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Abstract

Understanding large-scale spatial and temporal patterns of marine populations is a central goal in ecology, which has received
renewed attention under climate change. However, few studies explore the large-scale dynamics of populations using stand-
ardized protocols and during the same time frames. We studied the phenology and intensity of reproduction and recruitment
for the intertidal stalked barnacle Pollicipes pollicipes over an European scale and described their potential linkages with
environmental variables. This species supports profitable fisheries in the Iberian Peninsula (Spain and Portugal). In Brittany
(France), we had observed a significant lower reproductive effort (long non-breeding season, short breeding period in sum-
mer) and low values of recruitment intensity. This pattern may be related to the fact that Brittany corresponds to the northern
limit of the distribution of this species in continental Europe. On the Iberian Peninsula, the most different region was Galicia
(Spain), with Asturias (Spain) and SW Portugal being more similar. In Galicia, we have observed a contradictory pattern
characterized by the absence of a non-breeding period and by a shorter recruitment season than observed in other Iberian
regions. Our results suggest that air temperature, SST and chlorophyll-a might be related to the variability in reproduction
and recruitment patterns of P. pollicipes. Moreover, spring and early summer upwelling in SW Portugal and Galicia might
be inhibiting recruitment in this period. At the northern limit, the expected increase in performance under climate change
might facilitate the recovery of populations after exploitation, increasing the resilience of the resource to fishing pressure.
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Introduction

Understanding and predicting the spatio-temporal dynam-
ics of marine populations remains a central goal in ecology
and has applied relevance for the conservation of marine
biodiversity and management of fisheries resources. In
recent decades, this interest has also been pushed by large-
scale environmental disturbances such as the impacts of
climate change (Poloczanska et al. 2016; Fredston et al.
2021).

Across the geographic range of a species, there might be
variation of vital rates (e.g., recruitment, survival, growth
and reproduction), and range limits might be explained
by less adaptation of organisms to changes in environ-
mental conditions, but also by dispersal dynamics, habi-
tat arrangements or demographic effects (see revision of
Brown et al. 1996). For many benthic marine invertebrates
with sessile adults and dispersive larvae, recruitment is
a key demographic process structuring adult populations
(e.g., Connell 1985; Gaines and Roughgarden 1985).
Recruitment combines settlement and survival to a certain
time or life phase (Connell 1985). Many processes affect
the recruitment of a species, but the journey to the benthic
phase is originally dependent on the reproductive output
of that species (see revision of processes in Pineda 2000).
Understanding how the starting point (reproduction) and
end point (recruitment to benthic phase) of this journey
may vary regionally is, therefore, of fundamental ecologi-
cal importance to explain spatial and temporal patterns in
population and community structure.

Phenology (the timing of life cycle events) and inten-
sity of reproduction and recruitment might change across
the geographic distribution of a species. Recruitment or
repopulation failure has long been considered a cause
of geographic range boundaries and distribution gaps in
intertidal invertebrates (e.g., Lewis 1986; Gaylord and
Gaines 2000; Gilman 2006). However, there are not many
studies of large-scale comparisons of phenology and inten-
sity of these processes in nearshore benthic invertebrates
(but see Connolly et al. 2001 and Broitman et al. 2008
for recruitment of barnacles and mussels in the northeast
Pacific Ocean, from ~ 34° to 46° N).

In the northeast Atlantic Ocean, the intertidal zone has
a long history of ecological and biogeographic study (see
revision of Hawkins et al. 2019). But despite this knowl-
edge, we are not aware of any study on large-scale pat-
terns of reproduction and recruitment that has crossed the
continental (Europe/Africa) border. In addition, just a few
studies have studied these processes on a large-scale in
Europe using standardized protocols and during a same
period (but see O’Riordan et al. 2004 for recruitment of
barnacles; Philippart et al. 2012 for larval occurrence).
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Regional variation of recruitment of the warm-temperate
intertidal barnacle Chthamalus montagui (northern limit
in Britain, southern limit in NW Africa) was detected, evi-
denced by a lower recruitment intensity of northern popu-
lations (SW Ireland) and a longer recruitment season in
the south (SW Portugal) (O’Riordan et al. 2004). Also for
this species, there are observations from the 1980s indicat-
ing that the breeding season in the north (Scotland, Lewis
1986) is shorter than in the south (Mediterranean, Crisp
et al. 1981) and that are frequent recruitment failures in the
north (Scotland, Lewis 1986). For cold-temperate species
(e.g., Patella vulgata, northern limit in Norway, southern
limit in Portugal; Semibalanus balanoides, northern limit
in Norway, southern limit in NW Spain), there is evidence
of a decrease in reproduction success in southern limits
(Moore et al. 2011; Herrera et al. 2019).

The warm-temperate stalked barnacle Pollicipes pollici-
pes is distributed in Western Europe and in the North Atlan-
tic African coasts from Brittany (France) to Senegal, being
rare in the Mediterranean (Barnes 1996). Northern limit
in continental Europe is Plateau de la Méloine (48°43'45"
N-03°47'14" W; E. Thiébaut personal communication),
although scattered individuals have been observed in Lands
End, SW Britain (50°04’ N) (Southward 2008; Hawkins
et al. personal observations) (see Fig. 1a). Along its geo-
graphical distribution, there are important stretches of sandy
coast that fragment its distribution on the rocky coast, as
occurs on the west coast of France south of Brittany and on
the NW coast of Africa (see Fig. 1a). This species is abun-
dant on very exposed rocky shores, ranging from the shal-
low subtidal to mid-intertidal (Barnes 1996) and is heavily
exploited in the Iberian Peninsula (Molares and Freire 2003;
Cruz et al. 2015). Several fisheries of this species have been
identified in Europe, including fisheries close to its northern
limit (Brittany, France), and in the Iberian Peninsula, namely
in Asturias and Galicia (Spain) and SW Portugal (Aguién
et al. 2022). In total, the European fisheries of P. pollic-
ipes have an annual economic value of EUR 10 million,
with around 500 tons of landings and 2100 fishers (Aguién
et al. 2022). In Spain and Portugal, there is a strong market
demand for this resource, whereas in Brittany most of catch
is exported to Iberian countries (Aguion et al. 2022).

