latitudinal increase in freshwater input (Hormazabal et al., 2004,
Lara et al., 2019; Saldias et al., 2016). To date, it remains unclear
whether neutral (oceanographic or historic events) or adaptive (ad-
aptation to different environmental conditions) processes are re-
sponsible for current species distributions and patterns of genetic
structure. Here, using SNPs from restriction-site associated DNA
sequencing (RAD-seq), we evaluated the spatial patterns of genetic
diversity in four sympatric and closely related Scurria species. Since
the focal species have similar habitats (except for S.scurra), similar
life-history traits, and are exposed to similar environmental gradi-
ents and oceanographic settings, we hypothesized that: (1) if major
historical processes had a role in shaping genetic structure, concor-
dant timings of population splits and size changes shall be shared
among spatially co-occurring species; (2) if oceanographic and en-
vironmental conditions are important drivers of current population
structure, we would expect that genetic discontinuities coincide
geographically among species, together with similar footprints of di-
vergent selection (outliers) among species. Taken together, we hope
this comparative framework will help find generalities in the spatial
distribution of genetic diversity and demographic histories and how
shared environmental and historical processes have impacted the

distribution of genetic diversity in space.

2 | MATERIALS AND METHODS
2.1 | Field sampling
Individuals of Scurria scurra, S.variabilis, S.ceciliana and S.araucana

were sampled throughout continental Chile, from 18.5°S to 53.6°S,
thus including most of the geographic range of each species. We

selected rocky shore sites in Arica (AR), Tocopilla (TO), Paposo
(PA), Carrizal Bajo (CB), Temblador (TE), Limari (LI), Huentelauguén
(HU), Puertecillo (PU), Concepcién (CN), Niebla (NI), Chiloé (CH)
and Magallanes (MA) (Table 1, Figure 1). Samples were collected
under permit R. Ex N 2036, 2019 from the Subsecretaria de Pesca
y Acuicultura (SUBPESCA) of the Chilean government. Sampling
was carried out in the mid and low intertidal zone during low tide
and individuals were taken directly from the rock substrate or from
the stipes of the macroalgae Durvillaea spp. and Lessonia spp. in the
case of S.scurra. Samples were placed in 100% ethanol after an-
aesthesia in seawater with ethanol at 5% for 10min (Gilbertson &
Wyatt, 2016).

2.2 | DNA extraction and sequencing

In the laboratory, the foot tissue of each individual was separated
and used for DNA extraction with the GeneJET genomic DNA pu-
rification kit (ThermoFisher). DNA quality was verified with a 1%
agarose gel and DNA concentration was estimated with a QuBit
fluorometer. DNA concentrations of all samples were standard-
ized and sent to restriction-site associated DNA sequencing (RAD-
Seq) in Floregenex with Illumina 4000 technology, 150bp single
end, with Pstl as the restriction site enzyme. The overall quality of
reads obtained for each species was checked with FastQC (v. 0.11.9;
Babraham Bioinformatics) and data were demultiplexed with pro-
cess_radtags in Stacks (v. 2.60; Catchen et al., 2013) with the op-
tions set to clean the data (-c) and discard reads of low quality (-q).
Demultiplexed reads can be found in the sequence read archive (SRA)
database from NCBI under the numbers SAMN33770232-337 for
S.scurra, SAMN33837911-988 for S. variabilis, SAMN33841405-478
for S.ceciliana and SAMN33841185-304 for S.araucana.

2.3 | Species identification

Morphological characteristics of the shell are inadequate to distin-
guish the focal species inhabiting rocky substrates due to high pheno-
typic variability in this trait. Therefore, we identified species following
a two-step procedure. First, we used the morphological descriptions
from Espoz et al. (2004) to identify and collect species from the field
according to their morphological characteristics. Second, we built a
molecular phylogeny by maximum likelihood based on 22,620 SNPs
that included all specimens collected and morphologically assigned
to the four focal species as well as specimens from other species in
the genera (L. Peluso, A. Vargas, C. Asorey, S. Rosenfeld, P. Saenz-
Agudelo, unpublished data). These SNPs were called de novo using
Stacks, where the number of mismatches allowed within individuals
and the number of mismatches allowed between individuals was set
to four, and the minimum percentage of individuals across popula-
tions needed to process a locus was set to 80%. The phylogenetic
analysis was made with IQtree (v. 1.6.12; Nguyen et al., 2015) using
maximum likelihood, with the substitution model TVM+F based on
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TABLE 1 Summary statistics of genetic diversity of the four Scurria species across each sample site.

