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Quaternary glaciations severely altered landscape/seascape at high latitudes and
had major consequences on species geographical ranges, population sizes,
genetic differentiation and speciation rates. The Magellan province in southern
South America, constitutes an interesting area to evaluate the effect of
glaciations over near-shore marine benthic organisms. Existing data have
showed clear signatures of population genetic bottlenecks during glacial
maxima followed by recent recolonizations and expansions during the
interglacial. Here, we present new population-based analyses in species of the
patellogastropod genus Nacella (N. deaurata, N. magellanica, and N. mytilina).
The species N. magellanica and N. deaurata inhabit rocky ecosystems while N.
mytilina lives closely associated with kelps. The analyzed species exhibit narrow
bathymetric ranges and consequently should have been severely affected by
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recurrent glacial cycles. We performed phylogeographic and demographic
analyses in Nacella species including different localities across their respective
distributions in the Magellan province including the Falkland/Malvinas Islands
(F/M). Genetic analyses showed that all Nacella species exhibited low levels of
genetic diversity, the presence of single dominant broadly distributed
haplotypes, lack of correlation between geographical and genetic distance,
and recent demographic growths, which are evidence supporting rapid
postglacial expansions. Such results may have been facilitated by larval and/
or rafting-mediated dispersal following the Cape Horn Current System. The
three species showed strong and significant differentiation between F/M and
southern Pacific margin (SPM) populations including localities across the Strait
of Magellan and Cape Horn. Haplotype genealogies and mismatch analyses
recognized older and more complex demographic histories in the F/M than in
South America. Different glaciological histories between SPM and F/M may be
responsible of the marked phylogeographic structure in the analyzed species
of Nacella. Alternatively, as previously proposed, the F/M represent a glacial
refugium for Nacella species (sink area), as well as a secondary contact zone
where endemic haplotypes are found together with recently arrived South
American ones. Historical and contemporary processes, contrasting glacial
histories between the analyzed areas, as well as life history traits of the analyzed
organisms are main factors explaining current phylogeographic patterns of
shallow Magellan marine benthic organisms.

KEYWORDS

quaternary, last glacial maximum, population genetics, phylogeography, Nacella,
Magellan Province

Introduction

Ice advances and retreats during the glacial episodes of the
Quaternary, and particularly the Last Glacial Maximum (LGM)
around 20,000 years ago, generated major landscape/seascape shifts
and drastic reduction of available habitats at higher latitudes
(Hewitt, 2000; Hewitt, 2004; Fraser et al., 2012). Concomitantly,
glacial events affected the distribution and the geographical ranges
of species, as well as the demography and populations sizes (Provan
and Bennett, 2008; Marko et al., 2010; Allcock and Strugnell, 2012;
Gonzalez-Wevar et al., 2012; Gonzalez-Wevar et al., 2013; Riesgo
et al., 2015; Gonzalez-Wevar et al., 2018; Gonzalez-Wevar et al.,
2021). Paleontological and palynological evidence from the
Northern Hemisphere together with biogeographic and
population-based studies provided the empirical basis for the
Expansion-Contraction (EC) model of Quaternary biogeography
proposed by Provan and Bennett (2008); a relative simple but useful
model to describe the geographical response of population and
species to past glacial and interglacial periods, which allows one to
test demographic and phylogeographic hypotheses (Bennett et al.,
1991; Webb and Bartlein, 1992; Williams et al., 1998; Hewitt, 2004;
Maggs et al., 2008; Allcock and Strugnell, 2012).

Under a basic EC model, species contracted their distributions
into lower latitude glacial refugia throughout glacial maxima while,
during interglacials, they expanded their distributions to areas that
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were previously glaciated (Provan and Bennett, 2008; Marko et al.,
2010; Fraser et al., 2012; Gonzalez-Wevar et al., 2012; Gonzalez-
Wevar et al.,, 2018; Gonzalez-Wevar et al., 2021). Accordingly, lower
latitude non-glaciated refugial areas are expected to harbor older
populations with higher levels of genetic diversity compared to
those areas that were heavily impacted by ice and/or recently
recolonized ones that are associated with recent postglacial
demographic expansions (Marko, 2004; Maggs et al., 2008; Marko
et al., 2010; Gonzalez-Wevar et al.,, 2013; Fernandez Iriarte
et al., 2020).

During the LGM, the Pacific margin of the Magellan province in
southern South America, from Chiloe Island (42°S) to Cape Horn
(56°S), was almost completely covered by the Patagonian Ice Sheet
(McCulloch et al., 2000; Hulton et al., 2002; Hein et al., 2010;
Rabassa et al, 2011). The availability of shallow sheltered hard-
substrate habitats was limited or even absent and hence prevented
the survival of most of the near-shore marine species in this
Magellan area. During interglacial periods, formerly ice-impacted
areas were recolonized following the deglaciation process through
dispersal from refugial populations. Recurring rounds of extinctions
and recolonization may have enhanced the diversification of near-
shore marine invertebrates across this province by the availability of
vacant habitats and/or through the survival in multiple refugia
which, allowed allopatric divergence (Valdovinos et al., 2003; Kiel
and Nielsen, 2010; Gonzalez-Wevar et al., 2011; Gonzalez-Wevar
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et al., 2017). Contrarily to the glacial history recorded across the
Pacific Magellan margin, glacial periods of the Quaternary would
have affected to a much lesser extent the marine ecosystems across
the Atlantic margin of this province (Glasser and Jansson, 2008)
and the Falkland/Malvinas Islands (Clapperton and Sugden, 19765
Wilson et al., 2002; Wilson et al., 2008).

Several phylogeographic and population-based studies have
been performed in distinct groups of Magellan near-shore marine
(Fraser et al.,, 2010; de Aranzamendi et al., 2011; Ceballos et al.,
2012; Gonzalez-Wevar et al., 2012; de Aranzamendi et al., 2014;
Nuifiez et al., 2015; Ceballos et al., 2016; Gonzalez-Wevar et al.,
2016a; Gonzalez-Wevar et al., 2018; Fernandez Iriarte et al., 2020)
and freshwater (Ruzzante et al., 2006; Zemlak et al., 2008; Gonzalez-
Wevar et al,, 2015a; Gonzalez-Wevar et al, 2015b) organisms.
Studies in marine organisms have determined that most of the
analyzed taxa exhibited low levels of genetic diversity, absence of
genetic structure and strong signals of recent demographic growth,
supporting the hypothesis of recent postglacial expansions (Fraser
et al,, 2010; Macaya and Zuccarello, 2010; de Aranzamendi et al.,
2011; Gonzalez-Wevar et al., 2012; de Aranzamendi et al., 2014;
Gonzalez-Wevar et al., 2017; Pardo-Gandarillas et al., 2018). Such
studies have provided evidence of Quaternary glacial refugia on the
East side of the Andes, along the Patagonia steppe (Ruzzante et al.,
2006; Zemlak et al., 2008), refugia on the West side of the Andes
both within (Xu et al.,, 2009; Nufiez et al., 2011), and outside the
limit of the glaciers (Ruzzante et al., 2006; Gonzalez-Wevar et al.,
2015a; Gonzalez-Wevar et al., 2015b). Moreover, species with high
dispersive potential such as the buoyant macroalgae Dutrvillaea
antarctica and Macrocystis pyrifera recolonized the Magellan
province following the LGM from geographically distant regions
(Macaya and Zuccarello, 2010; Fraser et al., 2012). These studies
demonstrate the key role of long-distance dispersal mediated by
rafting in the biogeography of sub-Antarctic marine near-shore
benthic organisms (Waters, 2008; Fraser et al., 2009; Leese et al.,
2010; Nikula et al., 2010; Moon et al., 2017; Gonzalez-Wevar et al.,
2018; Gonzalez-Wevar et al., 2021). Even when many near-shore
marine species are broadly distributed across the whole Magellan
province, few genetic studies have been conducted across both the
Pacific (PM) and the Atlantic (AM) margins of southern South
America (Ceballos et al., 2016; Gonzalez-Wevar et al., 2012; Trovant
et al., 2015; Gonzalez-Wevar et al., 2016a; Gonzalez-Wevar et al.,
2017; Fernandez Iriarte et al., 2020). Moreover, just a couple of
population-based studies have included populations from the
Falkland/Malvinas Islands (F/M) (Gonzalez-Wevar et al., 2012;
Gonzalez-Wevar et al., 2016a; Gonzalez-Wevar et al., 2017;
Fernandez Iriarte et al., 2020; Gonzalez-Wevar et al., 2021).

