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ABSTRACT: Knowledge about the dispersal patterns of marine organisms is vital for understanding
population dynamics and designing appropriately scaled protected areas and fisheries manage-
ment. Assessing the extent to which populations are connected by larval exchange has been tra-
ditionally approached by delineating genetically differentiated populations. Inferring these pat-
terns for species with high gene flow remains a challenge, as they often show panmixia over large
spatial scales. In these cases, genetic connectivity may be revealed through the combination of
population- and kinship-based approaches. Here, we assess the population structure and related-
ness of the shanny Lipophrys pholis over 500 km along the Western Iberian Peninsula coastline,
using 27 microsatellites developed for this study. As expected, given its long larval duration stage,
we found high gene flow throughout the study area. However, a weak pattern of isolation-by-
distance was detected by Mantel tests and large-scale relatedness patterns, suggesting decreas-
ing genetic similarity with distance at the scale of the Western Iberian Peninsula. Conversely, we
provided evidence of fine-scale connectivity at the smaller scale of the Atlantic Islands of Galicia
National Park (Spain). Combining population- and kinship-based approaches may reveal previ-
ously undetected genetic differentiation within a well-connected population; however, we stress
the importance of careful application and interpretation of relatedness metrics. Our findings may
be broadened to other coastal organisms featuring similar life-history traits, including a relatively
long larval phase, as well as comparable environmental conditions favoring dispersal by ocean
currents, which could be directly applied to the management and conservation of Northeast
Atlantic marine species.
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1. INTRODUCTION dispersive life stages (Banks et al. 2007). A large por-

tion of the species inhabiting coastal habitats are

Coastlines are generally composed of a variety of either sessile or feature limited movement capabili-
discontinuous habitats which can lead to patchily ties as adults; they primarily rely on pelagic dispersal
distributed populations, even in species with highly in early life stages for migration between these spa-
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tially distant populations, with consequences for crit-
ical ecological processes related to population com-
position and persistence (Cowen et al. 2006, 2007,
Cowen & Sponaugle 2009). Understanding how pop-
ulations are structured and connected is essential to
answer key questions underpinning the dynamics of
populations (Botsford et al. 2009), to predict how spe-
cies respond to changing environmental conditions
(Hughes et al. 2003, Knutsen et al. 2013), and to
design appropriately scaled management units or
marine protected areas (MPAs) (Palumbi 2003, Beger
et al. 2010, 2015). As one of the main processes shap-
ing population connectivity, larval dispersal has been
extensively studied based on pelagic larval duration
(PLD) (Shanks 2009), but other biological parameters
influence dispersal patterns, including the larval
precompetency period (Paris & Cowen 2004), larval
behavior (Gerlach et al. 2007, Leis 2007), larval mor-
tality (Cowen et al. 2000), and adult fecundity (Rick-
man et al. 2000), among others. However, the inter-
action between these parameters and environmental
conditions during dispersal remains poorly under-
stood. In particular, while local connectivity mainly
relies on local seascape characteristics and larval
biology, the broad-scale exchange of individuals in
marine populations is mostly driven by PLD and
reproductive output (Bonhomme & Planes 2000,
Treml et al. 2012), and can be affected by physical
variables such as ocean circulation (Banks et al.
2007, White et al. 2010, Huyghe & Kochzius 2018).
Information on the drivers of connectivity between
populations and the scale at which they operate is
therefore essential to our understanding of popula-
tion structure and dynamics (Cowen et al. 2006,
Dalongeville et al. 2018).