Site N Lat, Lon
S.scurra PA 12 -25.28, -70.45
CcB 11 -28.09,-71.16
TE 12 -29.47,-71.31
LI 12 -30.75,-71.70
HU 12 -31.63, -71.56
PU 10 -34.06, -71.94
CN 11 -36.20, -72.95
NI 12 -39.82,-73.40
CH 12 -41.85, -74.03
MA 2 -53.62,-72.30
S.variabilis AR 12 -18.50, -70.33
TO 14 -22.11,-70.21
PA 13 -25.28,-70.45
CB 11 -28.09, -71.16
TE 3 -29.47,-71.31
LI 12 -30.75,-71.70
HU 12 -31.63, -71.56
PU 1 -34.06, -71.94
S.ceciliana CN 8 -36.20, -72.95
NI 29 -39.82,-73.40
CH 24 -41.85, -74.03
MA 13 -53.62,-72.30
S.araucana AR 12 -18.50, -70.33
TO 4 -22.11,-70.21
PA 12 -25.28,-70.45
CB 11 -28.09, -71.16
TE 15 -29.47,-71.31
LI 14 -30.75,-71.70
HU 13 -31.63, -71.56
PU 22 -34.06, -71.94
CN 17 -36.20, -72.95

Note: For site names, see Section 2.

pA Ho He z Fs

1884 0.0286 0.0425 0.0445 0.0606
1955 0.0362 0.0445 0.0467 0.0386
1421 0.0356 0.0451 0.0472 0.0445
2092 0.0365 0.0458 0.0479 0.0437
1560 0.0377 0.0481 0.0503 0.0464
1237 0.0258 0.0450 0.0478 0.0745
1735 0.0440 0.0474 0.0498 0.0213
1911 0.0435 0.0469 0.0490 0.0219
1908 0.0446 0.0477 0.0498 0.0195
269 0.0327 0.0264 0.0369 0.0063
1299 0.0796 0.0863 0.0897 0.0372
1423 0.0789 0.0860 0.0889 0.0385
1235 0.0634 0.0840 0.0872 0.0869
1176 0.0688 0.0838 0.0878 0.0643
331 0.0698 0.0701 0.0853 0.0285
1305 0.0724 0.0853 0.0888 0.0599
1286 0.0740 0.0845 0.0880 0.0522
101 0.0762 0.0381 0.0758 =

887 0.0551 0.0581 0.0618 0.0225
3334 0.0567 0.0624 0.0632 0.0486
2808 0.0567 0.0626 0.0636 0.0455
1342 0.0496 0.0563 0.0585 0.0370
1144 0.0436 0.0471 0.0470 0.0213
400 0.0446 0.0435 0.0479 0.0116
964 0.0309 0.0473 0.0474 0.0682
888 0.0389 0.0476 0.0479 0.0414
1078 0.0405 0.0479 0.0475 0.0398
995 0.0401 0.0486 0.0483 0.0417
841 0.0382 0.0477 0.0476 0.0442
2141 0.0497 0.0564 0.0552 0.0456
2144 0.0531 0.0606 0.0599 0.0455

Abbreviations: AR, Arica; CB, Carrizal Bajo; CH, Chiloé; CN, Concepcion; F ¢, mean F ¢; He, mean expected heterozygosity; Ho, mean observed
heterozygosity; HU, Huentelauquén; LI, Limari; MA, Magallanes; N, number of sequenced individuals; NI, Niebla; pA, number of private alleles; PA,
Paposo; PU, Puertecillo; TE, Temblador; TO, Tocopilla; z, nucleotide diversity.

ModelFinder (Kalyaanamoorthy et al., 2017). Branch support was es-
timated using the ultrafast bootstrap approximation method (Hoang
et al., 2018). All nodes corresponding to different species had sta-
tistical support of 100%. The species identity used here onwards
corresponds to the results of this phylogeny (L. Peluso, A. Vargas,
C. Asorey, S. Rosenfeld, P. Saenz-Agudelo, unpublished data).

2.4 | SNPs call and filtering

For S.scurra, S.araucana and S.ceciliana datasets, SNPs were called
using the S.scurra genome (E. Giles, V. Gonzalez, S. Lemer, V. Suescun,

C. Leiva, C. Sartor, D. Ortiz-Barrientos, M. L. Guillemin, P. Saenz-
Agudelo, unpublished data) as reference with the ref_map.pl (Stacks),
where individual reads were first aligned to the genome with Bowtie 2
(v. 2.4.4; Langmead & Salzberg, 2012) with end-to-end read alignment
and the very sensitive option. For S.variabilis, SNPs were called de
novo with the denovo_map.pl pipeline (Stacks). We opted for this strat-
egy because S.variabilis is phylogenetically distant from the other three
Scurria species (Asorey, 2017; Espoz et al., 2004) and alignment to the
S.scurra reference genome resulted in a very low number of markers.
Hence, for the identification of S.variabilis the number of mismatches
allowed within individuals (-M) and the number of mismatches allowed
between individuals (-n) was set to four after testing with different
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values following Paris et al. (2017). During SNP calling, datasets for all
species were filtered by writing only the first SNP from each RAD locus
and by setting 80% as the minimum percentage of individuals across
populations required to process a locus in the populations program
(Stacks). Following O'Leary et al. (2018), vcf files were further filtered
for mean minimum read depth per locus (15), maximum mean depth
per site (62-73, depending on the species) and a final genotype call
rate of 90% with VCFtools (v. 0.1.16; Danecek et al., 2011). Individuals
with 20% or more missing data were removed. The last step of data
filtering consisted of removing SNPs with evidence of linkage disequi-
librium (LD), which was calculated using the function snpgdsLDprun-
ing from the r package SNPRELATE (v. 1.28.0; Zheng et al., 2012) with a
0.2 threshold. For filtering steps used in each species, see Table S1 in

the Supplementary Information.