As most nearshore benthic species, P. pollicipes has a
two-phase life cycle, with planktonic larvae (nauplii and
cypris) (described in Molares et al. 1994b; Kugele and Yule
1996) and benthic adults. P. pollicipes is a cross-fertiliz-
ing simultaneous hermaphrodite and broods its embryos
inside the mantle cavity of adults until hatching of stage
I nauplii (Cruz et al. 2010). After six planktonic nauplius
stages, cyprids of P. pollicipes settle heavily on conspecifics
(Barnes 1996). Brooding patterns of this species have been
studied by estimating the percentage of adults carrying egg
lamellae (e.g., Cardoso and Yule 1995; Cruz and Aragjo
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Fig.1 a Distribution of the stalked barnacle Pollicipes pollicipes
(dark grey contour of the coast, based in Cruz et al. accepted) with
indication of the four regions studied (Brittany in France, Asturias
and Galicia in N Spain, and SW Portugal). Location of the repro-
duction and recruitment study sites across SW Europe in b Brittany
(blue, n=3), ¢ Galicia in NW Spain (green, n=6), Asturias in N
Spain (orange, n=6) and d SW Portugal (pink, n=>5). The asterisk

1999; Pavén 2003; Macho 2006). Recruitment has been
studied by counting cyprids and juveniles attached to the
peduncle of adults (De la Hoz and Garcia 1993; Pavén 2003;
Cruz et al. 2010; Fernandes et al. 2021) or by determining
the percentage of adults with recruits (Molares 1993; Macho
20006). Patterns of reproduction and of recruitment intensity
in P. pollicipes in the Iberian Peninsula have been linked
with air and sea water temperature, chlorophyll concentra-
tion, and upwelling intensity and events (Cardoso and Yule
1995; Cruz and Hawkins 1998; Cruz 2000; Macho 2006;
Fernandes et al. 2021).

The general question of this study is to investigate
if there are regional differences in the phenology and

in b marks the northernmost observation of the species in continental
Europe (Plateau de la Méloine in the NE of the Bay of Morlaix) (E.
Thiébaut, personal communication). All sites were used to describe
the phenology and intensity of reproduction and recruitment. Map
coordinates are in decimal degrees. Projected coordinate system used:
WGS 84/Pseudo-Mercator

annual intensity of reproduction (including the number
of broods) and of recruitment of P. pollicipes across
Europe, specifically in populations close to the northern
limit of this species (Brittany) and in Iberian populations
(Asturias, Galicia and SW Portugal), using standardized
protocols. This study will allow us to better understand
the potential impacts of climate change across Europe,
namely of air temperature rise and sea water warming
(Mieszkowska et al. 2006) and coastal upwelling weak-
ening in NW Iberian Peninsula (Sousa et al. 2020), on
the reproduction and recruitment of P. pollicipes and its
wider implications for the management of this valuable
fishery resource.
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Methods
Study sites

Along the coast of SW Europe, 20 sites from four regions
were chosen to study P. pollicipes reproduction and recruit-
ment: three sites in Brittany (NW France) close to the north-
ern limit of this species in Continental Europe (Fig. 1b),
six sites in Asturias (N Spain), six sites in Galicia (NW
Spain) (Fig. 1c), and five sites in SW Portugal (Fig. 1d).
All sites correspond to very exposed shores. Two main fac-
tors were considered in the selection of the sampling sites:
ease of access to maximize visits throughout the year, since
P. pollicipes lives in very exposed rocky shores; and to be
harvested fishing beds. Both factors were important, as sev-
eral samplings were conducted by fishers, biologists, and
surveillance officers (from cofradias—fishers’s guilds—and
regional fisheries administration) that worked in collabora-
tion with the scientific team.

Biological sampling

Monthly collections of barnacles took place at each site dur-
ing spring tides between July 2017 and July 2019, although
sampling was not possible in several dates due to rough sea
conditions (Table S1 in SSMM). At each site, clumps were
randomly collected from the middle of P. pollicipes inter-
tidal distribution range along approximately 20-100 m of
coastline and then frozen until further analyses. On each
sampling date and site, 40 adult individuals (rostro-carinal
distance (RC) > 15 mm, following Cruz and Hawkins 1998)
were randomly chosen (hereafter referred as adults) and
measured with a caliper (0.1 mm precision).

Reproduction

On each sampling date and site, the presence of egg lamel-
lae (hereinafter eggs) in the mantle cavity and their maturity
status (mature or immature) was registered in 40 adults to
calculate the percentage of barnacles with eggs and with
mature eggs. Egg masses were considered mature when the
black naupliar eye was visible in the embryos and/or when
hatched larvae were present, and immature when the nau-
pliar eye was red or still not developed (based in Achituv
and Barnes 1978). Regional variation of the phenology, and
intensity of reproduction and of the number of broods was
determined.

First, we have described the phenology of the main
reproductive season and of the non-breeding season for
each region by calculating the average percentage of ani-
mals with eggs in all sites available on each date (number
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of sites different according to region and date, see Table S1
in SSMM). We defined the main reproductive season as the
period corresponding to the dates when an average of > 50%
of the barnacles carried eggs, and the non-breeding season
as the period corresponding to the dates when the average
percentage of barnacles with eggs was less than 5%.