Two approaches are commonly used to assess
population structure and are defined as 'population-
based' and 'kinship-based’ genetic inference meth-
ods (Palsbell et al. 2010). Population-based ap-
proaches (such as F-statistics [Wright 1949], coalescent
methods, and population assignment methods [Prit-
chard et al. 2000]) are commonly used when allele
frequencies are distinct and genetic divergence is
large between populations. However, in species with
a similar genetic background that either became
recently isolated (Landguth et al. 2010, Lloyd et al.
2013) or feature high gene flow (Peery et al. 2008),
such methods may not be applicable. When popula-
tions have low genetic divergence, kinship-based
methods may provide a more suitable alternative, as
they compare individual genotypes instead of group-
ing conspecifics. One widely used kinship-based
method is to assign individuals based on the degree

of relatedness, which represents genetic similarity
as a result of recent shared genealogy or common
ancestors (Paetkau et al. 1995, Planes et al. 2009,
Saenz-Agudelo et al. 2009, Escoda et al. 2017, Rueger
et al. 2020). Kinship-based and population-based
methods are complementary, and combining both
approaches may improve the ability to identify the
contemporary drivers of connectivity, especially in
systems with high gene flow (Christie et al. 2010, Iac-
chei et al. 2013, Schunter et al. 2014, 2019). Kinship-
based analyses provide a complementary approach
to the analysis of variance in allelic frequencies
and potentially useful insights in assessing disper-
sal within and between MPAs and adjacent areas
(Baetscher et al. 2019).

DNA markers such as microsatellites have proven
particularly useful in providing relatedness estimates
(Blouin et al. 1996). Several estimators have been
developed to measure relatedness from molecular
marker data when pedigree information is partial or
lacking, which is often the case for wild populations.
When no prior information can be provided, methods
of moments estimators are classically used as op-
posed to maximum-likelihood methods (Thomas
2005). The moments estimators developed by Queller
& Goodnight (1989), Li et al. (1993), Ritland (1996b),
Lynch & Ritland (1999), and Wang (2002) are the
most common and provide relatedness estimates
ranging from -1 to 1, indicating the degree of relat-
edness between 2 individuals. Estimates can then be
used to partition relationships into categories based
on expected pedigree relatedness (i.e. 0.5 for par-
ent-offspring, 0.25 for half-siblings, etc.) Here, both
relatedness estimates and relationship categories are
investigated. Importantly, the estimators' perform-
ance varies according to several parameters, includ-
ing marker set, allele frequency distribution, sam-
pling, and the population being investigated (Van de
Casteele et al. 2001, Milligan 2003). The importance
of good-quality markers has been stressed, specifi-
cally in the context of populations presenting weak
structure, which have been suggested to necessitate
highly polymorphic markers (Ritland 1996a). Marker
quality is essential to reduce rates of false-positive or
false-negative assignments (i.e. 2 unrelated individu-
als identified as full-siblings, half-siblings, or parent—
offspring and inversely) (Wilson & Ferguson 2002,
Jones et al. 2010). However, minimizing false-positive
rates (FPR) usually comes at the cost of reducing the
number of assignments and is a notorious challenge
in parentage analysis (Jones et al. 2010, Harrison et
al. 2013a,b). The accuracy of assignments may also
depend on the relationship category, with half-
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siblings often being less reliable than full-siblings or
parent—offspring relationships (Melero et al. 2017),
which may lead to underpowered studies (Baetscher
et al. 2018). Conversely, half-sibling relationships are
commonly found in parentage analysis for wild pop-
ulations of polygamous species (Nance et al. 2011)
and are particularly interesting as a complement to
full-siblings in the context of large effective popula-
tion sizes and group reproductive behavior, for which
full-siblings occur at smaller frequencies (Wang 2009).