2.5 | Genetic diversity and structure

Summary statistics were calculated for each species' dataset to charac-
terize their genetic diversity using populations from Stacks. To evaluate
the genetic structure of each species, the ancestry coefficients of each
individual were calculated using the sparse non-negative matrix fac-
torization (sNMF) implemented on the r package Lea (v. 3.6.0; Frichot
& Frangois, 2015). The number of estimated ancestral populations (k)
ranged from 1 to 5, and 10 repetitions for each k were run. The best
k was chosen based on the cross-entropy criterion and barplots were
generated for the best run, that is, with the lowest cross-entropy. We
used a principal component analysis (PCA) with the r package ADEGENET
(v. 2.1.5; Jombart & Ahmed, 2011) to test for the presence of genetic
clusters. To verify the distribution of genetic diversity in the genetic
clusters defined in the previous analyses, we used an analysis of mo-
lecular variance (AMOVA) using the function poppr.amova from the r
package poppr (Kamvar et al., 2014) with a significance test using 999
permutations with the function randtest.amova from the r package
ADE4 (v. 1.7-19; Dray & Dufour, 2007).

2.6 | Isolation by distance

To test if the genetic differentiation found was associated with geo-
graphical distance, that is, if genetic differentiation followed a pat-
tern of isolation by distance (IBD), we used a Mantel test using F¢;
and the linear geographic distance between sites with the mantel
function in the vegan r package with 999 permutations to test for
significance (v. 2.5-7; Oksanen et al., 2020). F¢; was calculated in
HIERFSTAT (Goudet & Jombart, 2021) and geographic distance with
geosphere r package (v. 1.5-14; Hijmans, 2021).

2.7 | Outlier loci

Another factor that can affect the estimated genetic structure is the
occurrence of outlier loci, that is, loci with differentiation patterns

that deviate from neutrality and that may be associated with se-
lection. We used two analyses to identify the presence of loci that
deviated from neutrality. The first test was based on allele frequen-
cies among populations and was implemented in BaveScan (v. 2.1;
Foll & Gaggiotti, 2008), where the parameters were a threshold
g-value <0.05 and prior odds for the neutral model equal to 100.
The second analysis was based on individual genotypes and was im-
plemented using the r package pcabapT (v. 4.3.3; Privé et al., 2020)
and with outliers defined as the top 1% quantile of p-values. Genetic
structure analyses (sSNMF and PCA) were performed using datasets
including only the outliers separately to test for differences in ge-
netic structure between neutral loci and these putative loci under
selection.

2.8 | Demographic history

Present genetic diversity and structure estimates can be affected
by historical fluctuations in population size and migration events.
We estimated the demographic history of our study species using
a modified diffusion approximation of the Wright-Fisher population
model implemented in the software cabma (Noskova et al., 2020).
GADMA infers the joint demographic history of up to three populations
from genetic data and has the advantage over other programs of im-
plementing a genetic algorithm (GA) to explore models and parame-
ter space based on the principle of ‘natural selection’. The GA works
by initially generating a random set of models following the user in-
structions, and then mutating these models by random changes of
parameter values or crossing over parameters from different models
randomly as well. The algorithm tracks the ‘fitness’ of these changes
and keeps only those for which a significant improvement of data
fitting is observed. This software uses two known engines for de-
mographic inference, dadi (Gutenkunst et al., 2010) and moments
(Jouganous et al., 2017). Here, we used moments as previous stud-
ies have shown it produces robust results and is more computation-
ally efficient (Noskova et al., 2020). Outlier loci detected by both
methods were removed from the datasets for this analysis. Species'
datasets were reduced to include only one site (i.e. one geographic
location) for each population defined in the genetic structure analy-
ses to avoid problems with substructure. Sites with less missing data
per individual and higher number of samples were selected. The pro-
gram requires the user to define the order in which the populations
split when three populations are modelled. To define this, we used
phylogenetic trees reconstructed using maximum likelihood with the
program IQ-TREE to choose the most ancient population: the popu-
lation sister to the remaining populations in the phylogeny or more
closely related to the outgroup (other Scurria species). Because our
small sample sizes could introduce noise to the estimated allele fre-
quency spectrum, we allowed only one size change per time period
to decrease the number of parameters in our models, thus avoid-
ing model overfitting (Noskova et al., 2020). We also restricted our
models to sudden population changes only for the same reasons. For
each model run the initial and final structures were set to [1,1] or
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[1,1,1] depending on the number of populations detected with the
genetic data. The local search algorithm optimization was the BFGS
method with log transformation. Parameter search and optimization
was repeated 10 times for each model. Sequence length was set for
each species depending on the number of total RAD loci found and
we retained loci as described in GADMA documentation (https://
gadma.readthedocs.io/). The average genomic mutation rate for
the Scurria group remains unknown, so we used a mutation rate of
1.7e-9 based on a recent publication that estimated the nuclear mu-
tation rate for other molluscs (Allio et al., 2017). For each species, a
model with and another without migrations was tested, maintain-
ing all other parameters equal. Parameters for the GA were left as
default as recommended by developers (for details see Noskova
et al., 2020). Finally, we compared and ranked the models using the
Akaike Information Criterion (AIC).

