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ARTICLE INFO ABSTRACT

Keywords: Aims: Rising sea-level following the Last Glacial Maximum lead to fragmentation of coastal limpet populations
Genetic markers between islands of the Archipelago of Madeira. This fragmentation is reinforced by recent heavy exploitation
Microsatellites

reducing effective population size on Madeira Island. We use the limpet P. aspera to understand how the role of

?u;lpﬁ':j | processes at different time scales (i.e. changes in the sea level and overexploitation) can influence the genetic
ntertiaai ops . . : 3 :
Island composition of an extant species, relating these processes to reproductive phenology and seasonal shifts in ocean

currents.

Location: Madeira Island, Porto Santo and Desertas (Archipelago of Madeira, NE Atlantic Ocean).

Taxon: The limpet Patella aspera.

Methods: Twelve microsatellite genetic markers were used. A power analysis was used to evaluate the power of
the microsatellite markers to detect a signal of population differentiation. Long-term past migrations were
assessed using a Bayesian Markov Montecarlo approach in the software MIGRATE-n to estimate mutation-scaled
migration rates (M = m/u; m, probability of a lineage immigrating per generation; y, mutation rate). Two sce-
narios were evaluated using an Approximate Bayesian Computation (ABC) in the software DIYABC 2.1 (i) Sce-
nario 1: considered a population scenario from a reduced Ne at time t3 to a higher Ne at time ty; and (ii) Scenario
2 considering a reduction of Ne from a time t3 to a time tp.

Results: Colonization of the archipelago by Portuguese settlers six centuries ago probably led to an important
decrease in the genetic diversity of the species (Ne). Contemporary gene flow strongly support a pattern of high
asymmetric connectivity explained by the reproductive phenology of the species and spatio-temporal seasonal
changes in the ocean currents. Spatio-temporal reconstructions using Bayesian methods, including coalescent
and Approximate Bayesian Computation (ABC) approaches, suggest changes in the migration patterns from
highly symmetric to highly asymmetric connectivity with subtle population differentiation as consequence of
post-glacial maximum sea level rise during the Holocene.

NE Atlantic ocean
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Main conclusions: Our results suggest that anthropogenic activity could have had serious effects on the genetic
diversity of heavily exploited littoral species since the end of the Pleistocene, probably accelerating in recent

years.

1. Introduction

Quaternary glaciations have shaped a wide number of phylogeo-
graphic processes and subsequent biogeographic patterns worldwide
(Ehlers et al. 2004, 2011; Marko et al., 2010; Waltari and Hickerson
2013; Ludt and Rocha 2015), such as the closure of the Isthmus of
Panama (Stange et al., 2018) and in the North-western Pacific (Cheang
et al., 2012). During the decline in the temperatures and the expansion
of glaciers occurring in the Quaternary, the landscape and seascape
showed major changes, including dropping sea levels and exposure of
coastal areas currently under the sea (Clark and Mix 2002; Clark et al.,
2009; Lambeck et al., 2014). During the Quaternary, more specifically
during the Last Glacial Maximum (LGM; 26500-19000 Kyr BP), the sea
retreated over 100 meters below current sea level, connecting previ-
ously separated islands and exposing large coastal areas (Pirazzoli 1997;
Clark and Mix 2002; Clark 2009). With the melting of the ice and rising
sea levels during the Holocene (11500 Kyr BP up the present), previ-
ously connected landmasses became isolated, affecting the connectivity
of species (Mairal et al., 2015; Patino et al., 2015; Fernandez-Palacios
et al., 2016; Weigelt et al., 2016; Dolby et al., 2020).

As consequence of these changes, populations became fragmented,
as occurred with some of the islands in the archipelago of Madeira
(Rijsdijk et al., 2014; Fernandez-Palacios et al., 2016). During the LGM,
the archipelago of Madeira comprised two islands, one larger island,
that encompassed the current Madeira and Desertas and a smaller is-
land, Porto Santo. The larger island split into two islands (Madeira and
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Desertas) when over a short period of ca. 1000 years during the Holo-
cene, they became separated due to the sea level increase. Porto Santo
initially five times larger than at present during the LGM (see Fig. 6 in
Rijsdijk et al., 2014), shrank to its present size due to rising sea levels
(Fig. 1). Thus, previous studies have quantified the changes in the sur-
face areas of these islands revealing the magnitude of the effects of
Quaternary glaciations. To date a few studies using molecular genetic
techniques have addressed the effects of these changes over the genetic
patterns of patellids at a small scale using allozyme electrophoresis
(Weber et al., 1998; Weber and Hawkins, 2002) and microsatellites
(Faria et al., 2018).