True limpets of the genus Nacella (Patellogastropoda:
Nacellidae) are dominant invertebrates of Antarctic and sub-
Antarctic intertidal and subtidal rocky ecosystems. Nacella species
are gonochoric with external fertilization with a larval lifespan that
can extend for more than two months (Bowden et al., 2009; Peck
et al,, 2016). Currently, the genus includes 12 nominal species that
are distributed in different provinces of the Southern Ocean such as
maritime Antarctica, southern South America and sub-Antarctic
islands (South Georgia, Marion, Kerguelen, Heard, Macquarie and
Campbell) (Powell, 1973; Valdovinos and Riith, 2005; Gonzalez-
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Wevar et al., 2019). Biogeographical analyses in Nacella identified
the role of recent long-distance dispersal processes associated with
the colonization of geographically isolated sub-Antarctic islands
(Gonzalez-Wevar et al.,, 2016b; Gonzalez-Wevar et al., 2017).
Moreover, the evolution of Nacella includes a recent Quaternary
radiation in the Magellan province where four different species (N.
deaurata, N. flammea, N. magellanica and N. mytilina) diversified
(Gonzalez-Wevar et al., 2011; Gonzalez-Wevar et al., 2017,
Gonzalez-Wevar et al., 2019). The species N. magellanica exhibits
the broadest distribution with populations along PM between
Chiloeé Island (42°S) and Diego Ramirez Archipelago (56°S)
(Gonzalez-Wevar et al., 2019). In AM N. magellanica is found
from the Rio Negro Province (41°S) to Isla de los Estados (55°S) and
is also abundant in F/M (Gonzalez-Wevar et al., 2019). The species
N. deaurata and N. mytilina exhibit much narrower distributions
from Guarello Island (50°S) to Diego Ramirez Archipelago (56°S) in
PM while in AM they are mainly restricted to Tierra del Fuego and
F/M (Gonzalez-Wevar et al., 2019). Population-based studies in N.
magellanica recorded a single genetic unit across PM (Gonzalez-
Wevar et al, 2012) and low levels of genetic structure across
2900 km of coast in AM (de Aranzamendi et al., 2014). Also,
significant genetic differences have been identified among three
main groups PM, AM, and F/M (Gonzalez-Wevar et al.,, 2012).
Similarly, the species N. mytilina showed absence of genetic
differentiation across PM and strong phylogeographic signal
between PM and F/M (Gonzalez-Wevar et al., 2016a).

This study aims to evaluate the impacts of Quaternary
glaciations over near-shore marine invertebrates across their
distributions in southern South America using as model
organisms three species of Nacella (N. magellanica, N. mytilina,
and N. deaurata). For this, we performed phylogeographic and
population-based analyses using fragments of the mitochondrial
cytochrome ¢ subunit I (COI) using previously published data sets
in N. magellanica (de Aranzamendi et al., 2009; de Aranzamendi
et al., 2011; Gonzalez-Wevar et al., 2012; de Aranzamendi et al.,
2014) and N. mytilina (Gonzalez-Wevar et al., 2016a) and N.
deaurata (de Aranzamendi et al., 2009; de Aranzamendi et al,
2011) as well new data for N. magellanica and N. deaurata. We
hypothesize that Quaternary glacial cycles have differently impacted
PM, AM and F/M populations of N. magellanica because the extent
of habitat eradication would have varied in these areas. Populations
across PM are expected to harbor genetic footprints of recent
demographic expansions while non-glaciated areas of AM and F/
M Islands are expected to show higher levels of genetic diversity
because of more stable demographic histories. In those Nacella
species with the narrowest geographical distributions (N. mytilina
and N. deaurata), specifically those restricted to the southern tip of
South America and F/M, we expect to find similar phylogeographic
signatures; each should have a low level of genetic diversity
structure in a southern South American population (SPM = Strait
of Magellan and Cape Horn) and strong genetic structure between
this and a population from F/M. Through this study we aim to
further understand how key near-shore marine benthic elements
survived Quaternary climate shifts in the southern tip of South
America in areas that were differentially impacted by ice advances
and retreats.
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Material and methods

Samplings, DNA extraction and COI
amplifications

Individuals of different species of Nacella (N. magellanica, N.
mytilina, and N. deaurata) were collected from intertidal and
subtidal rocky shore areas between 2010 and 2018 across the
Magellan province in three main areas: the Pacific margin (PM),
the Atlantic margin (AM) and the Falkland/Malvinas Islands (F/M)
(Figure 1; Table 1). We analyzed a total of 18 localities of N.
magellanica across the species’ distribution including populations

10.3389/fmars.2023.1154755

across PM, AM, and F/M. In the case of Nacella species with more
restricted distributions such as N. deaurata and N. mytilina we
analyzed 8 and 13 localities, respectively, across these species’
distributions in PM including populations from the Strait of
Magellan, Cape Horn, and F/M. Nacella specimens were
identified following Powell, 1973, Valdovinos and Riith (2005)
and Gonzalez-Wevar et al. (2011, 2019). All the individuals were
fixed in ethanol (95%) and DNAs preparations were done using a
standard salt-extraction methodology following Aljanabi and
Martinez (1997). A partial fragment of the mitochondrial
cytochrome c¢ subunit I gene (COI) was amplified using universal
primers LCO1490 and HCO2198 (Folmer et al., 1994) following
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FIGURE 1

(A) The Magellan province in southern South America showing main oceanographic circulation patterns and directionality, the extension of
continental ice and the position of the coastlines during the Last Glacial Maximum (LGM). Current world coastlines shapefile and DEM raster for LGM
bathymetry simulation (-150 m) from Natural Earth (public domain). Sampling localities and distribution of (B) Nacella magellanica, (C) Nacella
mytilina and (D) Nacella deaurata along the Pacific Magellan margin (PM), the Atlantic Magellan margin (AM) and the Falkland/Malvinas (F/M) Islands.
Where: ACC, Antarctic Circumpolar Current; HCS, Humboldt Current System; CHC, Cape Horn Current; F/MC, Falkland/Malvinas Current; PCC,
Patagonian Coastal Current. Sampling localities; PM, Puerto Montt; ME, Metri; CHI, Chiloé; Cl, Concoto Island; AY, Aysén; CC, Costa Channel; SC,
Serrano Channel; LI, London Island; PF, Port Famine; PB, Possession Bay; OB, Orange Bay; TB, Tekenika Bay; PW, Puerto Williams; DR, Diego
Ramirez Island; AMN, Atlantic margin north; AMC, Atlantic margin center; AMS, Atlantic margin south; HP, Hookers Point; Tl, Tamar Island; DS,
Duntze Sound; C3, Carlos Il Island; CP, Carrera Point; OS, Otway Sound; CH, Chabunco; LB, Laredo Bay; VB, Virginia Bay; PB, Paula Bay; SG, San

Gregorio Bay; US, Ushuaia.
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Gonzalez-Wevar et al. (2010) and de Aranzamendi et al. (2009).
PCR amplification products were purified and sequenced in both
directions at Macrogen Inc. (Seoul, South Korea). Forward and
reverse sequences were assembled and edited independently for
each Nacella species using GENEIOUS (http://www.geneious.com).
Multiple sequence alignments were performed using MUSCLE
(Edgar, 2004). Nucleotide base compositions were calculated in
MEGA 11 (Tamura et al, 2022). Wright's mitochondrial codon
usage was computed using the Effective Number of Codons (ENC)
in DnaSP v5 (Librado and Rozas, 2009). New Nacella deaurata COI
sequences are available at GenBank under the following Accession
Numbers: 0Q587619 - OQ587817. Additionally, we included
previously published sequences under the GenBank Accession
Numbers: EU870927-EU870985, HQ880439-HQ880550;
JX262742-]X262797 for N. magellanica; EU870986 — EU0870999;
HQ880551-HQ880573 for N. deaurata and KX600474 - KX600492
for N. mytilina (de Aranzamendi et al., 2009; de Aranzamendi et al.,
2011; Gonzalez-Wevar et al., 2012; Gonzalez-Wevar et al., 2016a).