3 | RESULTS
3.1 | Species identification

Genetic identification revealed substantial differences with morpho-
logical identification for Scurria variabilis, Scurria ceciliana and Scurria
araucana. While these differences were not the aim of this study, it
is important to note that genetic species assignments revealed over-
whelming phenotypic variability in shell morphology among species.
It also indicated clear and previously unknown latitudinal segrega-

tion, where S.variabilis was only observed in sites north of 34°S,

S.araucana was found only north of 36°S and S.ceciliana was only
found in sites south of 36°S (Figure 1).

3.2 | Assembly statistics and genetic diversity

We mapped to the reference genome a total of 58,770 RAD loci
for S.scurra, 45,251 variant sites remained after SNP call, and after
additional filters we kept 28,124 SNPs. For S.variabilis, we assem-
bled 29,585 RAD loci, 29,345 variant sites remained after SNP call
and we kept 16,733 SNPs after further filtering steps. For S. cecili-
ana, we mapped to the reference genome 36,673 RAD loci, 27,756
variant sites remained after SNP call and we kept 13,451 SNPs
after filtering. Finally, for S.araucana we mapped to the reference
genome 44,032 RAD loci, 33,718 variant sites remained after SNP
call and 21,158 SNPs were retained after filtering. The number of
individuals sampled for each species from each site and summary
statistics are given in Table 1. The species with the highest values
of nucleotide diversity (z), and observed and expected heterozygo-
sity was S.variabilis (Table 1). The values of z across latitude were
somewhat homogeneous for all species except for S.araucana, with
higher diversity observed in two central-southern sites (PU and
CN) (Figure 2a). For S.ceciliana and S.scurra the southernmost site
(MA) had the lowest value of z, in the case of S.scurra likely as-
sociated with low sample size (N=2; Table 1). The inbreeding co-
efficient F|; showed a more heterogeneous latitudinal variation,
with relatively higher F ¢ values in central sites where most species

overlap (Figure 2b). Besides, a peak of high F ¢ values was found in
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FIGURE 2 Plots and maps showing the results by sampling site for each species. The estimated values of nucleotide diversity (z) (a),
Inbreeding coefficient (F¢) (b) and the mean admixture proportions (c) are given. The circle charts correspond to the allele frequency
proportion estimated by the SNMF analyses for k=3 for Scurriascurra (Ssc), k=2 for Scurriavariabilis (Sva), k=2 for Scurria ceciliana (Sce) and
k=23 for Scurriaaraucana (Sar). Empty circles correspond to sites where no individuals from that species were identified. For site names, see
Section 2. AR, Arica; CB, Carrizal Bajo; CH, Chiloé; CN, Concepcién; HU, Huentelauquén; LI, Limari; MA, Magallanes; NI, Niebla; PA, Paposo;

PU, Puertecillo; TE, Temblador; TO, Tocopilla.
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the northern PA site for the species recorded at the site: S.scurra,
S.variabilis and S. araucana (Figure 2b). The matches of high F ; over-
lapped with a genetic break for the latter two (described below) and
the northern distribution limit for S.scurra. Another high F o peak
observed for S.scurra in PU also coincided with one of the genetic
breaks described for this species.

3.3 | Genetic structure

The spatial distribution of genetic structure varied among species
but there were also several similarities. For S.scurra, the best k esti-
mated by sSNMF was four (Figure S1), but inspection of the associated
barplot reveals three groups with the fourth population correspond-
ing to only a few individuals (two from TE, two from HU) (Figure 3a).
Results from PCA corroborated the distribution of samples in these
three groups (Figure 3a). The northern group consisted of three
sites north of 30°S latitude (TE, CB and PA), the central group was
bounded between 30°S and 34°S and comprised two sites (LI, HU),
although we note that some individuals found there displayed clear

ancestry from the northern group. The southern group included all
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sites from 34°S to 54°S. For S.variabilis, the best estimated k=1
(Figure S1), however, the barplots from k=2 show that the north-
ern sites AR and TO are grouped and separated from the rest of the
samples (Figure 3b). This was supported by the PCA where samples
from AR and TO sites were separated from the rest (Figure 3b). For
S.ceciliana, the best k was also 1 (Figure S1), but samples from the
southernmost site (MA) separated when k=2 (Figure 3c). The PCA
for S.ceciliana showed that indeed samples from MA clustered to-
gether and were slightly separated from the other sites (Figure 3c). In
the case of S.araucana, the best estimated k was 2 (Figure S1) where
the central-southern sites PU and CN are separated from the others
(Figure 3d). Inspection of the barplots for k=2 showed that besides
these sites, AR and TO also appeared as a distinct cluster, which was
also evidenced in the PCA, where samples were sorted following
their geographic distance (Figure 3d). The results from AMOVA in-
dicated that the majority of variation was observed between sam-
ples and within individuals for all species (Table 2). For S.ceciliana,
we did not calculate variation between genetic groups given that
one group consisted of only samples from one site (MA). Variation
between genetic groups explained a considerable amount of varia-

tion for S.scurra (11%) and in a lower proportion for S.araucana and

(b) S. variabilis
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FIGURE 3 Barplots showing the ancestry proportions of each individual (bars) from the SNMF analyses for k=2 to k=5 and plots
showing the first two principal components from the PCA for Scurriascurra (a), Scurriavariabilis (b), Scurriaceciliana (c) and Scurriaaraucana
(d) for the datasets with all filtered SNPs (neutral and outlier). Favoured k number for each species is highlighted in bold and italics. For site
names, see Section 2. AR, Arica; CB, Carrizal Bajo; CH, Chiloé; CN, Concepcién; HU, Huentelauquén; LI, Limari; MA, Magallanes; NI, Niebla;