Changes in the sea level during the past have directly affected the
survival and connectivity of species in coastal areas due to the reduction
or increase of the availability of habitat (Ludt and Rocha 2015), but also
separation of previously connected areas thereby creating new barriers
for populations (e.g. Imron et al., 2007; Crandall et al., 2008; Ludt and
Rocha 2015). The appearance of these barriers can have from profound
to no effects on species, depending on the life history traits of the species
(Ludt and Rocha 2015). Sessile species reproducing through the release
of free propagules and eggs into the ocean seem to have been less
affected by Pleistocene-Holocene changes in the sea level (Miller and
Ayre 2008; Nuryanto and Kochzius 2009). Nevertheless, the dispersal of
these new individuals can also be limited by the direction of ocean
currents coupled with the time of reproduction and larval release of a
species (Scheltema 1971; Lind et al., 2007; Munoz-Ramirez et al., 2020).

Therefore, the degree of genetic connectivity among populations of

Contemporary connectivity
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......... LGM sea level

Madeira Desertas _P. Santo

Fig. 1. Long-term past migration scheme based on Migrate-n M patterns, including past connectivity between Madeira and Desertas islands during the Last Glacial
Maximum (LGM), assuming a decline in the sea level of 130 m during the Last Glacial Maximum (LGM; A), contemporary gene flow scheme based on BayesAss,
including all gene flow values above 0.02 (B), Population structure based on significant Fsr values (C), Population structure based on STRUCTURE with k = 2 (D).
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sessile or sedentary coastal species could be explained by both long-term
past and contemporary changes in the seascape, combined with life
history traits and ocean currents. An accurate knowledge of the extent of
genetic exchange and demographic connectivity of populations is not
only of fundamental evolutionary biological interest, but also important
for their conservation and management if commercially exploited. This
is especially true in places like the archipelago of Madeira, where coastal
species in the islands have been affected both by changes in habitat
extent during the Quaternary glaciations, but also by the anthropogenic
pressures since the colonization of the islands six centuries ago by Por-
tuguese settlers (Boehrer 1955; Russell-Wood 2007). Local human
populations have consumed Patella aspera Roding, 1798 for centuries
probably affecting their population sizes and genetic diversity due to the
overexploitation in some areas of the archipelago (Faria et al., 2018;
Sousa et al. 2019a, 2019b). Although this has been hypothesized from
ecological and morphological studies, this has not been assessed using
genetic methods (but see Weber and Hawkins, 2002).

All of these longer-term phylogeographic processes and short-term
historical anthropogenic pressures can be explored by genetic
markers, including microsatellites (Riginos and Liggins 2013; Selkoe
et al., 2016). Microsatellite markers enable understanding of how pro-
cesses at different time scales have influenced the genetic diversity and
structure of populations of a species (Wang 2010). For instance, mi-
crosatellite markers have been used to disentangle how changes in the
connectivity of species have occurred through time as a consequence of
habitat modifications by natural (Faria et al., 2017) and anthropogenic
factors (e.g. Ngeve et al., 2016; Hernawan et al., 2017; Vera-Escalona
et al., 2015; Samarasin et al., 2017). One of the advantages of micro-
satellites markers is that their mutation rate can help us to reveal pro-
cesses that have occurred both thousands of years ago (e.g. Pleistocene),
as well as up to just a few generations before present (Holocene-An-
thropocene; Wang 2010). Bayesian methods, including coalescent and
Approximate Bayesian Computation (ABC) approaches allow disen-
tangling the combined signal of processes acting at different time scales
to test hypotheses about how changes in the landscape during the past
have affected exchange within meta-population networks and effective
population sizes.

Conservation measures can only be implemented successfully with
knowledge of the genetic diversity of species plus structure of pop-
ulations in the context of the evolutionary processes generating them
(Groom et al., 2006; Allendorf 2017; Holderegger et al., 2019). There-
fore, an evolutionary perspective on changes in the genetic diversity of
species in time and space are crucial for the conservation of species and
populations (Fenderson et al., 2020). Contemporary patterns of genetic
diversity can be the result of long-term phylogeographic and
shorter-term historical processes, including changes in the population
sizes, genetic diversity and connectivity (Epps and Keyghobadi 2015;
Al-Asadi et al., 2019). Several studies have shown that connectivity
patterns among populations have dramatically changed during the
Pleistocene-Holocene (e.g., seastars, Crandall et al., 2014; seagrasses,
Hernawan et al., 2017; mangroves, Ngeve et al., 2016; sharks, Portnoy
et al., 2014). For instance, for marine species, it has been predicted that
an increase in the sea level and changes in the ocean currents as
consequence of climate change which could lead to new changes in
habitat availability of species and negative or positive effects for their
reproduction (Scavia et al., 2002; Pecl et al., 2011; Jones and Cheung
2018; Bakare et al., 2020). Therefore, by knowing how species have
responded during the past we could be better prepared to decide on what
species and locations to prioritize when taking conservation measures
(Fenderson et al., 2020).