Genetic diversity and population structure
in Magellan Nacella species

We performed a DNA saturation analysis following Xia and Xie
(2001) to evaluate how saturation of transitions accumulates in
relation to nucleotide divergence in each Nacella species COI data
set. Moreover, we estimated levels of population mtDNA
polymorphism in the three species of Nacella through standard
diversity indices including number of haplotypes (k), haplotype
diversity (H), and the number of segregating sites (S). We also
determined the average number of pairwise differences and the
nucleotide diversity across the species distributions using
DnaSP (Table 1).

10.3389/fmars.2023.1154755

We determined patterns of population differentiation for each
Nacella species following Pons and Petit (1996) using haplotype
frequencies (Ggr) and mean pairwise differences (Ngt) in Arlequin
v.3 (Excoffier et al,, 2005). The statistical significances of average
genetic pairwise differences were calculated using permutation tests
(20,000 iterations) and the adjustment for multiple testing was done
through False Discovery Rate (FDR) correction (Narum, 2006).
Moreover, for each Nacella species we estimated levels of genetic
differentiation using the nearest-neighbor statistic (S,,) which
measures how often nearest neighbor (in sequence space)
sequences are from the same locality in geographic space
(Hudson, 2000). The statistical significance of S, was determined
through permutation tests (20,000 iterations) for each
Nacella species.

We used two different clustering methods to determine the
spatial genetic structure of the analyzed Nacella species. First, we
determined the number and the composition of panmictic groups
and the spatial boundaries using a Bayesian model computed in
GENELAND v.2.0.0 (Guillot et al., 2005) in the R environment
(Thaka and Gentleman, 1996). Through a Markov Chain Monte
Carlo (MCMC) this analysis estimates the best clustering of samples
considering genetic and geographic information. Geneland analyses
were run using 50 x 10° MCMC iterations sampled each 1,000 steps.
Assembled scores were graphed against generations in Tracer v.1.5.
(Rambaut et al., 2018) to identify stationarity and the number of
generations to be discarded as burn-in. A maximum number of
clusters for each species (N. magellanica K = 19, N. deaurata K = 9
and N. mytilina K = 14) were run to estimate the model parameters
and posterior probabilities of group membership. Second, we
determined the spatial genetic structure for each Nacella species.
We used Spatial Analysis of Molecular Variance (SAMOVA)
(Dupanloup et al., 2002) to estimate the number and composition
of groups that were most differentiated based on our sequence data

TABLE 1 Main patterns of genetic diversity and neutrality test in the recognized genetic clusters of A) Nacella magellanica, B) Nacella mytilina and C)
Nacella deaurata.

N. magellanica Tajima’s D

NPM 183 25 0.640 24 1.099 0.00174 -2.08* -24.314%%
SPM/AM 336 69 0.797 60 1.988 0.00316 231 -97.59%%%
F/M 46 19 0.802 26 3.779 0.00600 -1.20 -6.9354%%
TOTAL 565 97 0.779 79 2.331 0.00307 231 -146.19%*
N. mytilina N k H S IT T Tajima’s D Fu’s Fs
SPM/AM 276 13 0.435 12 0.599 0.0008 -1.62* -9.64*
F/M 24 8 0.822 19 4.18 0.0060 -0.64 0.68
TOTAL 300 19 0.481 26 0.996 0.0014 211 -13.494%%
N. deaurata N k H S IT T Tajima’s D Fu’s Fs
SPM/AM 208 37 0.813 36 2.970 0.0043 -1.51 -22.324%%%
F/M 33 14 0.706 19 2.500 0.0036 -1.58 -6.156**
TOTAL 241 50 0.855 46 4.179 0.0060 -1.37 -30.54*%%

n, number of sampled specimens; k, number of haplotypes detected; S, polymorphic sites; H, haplotype diversity; I, average number of nucleotide difference; m, nucleotide diversity *p<0.05,

“p<0.01, **p<0.001.

Where: NPM, northern Pacific margin; SPM, southern Pacific margin (Strait of Magellan and Cape Horn); AM, Atlantic margin; and F/M, Falkland/Malvinas Islands.
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set. This analysis allowed us to partition the genetic variance into i)
within populations, i) among populations within groups and iii)
among groups.

Demographic analyses in Magellan Nacella
species

Haplotype genealogical relationships in the analyzed Nacella
species were reconstructed through median-joining and maximum
parsimony networks in Network 10 (Forster et al, 2001) and
Hapview (Salzburger et al., 2011), respectively. Moreover, we
performed neutrality statistical tests (Tajima’s D and Fu’s FS)
using DnaSP for the whole COI data set, for each species, to
estimate whether sequences deviate from mutation-drift
equilibrium. Population demographic histories were estimated
comparing the distribution of pairwise differences between
haplotypes (mismatch distribution) for each Nacella species under
the sudden expansion growth model of Rogers and Harpending
(1992). This analysis rests in the estimation of three parameters: i) t
= the date of growth/decline measured in units of mutational time
(T = 2ut) where t = time in years and | = mutational rate per
sequence per year, ii) initial theta 0i = 2 Niu before the population
growth/decline) and iii) final theta 6t = 2 Nty after population
growth/decline. The demographic expansion parameters were
estimated using the nonlinear least square approach implemented
in Arlequin (Schneider and Excoffier, 1999). The goodness of fit
between the observed and expected mismatch distributions was
tested using a parametric bootstrap approach that uses the sum of
squared deviations as a statistic test implemented in Arlequin.
Moreover, we reconstructed past population dynamics through
time using a Bayesian skyline plot method in BEAST
(Drummond and Rambaut, 2007; Drummond et al.,, 2012). A
strict-clock model was selected as the best fit for COI data in
Nacella species and we used a specific population-level mutational
rate (1% per million years) previously estimated for COI in
Nacellidae limpets (Gonzalez-Wevar et al., 2010; Gonzalez-Wevar
et al., 2012; Gonzalez-Wevar et al., 2017). We performed
independent Bayesian MCMC runs for each Nacella species
recognized genetic groups using the GTR + G model, previously
estimated using MrModeltest v.2.3 (http://www.abc-se/~nylander).
Two independent runs for each Nacella species’ groups were made
for 250 x 10° generations (sampled every 10000 step), discarding a
10% of the trees as burn-in. The convergence of each run was
determined using Tracer (Rambaut et al, 2018) ensuring a
minimum of 1000 effective sampling for each statistic (ESS). The
results of the multiple runs were combined using LogCombiner
(Drummond and Rambaut, 2007). The median and corresponding
credibility intervals of the Bayesian skylines plots were depicted
with Tracer.