PA, Paposo; PU, Puertecillo; TE, Temblador; TO, Tocopilla.
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TABLE 2 Results of the AMOVA

Scurria Scurria Scurria Scurria . .
P o showing the percentage of variance
scurra variabilis ceciliana araucana . L .
in each stratification, with the groups

Between groups 11.81 1.07 — 3.17 defined by genetic analyses (groups) and
Between sites within groups 1.55 0.09 0.99 0.88 the sampling sites (sites).
Between samples within sites 17.55 13.48 8.34 14.21
Within samples 69.09 85.36 90.67 81.73

Note: For S.ceciliana, variance between groups was not calculated considering that one group only

included one sampling site.

S.variabilis (Table 2). The variation between sites within groups was
low and accounted for ~1% of the total variation explained for all

four species (Table 2).

3.4 | Isolation by distance

The Mantel tests showed a significant correlation between genetic
and geographic distance for all species; the relationship was weaker
in S.variabilis and stronger for S.scurra as observed by the difference
between the slopes (Figure 4). For S. variabilis the PU site was removed
considering it only had one sample and for S.scurra the MA site was
removed since it consisted of only two samples at the extreme of the
geographic gradient examined. The mantel correlation was higher for
S.ceciliana (R=.96, p=.042), followed by S.araucana (R=.85, p=.001),
S.variabilis (R=.75, p=.011) and finally S.scurra (R=.67, p=.002).

3.5 | Outlier loci

The number of common loci detected by both outlier analyses was
35 for S.scurra, eight for S.variabilis, 10 for S.ceciliana and 27 for
S.araucana (Table S2). None of these outliers were common among
S.scurra, S.ceciliana and S.araucana when we looked at the genomic
distribution of the outlier loci along the S.scurra reference genome.
The closest distance between two outlier loci from different species
was 27 Kb. However, two linkage groups harboured most of the out-
lier loci and shared outlier loci for two or three species (LG3: 17 loci
for S.araucana, five for S.scurra; LG466: eight for S. ceciliana, four for
S.scurra and five for S.araucana; Figure S2). Major allele frequency
distributions across sampling sites for outlier loci for the two sym-
patric species, S.araucana and S.scurra, revealed important differ-
ences. For S.scurra, all loci had one allele that is near fixation south
of PU, while for S.araucana, allele frequency changes are less drastic
(Figure S3). The genetic structure results for the datasets with only
the outliers and those without the outliers were almost identical and
followed the structure pattern described above (Figures S4-S7).

3.6 | Demographic history

The demographic history analyses for all species showed that models
that included migration provided a better fit, with smaller AIC values
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FIGURE 4 Plot showing the Mantel correlation between
genetic distance (F,;) and geographic distance (km) among sites for
Scurriascurra (Ssc), Scurriavariabilis (Sva), Scurriaceciliana (Sce) and
Scurriaaraucana (Sar).

than models without migration (Table S3). The observed allele fre-
quency spectrum, the expected frequency spectrum, the residuals and
the histogram of residuals of the selected model are given in Figure S8.
All species showed signs of recent population expansion (Figure 5). For
S.scurra, the CB, LI and CH sites were used as representatives of each
of the three populations previously described, and the southernmost
(CH) was used as the most ancient population given the basal posi-
tion of samples from this site in relation to the others in the phyloge-
netic tree (data not shown). The best demographic model indicated
that there was only northward migration after the first split separating
southern and northern sites, but after the second split, migration was
mainly to the south (from LI and CB to CH; Figure 5a). Although after
the second split all populations show an increase in size, the south-
ernmost population (CH) shows a bottleneck pattern with a drastic
population contraction during the period between the first and sec-
ond population splits (Figure 5a). In the model for S.variabilis, the AR
and HU sites were used as representatives of the populations previ-
ously detected. The best demographic model indicated an increase in
size for both populations after they split and high migration in both
directions, corroborating their low genetic divergence (Figure 5b).
The models of demographic history for S.ceciliana included MA and
CH sites as representatives of the two predefined populations. The
best model indicates an expansion in size for both populations and a
prevalence of migration to the north (from MA to CH; Figure 5c). In the
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FIGURE 5 Best model of demographic history estimated by GADMA for Scurriascurra (a), Scurriavariabilis (b), Scurria ceciliana (c) and
Scurriaaraucana (d). Horizontal bars show population size variations with time and the timing of population splits. Arrows indicate migration

direction and intensity in each time period.

demographic models for S. araucana, we used the AR, CB and CN sites
as sample populations. Considering the phylogeny for this species was
comb-like and could not resolve the, models were run alternating the
most ancient population and the model with the southernmost site
(CN) was selected based on the lower AIC (Table S2). The best model
shows that migration occurred after the first split and intensified after
the second split, with the northernmost site (AR) being the most com-
mon source for the other two populations (Figure 5d). In this species,
all populations suffered bottlenecks and population reduction was
similar (Figure 5d). Finally, comparing the best models for all four spe-
cies indicates certain congruences in terms of the times of divergence,
in particular, all models include one population split around 50,000-
70,000 generations ago.