Here we used the limpet P. aspera in the Madeira archipelago (NE
Atlantic Ocean) to understand how the role of processes at different time
scales (i.e. changes in the sea level and overexploitation) can influence
the genetic composition of an extant species, relating these processes to
reproductive phenology and seasonal shifts in ocean currents. P. aspera
is a slow growth moderately long-lived species, that inhabiting coastal
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areas from 0 to 6 m deep (Sousa et al. 2017, 2019). This species matu-
rates with approximately 40 mm and reaches a maximum longevity of 9
years in Madeira archipelago (Sousa et al., 2017). The release of free
eggs for external fertilization mostly occurs between January to April,
when the Canaries current moves from West to East, from Madeira Is-
land up to Porto Santo and Desertas Islands, the latter being the last to be
connected to Madeira. The limpets of the genus Patella have a planktonic
larval stage lasting approximately one to two weeks (Hawkins et al.,
2000). The veliger larvae, after remaining in the plankton, settle in the
substrate at the lower level of the coast and as they grow they initiate a
slow vertical migration, colonizing different levels of the rocky coast
(Boaventura et al., 2003). The short duration of larvae combined with
the average velocity Azores (10 cm s~1) (Artamonov et al., 1994) and
Canary currents (10-15 cm s‘l) (Zhou et al., 2000) prevents the flow of
larvae between the Macaronesian archipelagos (Sa-Pinto, 2008).

Our goal was to evaluate whether past changes in sea level and
human activity (Portuguese colonization), and recent creation of Marine
Protected Areas have had a noticeable effect on genetic structure and
connectivity as indicated by neutral microsatellite markers. We hy-
pothesized that rising sea-level following the Last Glacial Maximum
would lead to fragmentation of populations with differences being
greater the longer the separation had occurred (Porto Santo would be
more distinct from Madeira Island than the Desertas). Moreover, we
expected that fragmentation would be reinforced by recent heavy
exploitation reducing effective population size on Madeira Island.

2. Materials and methods
2.1. Sampling collection and molecular protocols

Patella aspera were collected from six locations in the islands of
Madeira, Desertas, and Porto Santo in the archipelago of Madeira (NE
Atlantic Ocean) (Table 1; Fig. 1). Twenty-one to twenty-three in-
dividuals of P. aspera were collected from each location. A total of 12
microsatellite markers were used for screening as previously conducted
by Faria et al. (2017) (see Table S1). DNA was extracted using an E.Z.N.
A Mollusc DNA kit (Omega Bio-Tek) following the manufacturer’s in-
structions. Polymerase chain reactions (PCRs) were performed in final
reaction volume of 12.5 pL, containing 1 pL of DNA, 6.25 pL of the
Type-it Microsatellite PCR Kit (Qiagen), 4 pL of PCR-grade water, and
1.25 pL of the primer mix. The optimal PCR protocol consisted of an
initial denaturation step at 95 °C for 5 min, followed by 30 cycles of 95
°Cfor 305,57 °C for 90 s, 72 °C for 30 s, 8 cycles of 95 °C for 30 s, 53 °C
for 90 s, 72 °C for 30 s; and final extension step at 68 °C for 30 min.
Alleles were called using Geneious 10.2.3 (Biomatters Ltd) to observe
the allelic peaks obtained for each individual. All DNA extractions and
microsatellite markers development were performed by Allgenetics
using positive and negative controls to check for potential cross--
contamination(https://www.allgenetics.eu).

2.2. Descriptive analyses

Hardy-Weinberg Equilibrium (HWE) and Linkage Disequilibrium
(LD) tests were estimated in Genepop on the web (Rousset 2008;
http://genepop.curtin.edu.au/) to assess markers or populations
differing from the assumptions made to estimate gene flow among
populations. A Bonferroni correction was used to account for multiple
tests in both the HWE and LD. Number of alleles (Na), observed het-
erozygosity (Ho), and expected heterozygosity (He), and Inbreeding
coefficients (Fig) were calculated in Genalex 6.5 (Peakall and Smouse
2006). Allelic richness (A;) and private alleles (Pa) were calculated using
HP-RARE (Kalinowski 2005), to compare the genetic diversity between
collection sites using different parameters.
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Location, coordinates, number of samples (N), Number of alleles (Na), Allelic richness (Ar), and Observed heterozygosity (Ho) for individuals of Patella aspera from 6

locations in the archipelago of Madeira using 12 microsatellite markers.