Gene flow and connectivity

We compared different models of gene flow between the
recorded genetic groups (PM, AM, and F/M) in the analyzed
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Nacella species to test for distinctive scenarios using the software
MIGRATE v.3.5 (Beerli and Felsenstein, 2001). We defined
candidate models for each species constraining the directionality
of gene flow between the recorded groups. The analyses were
performed using a HKY + I + F substitution model and
transition/transversion ratio of 10.56432 (N. magellanica), 6.4682
(N. deaurata) and 10.8857 (N. mytilina) as previously estimated by
ModelFinder in the program IQ-TREE v.2.2.0 (Kalyaanamoorthy
et al,, 2017). The specific substitution rate for the selected marker
was set to constant following the recommendation of the software
developer. Analysis consisted of one long chain with 500,000
recorded parameter steps, a sampling interval of 100 and a burn-
in of 10%, running multiplate replicates (10 independent chains).
We used a heated scheme (1.0, 1.5, 3.0, 1000000.0) to calculate the
marginal likelihoods for model comparisons. Moreover, we used a
thermodynamic integration approximation (T.I.) for the log-
equivalent Bayes Factor (LBF) considering that this analysis
results in LBFs with high repeatability and little variation
following Beerli and Palczewski (2010). Higher T.I. values are
associated with a better fit of the model than lower ones. The
associated probability of each model in relation to others was
measured following Kaas and Raftery (1995).

Results
Genetic diversity in Nacella species

The COI data sets for each analyzed Nacella species are
summarized in Table 1. No insertion/deletion or stop codons
were found in the data sets and sequences were not saturated at
any position. Population analyses in Nacella species included
specimens of N. deaurata (N = 241), N. magellanica (N = 565)
and N. mytilina (N = 300) (Figure 1; Table 2, Tables S1-S3). The
COI set in N. magellanica included 630 nucleotide positions coding
for 210 amino acids while the COI data sets in N. deaurata and N.
mytilina included 687 positions coding for 229 amino acids. In N.
magellanica we found two amino acids substitutions at positions
111 (V forI) and 201 (M for L) using the invertebrate mitochondrial
table. In the case of N. deaurata we detected three amino acids
substitutions at positions 79 (P to R), 186 (L to F), and 197 (M to T)
while a single amino acid substitution was found in N. mytilina at
position 182 (A to V). Medium levels of genetic diversity
characterized populations of N. magellanica with 79 polymorphic
sites (12.5%) and 44 of them (55.69%) were parsimoniously
informative. Low levels of genetic diversity characterized
populations of N. deaurata/N. mytilina with 46/26 polymorphic
sites (6.69%/3.78%) and 25/16 of them (54.34%/61.53%) were
parsimoniously informative, respectively. Sequences in Magellan
Nacella species were A-T rich (60.8% in all the three species)
compared to the main G - C content and no evidence of codon
bias was detected (ENC N. magellanica = 35.89, ENC N. mytilina =
39.28, and ENC N. deaurata = 35.19).

The haplotype diversity (H) in N. magellanica varied between
0.863 (Atlantic North) and 0.370 (Costa Channel) (Table S1). The
number of polymorphic sites (S) in N. magellanica varied between 5
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TABLE 2 Pairwise Gst values, based on haplotypic frequencies, (below diagonal) and average number of nucleotide differences between localities Nst (above diagonal) in the analyzed Nacella species where A)
Nacella magellanica, B) Nacella deaurata and C) Nacella mytilina 20200 iterations, significative values (FDR corrected) are marked in bold.

A)

Locality

Metri (ME) wens 0.011 0.000 0.026 0.000 0.000 0.000 0.009 0.000 0.004 0.026 0.002 0.039 0.020 0.029 0.008 0.001 0.524
Puerto Montt (PM) 0.001 wews 0.000 0.000 0.002 0.011 0.000 0.021 0.033 0.034 0.036 0.028 0.060 0.021 0.066 0.031 0.005 0.554
Chiloé (CHI) 0.000 0.005 rons 0.013 0.000 0.000 0.000 0.000 0.000 0.005 0.013 0.000 0.033 0.004 0.029 0.000 0.000 0.517
Concoto Island (CI) 0.034 0.020 0.000 ook 0.000 0.024 0.016 0.011 0.049 0.060 0.029 0.022 0.061 0.002 0.075 0.028 0.006 0.531
Aysen (AYS) 0.018 0.037 0.000 0.000 oo 0.000 0.003 0.000 0.006 0.030 0.019 0.002 0.039 0.000 0.042 0.011 0.000 0.536
Costa Channel (CC) 0.063 0.078 0.008 0.000 0.000 oo 0.001 0.001 0.000 0.014 0.024 0.005 0.039 0.005 0.031 0.007 0.000 0.531
Serrano Channel (SE) 0.000 0.000 0.000 0.014 0.008 0.052 oo 0.012 0.006 0.000 0.031 0.013 0.037 0.026 0.033 0.008 0.000 0.517
London Island (LI) 0.029 0.026 0.001 0.000 0.008 0.035 0.018 rex 0.000 0.039 0.000 0.000 0.012 0.000 0.040 0.002 0.000 0.519
Port Famine (PF) 0.000 0.000 0.000 0.040 0.028 0.071 0.000 0.017 ooox 0.008 0.025 0.000 0.005 0.019 0.024 0.012 0.000 0.511
Possession Bay (PB) 0.001 0.000 0.021 0.063 0.069 0.116 0.000 0.057 0.000 oo 0.040 0.024 0.033 0.053 0.004 0.014 0.019 0.507
Orange Bay (OB) 0.009 0.008 0.014 0.055 0.060 0.106 0.009 0.019 0.004 0.009 oo 0.000 0.006 0.000 0.023 0.000 0.001 0.489
Tekenika Bay (TB) 0.000 0.002 0.003 0.048 0.048 0.096 0.000 0.011 0.000 0.004 0.000 oo 0.000 0.000 0.024 0.000 0.000 0.497
Puerto Williams (PW) 0.006 0.006 0.000 0.004 0.002 0.035 0.000 0.000 0.000 0.021 0.000 0.000 oo 0.000 0.000 0.024 0.000 0.472
Diego Ramirez (DR) 0.0133 0.022 0.000 0.000 0.000 0.006 0.003 0.000 0.011 0.049 0.027 0.019 0.000 e 0.050 0.010 0.000 0.519
Atlantic North (AN) 0.051 0.049  0.077 0.127 0.127 0.173 0.051 0.094 | 0.036 0.022 0.020 0.028 0.061 0.099 A 0.003 0.034 0.525
Atlantic Center (AC) 0.017 0.019 0.031 0.073 0.073 0.112 0.017 0.049 0.011 0.005 0.000 0.000 0.022 0.049 0.029 oo 0.010 0.527
Atlantic South (AS) 0.000 0.000 0.000 0.023 0.031 0.071 0.000 0.007 0.000 0.003 0.000 0.000 0.000 0.008 0.042 0.010 oo 0.495
Falkland/Malvinas (E/M) 0.178 0162 0217 0.268 0.277 0.328 0.181 0.226 0.165 0.151 0.148 0146  0.198 | 0238  0.139 0.141 0.157 oo

B)

Locality

Tamar Island (TT) et 0.000 0.000 0.000 0.000 0.000 0.012 0.000 0.000 0.000 0.128
Duntze Sound (SD) 0.000 oo 0.000 0.017 0.001 0.000 0.015 0.028 0.005 0.000 0.084
London Island (LI) 0.000 0.057 oo 0.000 0.000 0.000 0.030 0.000 0.000 0.000 0.164
Carlos III Island (C3) 0.000 0.057 0.000 et 0.000 0.000 0.063 0.000 0.000 0.000 0.159
Carrera Bay (CB) 0.000 0.001 0.000 0.000 il 0.000 0.052 0.000 0.000 0.000 0.136

(Continued)
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TABLE 2 Continued

B)