Regional variation of the phenology and intensity of
reproduction was analyzed by multivariate analyses. Mul-
tivariate data (reproductive structure) consisted of the
values of the percentage of barnacles with eggs in each
date (variables) for each site within each region. All sites
(n=3, Brittany; n=6, Asturias; n=6, Galicia; n=5, SW
Portugal; see Fig. 1) and sampling dates/months (25) were
considered, although not all sites or regions were sampled
in all months (see Table 1 in SSMM). First, the data were
analyzed according to a one factor (region) experimental
design using permutational multivariate analysis of variance
(PERMANOVA, Anderson 2001). Second, the average of
size (RC) per site was included as a covariate in the PER-
MANOVA to understand if regional variation was caused by
size variation. Finally, we included the interaction between
size and region (analogous to the test for homogeneity of
slopes in a classical ANCOVA design) to test whether the
relationship between reproductive structure and size differed
among regions. As differences were found among regions,
these were examined using pair-wise tests. As a complement
to PERMANOVA, we tested the homogeneity of the dis-
persions among the four regions by PERMDISP (Anderson
20006), to determine whether different dispersions might be
contributing to regional differences. All multivariate analy-
ses were done on the basis of a Bray—Curtis similarity matrix
calculated from untransformed data. To visualize the multi-
variate patterns of reproductive structure, non-metric multi-
dimensional scaling (NMDS) was used as an ordination plot.
We superimposed vectors representing the Pearson’s correla-
tion coefficient of the percentage of barnacles with eggs in
each sampling date with the two MDS axes (only dates with
Ir|> 0.8 were included) and bubbles corresponding to the
relative average size of the barnacles sampled in each site to
visualize the effect of size as a covariate. All analyses were
performed using PRIMER 7 (Clarke and Gorley 2015) with
the PERMANOVA + add-on (Anderson et al. 2008).

The number of broods was calculated for the year 2018
(the only complete year) following the method proposed by
Hilgard (1960) modified for using monthly intervals (see
SSMM). The calculation is based on the monthly percent-
age of individuals carrying egg masses (average of all sites
on that region) and the embryo development time. Two
approaches were used: the traditional one, where a fixed
embryo development time of 25 days is assumed (Molares
1993; Cruz and Aratjo 1999; Macho 2006), and one where
embryo development time is dependent of temperature,
based on embryo development time for other three barnacle
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species at different temperatures (Patel and Crisp 1960). A
detailed explanation on how the embryo development time
for P. pollicipes depending on temperature was estimated
based on the data from Patel and Crisp (1960) is included in
the SSMM (see Fig. S1 and Table S2 in SSMM).

Recruitment

Since the final larval stage (cyprid) of P. pollicipes settles
heavily on the peduncle of adult conspecifics (Barnes 1996),
we used adults as natural sampling substrates. In each site
and sampling date, we randomly selected 20 of the 40 adults
used for the reproduction study and counted the cyprids plus
juveniles with RC < 0.6 mm (recruits) attached to each adult
using a stereo microscope. This size was selected because
the estimated average size reached by juveniles with a maxi-
mum of 1 month after settlement was 0.50+0.38 mm RC
in SW Portugal (mean + SD; Mateus 2017). As laboratory
processing was conducted by different teams in each loca-
tion (i.e., Sorbonne University, Brittany; University of Vigo,
Galicia; University of Oviedo, Asturias; and University of
Evora, SW Portugal), a previous training was done among
scientists from different regions to avoid biases in the identi-
fication and counting of cyprids and juveniles in each region.

First, phenology of the main recruitment season and of
the non-recruitment season was described for each region by
calculating the average of the mean number of recruits per
adult in all sites available on each date (number of sites dif-
ferent according to region and date, see Table S1 in SSMM).
Main recruitment season was defined as the period corre-
sponding to the dates when the average of the mean number
of recruits was higher than three (based in Cruz et al. 2010).
Furthermore, non-recruitment season was defined as the
period corresponding to the dates when the average of the
mean number of recruits was lower than one.

Regional variation of the phenology and intensity of
recruitment was analysed by multivariate analyses. Mul-
tivariate data (recruitment structure) consisted of the val-
ues of the number of recruits (cyprids plus juveniles with
RC < 0.6 mm) per barnacle in each date (variables) for each
site within each region. All sites (n=3, Brittany; n =26,
Asturias; n=6, Galicia; n=5, SW Portugal; see Fig. 1) and
sampling dates/months (25) were considered, although not
all sites or regions were sampled in all months (see Table 1
in SSMM). Since the same barnacles of each site were not
sampled on different dates, the allocation of each barnacle to
a label (one in 20 replicate barnacles) on each date and site
was done randomly. Consequently, 20 “barnacles” per site
were considered. First, the data were analysed according to
a two factors (region, fixed factor, and site, random factor
nested in region) experimental design using permutational
multivariate analysis of variance (PERMANOVA, Ander-
son 2001). Second, the average of size (RC) in all dates per

barnacle was included as a covariate in the PERMANOVA
to understand if regional and site variation was caused by
size variation. Finally, we included the interactions between
size and region, and between size and site (analogous to
the test for homogeneity of slopes in a classical ANCOVA
design) to test whether the relationship between recruitment
structure and size differed among regions or sites. As dif-
ferences were found among regions, these were examined
using pair-wise tests. As a complement to PERMANOVA,
we tested the homogeneity of the dispersions among the
four regions by PERMDISP (Anderson 2006), to deter-
mine whether different dispersions might be contributing to
regional differences. All multivariate analyses were done on
the basis of a Bray—Curtis similarity matrix calculated from
square-root transformed data, to reduce the dominant con-
tribution of dates with very high recruitment to Bray—Curtis
similarities.

To visualize the multivariate patterns of recruitment
structure, non-metric multidimensional scaling (NMDS) was
used as an ordination plot, by averaging recruitment data per
site for each date. We superimposed vectors representing the
Pearson’s correlation coefficient of the number of recruits
per barnacle in each sampling date (averaged by site) with
the two MDS axes (only dates with IrI> 0.7 were included)
and bubbles corresponding to the relative average size of the
barnacles sampled in each site to visualize the effect of size
as a covariate. All analyses were performed using PRIMER
7 (Clarke and Gorley 2015) with the PERMANOVA + add-
on (Anderson et al. 2008).

Environmental variables

The regional monthly average of the following environ-
mental variables was retrieved for the study period (July
2017-2019): sea surface temperature (SST, °C), air tem-
perature (°C), chlorophyll-a concentration (mg m~>) and
upwelling index (m? s~' km™").