Location Coordinates N Na Ar Ho He Fis

Rocha do Navio 32°48'26"N; 16°51'35" W 23 10.00 5.91 0.59 0.79 0.28
Porto Moniz 32°51'49"N; 17°09'51” W 22 9.16 5.84 0.53 0.77 0.33
Patil do Mar 32°45'49"N; 17°14'05" W 22 9.83 5.75 0,64 0.79 0.21
Garajau 32°38'45"N; 16°53'15" W 22 9.50 5.97 0,57 0.79 0.31
Desertas 32°30'22"N; 16°30'33" W 23 9.83 5.86 0,56 0.79 0.30
Porto Santo 33°06'16"N,16°19'56"” W 23 10.50 5.87 0,680 0.78 0.16

2.3. Population differentiation

A power analysis was used to evaluate the power of the microsatellite
markers used in this study to detect a signal of population differentia-
tion. The test was carried out in POWERSIM 4.1 (Ryman and Palm 2006)
assuming a population with Ne 2180 (as estimated with DIYABC) at time
1, 10, 20, 30, 40, 50, 60, 70, 80, 90, and 100, assuming 6 populations
and 12 markers.

A Fg7 distance matrix created in GENALEX 6.5 (Peakall and Smouse
2006) was constructed to observe the genetic distance among P. aspera
individuals from the 6 sampled locations. Genetic distance should reflect
similarity and differences in the genetic composition of individuals from
different locations, thus helping to infer the relationship between in-
dividuals within locations. Alternatively, population differentiation was
evaluated using a Bayesian approach in the software STRUCTURE 2.34
(Pritchard et al., 2000; Hubisz et al., 2009). Runs were executed
assuming an admixture model with correlated alleles frequencies for k
=1tok =n + 1 (n = number of sampled locations and k = number of
assumed clusters). Ten replicates were run for each k using burn-in =
200,000 and sampling steps = 1000,000. Results were collected and
assessed in STRUCTURE HARVESTER (Earl 2012) using the Evanno
method (Evanno et al., 2005) to assess the most likely number of k,
summarized using the greedy algorithm in CLUMPP 1.1.2 (Jakobsson
and Rosenberg 2007). The final plot was obtained and edited with
DISTRUCT version 1.1. (Rosenberg 2004).

2.4. Long-term past and contemporary migration patterns

Long-term past migrations were assessed using a Bayesian Markov
Monte Carlo approach in the software MIGRATE-n (Beerli 2006, 2009)
to estimate mutation-scaled migration rates (M = m/u; m, probability of
a lineage immigrating per generation; u, mutation rate). Thus, the main
direction and magnitude of long-term past migrations for P. aspera
populations in the archipelago of Madeira were calculated. In order to
estimate the migration model reproducing the most likely migration
scheme of the analysed populations, two models were assessed. The first
model assumed a panmictic migration scheme; while a second model
assumed a high unidirectional connectivity from Paul do Mar (SW
Madeira) into all other sampling points (based on BAYESASS results).
The two models were compared with the Bezier implementation in
Migrate-n based on the log marginal likelihood of the posterior proba-
bilities following Beerli and Palczewski (2010). Analyses were run with
an increment of 100, sampling 500,000 states with a burn-in of 50,000
states, and heating 1, 1.5, 3.0, and 1000,000. Priors included a uniform
distribution with values 0, 500, and 0.1 for ® and 0, 50,000, and 50 for
M. All MIGRATE-n analyses were run in the CIPRES Science Gateway
version 3.3 clusters (https://www.phylo.org). Recent migration rates
were calculated in BAYESASS 3.0 (Wilson and Rannala 2003), identi-
fying the gene flow signature from the current generation to up to two
generations in the past. Four replicates with 10000,000 iterations were

used, sampling every 1,000 samples with burn-in equal to 1000,000,
deltaA = 0.30, and deltaF = 0.50. Trace results were observed in Tracer
(Rambaut et al., 2018) to identify that the probability of all parameters
reached a plateau and that all parameters showed a smooth distribution.