Locality

Santa Ana (SA) 0.000 0.000 0.000 0.000 0.000 oo 0.052 0.000 0.000 0.000 0.157
Chabunco (CH) 0.009 0.000 0.092 0.093 0.044 0.036 oo 0.060 0.065 0.058 0.182
Laredo Bay (LB) 0.000 0.000 0.005 0.000 0.000 0.000 0.037 oo 0.000 0.000 0.172
Possession Bay (PS) 0.000 0.010 0.000 0.000 0.000 0.000 0.058 0.000 i 0.000 0.147
Virginia Bay (VB) 0.000 0.029 0.000 0.000 0.000 0.000 0.067 0.000 0.000 Hops 0.160
Falkland/Malvinas (F/M) 0.149 0.049 0.251 0.235 0.162 0.158 0.123 0.146 0.173 0.202 et

@)

Locality

Carlos 111 Island (C3) oo 0.000 0.000 0.000 0.000 0.000 0.000 0.651
San Gregorio (SG) 0.000 e 0.000 0.000 0.000 0.000 0.000 0.656
Port Famine (PF) 0.000 0.000 et 0.000 0.000 0.000 0.000 0.677
Otway Sound (OS) 0.005 0.016 0.000 oor 0.000 0.000 0.000 0.679
Porvenir (PO) 0.000 0.000 0.000 0.000 oo 0.000 0.000 0.660
Puerto Williams (PW) 0.000 0.000 0.019 0.029 0.000 oo 0.000 0.644
Ushuaia (US) 0.000 0.000 0.000 0.000 0.000 0.001 oo 0.658
Fallland/Malvinas (F/M) 0.216 0.224 0.270 0.303 0.231 0.189 0.247 wr
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(Costa Channel) and 27 (Atlantic Center). The average number of
nucleotide differences (IT) and the mean nucleotide diversity (7) in
N. magellanica were low in most of the localities across PM and AM
while the diversity of these indices was comparatively higher in the
F/M (Table S1). The haplotype diversity (H) in N. deaurata varied
between 0.706 (Hookers Point, F/M) and 0.907 (Puerto Williams)
(Table S2). The number of polymorphic sites (S) in N. deaurata
varied between 10 (Ushuaia) and 22 (Puerto Williams). The average
number of nucleotide differences and the mean nucleotide diversity
(W#/m) in N. deaurata varied between 2.500/0.00364 (Hookers
Point, F/M)) and 3.211/0.00467 (Puerto Williams) (Table S2). In
the case of N. mytilina the haplotype diversity (H) varied between
0.284 (Carlos III Island) and 0.822 (Hookers Point, F/M) (Table S3).
The number of polymorphic sites (S) in N. mytilina varied between
3 (several localities) and 19 (Hookers Point, F/M). Similarly, the
number of haplotypes (k) in N. mytilina varied between 4 (several
localities) and 8 (Hookers Point, F/M). The average number of
nucleotide differences (v*) and the mean nucleotide diversity () in
N. mytilina were low in most of the localities across the southern
Pacific margin (Strait of Magellan and Cape Horn) while the
diversity of these indices was comparatively higher in F/M
(Table S3).

Genetic structure in Nacella species across
the Magellan province

Mean general values of differentiation estimated in the analyzed
Nacella species were low, especially considering average values of
Ggr and Ngr (Table 2). Most part of the population-level differences
were detected in the three species of Nacella when comparing F/M
against the rest of the populations from South America.
Nevertheless, N. magellanica also showed significant levels of
differentiation between northern PM populations (NPM) and
those from the Strait of Magellan, Cape Horn (SPM) and AM
(Table 2). In the case of N. deaurata and N. mytilina general levels
of differentiation across their distributions in the Strait of Magellan
and Cape Horn were very low and pairwise populations
comparisons did not reveal significant structure in these taxa
across these areas. The nearest neighbor statistic (S,,,) in Nacella
species (S,, N. magellanica = 0.1656; S,,, N. deaurata = 0.236 and
Son N. mytilina = 0.09) showed low but significant levels of
phylogeographic signal (p < 0.0001) for the whole COI data set.
However, when S, analyses were performed considering the main
pattern of genetic differentiation recorded for each species, this
statistic became very high (S,, N. magellanica = 0.95, S,, N.
deaurata = 0.976 and S,, N. mytilina = 0.9) showing the high
degree of phylogeographic signal between South American and F/M
populations in the three species of Nacella analyzed here. The
patterns of genetic structure found in each Nacella species was
supported by the model based on Bayesian clustering algorithm
which detected three main clusters in N. magellanica and two main
clusters in N. deaurata and N. mytilina, respectively (Figure 2). The
first cluster in N. magellanica included northern localities across
PM (NPM), the second one encompassed southern localities of PM
(SPM = Strait of Magellan and Cape Horn) together with AM sites
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and the third one the F/M locality (Figure 2A). In the case of N.
deaurata (Figure 2B) and N. mytilina (Figure 2C), the first cluster
included all the localities across SPM while the second cluster the F/
M population, respectively. Values of cluster membership were high
for all localities (c.a. P = 0.9). Similarly, SAMOVA analyses in N.
magellanica recorded three maximally differentiated groups (NPM,
SPM/AM, and F/M) accounting for 32.98% of the total variance
(Table 3). In N. deaurata and N. mytilina SAMOVA analyses
recorded two maximally differentiated groups (SPM and F/M)
accounting for 65.01% (N. deaurata) and 43.09% (N. mytilina) of
the total variance (Table 3).

Demographic inference in Magellan
Nacella species

Network reconstructions: Parsimony network of N. magellanica
depicts 79 distinct haplotypes (Figures 3A; S1A) with a typical star-
like topology and a short genealogy. The central haplotype (HO01)
was the most frequent (47.88%) and broadly distributed across the
species range, which extends throughout the Magellan province.
The most derived haplotype in N. magellanica is related to HO1 with
a maximum branch length of 9 mutational steps (Figure 3A). A
second haplotype (H02) was present in 9.9% of the individuals
across the species distribution. Several haplotypes with intermediate
frequencies were present in different localities across PM and AM
(Figure 3A). The remaining haplotypes occurred at low frequencies
and 61 singletons were identified in this species. Several individuals
(N = 20) from the F/M shared a dominant haplotype (HO03)
surrounded by 12 endemic F/M private haplotypes. This
dominant F/M haplotype (HO03) is separated from the dominant
HO1 by six mutational steps.

Maximum parsimony network of N. mytilina included a total of
19 different haplotypes and exhibited a typical star-like topology
and a very short genealogy (Figures 3B; SIB). A dominant
haplotype (HA) was most frequent one (71%) and was found at
all localities (Figure 3B) and the most derived one is related to it
with a maximum branch length of 8 mutational steps (HD)
(Figure 3B). Another haplotype (HB) of intermediate frequency
(10%), was also found in all the analyzed populations (Figure 3B).
Several haplotypes were recorded in more than three individuals
belonging to different localities across SPM. We identified 10
singletons in N. mytilina, six across SPM and four in F/M
(Figure 3B). Several F/M haplotypes are closely related and even
shared with the diversity recorded at SPM. Two haplotypes of
medium frequency (HC and HD) were only found at F/M and are
separated from the dominant HO1 by several mutational steps.

Maximum-joining network of N. deaurata included a total of 50
different haplotypes and exhibited a short genealogy with several
haplotypes of intermediate frequency (Figures 3C, S1C). A
dominant haplotype (HI) showed a frequency of 33.19% and was
only recorded at SPM localities from the Strait of Magellan and
Cape Horn (Figure 3C). Three medium frequency haplotypes (HII
- HIV) were recorded in N. deaurata, two of them (HII and HIV)
were also found only in SPM localities while HIIT was also found in
a single individual from F/M. The most derived haplotype from F/
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M is related to it with a maximum branch length of 11 mutational
steps. Several haplotypes were recorded in more than three
individuals belonging to different localities across SPM. We
identified 35 singletons in N. deaurata, 25 across PM localities
and 10 in F/M (Figure 3C). Four haplotypes in N. deaurata from F/
M were closely related and even shared with the diversity recorded
in SPM. Nevertheless, a dominant F/M haplotype found in 18
specimens (HV) was separated by eight mutational steps from HI.