The shanny Lipophrys pholis (Linnaeus, 1758) is a
small, abundant fish commonly found in intertidal
rockpools throughout the Northeast Atlantic (Gibson
1982). Its distribution extends from Scotland to
Morocco, and from the Azores and Madeira to the
western Mediterranean Sea (Zander 1986). Once set-
tled, juveniles migrate among pools relative to their
size within the same area as they grow (Faria &
Almada 2001, Monteiro et al. 2005). Adults are char-
acterized by high site fidelity, which they recognize
through navigational cues (Jorge et al. 2012, Martins
et al. 2017). In the study area, spawning starts from
early autumn to late spring (Almada et al. 1990, Faria
et al. 1996), after which demersal eggs hatch and lar-
vae disperse along the coast for a long PLD of 57—
73 d (Carvalho et al. 2017a). As larval dispersal is the
only life stage connecting geographically distant
populations, this species is a good model with which
to analyse dispersal patterns. Limited population
structure along L. pholis' range has already been
described using both mitochondrial (control region,
D-Loop, 12S, and 16S) and nuclear (S7) genetic mark-
ers, with one population spanning the European
coast from the UK to Morocco, and another one in the
Azores (Francisco et al. 2006, 2011, Stefanni et al.
2006). However, L. pholis otoliths' geochemical trac-
ers revealed low dispersal at the scale of Portugal but
overlapping isotopic signatures between geographi-
cally close sampling sites, suggesting genetic homo-
geneity due to significant movement of juveniles
and/or larval retention at a finer scale (Carvalho et
al. 2017b). This increase in difference with geo-
graphic scale suggests a possible pattern of isolation-
by-distance (IBD) (Slatkin 1987, 1993). However, so
far, genetic variability in this region could only be
detected among sampling years, indicating some
level of temporal genetic heterogeneity in the shanny
shaped by interannual oceanographic fluctuations
(Francisco & Robalo 2015, 2020); no evidence of spa-
tial genetic heterogeneity at the scale of the Portu-
guese coast exists as of yet.

Genetic approaches more suited to the study sys-
tem can provide additional knowledge about the

population structure of L. pholis in the sampled area
and complement previously used methods. Here, we
aimed to characterize population structure and con-
nectivity at both large (>500 km) and fine (50 km)
scales in an a priori well-connected population of the
shanny L. pholis, using both population-based ap-
proaches and kinship-based relatedness estimates
inferred from microsatellite genotypes. Specifically,
we evaluated the role of geographic distance in
shaping population structure. We highlight that com-
bining population-based and kinship-based analyses
can shed some light on connectivity patterns, and we
stress that high gene-flow species require careful
application and interpretation of genetic approaches
to better understand population connectivity.

2. MATERIALS AND METHODS
2.1. Study system and sampling

A total of 519 Lipophrys pholis were collected from
June 2019 to October 2020, using hand nets in rock
pools along the Spanish and Portuguese coast at 16
sampling sites separated by 5-522 km. The fish were
taken to the laboratory for morphological identifica-
tion (Almeida 1985). Given the 6-10 yr lifespan of L.
pholis (Dunne 1977, Carvalho et al. 2017c), individu-
als were considered as belonging to the same cohort
and were pooled together for further analysis (Fig. S1
in the Supplement at www.int-res.com/articles/suppl/
m14459_supp.pdf). Fin clip samples were pre-
served in 70% ethanol until DNA extraction (see
Table 1 for additional collection information). Two
spatial scales were studied: first, we investigated a
large geographic scale corresponding to the entire
study area, extending from Galicia (42°34'33.0" N,
9°5'28.8" W) to the northern coast of the Alentejo
region (37°52'21.1" N, 8°47'45.2" W) in southern Por-
tugal, covering over 500 km of coastline. The Western
Iberian Peninsula features deep indentations in the
Galician coastline, followed by a generally rectilin-
ear coastline oriented in the NNW-SSE direction,
and is dominated by a succession of rocky shores and
sandy beaches. We drew specific focus to the stretch
of coastline spread over 50 km situated in Galicia,
Spain, which encompasses the MPA Atlantic Islands
of Galicia National Park, allowing us to investigate
connectivity between 4 islands of the MPA (from north
to south: Salvora, Ons, Cies Island North, and Cies
Island South) and their neighbouring areas (Fig. 1).