2.5. Approximate Bayesian Computation (ABC) scenarios

Three major events could explain the contemporary genetic patterns
of P. aspera in the archipelago of Madeira. Although they have been
hypothesized previously (e.g. Rijsdijk et al., 2014; Fernandez-Palacios
etal., 2016), they have not been evaluated using a genetic approach at a
small scale. These events are: (i) a likely expansion or contraction of
population between the end of the Pleistocene and the Holocene,
including the LGM, (ii) the Portuguese colonization of Madeira six
centuries ago with increased pressure on littoral resources, and (iii) the
increase of the extraction of P. aspera during the last century. Two sce-
narios were evaluated using an Approximate Bayesian Computation in
the software DIYABC 2.1 (Cornuet et al., 2014): (i) Scenario 1 consid-
ered a population scenario from a reduced Ne at time t3 to a higher Ne at
time to, and then an Ne that could remain constant or decrease, thus it
could evaluate a possible effect human activity at time t; (with a range of
time including recent extractions of P. aspera and human colonization;
Fig. 2A), and (ii) Scenario 2 considering a reduction of Ne from a time t3
to a time tp, and then an equal or minor Ne as consequence of human
activity at time t; (t1 < t2) (Fig. 2B). Simulations included a wide dis-
tribution of parameter values and reduced number of hypotheses to
avoid our own bias and over-parameterization of the models. Hence, the
ABC software was able to assess the potential effects of anthropogenic
pressure (e.g. Portuguese colonization and harvesting) as well climatic
events (e.g. Pleistocene glaciations, Last Glacial Maximum, and Younger
Dryas) with a reduced bias from the authors. Scenarios were evaluated
in DIYABC using 3000000 simulated data sets using the prior distribu-
tion shown in the Supplementary methods and Table 2.

3. Results
3.1. Descriptive analyses

Although 21-23 individuals were collected within each location, not
all individuals were successfully amplified for the 13 polymorphic mi-
crosatellite markers developed for P. aspera by Faria et al. (2017). One
marker ASP2F suffered from over 20% of missing values among all 64
individuals amplified; therefore, it was not included in any of further
analyses. Deviations from the Hardy Weinberg Equilibrium (HWE) were
observed before and after using a Bonferroni correction, while not being
linked to any particular location. Deviations were due to one marker
(ASP38). No deviations from the Linkage Disequilibrium (LD) were
observed at population nor marker level.

Number of alleles (N,) were generally similar among locations,
ranging from 9.16 in Porto Moniz to 10.50 in Porto Santo, allelic
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Fig. 2. Simulated scenarios in DIYABC for Scenario 1 (Fig. 2A), assuming a population expansion signal estimated as N, (effective population size; 10-100000 lower
and upper limit respectively for all simulated N,, shown in light blue) from the end of the Pleistocene (t = 10-40000 generations) up to the Holocene (t = 10-15000
generations) and maintenance or decrease of the N, during the last thousand years (t = 1000 generations), and Scenario 2 (Fig. 2B), assuming a population
contraction signal estimated as N, (effective population size) from the end of the Pleistocene (t = 10-40000 generations) up to the Holocene (t = 10-15000 gen-
erations) and maintenance or decrease of the N, during the last thousand years (t = 1000 generations). Summarized posterior median values obtained from DIYABC
are shown in Fig. 2C revealing an expansion signal (estimated as N,) from the Pleistocene up to the Holocene and a contraction of the N, occurring after the
Portuguese settlements of the archipelago of Madeira. N, = effective population size, t = lower and upper limit of variable time (in brackets). (For interpretation of
the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Table 2

Prior and mean posterior distribution of parameters for two demographic sce-
narios for Patella aspera individuals from the Archipelago of Madeira using
DIYABC. Median posterior values (including q0.025 - q0.975) are included for
the most likely scenario (Scenario 1).

Scenario 1 Scenario 2
Parameter Prior Median posterior (q0.025 - g0.975) Prior
Ne 10-100000 2630 (450-7140) 10-100000
Netl 10-100000 1310 (354-1970) 10-100000
Net2 10-100000 53700 (8570-98000) 10-100000
Net3 10-100000 3720 (1010-9320) 10-100000
tl 10-1000 538 (480 970) 10-1000
t2 10-15000 7200 (950-14500) 10-15000
t3 10-40000 25000 (7000-39000) 10-40000

richness (A;) ranged from 5.75 in Paul do Mar to 6.97 in Garajau (MPA),
while private alleles ranged from 0.50 in Porto Moniz to 0.75 in Porto
Santo (Table 1). Observed heterozygosity was lower in Porto Moniz (Ho
= 0.53) and higher in Porto Santo (Ho = 0.60). For all cases, expected
heterozygosity (H.) was higher than H, (Table 1). In every single com-
parison, He was higher than Ho, and all Fig values were positive
(Table 1).