SST and chlorophyll-a concentrations were calculated
for two locations of each region (Brittany, Asturias, Gali-
cia and SW Portugal) using satellite data (see geographi-
cal coordinates of locations in Table S3 in SSMM). The
daily chlorophyll-a data come from the Copernicus opera-
tional service from satellite observations resulting from
data merging of several sensors (Copernicus data identi-
fier OCEANCOLOUR_ATL_CHL_L4_REP_OBSERVA-
TIONS_009_098) and have a 1 km horizontal resolution.
The SST information was extracted from the European
North West Shelf/Iberia Biscay Irish seas L4 SST repro-
cessed (Copernicus data identifier SST_ATL_SST_L4_
REP_OBSERVATIONS_010_026), with a 0.05° horizontal
resolution (approximately 5.5 and 3.7 km in latitude and
longitude, respectively). More information about those prod-
ucts is available through the CMEMS Copernicus system

@ Springer
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(https://marine.copernicus.eu). Air temperature forecast data
computed by the Global Forecast System model with 13 km
resolution (GFS 13 km; provided by NOAA—National Oce-
anic and Atmospheric Administration, U.S. Department of
Commerce) was compiled from Windguru archives (www.
windguru.cz) for two locations in each of the four study
regions (see location geographical coordinates in Table S4
in SSMM), encompassing data with a 6 h frequency. The
upwelling index was provided by the Instituto Espaiiol de
Oceanografia (www.indicedeafloramiento.ieo.es), which is
calculated using sea level pressure data from the WXMAP
atmospheric model provided by FNMOC (the US Navy
Fleet Numerical Meteorology and Oceanography Center)
for one location in Asturias and SW Portugal, and two in
Galicia (Table S5 in SSMM) using data obtained with a 6 h
frequency. Positive values of this index indicate upwelling,
while negative values indicate downwelling. Calculating an
upwelling index on the scale of the Brittany coast is not rel-
evant according to the hydrodynamics in this region.

To compare the temporal variation of the environmental
variables and both processes of reproduction and recruit-
ment, a normalization of the average of the percentage of
animals with eggs in all sites, and of the average of the mean
number of recruits per adult in all sites was conducted by
rescaling the values from each region into a range of O to 1.

Results
Reproduction

Reproductive phenology differed among regions (Fig. 2).
Nevertheless, in all regions and years, the main reproductive
season (>50% of barnacles with eggs) included the months
of June, July and August.

The timing of the main reproductive season varied among
regions, beginning in both years in April in SW Portugal,
May or June depending on the year in Asturias and Galicia,
and in June in Brittany (Fig. 2). The end of the main repro-
ductive season was in August in both years in SW Portu-
gal, while it was variable depending on the year in Brittany
(July or August) and in Asturias and Galicia (September or
October).

In Brittany, the non-breeding season (< 5% of barnacles
with eggs) was the longest of all regions. In this region, the
non-breeding season was longer in 2017/2018 (from Sep-
tember to May) and shorter in 2018/2019 (October—April).
In Asturias, the non-breeding season slightly changed in
both years (from December to March in 2017/2018; in
November, and in January and February in 2018/2019).

Contrarily, in Galicia, a non-breeding season was absent
in both years, although low rates of reproductive intensity
(between 6 and 13%) were observed from January to April
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2018, and January and February 2019. In SW Portugal, a
common non-breeding season was observed in both years
from November to January.

At the beginning of the main reproductive season of
2018 (the only complete year), a percentage of animals
with mature eggs was observed in Brittany (June, 20.4%),
in Asturias (May, 12.1%), in Galicia (June, 28.7%) and in
SW Portugal (April, 12.5%) (see Figure S2 in SSMM). In
Galicia and SW Portugal, even before the start of the main
reproductive season, there were barnacles with mature eggs
(Galicia in May, 15.4%, SW Portugal in March, 7.5%) (Fig-
ure S2 in SSMM).

Reproductive structure (percentage of barnacles with
eggs in each date for each site) (Fig. 3) differed signifi-
cantly among regions without considering or after consid-
ering average size of barnacles (RC) per site as covariate
(Table S6 in SSMM). Those differences were not attribut-
able to different dispersions among regions, as homogeneity
of dispersions among regions was supported (PERMDISP,
F=2.276; P(perm)=0.127)). The effect of size (RC) was
also significant, but the interaction between region and RC
was not significant (Table S6 in SSMM, Fig. 3). Results of
pair-wise tests from PERMANOVA without size as covari-
ate indicated that all regions differ from each other (Table S6
in SSMM). When we took into account the effect of RC
in the variability among regions, Brittany was significantly
different from Iberian regions, and Galicia was significantly
different from Asturias and SW Portugal, which were similar
(Table S6 in SSMM). Differences between Brittany and Ibe-
rian regions might be explained by the longest non-breeding
season of Brittany comparing with other regions (Figs. 2 and
3). Differences between Galicia and Asturias and SW Portu-
gal might be explained by a higher intensity of reproduction
in late summer and early autumn (September and October)
and Winter (January) in Galicia (Fig. 3) and by the overall
absence of a non-breeding season in Galicia (Fig. 2).

The number of broods estimated at a fixed embryo devel-
opment time (25 days) was lower in Brittany (2.6 +0.5
broods per individual per year) than in Asturias (4.5+0.5),
Galicia (5.5+0.9) and SW Portugal (4.9 +0.8) (Fig. 4).
When calculated under an embryo development time
dependent on temperature, the number of broods was con-
siderably smaller in all regions although following the same
pattern, i.e., lower in Brittany (2.3 +0.4) compared to Astu-
rias (3.7 +0.4), Galicia and SW Portugal (both 3.7 +0.6).