4 | DISCUSSION

Our results show that for the four Scurria species analysed here, ge-
netic diversity is spatially structured and geographically concordant
among pairs of species with sympatric distributions. The strength of
population genetic structure varied among species, with S.variabilis
showing the weakest genetic structure and S.scurra the strongest.
Two common genetic breaks were observed, one shared by S.arau-
cana and S.variabilis at 22-25°S and the second shared by S.arau-
cana, S.scurra and other coastal invertebrates at 31-34°S. Scurria
scurra is the species with the narrowest microhabitat, the stipe and
holdfasts of kelps, an ecological characteristic that could explain the
marked genetic differentiation we found here. In addition, all spe-
cies displayed signatures of divergent selection and showed signs
of population expansions following population splits around similar

times (50,000-70,000 generations ago). These results suggest that
oceanographic features in the region act as soft barriers for some
species and that historical climate stability is associated with popula-
tion diversification and expansion in these limpets. Below, we discuss
how these results shed light on the common evolutionary processes
that can be associated with the genetic patterns observed, and pro-
vide perspectives for further work that will help dissect the contribu-
tion of oceanographic, environmental and geographic factors to the
distribution of genetic diversity in these organisms.

Common genetic breaks among congeneric species have been
observed for other limpets, such as Cellana from New Zealand and
Hawaii (Bird et al., 2007; Goldstien et al., 2006). Such coincidence
was attributed to shared historical and contemporary oceano-
graphic processes shaping gene flow, which could also be the case
of the patterns observed here for Scurria. The first shared genetic
break was observed for S.araucana and S. variabilis between 22 and
25°S (TO and PA sites), also corresponding to the northern edge
of S.scurra's range (Figure 1) and a genetic discontinuity previously
reported for Scurria viridula (Saenz-Agudelo et al., 2022). Since
this area coincides with the major upwelling centre at Mejillones
Peninsula (~23°S; Letelier et al., 2012), the oceanographic varia-
tions caused by upwelling could act as a barrier to dispersal for lar-
vae. The second shared break occurs within the Intermediate Area
(IA), but not at the more obvious location at 30°S that is thought
as an important limit, being associated with the distribution limit
of many species and changes in upwelling seasonality patterns
(Camus, 2001; Thiel et al., 2007). This region at 30°S is also one
of the major upwelling centres in Chile, located around Lengua de
Vaca Peninsula (Aguirre et al., 2012), and genetic breaks associated
with it were observed for some invertebrates, such as the barnacle
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Notochthamalus scabrosus, the gastropod Tegula atra and the amphi-
pod Orchestoidea tuberculata (Haye et al., 2014; Zakas et al., 2009).
However, for the limpets studied here only S.scurra had a break in
this region between 29 and 30°S (TE and LI sites). The shared break
occurs further south in the |A for S.scurra and S. araucana, between
31 and 34°S (HU and PU sites, Figure 2c). This second shared break
is also common to Scurria zebrina and other invertebrates, such as
the gastropod Acanthina monodon, the tunicate Pyura chilensis, the
beach-dwelling brooder Excirolana hirsuticauda and the barnacle
Notochthamalus scabrosus (Barahona et al., 2019; Haye et al., 2019;
Quesada-Calderon et al., 2021; Saenz-Agudelo et al., 2022; Sdnchez
etal., 2011). A previous study also estimated a genetic break around
30°S for S.scurra, but it did not have the spatial resolution to sepa-
rate it from the break at 31-34°S (Haye et al., 2014). In fact, many
population genetic studies on the Chilean coast have focused on
large-scale phylogeographic questions, thus using a low spatial res-
olution that can hamper the distinction between this limit at 30°S
and the previously discussed limit at 31-34°S. Taken together, our
results indicate that the region comprised between 29° and 35°S
harbours at least two places where genetic transitions occur for
more than a single species. Some of the environmental and ocean-
ographic settings that might be responsible for this are discussed
below, but clearly, more comparative population genomic studies
with more intensive sampling in the regions are warranted to better
understand the evolutionary processes responsible for these com-
mon patterns that start to emerge.