3.2. Past and contemporary migration patterns

The Bezier method used for comparing the two migration schemes in
MIGRATE-n suggested that the panmictic model was the best scenario
explaining past migration patterns of P. aspera in the archipelago of
Madeira (Ln = - 1618,364.78). Thus, long-term past migration pattern
reconstructed in MIGRATE-n using a Bayesian approach revealed a

mostly symmetrical connectivity during the past (Fig. 1A; Table S2),
with M (M = m/u) ranging from 48.2 (Padl do Mar into Rocha do Navio)
to 82.5 (Pail do Mar into Desertas). Contemporary gene flow calculated
in BAYESASS (Fig. 1B; Table S3) revealed a contrasting result to the
observed in the long-term past migrations with a highly asymmetrical
connectivity. High contemporary gene flow occurred from Patil do Mar,
on the Southwestern side of Madeira Island, into all other locations,
ranging from 0.265 to 0.270. Gene flow among individuals of all other
five locations was mostly nil, ranging from 0.011 to 0.014. The
geographic position of Pail do Mar where the ocean current turns into
East of the archipelago, suggests that this population might be acting as
a source of genetic variability by exporting individuals from this loca-
tion into all other locations, a process that could be related with the
timing of the reproduction of P. aspera from January to April (Fig. 1B).

3.3. Population differentiation and gene flow

The results from the power analyses revealed that the 12 microsat-
ellite markers were able to detect an Fs7 0.007 with a 100% confidence
(based on Chi and Fisher index; Table S4). Thus, the genetic variability
described with the following statistics were reliable. Fgy -based genetic
distances (Supplementary material, Table S5) ranged from 0.000 to
0.017, revealing low differentiation among most of locations, except
between Porto Santo and all other locations. Nevertheless, Fst were
significant only between Porto Santo and Patl do Mar (Fst = 0.017, p-
value = 0.018) and between Porto Santo and Garajau (Fsy = 0.014, p-
value = 0.045; Fig. 1C), both locations located in the southern part of
Madeira Island. The Evanno method, used to identify the most likely
number of k from STRUCTURE suggested k = 2 (Figure S1), revealing a
very subtle differentiation among individuals from Porto Santo (repre-
sented mostly in light blue) and all other five locations (represented in
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light blue and yellow), suggesting an emerging differentiation of the
Porto Santo population (Fig. 1D). The Desertas Islands seemed to be
more differentiated among the southern islands as suggested by the
STRUCTURE plot (with a high presence of yellow bars). Thus, both
analyses to estimate population differentiation suggested a subtle but
existing differentiation between Porto Santo and all other locations.

3.4. Approximate Bayesian Computation (ABC) scenarios

The evaluation of the two simulated scenarios of the past genetic
diversity, including a scenario with population expansion and likely
effect of anthropogenic activity (Scenario 1; Fig. 2A), or population
reduction and likely anthropogenic activity (Scenario 2; Fig. 2B). The
direct method and logistic regression revealed that Scenario 1 was the
most likely scenario explaining the contemporary genetic patterns of
P. aspera in the archipelago of Madeira (Figure S2). Simulation results
were assessed by model checking, revealing that the observed data were
located within the distribution of the components of both scenarios
(Figure S3). Results from DIYABC from Scenario 1 suggest a population
expansion pattern occurring during the Holocene, with an effective
population (Ne) increase from 1400 at time t3 25000 years before pre-
sent (BP) up to Ne 54000 at time t2 7200 years BP (Fig. 2C). The results
from DIYABC also reveal a reduction of Ne up to 6300 at time t; 540
years BP, a time coinciding with the beginning of the Portuguese set-
tlements in the island. This reduction in Ne continued to nowadays (at
time tp) until reaching Ne = 2180.

4. Discussion

Our results, discussed below, revealed the importance of population
expansion during the Holocene as consequence of more favourable
temperatures and more rocky habitat, the negative effects of anthro-
pogenic pressure during the last six centuries and the importance of
ocean currents interacting with the timing of the reproduction of the
species to maintain the gene flow.