Recruitment

Recruitment phenology was variable among regions (Fig. 5),
namely a shorter main recruitment season (>3 recruits per
barnacle) in Brittany and Galicia than in Asturias and SW
Portugal. In Brittany, only in September 2017 the num-
ber of recruits was > 3 recruits per barnacle, and none in
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Fig.2 Mean (+ SE) percentage
of individuals with egg masses
in Brittany, Asturias, Galicia
and SW Portugal from July
2017 to 2019. Dashed lines
indicate that 50% and 5% of the
population counts with eggs.
The number of sites depends
on the date and region (see
Table S1 in SSMM for detailed
information)
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Fig.3 NMDS bubble plot comparing the reproductive structure (per-
centage of barnacles with eggs in each date for each site) at each of
four regions (3 sites in Brittany, 6 sites in Asturias, 6 sites in Galicia,
5 sites in SW Portugal) based on Bray—Curtis similarities of untrans-
formed data. Vectors indicate direction and magnitude of Pearson
correlation coefficient between each variable (percentage of barna-

Embryo development
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temp. dependent

(=]

Number of broods per year
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Britiany Astdrias Galticia SW Po'rtugal

Fig.4 Annual number of broods per individual by region under
a constant embryo development time of 25 days following Molares
et al. 1994b (light grey) and under a variable one depending on water
temperature (dark grey) estimated in this work (see SSMM). The cal-
culation of the total number of broods as its dispersion (error bars) is
explained in the SSMM
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cles with eggs in each date) and the MDS axes (only variables with
Ir1>0.8 were included). The overlapping date labels on the plot are:
4-19 and 5-19 (above); and 9-18 and 9-17 (below). The size of the
bubbles indicates the average size (rostro-carinal length, RC) of the
barnacles sampled in each site across the study period

2018 (Fig. 5). In Galicia, the main recruitment season was
restricted to July in 2017 and to August in 2018. In Asturias,
the main recruitment season lasted from July to December
in 2017, and was shorter in 2018, lasting from July to Octo-
ber. In SW Portugal, a shorter main recruitment season was
observed in 2017 (July to November), while a longer sea-
son was observed in the following year: from August 2018
to January 2019. Non-recruitment months (< 1 recruit per
barnacle) were very.

common in Brittany, Asturias and Galicia from January
to June, while in SW Portugal, the non-recruitment season
was slightly shorter, lasting from February to June (Fig. 5).

Recruitment structure (number of recruits in each date
for each barnacle) (Fig. 6, averaged by site) differed signifi-
cantly among regions and among sites within each region
without considering or after considering average size of
barnacles (RC) per site as covariate (Table S7 in SSMM).
Regional differences might be attributable to centroid dif-
ferences or to different dispersions among regions, as homo-
geneity of dispersions among regions was not supported
(PERMDISP, F=95.291; P(perm)=0.001)). The effect of
size (RC) was also significant, but the interactions between
region and RC and between site and RC were not signifi-
cant (Table S7 in SSMM). Results of pair-wise tests from
PERMANOVA without size as covariate indicated that all
regions differ from each other (Table S7 in SSMM). When
we considered the effect of RC in the variability among
regions, the pattern changed. Brittany was only significantly
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Fig.5 Mean (+ SE) number of
recruits (cyprids plus juve-
niles RC < 0.6 mm) per adult
in Brittany, Asturias, Galicia
and SW Portugal from July
2017 to 2019. Dashed lines
indicate the presence of 3 and
1 recruits. The number of sites
depends on the date and region
(see Table S1 in SSMM for
more detailed information).
*Note that y axis differs among
regions
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Fig.6 NMDS bubble plot comparing the recruitment structure (aver-
age of number of recruits (cyprids plus juveniles RC <0.6 mm) per
barnacle per site in each date) at each of four regions (3 sites in Brit-
tany, 6 sites in Asturias, 6 sites in Galicia, 5 sites in SW Portugal)
based on Bray—Curtis similarities of square-root transformed data.
Vectors indicate direction and magnitude of Pearson correlation

different from Asturias and SW Portugal which indicate that
size might be explaining the variability between Brittany
and Galicia (detected when we did not consider the effect
of size). So, differences between Brittany and Galicia might
be attributable to differences in the size (RC) of sampled
barnacles that was lower in Brittany (Fig. 6), while detected
differences between Brittany and Asturias and SW Portu-
gal cannot be attributable to differences in size. In relation
to Iberian regions, Galicia was significantly different from
Asturias and SW Portugal, which were similar (Table S7 in
SSMM). Differences between Galicia and Asturias and SW
Portugal might be explained by a lower intensity of recruit-
ment in late summer and early autumn (August, September

Fig.7 Phenology and inten-
sity of reproduction (Rep) and
recruitment (Rec) for 2018
(the only complete year) in

Rep: Barnacles with eggs

Rec: Number of recruits per adult <1 1-3

coefficient between the variable (number of recruits per barnacle in
each date, averaged by site) and the MDS axes (only variables with
Ir1>0.7 were included). The size of the bubbles indicates the average
size (RC, mm) of the barnacles sampled in each site across the study
period

and October) in Galicia (Fig. 6) and by the overall shorter
main recruitment season in Galicia (Fig. 5).

Reproduction, recruitment and environmental
variation

Different regional patterns regarding the lag between the
beginning of the main reproduction season and the begin-
ning of the main recruitment season in 2018 (the only com-
plete year) were found: 1 month in Brittany (here we con-
sidered July as the start of the main recruitment season, the
first month in 2018 with > 1 recruit per adult); 2 months in
Asturias and Galicia; 4 months in SW Portugal (Fig. 7).

2 50%
>3

<5% 5-49%

Brittany, Asturias, Galicia J F M
and SW Portugal. Light grey Rep
stands for the non-breeding and Brittany Rec
no-recruitment seasons, and
black for the main reproductive Asturias Rep
and main recruitment seasons. Rec
Data for blank cells (January s g Rep
and December in Brittany) are Galicia Rec
missing SW Rep
Portugal Rec
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Regarding the variation of environmental variables dur-
ing the study period (Fig. 8 and Table S8 in SSMM), differ-
ent patterns can be distinguished among regions in relation
to the average monthly temperatures. While in Asturias,
Galicia and SW Portugal considerable differences between
SST and air temperature were recorded throughout the year,
in Brittany SST and air temperature remained fairly similar
(Fig. 8b). The most striking patterns relatively to air temper-
ature are summer being warmer in SW Portugal (average of
21 °C and of 18-18.9 °C in other regions) and winter being
colder in Brittany, Asturias and Galicia (average values from
9 to 10.5 °C) than SW Portugal (13 °C) (Fig. 8b and Table S8
in SSMM).