The genetic limits reported above occur within either major up-
welling centres or regions of complex oceanography that could act as
barriers to dispersal in Scurria limpets. Nearshore upwelling circula-
tionislocally intensified around large capes and headlands and slowed
on bays on the lee of such topographic features (Largier, 2020). In
this way, the interaction between coastal geomorphology, wind
and coastal circulation can maintain persistent spatial structure in
the larval delivery over large spatial scales (Broitman et al., 2008;
Navarrete et al., 2005). Intensification around upwelling centres can
increase offshore transport in the surface layer, advecting larvae
away from their adult benthic habitat; onshore transport can take
place in deeper layers or during relaxation from upwelling, while lar-
vae may be retained in bays (Largier, 2020; Roughan et al., 2005).
In addition, upwelling waters along the Southeastern Pacific Ocean
are characterized by low oxygen concentrations, low pH and ele-
vated pCO2, which represents challenging conditions for the larvae
and juveniles of calcifying organisms (Hettinger et al., 2013; Ramajo
et al., 2020; Vargas et al., 2020). For broadly distributed species such
as Scurria, such environmental variations can lead to populations dif-
ferences in population dynamics (Broitman et al., 2001; Navarrete
et al, 2008; Rivadeneira et al., 2002) and phenotypic response
(Broitman et al., 2021; Lardies et al., 2021; Ragionieri et al., 2009;
Rodriguez-Romero et al., 2022). Considering this might also reflect
differences in dispersal and recruitment, such upwelling centres can
act as soft barriers by hampering dispersal and lead to the genetic
discontinuities observed in 22-25°S and 29-30°S. Indeed, one study
has shown that there is a change in recruitment patterns across the

major upwelling centre of Lengua de Vaca Peninsula, where recruit-
ment rates were higher north of this upwelling (Valdivia et al., 2015),
which indicates the effect of the upwelling in species dispersal. The
second shared genetic break at 31-34°S occurs further south of
a major upwelling centre and comprises a region characterized by
intense oceanographic variability at the mesoscale and marks the
area where riverine inputs become progressively more important
poleward (Lara et al., 2019; Saldias et al., 2016). Although no spe-
cific oceanographic feature can be associated with this limit, it shows
that the coast of central Chile is more heterogeneous than previously
thought and that higher spatial resolution in future studies coupled
with biophysical models that can simulate larval dispersal (Swearer
et al., 2019) should provide a better understanding of connectivity
patterns in the region between 30° and 35°S and what evolutionary
processes have shaped them.

Two analysed Scurria occur in the Magellanic region, thus cross-
ing the biogeographic limit at 42°S. Interestingly, for S.scurra no
structure is observed between Magallanes (MA) and Chiloé (CH),
two sites that are more than 10° of latitude apart (but this could be
a consequence of our low N in MA, see Table 1), while two breaks
are observed within the IA in 5° of latitude. Although the breaks
along the central-northern region could be associated with the per-
sistent mesoscale environmental structure discussed above, the
spatial pattern can also be related to the different kelp species that
host S.scurra between regions. North of 30°S the only kelp in the
rocky intertidal zone is Lessonia berteroana, which is replaced by
Lessonia spicata and Durvillaea incurvata south of the 30°S break
and joined by Durvillaea antarctica south of the 42°S biogeographic
break (Fraser et al., 2020; Gonzalez et al., 2012). In the south, hav-
ing Durvillaea spp. as hosts likely increased S.scurra population size
and dispersal potential due to rafting since these limpets can usually
be found on stranded algae (Lopez et al., 2018). Durvillaea kelps are
highly buoyant, being able to disperse for hundreds to thousands of
kilometres (Fraser et al., 2011, 2018), and the associated high dis-
persal could account for the high gene flow observed in S.scurra in
the Magellanic region. On the other hand, for S.ceciliana a genetic
break was present between 41 and 53°S (CH and MA sites). The
limit between the IA and the Magellanic Province around 41-43°S is
a region that marks a contrasting shift in geological features, ocean
currents and the influence of historical glaciations (Camus, 2001;
Pantoja et al., 2011). Genetic breaks around this region were also ob-
served in other invertebrates, such as the barnacle Notochthamalus
scabrosus and the mussel Perumytilus purpuratus, although displaced
north (40°S; Ewers-Saucedo et al., 2016; Guifiez et al., 2016). It
would be interesting to know the exact location of the genetic break
between S.ceciliana populations since it may not correspond to the
biogeographic limit. The area between 42 and 54°S is an irregular
insular system that imposes major logistic constraints for sampling,
which explains the sparse locations sampled here and in previous
studies across the region (e.g. Ewers-Saucedo et al., 2016; Guifiez
et al., 2016; Sanchez et al., 2011). While future population genetic
studies for benthic populations in the central-northern coast should
employ spatially intensive sampling around known breaks, studies
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around the southern region should aim to cover the vast areas where
no specimens have ever been collected in order to reveal the exis-
tence of undetected breaks.