10.3389/fmars.2023.1154755

Again, this dominant F/M haplotype was surrounded by several
endemic ones. In contrast to the other analyzed Nacella species, the
dominant haplotype found in N. deaurata (HI) was not
documented in the F/M.

As expected for a star-like genealogy, global Tajima’s D and Fu’s
F neutrality tests were both negative and significant for all the
analyzed Magellan Nacella species (Table 1). The distribution of
pairwise differences varied among the analyzed Nacella species. The
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Spatial output from Geneland using all (A) N. magellanica, (B) N. deaurata and (C) N. mytilina populations. Red circles indicate the relative positions
of the sampling localities. Darker and lighter shadings are proportional to posterior probabilities of membership to a particular cluster where lighter
(yellow areas) show the highest probabilities of cluster. Posterior probabilities of membership were plotted to the shapefiles of the Magellan
coastline available in the database GEOdas (NOAA) and filtered using GEOdas Coastline Extractor v.1.1.3.1 (https://www.ngdc.noaa.gov/mgg/geodas/

geodas.html).
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Nacella magellanica

Nacella mytilina
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Nacella deaurata
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FIGURE 3

- F/M

Parsimony mtDNA (COI) haplotype networks in (A) Nacella magellanica, (B) Nacella mytilina, and (C) Nacella deaurata across their distributions in the
Magellan Province. Each haplotype is represented by a colored circle indicating the main genetic cluster where it was collected (for each species).
Circles sizes are proportional to the frequency of the haplotype in the whole sampling effort. The size of the haplotypes circles (B, C) is proportional
to the their frequency. Where NPM, northern Pacific margin; SPM, southern Pacific margin; AM, Atlantic margin; F/M, Falkland/Malvinas Islands.

species N. magellanica showed a typical unimodal curve while N.
mytilina showed an L-shaped one. In contrast, N. deaurata
exhibited a multimodal distribution (Figure 4).

Demographic reconstructions: Bayesian skyline plot analyses
recorded differences in the times of the most recent common
ancestor (trmca) and populations expansions between F/M and
South American populations in Nacella deaurata and Nacella
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magellanica (Figure 5). Considering the number of endemic F/M
haplotypes of N. mytilina (n = 7), BSP analysis in this population
was not conducted. Population expansions of N. magellanica and N.
deaurata at the F/M occurred around 15,000 and 14,000 years ago,
respectively. Population expansions in N. deaurata and N. mytilina
in southern SPM occurred around 9,000 and 7,000 years ago. In the
case of N. magellanica, the tmrca of SPM occurred around 18,000
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years ago while SAM populations expanded around 15,000 years
ago. Results on populations sizes estimations per species/groups are
presented in Supplementary Table 4.

Gene flow in Magellan Nacella species

Gene flow analyses using different migration models detected
evidence of asymmetrical gene flow from SPM to the F/M in the
species N. deaurata and N. mytilina. We chose a stepping-stone
model for N. magellanica including either symmetric migration
from northern PM localities (NPM) towards SPM/AM (Cluster 2)
or asymmetrical migration from SPM/AM towards F/M (Table 4).

Discussion

Reconstructions of how antarctic and sub-antarctic species or
ecosystems responded to Quaternary glacial cycles can help

A
Nacella magellanica
0.15
et
2
]
T \
o [}
& 0.10 3
.
v
.‘ Observed frequency -~ @ -
0.05 INTS Expected fequency @
200
‘o
‘e)
o “M- -9
0 5 10 15 20 25
B Pairwise Differences
053
‘. Nacella mytilina
p!
04}
o
R
El
50344
§ |t
g |4
24 3
\
k‘ Observed frequency ~~-@-~-
4 .
04 Vo Expected requency @
&
\ o,
0 e o
0 5 10 15 20 25
Pairwise Differences
C
0.175
Nacella deurata
0.150
; ?
6 en
01251 %) L N
: !
: || R
: P
> H
powoii ¢ &\
S Py
z HE T R
o057 1 ! @l g
SRR Y \
YR
0.050 ° ‘r S Observed frequency - @~
..‘ * Expected frequency @
0.025 e
*%
°.
0.000 § § 0028280000
0 5 10 15 20

25 30

Pairwise Differences
FIGURE 4
Distribution of pairwise differences for the mtDNA COI gene in (A)

Nacella magellanica, (B) Nacella mytilina and (C) Nacella deaurata.
X-axis = Pairwise differences and y-axis = frequency.
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understand the evolution and biogeography of this biota during
the last million years. These reconstructions also provide key
information concerning their potential responses to future climate
change (Fraser et al,, 2010; Fraser et al., 2012; Gonzalez-Wevar et al.,
2012; Gonzalez-Wevar et al., 2013; Poulin et al., 2014; Riesgo et al.,
2015; Gonzalez-Wevar et al,, 2016a; Moon et al., 2017; Halanych
and Mahon, 2018; Gonzalez-Wevar et al., 2021). Major landscape
and seascape changes along the Magellan fjords and channels of
southern South America resulted in the sporadic eradication of the
associated fauna across these ecosystems (Valdovinos et al., 2003;
Zattara and Premoli, 2005; Kiel and Nielsen, 2010). During the last
two decades, molecular-based studies have assumed an essential
role for unravelling the relationship between Quaternary climate
shifts and the distribution and demography of species and
populations (Hewitt, 2004; Maggs et al., 2008; Provan and
Bennett, 2008; Marko et al, 2010). In this study we performed
population-based mtDNA genetic analyses in three Magellan near-
shore patellogastropods species of the genus Nacella (N. deaurata,
N. magellanica and N. mytilina) to understand the role of
Quaternary climatic oscillations over their patterns of genetic
diversity and structure. As a general pattern, the three species of
Nacella analyzed here showed classical signals of the Expansion-
Contraction Quaternary biogeography model with low levels of
genetic diversity, absence of genetic structure across broad
geographical distances and strong signals of recent post-glacial
demographic expansion across their respective distributions. Such
results have also been found in other groups of Magellan marine
near-shore organisms including macroalgae (Fraser et al., 2010;
Macaya and Zuccarello, 2010; Billard et al., 2015), mollusks (Nufiez
et al.,, 2015; Gonzalez-Wevar et al., 2017; Gonzalez-Wevar et al.,
2018; Gonzalez-Wevar et al., 2019; Pardo-Gandarillas et al., 2018;
Fernandez Iriarte et al., 2020; Gonzalez-Wevar et al.,, 2021) and
fishes (Ceballos et al., 2016; Segovia et al., 2022). Moreover, similar
demographic patterns have also been recorded in higher latitude

Group
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Population size (Ne)
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5ev05 — N mageflanica
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Time (years ago)
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FIGURE 5

Historical demographic trajectories of the effective population sizes
(Ne) constructed using a Bayesian skyline plot approach based on
COl haplotypes of N. magellanica (green), N. mytilina (red) and N.
deaurata (red) along their distribution in the Magellan province
(southern South America and the Falkland/Malvinas Islands). The y-
axis is the product of effective population size (Ne) and generation
length in a log scale while the x-axis is the time before present. The

median estimate are shown for each of the genetic groups recorded
in the analyzed species
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TABLE 3 Spatial analysis of molecular variance (SAMOVA) in A) Nacella magellanica, B) N. mytilina, and C) N. deaurata depicting the percentage of
variation explained among the recognized groups, among populations within groups and within populations. Where FSC = differentiation within
populations among groups and FCT = Differentiation among groups (**<p 0.01, *** p<0.001).