4.1. Changes in the sea level during the quaternary and its importance to
explain extant patterns of connectivity

The archipelago of Madeira has experienced major changes in its
coastal configuration and extent as well as in the connectivity between
islands (i.e. Madeira and Desertas) since the end of the Pleistocene. By
the end of the Pleistocene, during the LGM (ca. 22,000 years BP), the sea
level declined to its lowest level worldwide up to 120-130 m below the
extant sea level. During this period, shallow coastal areas were exposed,
increasing the surface of continental and island areas, as well as con-
necting some areas of the world through land bridges previously and
currently non-existent (Clark and Mix 2002; Clark et al., 2009). The
island of Porto Santo was five times larger than at present during the
LGM. The present-day islands of Madeira and Desertas were joined into
one island. The archipelago has been considered a glacial refugial area
for marine coastal species as suggested by geological and phylogeo-
graphic studies (e.g. Domingues et al., 2007), with important implica-
tions for diversity in the wider north-east Atlantic region with
subsequent post-glacial expansion. Marine species were affected by the
Quaternary fluctuations of the sea level and the decrease in the tem-
perature (Ludt and Rocha 2015; Ortego and Knowles, 2020; Stiller et al.,
2021), especially coastal species whose habitat increased during the
Holocene as consequence of the sea level decrease (Dolby et al., 2016) as
occurred with different rocky shore species including mussels (Rawson
and Harper 2009; Cunha et al., 2011), kelps (Fraser et al., 2009; Neiva
et al., 2018), and limpets (de Aranzamendi et al., 2011; Mmonwa et al.,
2015; Pardo-Gandarillas et al., 2018). The ABC approach revealed that
P. aspera survived during the LGM within archipelago of Madeira despite
the likely decrease in the sea surface temperatures. This has been pre-
viously hypothesized by biogeographic studies for other coastal species
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(Rijsdijk et al., 2014; Fernandez-Palacios et al., 2016). During the LGM
(26500 years BP), the effective population size (N.) of P. aspera was
lower than at present, although still moderate to high when compared
with that observed for other marine species such as the abovementioned
i.e. mussels, kelps or other species of limpets. With the increase of the
sea level and warming during the Holocene, the N, of P. aspera increased
up to 54,000 by 7200 years BP, most likely due to warming ocean
conditions extending reproductive seasons and success and the avail-
ability of suitable rocky habitat. Then, 540 years BP, the ABC method
revealed a decline in the N, to 6,300. This estimate of time could be
related with the appearance of the Portuguese settlements in the ar-
chipelago of Madeira 580 years BP. P. aspera has been consumed in
archipelago of Madeira for centuries (Silva and Menezes, 1921) and it is
likely that the drop in the N, obtained with the ABC method could be
reflecting this pressure since colonization. Expected heterozygosities
(He) were higher than Ho in all cases, with positive Fig values ranging
from 0.16 to 0.33, suggesting a lower heterozygosity than the expected
within all locations. Lower heterozygosities could be the result of cen-
turies of over-exploitation of P. aspera. These heterozygosities and Fig
are on the line with the results from DIYABC, supporting a negative
effect of over exploitation pressure on P. aspera. Evidence exists of local
extinction of other molluscs within archipelago of Madeira as occurred
with nine species of land snails that became extinct during the last six
centuries due to human consumption (Goodfriend et al., 1994).
Anthropogenic island extinction is common worldwide due to the
introduction of exotic species competing or predating with native spe-
cies, human consumption, and habitat loss (Wood et al., 2017). Here we
provide evidence that recovering genetic diversity during the Holocene
was interrupted in P. aspera due to the extraction of individuals for
consumption. These results also suggest that the Younger Dryas had no
effect on the genetic diversity of P. aspera, suggesting that anthropogenic
pressure had a higher influence on this species than other climatic events
occurring between the late Pleistocene and the Holocene. This result is
in line with previous studies suggesting a low impact of the Younger
Dryas on the archipelago of Madeira, an area that probably acted as a
glacial refugia for several Atlantic species (Domingues et al., 2007).

4.2. Past and contemporary migration patterns and population
boundaries

Migrations estimated with Migrate-n revealed a high and mostly
symmetric connectivity among islands within archipelago of Madeira at
the LGM, a pattern coinciding with the high connectivity between
Madeira and Desertas during the LGM and the existence of the Canary
current. A high connectivity within the Macaronesian islands, from
which archipelago of Madeira is part of, has been suggested as the best
explanation for the existence of similar species within all the islands and
high similarity (Avila et al., 2008). For instance, a recent study by Faria
et al. (2018) examined broadscale genetic structure of P. aspera in the
Macaronesia, finding that populations from single locations in Madeira
and Gran Canaria were well differentiated from the Azores. Our study
reveals finer scale genetic patterns of P. aspera within the archipelago of
Madeira.