All sampling procedures were in accordance with
Spanish (Royal Executive Order, 53/2013) and Euro-
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Table 1. Collection information for the 16 sampling sites ordered from north to south. N corresponds to the number of sampled
Lipophrys pholis. Shaded rows indicate that the sampling site is located within one of the MPAs of the Atlantic Islands of

Galicia National Park

Site Location Country N Latitude Longitude
Cor Corrubedo Spain 38 42°34'33.0"N 9°05'28.8" W
Salv Salvora Spain 32 42°28'45.8" N 9°01'06.8" W
Grove O Grove Spain 38 42°27'48.8" N 8°56'34.8" W
Ons Ons Island Spain 42 42°23'28.4"N 8°55'24.0" W
Cous Couso Cape Spain 39 42°18'31.6" N 8°51'26.1" W
CiesN Cies Island North Spain 85 42°14'16.3" N 8°54'04.0" W
CiesS Cies Island South Spain 30 42°11'35.6" N 8°53'46.5" W
Sil Silleiro Cape Spain 28 42°06'40.7" N 8°54'00.7" W
Via Viana Castelo Portugal 25 41°41'52.6" N 8°51'11.3"W
Espo Esposende Portugal 38 41°34'26.6" N 8°47'57.8" W
Fig Figueira de Foz Portugal 30 40°10'38.5" N 8°54'08.3" W
Ber Berlengas Islands Portugal 23 39°24'37.8" N 9°30'49.6" W
Eri Ericeira Portugal 37 38°59'24.9" N 9°25'20.2" W
Ave Avencas Portugal 37 38°41'10.7" N 9°21'26.4" W
Ses Sesimbra-Arrabida Portugal 30 38°26'19.8" N 9°05'14.6" W
Sin Sines Portugal 17 37°52'34.9" N 8°47'43. 7" W
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Fig. 1. Sampling sites in Spain (Cor, Salv, Grove, Ons, Cous, CiesN, CiesS, Sil) and Portugal (Via, Espo, Fig, Ber, Eri, Ave, Ses,

Sin). The rectangle indicates sites chosen for small-scale analysis. Sites correspond to the following locations: Corrubedo,

Séalvora, O Grove, Ons Island, Couso Cape, Cies Island North, Cies Island South, Silleiro Cape, Viana Castelo, Esposende,
Figueira de Foz, Berlengas Islands, Ericeira, Avencas, Sesimbra-Arrabida, and Sines
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pean (European Union Directive 2010/63/UE, Arti-
cle 9) Laws for animal experimentation, and were
explicitly authorized by local authorities from both
countries, under permit number RX95169 for sam-
pling sites located in Spain and permit number
29386/2020/DR-LVT/DCNB/DPL for those located
in Portugal.

2.2. Molecular analyses

Genomic DNA was extracted using the QIAamp®
96 DNA QIAcube® HT robot workstation (Qiagen).
DNA templates were then diluted at 50 ng pl™! and
stored at —24°C. Genotyping was performed on all
519 samples, using a set of 27 microsatellite markers
developed for L. pholis (Jeannot et al. 2022), with
identical PCR conditions.

2.3. Genetic diversity

The presence of null alleles, large allele dropout,
and scoring errors were tested in the newly devel-
oped set of markers using MiCRO-CHECKER (van Oost-
erhout et al. 2004). Using GENALEX v.6.503 (Peakall &
Smouse 2006, 2012), we explored genetic diversity
for each sampling site by computing the allelic rich-
ness (N,), the number of private alleles (IN,), and
expected and observed heterozygosities (H, and H,,
respectively). Since sample sizes ranged from 17 to
42, the program ADZE was used to calculate stan-
dardized allelic richness (4;) and standardized pri-
vate allelic richness (A;,;) based on the smaller sample
size (Szpiech et al. 2008). The inbreeding coefficient
Fis was computed for all loci and sampling sites using
the Weir and Cockerham method (Weir & Cocker-
ham 1984) implemented in the GENETIX software
(Belkhir et al. 1996), and the significance of values
was assessed by permutations (1000 permutations
per population).

2.4. Genetic structure
2.4.1. Population-based approach

Genetic structure was investigated through a Bay-
esian model-based clustering method implemented
in STRUCTURE v.2.3.4 (Pritchard et al. 2000). The model
was run with no prior information about sampling
location and with a burn-in period of 50000 itera-
tions, followed by 100 000 Monte Carlo Markov chain

replicates for 1-16 clusters and with 10 iterations for
each number of cluster (Evanno et al. 2005). STRUC-
TURE HARVESTER online (Earl & vonHoldt 2012)
was used to compute an ad hoc statistic (AK) to
choose the optimal cluster number. Further explo-
ration of genetic structure was done using a principal
coordinates analysis (PCoA) computed on GENALEX
to detect possible partitioning among sampling sites.