A)

Source of variation Sum of squares Variance components % of variation
Among groups 2 139.375 0.45410 Va 32.98

Among populations within groups 15 15.646 0.00415 Vb 0.30

Within populations 547 502.411 0.91848 Vc 66.71

Total 564 657.432 137674

Fixation Indices
Fsc: 0.00450%%%
Feor: 0.32984%4%

B)

Source of variation Sum of squares Variance components % of variation
Among groups 1 14.645 0.32492 Va 43.09

Among populations within groups 11 2.455 0.00881 Vb 0.30

Within populations 305 133.567 0.43792 Ve 56.71

Total 317 150.667 0.75404

Fixation Indices
FSC: 0.02052*%*
FCT: 0.43091*%*

@

Source of variation Sum of squares Variance components % of variation
Among groups 1 154.011 2.69012 Va 65.01

Among populations within groups 6 5.058 0.02124 Vb 0.51

Within populations 233 342.382 1.46944 Vc 35.99

Total 240 501.448 4.13832

Fixation Indices
FSC: 0.01466***
FCT: 0.65005%**

marine invertebrates from Antarctica (Wilson et al., 2009; Allcock
and Strugnell, 2012; Gonzalez-Wevar et al., 2013), the sub-Antarctic
(Fraser et al., 2009; Moon et al., 2017; Gonzalez-Wevar et al., 2019;
Gonzalez-Wevar et al., 2021), New Zealand (Goldstien et al., 2006),
Europe (Hewitt, 2000; Hewitt, 2004; Maggs et al., 2008; Villamor
et al., 2014) and North America (Marko et al., 2010). Levels of
genetic diversity in Magellan Nacella species ranged from medium
(N. magellanica) to low (N. deaurata and N. mytilina) compared to
temperate (Nakano and Ozawa, 2005; Goldstien et al., 2006; Sa
Pinto et al., 2007) and tropical (Bird et al., 2007) patellogastropods
but higher (in most of the cases) than in the Antarctic relative N.
concinna (Gonzalez-Wevar et al,, 2013; de Aranzamendi et al.,
2022). While levels of genetic polymorphism recorded in N.
mytilina are lower than those found in the antarctic N. concinna,
they are comparable to those in other sub-antarctic nacellid limpets
from New Zealand (Reisser et al., 2011) and Marion Island. As
proposed by Gonzalez-Wevar et al. (2016a) exceptionally low levels
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of mtDNA genetic diversity in this species could be associated with
its strong habitat dependency on macroalgae. Post-glacial
recolonization of N. mytilina populations would have required
the previous settlement of macroalgae. Accordingly, the post-
glacial expansion in N. mytilina would have been hindered or
delayed compared to the other Magellan species analyzed here.
The glacial history of the region together with the larval-mediated
dispersal potential of the analyzed species are strongly associated to
their respective patterns of genetic diversity and structure. In
concert with the dispersal potential, we found evidence of rapid
postglacial recolonization processes across a very complex
landscape likely related to deglaciation processes across the
species’ distributions. As estimated trough BSP analyses,
phylogeographic patterns in sub-Antarctic Magellan species of
Nacella are probably related to genetic drift processes driven by
demographic bottlenecks during glacial maxima, and particularly to
the Last Glacial Maximum. After the LGM, Nacella populations
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TABLE 4 Gene flow model selection for the analyzed Nacella species considering their respective genetic clusters across the Magellan province.

A. Nacella magellanica

Model Diagram Bezier Approximation

Full NPM <= SPM/AM < F/M < NPM -3165.82 1.13503¢ ' 6
Stepping-Stone (Symmetric) NPM < SPM/AM < F/M -3152.64 6.01187¢ " 4
Stepping Stone (SA Sym + F/M PM Asym) NPM <= SPM/AM = F/M -3124.51 0.9901784 1
Stepping Stone (SA Sym + F/M AM Asym) NPM <= SPM/AM <= F/M -3129.15 0.0095628 2
Steppng Stone (Asym to PM) NPM = SPM/AM = F/M -3132.76 0.0002586 3
Stepping Stone (Asym to AM) NPM <= SPM/AM <= F/M .3156,50 1.2665e-"* 5

B. Nacella deaurata

Model Diagram Bezier Approximation Model Model
Bidirectional SPM < F/M -1896.75 2.7061¢® 2
Asymmetric (SPM to F/M) SPM = F/M 1883.93 0.999997 1
Asymmetric (F/M to SPM) SPM <= F/M 1904.93 7.5825¢ ¢ 3

B. Nacella mytilina

Model Diagram Bezier Approximation Model Model
Bidirectional SPM < F/M -1632.82 2.4748¢ 2
Asymmetric (SPM to F/M) SPM = F/M -1600.82 1 1
Asymmetric (E/M to SPM) SPM <= F/M -1644.42 1.1608¢ ™" 3

Where NPM, Northern Pacific margin; SPM, Southern Pacific margin; F/M, Falkland/Malvinas Islands.

suffered postglacial expansions following the deglaciation processes
across their respective distributions. Our BSP demographic
estimations in Nacella are in basic agreement with the timing of
the LGM extent and the onset of the deglaciation process in the
Magellan province, a process that occurred synchronously across
the region (Hein et al,, 2010). The final advances of ice in northern
areas of Pacific Patagonia are dated about 18,000 years ago (Heusser
et al, 1998; Heusser et al., 1999; Moreno et al., 1999) and the
warming began 17,500 years ago (Moreno and Leon, 2003). The
final advances of ice in the Strait of Magellan occurred around
17,000 years ago (McCulloch et al., 2005) while a fast-warming
period occurred between 14,000 and 10,000 years ago (De Pol-Holz
et al., 2006).

Contrary to our expectations, populations of N. magellanica
along temperate areas of the Atlantic (AM), an area considered as
less impacted by ice during glacial periods, did not exhibit higher
genetic diversity than those populations located inside areas that
were heavily impacted by ice across PM and they seem to represent
a continuity of the diversity found in the SPM (Strait of Magellan
and Cape Horn). A plausible explanation for these results in the
Atlantic margin relies in the fact that during the LGM the level of
the sea was between 120 and 140 m below its present level (Fleming
et al., 1998). During glacial maxima a large portion of the Atlantic
Continental Shelf (ACS) was exposed with the development of
major plains dominated by depositional environments and sandy
environments (Rabassa et al., 2005; Ponce et al., 2011; Rabassa et al.,
2011; Violante et al., 2014). As proposed for the intertidal
pulmonate limpet Siphonaria lessonii (Fernandez Iriarte et al.,
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2020) and for the mussel Perumytilus purpuratus (Trovant et al.,
2015), suitable hard substrate habitat for N. magellanica during
glacial maxima would have been strongly reduced south of 46°S in
Tierra del Fuego. Accordingly, refuges for N. magellanica would
have been more available in the southern tip of the southwest
Atlantic, from where the species could have recolonized lower
latitudes following the deglaciation process. As proposed by
Fernandez Iriarte et al. (2020) phylogeographical patterns in
broadly distributed near-shore Magellan species are not
essentially related to Quaternary glacial continental ice
expansions and contractions but also to the availability of habitats
for the species.