Contemporary observations and ocean simulations have revealed
that the Canary current shows seasonal changes, with a movement from
West to East between January to March and North to South and East to
West during the rest of the year (Stramma and Siedler 1988; Batteen
et al., 2000). It is noteworthy that the reproduction of P. aspera within
archipelago of Madeira from January to April matches the time when the
Canary current moves from West to East, a pattern that could explain the
observed contemporary asymmetric gene flow estimated with BAYE-
SASS, where gene flow occurs from Paul do Mar in the West side of
Madeira Island into all other parts of Madeira Island, Porto Santo and
Desertas Islands. This high asymmetric gene flow could explain the
observed patterns with the software STRUCTURE, where the most likely
number of populations was estimated as k = 2, although the observed
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pattern suggests a high admixture and some degree of differentiation or
homogenization between Porto Santo and all other locations. Fsr dis-
tances allowed to identify more details into this pattern, describing a low
but significant differentiation between the southern localities from
Madeira Island (Paul do Mar and Garajau) with Porto Santo.

4.3. Conservation and resource management implications

Here, by studying P. aspera individuals from six locations within the
archipelago of Madeira, using a novel set of microsatellite markers, we
found subtle signals of differentiation with two different approaches, Fst
and the software STRUCTURE. The apparent subtle differentiation and
genetic diversity observed could be explained by the combined effect of
spatiotemporal changes in the connectivity and anthropogenic effect.
The changes in connectivity patterns described here, going from a highly
symmetrical connectivity during the past to an asymmetric gene flow
occurring from a single location via ocean currents nowadays could be of
interest for conservation policies. For instance, Patl de Mar, a location
where P. aspera been highly harvested during the past shows a moderate
genetic diversity and due to this and its importance as a source of
variability for Madeira island, should be prioritized for conservation.
Porto Santo shows the highest values of genetic diversity (Na, Ar, and
Ho) and thus should be of interest for conservation as well. Among those
localities where conservation measures are already ongoing due to the
implementation of an MPA, we observed a moderate to high genetic
diversity and thus, the status of these areas should be maintained.
Nevertheless, no significant evidence of an increase in the genetic di-
versity was found in these areas when compared with other localities,
mostly due to the time of the creation of MPAs (20 years). Of most
concern is evidence of the contraction of effective population size of this
species since first colonization which must have accelerated in recent
years throughout the Madeiran, Canarian and Azorian archipelagos with
population expansion and tourism (WTO, 2019).

4.4. Caveats

Some caveats need to be considered to avoid overinterpretation. For
instance, sample size (n = 21-23) and number of markers (n = 12) were
relatively small and thus this methodological aspect could influence the
results. Nevertheless, the results of the power analysis reveal that the
number of markers and sample size is more than enough to observe
processes occurring at 30 or more generations in the past with a 100%
confidence for Fgr as little as 0.007. Although all Bayesian analyses were
run for enough generations to obtain a good distribution of parameters it
is known that some of the software used could lead to biased in-
terpretations. For instance, Samarasin et al. (2017) found that
combining the results from Migrate-n and BAYESASS could lead to
inaccurate conclusions when used to estimate long-term and short-term
past processes respectively. Nevertheless, in this study, all re-
constructions (i.e. BAYESASS, Migrate-n, DIYABC, and bibliographical
data) support each other, helping to arrange the pieces of the puzzling
patterns of the evolutionary history of P. aspera.

4.5. Concluding remarks

Disentangling the mixed signal of evolutionary processes acting at
different time scales by combining different Bayesian approaches and
traditional analyses based on genetic markers have proven to be useful
to better comprehend the history of species (Baguette et al., 2013; Epps
and Keyghobadi 2015; Rissler 2016; Selkoe et al., 2016). Here, by using
the limpet P. aspera inhabiting the archipelago of Madeira we have
shown how natural events (Quaternary glaciations) and anthropogenic
pressure (Portuguese settlement) have affected the genetic patterns of a
species. Thus, the use of coalescent and ABC methods to assess hy-
potheses at different timescales can allow to understand the conse-
quences of past processes and can be helpful for the conservation of
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species. For instance, the decrease of the N, of the species in one third
during six centuries is a warning sign not just about the past effects of
humans on species, but also on the negative consequences that our
species could generate with this littoral species and others in the future.
Here, this study could help to lead conservation measures as the
reduction of harvesting of the species, especially in the location acting as
a source of variability for all other locations due to the here discovered
combined effect of reproductive time and gene flow during a spatio-
temporal change in the currents.

Statement of significance

Using a genetic approach, we observed that human pressure has
serious effects on the genetic diversity of a highly-exploited intertidal
mollusk. These effects have been steadily accelerating since the estab-
lishment of Portuguese in the XV century in Madeira.
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