To explore IBD while accounting for spurious cor-
relations associated with traditional Mantel tests
(Guillot & Rousset 2013, Legendre et al. 2015), a
Moran spectral randomization (MSR) procedure was
implemented as described in Crabot et al. (2019).
This spatially constrained permutation method gen-
erates randomized replicates while preserving the
spatial structure of samples, thus correcting for spa-
tial autocorrelation while maintaining the ability to
detect true correlations between genetic and geo-
graphic distance. As IBD results may be sensitive to
the choice of genetic distance measure (Séré et al.
2017), we tested the effect of 2 common measures:
linearized fixation index, Fst (Fst* =1/[1 — Fst]) and
Nei's genetic distances (Nei 1972, Rousset 1997).
While Fsris not a genetic distance stricto sensu but a
measure of relative genetic variance of subsamples
as compared to the total sample, it remains one of the
most fundamental metrics of population structure
and can be particularly useful in case of high gene
flow (Balloux & Goudet 2002). The MSR—Mantel pro-
cedure was implemented using the 'msr' function
from the R package 'adespatial’ on Mantel test out-
puts with 999 random replicates (Dray et al. 2022).
Standardized effect sizes (SES) were computed by
dividing the corrected Mantel statistic by the stan-
dard deviation of MSR replicates (Gotelli & McCabe
2002, Crabot et al. 2019). Fsy was calculated between
sites using the Robertson and Hill estimator imple-
mented in GENETIX with the Raufaste and Bonhomme
correction, which is more appropriate for low Fgr val-
ues (<0.05) (Robertson & Hill 1984, Raufaste & Bon-
homme 2000). The p-values were then corrected using
the Holm-Bonferroni sequential correction. Matrices
of Nei's genetic distance between sites were calcu-
lated using GENALEX. Geographic distance between
sampling sites was defined using 2 methods: straight-
line distances and least-cost path distances, which
correspond to the shortest path to reach one site from
another while avoiding land. Straight-line distances
were computed using the R package ‘geosphere’
based on the haversine method (Sinnott 1984, Hij-
mans 2021a). Least-cost path distances were obtained
using land maps from Spain and Portugal, which
were rasterized (resolution: 0.1 degrees) with the
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‘rasterize’ function of the 'raster’ package imple-
mented in R (Hijmans 2021b). The ‘costDistance’
function from the ‘gdistance’ package was used to
compute the least-cost path between each pair of
sites (van Etten 2017), following the methodology
presented in Van Wynsberge et al. (2017).

2.4.2. Kinship-based approach

Given that relatedness estimators’ performance
varies according to marker set and sample popula-
tion, we used the R package ‘related’ to select the
best-suited relatedness estimator for our case study
(Csilléry et al. 2006, Pew et al. 2015). We conducted
a first set of simulations of known relatedness (1000
dyads each of parent-—offspring, full-siblings, half-
siblings, and unrelated individuals) assuming an
error rate of 0.002 for all loci and allowing for
inbreeding, with an error rate based on repeat geno-
typing of ~10% of the data (50 randomly selected
individuals) based on the set of 27 microsatellites
developed by Jeannot et al. (2022). Expected related-
ness values were generated based on allele frequen-
cies within our sample. Expected relatedness was
then compared to estimated relatedness using Pear-
son's correlation coefficient to test the performance
of 4 commonly used estimators: Lynch-Li (Li et al.
1993), Lynch-Ritland (Lynch & Ritland 1999), Queller-
Goodnight (Queller & Goodnight 1989), and Wang
(Wang 2002, 2007). Three out of the 4 estimators per-
formed equally well, with similar correlation coeffi-
cients of >0.95 (Lynch-Li: 0.953; Queller-Goodnight:
0.950; Wang: 0.954); the Lynch-Ritland estimator
appeared slightly less adapted (0.88) (Fig. S2 in the
Supplement). All 4 markers were used to compare
relatedness estimates, and the Lynch-Li estimator
Lynch-Li, the Lynch-Ritland estimator I, the Queller-
Goodnight estimator r,, and the Wang estimator
Wang were computed for all pairs among the 519
individuals using the R package ‘Demerelate’ (Krae-
mer & Gerlach 2017).