The demographic histories estimated here indicated a common
population divergence followed by demographic expansion for all
species around 50,000-70,000 generations ago. For all species the
best model involved isolation with migration after population di-
vergence. We can only speculate about the age of population splits
since estimates are based on a rough approximation of the mutation
rate and an assumption of generation time of 1year. The timing of
divergence is intriguing since it could coincide with an early warm
period (51-61 Ka) according to current palaeoclimatic reconstruction
(Kaiser et al., 2005). Our data are insufficient to be confident about
the estimated time of divergence in years, but the coincidence of
these divergences and population expansion timing among species
suggests they happened in similar time periods in the past, thus
could be linked to similar climatic conditions. Interestingly, the most
ancient split inferred for both S.araucana and S.scurra occurred be-
tween populations from north and south of ~30°S, suggesting this
area corresponds to a transition zone preceding this last population
split. This concordance shows that the common genetic break ob-
served in these species might be associated with common histor-
ical isolation rather than a modern barrier to dispersal caused by
oceanographic conditions, or it might be that both processes act
together to maintain this genetic limit in these species. Additionally,
the majority of outlier loci of S.scurra and S. araucana were located in
two linkage groups and some were quite close to each other, show-
ing also a marked change in allele frequency in the region, specifi-
cally in the transition from the HU to PU sites (Figures S2 and S3).
Considering these two linkage groups are different from the one
reported for S.zebrina at the same geographic transition (Saenz-
Agudelo et al., 2022), these results suggest there are similar adapta-
tion responses in these two sister limpets although not in the same
genes. Despite the more severe population reduction observed in
S.scurra, the southernmost population of S.araucana showed higher
levels of inbreeding, indicating important differences in the isola-
tion process of these populations, such as in recolonization patterns
and refugia availability (Alcala & Vuilleumier, 2014). Thus, different
mechanisms at the molecular level could be associated with selec-
tion acting on similar traits related to these historical environmen-
tal changes in the central-southern region, but further studies are
needed to test this idea.

The differences in genetic breaks reported here can also be due
to other factors besides barriers or historical demographic changes,
such as differences in life-history traits related to population dynam-
ics, for example, pelagic larval duration, reproductive output or pop-
ulation sizes (Dawson et al., 2014). Unfortunately, to our knowledge,
almost no available published data concerning Scurria larval char-
acteristics is available. Only one work has reported the timing and
mode of reproduction of S.scurra in one locality in southern Chile
(Rioz Cardoza, 1992). However, for many patellogastropods pelagic
larval duration (PLD) has been measured and appears relatively con-
served, with pre-settlement period ranging from 3 to 7days and

pelagic larval duration around 10days (Kay & Emlet, 2002; Kolbin
& Kulikova, 2011; Kuo & Sanford, 2013; Page, 2002). Therefore, it
is reasonable to assume that PLD for Scurria would be within this
range. Concerning species population sizes, one study has reported
the abundances of several Scurria across their geographic ranges and
showed no intraspecific differences between central and peripheral
populations (Espoz, 2002). However, the same study showed signif-
icant differences in abundance among Scurria species, S.ceciliana
showed the highest abundances, followed by S.scurra, S.variabilis
and S.araucana (Espoz, 2002). These differences suggest that ef-
fective population sizes are different among species, and somehow
correlate with what we report here in terms of genetic diversity esti-
mates and genetic structure. Yet, it is important to take into account
that our data indicate that at least three species (S. ceciliana, S. arau-
cana and S.variabilis) display enormous variation in shell morphol-
ogy, which has probably led to the misidentification of specimens in
the past. Thus, further studies to quantify species abundance along
the Chilean coast are required to further evaluate if population sizes
are a significant factor that explains differences in genetic structure
among species. Another factor that could explain the genetic pat-
terns could be associated with changes in larval development, and
thus, pelagic larval duration as a function of water temperature. A
study with the patellogastropod Lottia digitalis showed that larval
development took twice as long when larvae were reared in 8°C
when compared to the larvae at 13°C (Kay & Emlet, 2002). If this
pattern is similar in Scurria and in natural populations, then we could
assume that larvae should disperse for longer periods and longer
distances in the south, compared to the north. This, in turn, would
explain the higher genetic differentiation in northern-central sites
for S.scurra, S.variabilis and S.araucana. Interestingly, migration es-
timates suggest asymmetric gene flow for three species, with major
migration going southwards for S.scurra and S.araucana, and most
migration going northwards for S. ceciliana. Our results suggest that
net migration for these species is in the opposite direction of the
two main oceanographic currents (Strub et al., 2019). In this region,
the South Pacific Current approaches Chile from the east between
40° and 50°S and bifurcates into the Humboldt Current that flows
northward and the Cape Horn Current that flows southwards.
Altogether, further studies that characterize Scurria larval devel-
opment and behaviour could greatly improve our understanding of
their connectivity and migration patterns, clarifying what different
processes cause them.

Overall, our results clearly show that the four analysed Scurria
species share some common patterns of genetic structure and de-
mographic histories. This is expected considering that they share
similar habitats and reinforce the notion that common contemporary
and historical environmental processes shape ecology and evolution.
These results highlight how comparative studies with congeneric
species with similar life-history traits can help uncover important
processes in the landscape that impede gene flow and that might
be associated with adaptations. Besides, understanding common
historical demographic changes also allows for inferring ancient pro-
cesses, in this case likely associated with historical habitat availability
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and conditions, that lead to genetic divergence in some populations
and show the common influence of climate stability in species that
live in the same habitat. Although specific breaks and genetic di-
versity patterns were observed here, the common features indicate
how similar ecological restraints can shape similar evolutionary out-
comes. Clearly, further studies will be needed to better understand
the oceanographic and environmental complexity of the area and
how different drivers are shaping genetic diversity. Finally, this study
showed how shared and specific patterns of genetic connectivity co-
exist in a region among endemic and sympatric species, evidencing
how comparative studies help identify the common evolutionary pro-
cesses that shape species genetic differentiation and that, ultimately,

contribute to the marine biodiversity patterns in a given seascape.
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