In relation to SST, Brittany registered the lowest average
of SST in winter (10 °C (Brittany), > 12.6 (other regions)),
in spring (13.8 °C (Brittany), > 14.8 °C (other regions)) and
in autumn (13.2 °C (Brittany), > 14.5 °C (other regions)) (see
Table S8 in SSMM for a description of the seasonal means
per region). However, in summer the mean SST in Brittany
was considerably higher (17.2 °C), similar to SW Portugal
(17.5 °C) and warmer than in Galicia (16.4 °C). The lower

average SST values in Brittany from autumn to spring seem
to be related to a longer non-breeding season in this region,
while a warmer summer seems to be linked to the breeding
season (Fig. 8a, b).

Another pattern that can be described is a gradual loss
of seasonality of SST from the northern locations (Brit-
tany) towards Asturias, Galicia and SW Portugal (Fig. 8b).
Mean annual SST was higher in SW Portugal (16.3 °C) and
Asturias (15.4 °C) and lower in Galicia (14.5 °C) and Brit-
tany (13.4 °C). This regional pattern of SST was observed
in autumn (SW Portugal, 17.3 °C, Asturias, 15.6 °C, Galicia,
14.5 °C and Brittany, 13.2 °C)), but not in winter and spring
when a north to south increase was observed, and in summer
where a different SST pattern was observed: Asturias (19.1
°C), Portugal (17.6 °C), Brittany (17.2 °C), and Galicia (16.4
°C) (Table S8 in SSMM).

Concerning chlorophyll-a, the lowest seasonal average
values were observed in Asturias (< 1.5 mg m~ in all sea-
sons) (Table S8 in SSMM). In Brittany and Portugal, a pro-
nounced seasonality was observed, with the average chlo-
rophyll-a being highest in spring and summer (>3 mg m™)
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Fig.8 A Normalized reproduction (black) and recruitment (grey), b monthly mean values (£ SD) of sea surface temperature (black) and air tem-
perature (grey) in °C, ¢ chlorophyll-a in mg m~> and d upwelling index in m* s™! km™! per region for the period July 2017-July 2019
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and lowest in autumn and winter (< 1.8 mg m™). In Galicia,
the average chlorophyll-a was>2 mg m~ in all seasons,
being higher in autumn and winter (>3 mg m~>) and being
higher than in other regions in autumn and winter (Fig. 8c
and Table S8 in SSMM).

The mean upwelling index remained positive both annu-
ally and across seasons in SW Portugal (Fig. 8d). How-
ever, it should be noted that in SW Portugal, the seasonal
average values were considerably lower and indicative of
lower intensity of upwelling/downwelling in autumn (64
m? s~ km™! versus 740 m> s™! km™! in summer, Table S8 in
SSMM). In Asturias and Galicia, the mean upwelling index
values experienced greater fluctuations, ranging from pri-
marily downwelling episodes in winter and autumn (negative
values) to upwelling events in spring and summer (positive
values) (Fig. 8d and Table S8 in SSMM).

Discussion

Through a large-scale standardized comparison of the repro-
duction and recruitment of P. pollicipes across Europe, we
have found regional differences in the phenology and inten-
sity of both biological processes. The most striking patterns
were a lower reproductive effort in northern (Brittany) than
in Iberian populations (Asturias, Galicia and SW Portugal),
and a contradictory pattern in Galicia characterised by the
absence of a non-breeding period and by a shorter main
recruitment season than observed in other Iberian regions.

In Brittany, a significant lower reproductive effort was
observed in comparison with the Iberian regions. This
was mainly characterised by a longer non-breeding sea-
son (7-9 months) and a shorter main reproductive season
(i.e., when most of the barnacles had eggs: June, July and
August); which might have been caused by favourable ther-
mal conditions only in summer. The average SST in Brittany
was lower than in the Iberian Peninsula in autumn, winter
and spring, while it was similar to SW Portugal and higher
than Galicia in summer.

As sampled sites in Brittany are located close to the
northern limit of the distribution of P. pollicipes (see
Fig. la, b), it is possible to consider that this regional
reproductive pattern supports the prediction of a lower
population performance in peripheral populations accord-
ing to the “centre—periphery hypothesis” (Pironon et al.
2016). This paradigm includes the idea that environmental
conditions are optimal near the centre of the species range
and suboptimal at the periphery (Brown 1984; Pironon
et al. 2016). Temperature is a major environmental factor
influencing physiology and ecology of marine species. As
P. pollicipes is a warm-temperate species we might expect
physiological constraints of the reproductive process
imposed by low temperatures, as was previously reported
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for other crustaceans (Van Den Brink et al. 2012; Green
et al. 2014). Short breeding periods restricted to sum-
mer were also observed in northern population of other
warm-temperate intertidal species in Europe (e.g., Patella
ulyssiponensis, Lewis 1986). In addition, the longer non-
breeding season observed in Brittany might be caused by
geographical differences in the male gonad development.
In fact, previous studies on the gonadal development of
P. pollicipes in Galicia and SW Portugal have indicated
that the reproductive season of this species solely depends
upon the development of the female gonad, as sperma-
tozoa were stored in the seminal vesicles during all year
(Molares et al. 1994a; Cruz and Hawkins 1998). Contra-
rily, Barnes (1992) rarely observed spermatozoa from
October to March in P. pollicipes collected at Biarritz
(France). On the other hand, the high primary productivity
that was observed in Brittany in spring (mean chlorophyll-
a values of 5.5 mg m~>) may have triggered gonad matu-
ration in spring and subsequent fertilization in summer.

The low reproductive effort in Brittany might also explain
the low recruitment rates found in this region due to a poten-
tial decrease in larval supply, intensified by: the absence of
P. pollicipes north of Brittany and on most of the French
coast south of Brittany as a consequence of lack of suitable
habitat; and the longer distance larvae needs to travel from
other spawning populations (e.g., Iberian Peninsula) (see
Fig. 1a). Low recruitment rates might also be driven by local
hydrodynamics that affect larval transport in south Brittany
(see Ayata et al 2010). Previous results from a 3D biophysi-
cal model for south Brittany showed that larval dispersal
is mainly oriented southwards to offshore waters on short
distances (i.e., few tens of km for a 4-week planktonic larval
duration, PLD) from June to August (Ayata et al 2010). This
offshore transport might also explain the low recruitment
intensity observed during summer in Brittany. Our results
are similar to previous studies on the reproduction of this
species during spring and summer in Brittany (De Kergariou
1971 in Girard 1982; Joncourt 2005).