For assignment into relationship categories, we
chose to rely on the Queller-Goodnight estimator,
given its widespread use in numerous other fish spe-
cies (Buston et al. 2007, 2009, Schunter et al. 2011,
2019, D'Aloia et al. 2018, Rueger et al. 2020, 2021).
Individuals with a coefficient r,, > 0.25 were assumed
to have at least one parent in common (i.e. half-sib-
lings), while a coefficient r,, > 0.5 typically corre-
sponds to 2 common parents (full-siblings) (Oliehoek
et al. 2006). Lower 1y, thresholds may correspond to
more distantly related or unrelated individuals; how-

ever, overlapping expected ry, distributions of differ-
ent relationship categories (i.e. unrelated, half-sib-
lings, full-siblings, and parent-offspring) may make
classification of pairs into these categories difficult
(Csilléry et al. 2006, Taylor 2015). As such, a second
set of simulations was conducted to determine confi-
dence in assignments. We used the package 'CKMR-
sim’ (Anderson 2023), which uses Monte Carlo simu-
lations of individuals of known relatedness (parent—
offspring, full-siblings, half-siblings, and unrelated
individuals) to generate expected log-likelihood ratio
distributions for each relationship category along
with FPRs and false-negative rates (FNRs) associated
with each previously identified relationship. We used
our sample's allele frequencies and an identical
genotyping error rate of 0.002 as for the previous set
of simulations, and 10000 dyads each of parent-
offspring, full-siblings, half-siblings, and unrelated
individuals were simulated. As no value was found
with a coefficient r,, > 0.5, we focused on half-sibling
relationships and visualized the expected overlap in
relatedness distributions between half-siblings and
unrelated individuals (Fig. S3 in the Supplement).
We selected a log-likelihood ratio threshold of 1, cor-
responding to an FPR of 0.76 x 1072 and an FNR of
3.12 x 1072, below which relationships were excluded
from further analysis. Although higher log-likelihood
ratio cut-off values have been proposed for increased
accuracy (Baetscher et al. 2018, Anderson 2023), this
threshold was chosen to balance the number of rela-
tionships used for analysis with correct assignment
rate, a trade-off that is typical in parentage analyses
(Harrison et al. 2013a). To observe the effect of rais-
ing the log-likelihood ratio thresholds and thereby
applying more stringent FPRs, a sensitivity analysis
was conducted. Higher log-likelihoods values rang-
ing from 2 to 6 (for which only 2 relationships re-
mained for broad-scale analysis and 1 for small-scale
analysis) were used to assign relationships to either
unrelated or half-sibling categories. Details of the sen-
sitivity analysis, including the corresponding number
of relationships identified as half-siblings, FPRs, and
FNRs are presented in Table S1 in the Supplement.

To identify large-scale relatedness patterns, relat-
edness estimates were averaged and relationships
were counted for all combinations of the 16 sampling
sites spanning over 500 km of coastline, amounting
to 136 combinations. To investigate relatedness pat-
terns at the scale of a network of MPAs and their
neighboring areas, 8 sampling sites, each separated
by less than 50 km in Galicia, were considered for
small-scale analysis, totaling 36 combinations. In
both cases, for each of the 4 estimators, normality