Each of the analyzed Nacella species are characterized by star-
like genealogies with the presence of a dominant and widely
distributed haplotype surrounded by several unique, low- and
medium-frequency ones. Such demographic patterns are
consistent on the one hand of the strong demographic impact of
glacial processes resulting in the reduction of their populations sizes
through repetitive bottleneck events during the coolest periods of
the Quaternary. Moreover, broadly distributed haplotypes recorded
in Magellan Nacella species are also consistent with the hypothesis
of recent range expansion and high levels of migration. In this
context, the absence of structure across large geographical areas, the
presence of dominant haplotypes, and the absence of correlation
between geographic and genetic distances support the hypothesis of
recent expansions of these patellogastropods, probably mediated by
their planktonic dispersal as larvae reflecting the general
oceanographic circulation patterns of the study area (Escribano
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et al., 2003; Acha et al., 2004; Alemany et al.,, 2009; Bustos et al.,
2011). Finally, significant negative Tajima’s D and Fu’s FS indices
are the result of an excess of low frequency haplotypes, commonly
explained by recent demographic processes, as evidenced here in
the analyzed Nacella species through Bayesian skyline
plots reconstructions.

Main patterns of genetic structure recorded across the Magellan
province in marine organisms includes a) absence or moderate
genetic differentiation between South American populations and
the Falkland/Malvinas Islands (M/F) (Fernandez Iriarte et al., 2020;
Gonzalez-Wevar et al., 2021; Gonzalez-Wevar et al., 2022; Segovia
et al., 2022), b) strong phylogeographic signaling between PM and
F/M (Macaya and Zuccarello, 2010; Gonzalez-Wevar et al., 2012;
Gonzalez-Wevar et al., 2016a; Gonzalez-Wevar et al., 2018) and ¢)
the presence of different species in the F/M (Leese et al., 2008;
Gonzalez-Wevar et al., 2019; Gonzalez-Wevar et al., 2022). All the
Nacella species analyzed here showed strong phylogeographic
structure between SPM/AM and F/M supporting previous studies
in near-shore Magellan marine organisms. As proposed by Leese
et al. (2008), even when the F/M marine biota has often been
considered as part of the Magellan inventory, molecular analyses
are showing that F/M populations may be strongly differentiated
populations and/or even reproductive isolated units. Moreover, F/
M populations of N. mytilina and N. magellanica showed higher
levels of genetic diversity than PM and AM populations but this
pattern was not detected in N. deaurata. As previously proposed in
Nacella, the marked differences in diversity and structure between
SPM and F/M populations may be associated with the different
glaciological trajectories of these areas during the coldest of the
Quaternary glaciations (Gonzalez-Wevar et al., 2012; Gonzalez-
Wevar et al., 2016a; Fernandez Iriarte et al., 2020). The SPM was
almost completely covered by ice during the LGM and hence the
shallow marine ecosystems would have been severely reduced
across this area. Thus, marked decline in genetic diversity
associated with repeated rounds of bottleneck events and/or
founder effects is expected as recorded in several marine near-
shore species (Gonzalez-Wevar et al., 2011; Gonzalez-Wevar et al.,
2012; Gonzalez-Wevar et al., 2015b; Gonzalez-Wevar et al., 2016b;
Gonzalez-Wevar et al., 2018; de Aranzamendi et al., 2014; Giiller
et al., 2015; Gonzalez-Wevar et al., 2021; Gonzalez-Wevar et al,,
2022; Nuiez et al., 2011; Nuiiez et al., 2015; Segovia et al., 2022). In
contrast, in the F/M there is little evidence of glacial ice
accumulation apart from small cirques and short glacially eroded
valleys (Clapperton and Sugden, 1976; Clapperton, 1994; Hodgson
et al, 2014). In fact, cosmogenic isotopes surface exposure dates
suggest an absence of widespread glaciations at altitude during the
LGM and there is no evidence for glaciers extending offshore in
these islands (Clark et al., 1998; Wilson et al., 2002; Wilson et al.,
2008). Under such glaciological scenarios, our results in Nacella
species could be explained through contrasting demographical
histories between populations from areas that were dramatically
affected by continental ice across PM and those populations located
in non-glaciated areas such as F/M. Quaternary genetic models
include the prediction that glacial refugia should exhibit a longer
demographic history with higher levels of genetic diversity (Provan
and Bennett, 2008). Nevertheless, the higher genetic diversity and
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longer demographic histories recorded in Nacella populations from
the F/M may also be a consequence of the asymmetric gene flow
from South America towards the F/M. Evidence of these
interpretation is provided by the presence of endemic F/M
haplotypes that survived the LGM in situ and are found together
with recently arrived South American ones. Following this
explanation, the F/M could be considered as a glacial refugium
for the species analyzed here, comprised of a sink area together with
a secondary contact zone (Gonzalez-Wevar et al., 2012; Gonzalez-
Wevar et al., 2016a).

In marine ecosystems, dispersal plays a key role in providing
connectivity of populations, preventing speciation, species
persistence despite temporal/local extinctions, and recruitment to
potentially favorable environments (Ayre et al., 2009). For benthic
organisms with low autonomous mobility the dispersal potential is
usually related to the earliest life history stages and the processes
that influence developmental modes, types of larvae, larval
development, and lifespan (Strathmanns, 1985; Palumbi, 1994;
Poulin et al., 2002; Marko, 2004; Cowen and Sponaugle, 2009).
Accordingly, in these patellogastropods the duration of the
dispersive stages is expected to correlate with the dispersal
potential and with the patterns of genetic structure (Paulay et al,
2006; Miller and Ayre, 2008; Ayre et al., 2009; Puritz et al., 2017).
Absence of genetic structure across the PM has been found in
different marine organisms with dispersal potential (Toro et al,
2004; Ceballos et al., 2012; Gonzalez-Wevar et al., 2012; Gonzalez-
Wevar et al., 2016a, b; Hiine et al., 2015; Gonzalez-Wevar et al,,
2018; Fernandez Iriarte et al., 2020; Gonzalez-Wevar et al., 2021;
Segovia et al., 2022). Currently, there is no information concerning
the larval duration in Magellan Nacella species but their
developments should be similar to the Antarctic relative N.
concinna (Bowden et al., 2009; Peck et al., 2016) and extends for
at least six weeks. A main asymmetrical dispersal pattern from
South America to F/M found in the Nacella species analyzed here is
probably associated with the oceanographical circulation patterns in
the Magellan province, as well as by the reproductive biology and
the ecology of these species. The Cape Horn Current (CHC), a
southward branch of the West Wind Drift, flows around Cape Horn
and is responsible for the main oceanographic regime in this
province. After surrounding the southern tip of South America,
the CHC is divided into two minor branches, one flows east towards
South Georgia and the second one flows northward on both sides of
the F/M (Knox, 1960; Brattstrom and Johanssen, 1983; Bastida
et al,, 1992; Acha et al., 2004). Accordingly, gene flow mediated by
larval dispersal, and/or rafting in the case of N. mytilina, may be
favored by the main oceanographic conditions in southern
South America.

Conclusions

The results of our mtDNA-based phylogeographic analyses for
three Magellan Nacella species have provided evidence that
historical and contemporary processes have played key roles in
explaining the current patterns of genetic diversity, population
structure and connectivity by larval dispersal. The main
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phylogeographic footprints revealed for these Magellan Nacella
species include low levels of genetic diversity, the presence of
broadly distributed dominant haplotypes and recent post-glacial
demographic expansions. Together, these provide further evidence
for the Expansion-Contraction (EC) model of Quaternary
biogeography proposed by Provan and Bennett (2008). At the
same time, the phylogeographic structure patterns revealed
marked genetic differences between South American populations
and those from the Falkland/Malvinas. Even in the presence of
asymmetric levels of gene flow from South America towards the
Falkland/Malvinas Islands, the migration rate is not enough to
homogenize populations and they constitute different genetic units
in all the Nacella species analyzed here. Contrary to our
expectations, N. magellanica populations from the Atlantic
margin, an area that was less impacted by ice during glacial
maxima, did not exhibit higher levels of genetic diversity than
heavily ice impacted populations from the Pacific margin. The
phylogeographic patterns appear best explained by the interplay of
ecological factors including habitat availability, restriction to
shallow depths, and obligate planktonic dispersal facilitated by
strong but directional currents.
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