Lower reproductive effort and the low values of recruit-
ment intensity in Brittany might have important implica-
tions for fisheries management. Despite our observations
of a high cover of P. pollicipes in Brittany (unpublished
observations), probably related to a low fishing intensity in
this region (Aguidn et al. 2022), under a scenario of more
fishing effort, the recovery of populations in Brittany may
be more difficult. However, this hypothetical negative trend
could be reversed in the context of climate change, if repro-
ductive and recruitment effort increases as a consequence
of global warming or becomes more similar to the current
patterns we have observed on the Iberian Peninsula. In fact,
several benthic invertebrates species are already expanding
their poleward range limits as a response to warming (Hid-
dink et al. 2015; Poloczanska et al. 2016).
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The Iberian populations of P. pollicipes had a main repro-
ductive season that lasted for 5 months (from May/June to
September/October in Asturias and Galicia depending on the
year, and from April to August in SW Portugal). These tim-
ings match previous observations of the species reproduc-
tion in the Iberian Peninsula (De la Hoz and Garcia 1993;
Cardoso and Yule 1995; Cruz 2000; Pavén 2003; Macho
20006) although a 1-month earlier start was recorded in SW
Portugal. In fact, in studies conducted in the early 1990’s,
the majority of the population in SW Portugal were only
observed to have > 50% of barnacles with eggs from May
onwards (Cardoso and Yule 1995; Cruz and Hawkins 1998;
Cruz 2000).

In SW Portugal, the end of the main reproduction season
was earlier (August) than in Asturias and Galicia (September
or October), which means that fertilization might drop in
the end of summer in SW Portugal. Considering the envi-
ronmental variables that were measured in the Iberian Pen-
insula, the most obvious regional difference during summer
is in air temperature that is higher in SW Portugal (average
of 21 °C) than in Asturias and Galicia (average of 18.2 °C
and 18.9 °C, respectively). The apparently positive relation-
ship between air temperature and the percentage of barna-
cles with eggs in SW Portugal may result from an inhibi-
tion of the female gonad development or of the fecundation
process at higher atmospheric temperatures such as those
recorded in summer in SW Portugal. One hypothesis is that
the fecundation rate would decrease in summer in SW Por-
tugal, resulting in a pronounced decrease in the percentage
of barnacles with eggs in late summer comparing to Asturias
and Galicia. Air temperature has also been considered to
have a positive effect in the reproduction of P. pollicipes in
SW Portugal (Cardoso and Yule 1995) and of Chthamalus
montagui (Barnes 1992).

The higher annual reproduction intensity found in Gali-
cia, that includes the absence of a non-breeding season in
this region, might be explained by more favorable food
conditions in Galicia, as average chlorophyll-a values were
equal to or greater than 2 mg m~ in all seasons, being higher
than those observed in the other regions in autumn and win-
ter. This higher primary productivity in autumn and winter
might be a proxy of more food and related to maintaining
some investment in reproduction during the whole year.

The annual number of broods estimated in the present
study varied depending on the assumption of a fixed embryo
development time (25 days) (as in previous studies, e.g.,
Cruz and Aragjo 1999; Macho 2006) or of an embryo devel-
opment time dependent on water temperature (new meth-
odology, see Supplementary material related to number of
broods estimation). Using the traditional methodology, the
number of broods varied from 3 in Brittany to 5 in Asturias
and SW Portugal, and to 6 in Galicia. These estimates are
higher than the ones estimated in the past using a similar

methodology (4 in SW Portugal, Cruz and Aratdjo 1999;
5 in Galicia, Macho 2006). If we consider a relationship
between embryo development and water temperature, these
estimates decreased and ranged from 2 in Brittany to 4 in
Iberian regions. We consider the latter estimates to be more
realistic, taking into account the influence of water tempera-
ture on embryonic development time of barnacles (Patel and
Crisp 1960). Again, we found a decrease in the reproductive
effort in northern populations in comparison with Iberian
populations.

Recruitment patterns of P. pollicipes in the Iberian Penin-
sula were considered significantly different between Galicia
and Asturias and SW Portugal, mostly due to the lower val-
ues of recruitment observed during autumn in Galicia and
of an overall shorter main recruitment season in this region.
The main recruitment season lasted between 4 and 6 months
in Asturias and SW Portugal (July to October/December in
Asturias, and July/August to November/January in SW Por-
tugal), while in Galicia just 2 months of the study period sur-
pass the threshold of > 3 recruits used to define it (July 2017
and August 2018). Previous studies on P. pollicipes also
defined summer and autumn as the main recruitment season
of the species, although important inter-annual variability
has been reported (Pavon 2003; Macho 2006; Cruz et al.
2010; Fernandes et al. 2021). The average of recruits per
adult in SW Portugal matches previous observations of this
species (Cruz et al. 2010; Fernandes et al. 2021, although
the recruitment index was cyprids plus juveniles < 1 mm RC
instead of < 0.6 mm). In Asturias, inter-annual variation in
recruitment was observed in 2000 and 2001, with recruit-
ment values being lower in 2000 and similar in 2001 to those
observed in the present study (Pavon 2003).

The patterns of reproduction and recruitment found in
Galicia are contradictory, since considering the three Ibe-
rian regions studied, Galicia is the region that theoretically
seems to provide more larvae (higher reproductive effort)
and receive less (lower recruitment values, particularly in
autumn, if less recruitment is indicative of a less larval sup-
ply). In Galicia, the non-extension of the main recruitment
season into autumn (as is the case in Asturias and SW Portu-
gal) may be due to the lower mean SST found during autumn
in this region (14.5 °C in Galicia; 15.6 °C in Asturias; 17.3
°C in SW Portugal). The lower SST recorded in Galicia does
not seem to be related to a higher upwelling intensity in this
region, because the upwelling mean in autumn was higher
in SW Portugal (64) than in Galicia (— 458) and Asturias
(— 634).

The positive relationship between recruitment and SST
suggested in our study (Asturias and Portugal vs. Galicia)
has been previously observed in a 10-year study monitoring
the recruitment of P. pollicipes in Cape of Sines (SW Por-
tugal) (Fernandes et al. 2021). In this study, a clear associa-
tion between recruitment and both relaxation of upwelling
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and seawater warming was detected. In fact, as revised in
Fernandes et al. (2021), SST might have an indirect effect
on recruitment by being a proxy of upwelling relaxation and
promoting onshore or along shore larval transport, or by
being a proxy of water stratification and enhancing onshore
propagation of internal motions. As there is apparently no
relationship between the lower temperature in autumn SST
in Galicia and a higher upwelling intensity, we may specu-
late that the lower autumn temperature in Galicia may be
an indication that other processes favourable to recruitment
and on which we have no data (e.g., internal motions) are
not occurring. In addition, a higher SST can increase pelagic
larval survival of acorn barnacles (Scrosati and Ellrich 2016)
and warming might have an effect on reducing the plank-
tonic larval duration of P. pollicipes (Franco et al. 2017).
Although all sites are similar with respect to wave expo-
sure (very exposed sites), the topographic complexity on
a regional scale is different between Galicia and the other
regions due to the presence of “rias” in Galicia. However,
there are no studies so far on the influence of the “rias” in the
recruitment of intertidal invertebrates with larval phases in
Galicia. The regional variation detected between Galicia and
Asturias and SW Portugal does not seem to be due to differ-
ent fishing efforts among regions. To our knowledge, none
of the fisheries seem overfished (see Aguidn et al 2022),
although there are no stock assessment of P. pollicipes on
these regions. Unravelling the processes (pre and post-settle-
ment) that are driving the lower annual recruitment intensity
in Galicia requires further investigation and it is important in
a context of climate change with practical implications in the
ecology and management of stalked barnacles. The projected
weakening of upwelling in the Iberian Peninsula (Pires et al.
2016; Sousa et al. 2020) and the increasing warmer waters,
are likely to promote a longer and more intense recruitment
season for P. pollicipes in SW Portugal (Fernandes et al.
2021).

When we compared the start of the main reproduction
season with the start of the main recruitment season, we
observed that there was an increasing interval from north to
south; 1 month in Brittany, 2 months in Asturias and Gali-
cia and 4 months in Portugal. This 4-month interval in SW
Portugal was already observed in this region (Cruz 2000),
and might be caused by offshore larval transport medi-
ated by upwelling during spring and beginning of summer.
Indeed, according to a biophysical model of larval dispersal
of P. pollicipes in the Iberian Peninsula recently developed
(Nolasco et al. submitted), larvae from the central (advected
southward) and southwest (advected westward) coast of
Portugal are accumulated off SW Portugal. According to
this model, upwelling also carries the larvae far offshore
in Galicia, and in both Galicia and SW Portugal, the off-
shore larval pool is then advected onshore during upwelling
relaxation. As the main reproduction season begins earlier
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in SW Portugal (April) (mature eggs have been observed in
SW Portugal since March), than in Galicia (June) (mature
eggs since May), it might be that this upwelling “barrier”
will have a more lasting effect in SW Portugal than in Gali-
cia. The upwelling index calculated for Cape of Sines (SW
Portugal) during 10 years (2007-2016) generally increased
during spring until July or August and decreased during the
rest of summer and autumn (Fernandes et al. 2021). The
main recruitment season in 2018 in both Galicia and SW
Portugal began in August and the upwelling index decreased
after August. In Galicia P. pollicipes mature eggs have been
found as early as May (this work and Macho 2006), but last
nauplii stages were not found in the water in coastal stations
until August (Macho et al. 2010), in line with this upwelling
“barrier” effect during spring and most of summer, coin-
ciding with the upwelling season in Galicia (Alvarez et al.
2008). In addition, it is highly unlikely that the increasing
interval from north to south is associated with a longer PLD
further south. In laboratory conditions, the median develop-
ment time of P. pollicipes cypris at 15 °C and at 20 °C was
18 and 15.5 days, respectively (Franco et al. 2017), although
cyprids might live for longer periods with mortality of about
50% after 20 days (Franco et al. 2016). As there is evidence
of a negative effect of temperature on PLD (e.g., O’ Connor
et al. 2007; Franco et al. 2017), considering the temperature
gradient from Britany to SW Portugal (Brittany, mean value
of 13.8 °C in spring and 17.2 °C in summer; SW Portugal,
mean value of 15.8 °C in spring and 17.6 °C in summer), it
seems not plausible that PLD is longer in SW Portugal than
in Brittany.

In conclusion, using a standardised methodology we com-
pared the reproductive and recruitment patterns of P. pol-
licipes in Europe. We highlight the lower reproductive and
recruitment effort that was detected near the northern limit
of this species (Brittany), as well as the potential negative (in
the case of an increase in fishing of this resource) and posi-
tive (relatively to climate change) impacts that might occur
on this species in this region. Regarding the variation of
these processes in the Iberian regions, there seem to be more
similarities between Asturias and SW Portugal than with
Galicia. The Galician region showed a contradictory pattern
of higher reproductive effort and a lower intensity of recruit-
ment that should be investigated in the future. In the future,
it would also be very interesting to model the response of
these processes to environmental variability, testing some
of the relationships that were apparent in the descriptive
analysis we made, as well as analysing the variability of
these processes at a smaller spatial scale (among sites).

To increase our knowledge on the ecosystem resilience
of marine populations, a renewed paradigm calls for the
need to scale-up ecological studies (Hughes et al. 2005).
The management of resources like the stalked barnacle is
usually fragmented at smaller scales (Aguidn et al. 2022),
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and a better understanding of population dynamics and their
responses to large-scale environmental changes is needed to
support nested governance that accounts for internal (i.e.,
market dynamics, local heterogeneity, etc.) and external
(i.e., climate change) drivers (Hughes et al. 2005). For this,
further studies conducted at large spatial scales and that use
standardised protocols are needed for adequate compari-
sons of biological processes across the distribution area of
species.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00227-022-04050-x.
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