Jeannot et al.: IBD inferred from population and kinship analysis 7

was tested using a Shapiro-Wilk test. Average relat-
edness was compared between small-scale and
broad-scale sites using t-tests when relatedness val-
ues distribution was normal (ry,, Wang, Lynch-Li)
and using a Wilcoxon test otherwise (I,). The MSR~
Mantel procedure was applied to relatedness esti-
mates, but not to the number of half-siblings, as the
MSR-Mantel procedure is not applicable to count
data. In the latter case, to explore the relationship
with distance, we used a generalized linear model
regression with geographic distance as an explana-
tory variable of the number of half-siblings, using the
R package ‘glmmTMB’ (Brooks et al. 2017). In line
with MSR-Mantel analyses, we also tested 2 differ-
ent distance variables as predictors (straight-line dis-
tances and least-cost path distances) and explored
large-scale and small-scale relatedness patterns.
Negative binomial models with quadratic parame-
trization were used to account for overdispersion.
The 4 resulting models were compared to their corre-
sponding null models (no relationship between num-
ber of related individuals and geographic distance),
and a best-fit model was chosen using the lowest
Akaike's information criterion (AIC) value (Saka-
moto et al. 1986). R? was computed based on the
likelihood-ratio test implemented in the 'MuMIn’
package (Barton 2020), and statistical significance
was evaluated at the a = 0.05 threshold to determine
whether a more stringent value could
influence the relationship with dis-
tance. For each cut-off value, the same
modelling procedure was applied, with
the exception of relationships with a
log-likelihood of 6 and above, for which
a Poisson model was fitted, as the neg-
ative binomial did not converge. All

ranged from 0.640 to 0.963, with an average of 0.866
+ 0.082, and H, varied in the same range as H,, from
0.635 to 0.951, with an average of 0.870 + 0.078
(Table S2 in the Supplement). Overall, 11 out of
27 markers presented a low but significant Fg in
1-6 sampling sites out of 16 sampling sites (Table S3
in the Supplement), demonstrating limited hetero-
zygote deficiency and deviation from the Hardy-
Weinberg equilibrium.

Genetic analyses revealed a high level of poly-
morphism in each sampled site, with high mean N,
per sampling site, ranging from 14.29 to 20.07 with
an average of 17.97 (Table 2). N, ranged from 2 to 15.
A, ranged from 8.83 to 10.09, and A, ranged from
0.31 to 0.44. H, ranged from 0.843 to 0.893, with an
average of 0.866 + 0.015, while H, ranged from 0.876
to 0.898, with a slightly higher average of 0.884 =+
0.006. Nine out of 16 sampling sites exhibited a
weak but significant Fis for 1-6 out of 27 markers
(Table S3).

When focusing on the 8 sampling sites used to
investigate patterns at the smaller scale of an MPA
network, genetic diversity indices did not differ sig-
nificantly between sites within the Atlantic Islands of
Galicia National Park (average H, = 0.88 = 0.003;
average H, = 0.862 + 0.009) and sites located outside
of the MPA (average H, = 0.885 + 0.002; average H, =
0.857 + 0.016).

Table 2. Summary statistics of genetic diversity index for each sampling site.
H,: expected heterozygosity; H,: observed heterozygosity; N;: allelic richness;
N,: number of private alleles; A;: standardized allelic richness; A,: standard-
ized private allelic richness; Fis: fixation index. Sites are ordered from north to
south corresponding to the following locations: Corrubedo, Sélvora, O Grove,
Ons Island, Couso Cape, Cies Island North, Cies Island South, Silleiro Cape,
Viana Castelo, Esposende, Figueira de Foz, Berlengas Islands, Ericeira, Avencas,

Sesimbra-Arrabida, and Sines

R analyses were done using R v.4.2.1

and RStudio v.4.0.3 (R Core Team He H, N Ny Ar Apr Fis
2020). Cor 0.885 0.88 19.3 11 9.68 0.4 0.006
Salv 0.876 0.861 18.3 5 9.66 0.35 0.018
Grove 0.886 0.843 19.3 9 9.79 0.39 0.049
3. RESULTS Ons 0.883 0.875 20.1 10 9.78 0.42 0.009
Cous 0.887 0.858 19.9 9 9.8 0.41 0.033

CiesN 0.882 0.856 17.9 8 9.65 0.36 0.03
3.1. Marker set and genetic diversity CiesS  0.88 0.856  17.1 9 9.46 031  0.028
Sil 0.882 0.848 16.8 10 9.65 0.37 0.039
Of the 27 markers that were investi- Via 0.885 0.866 16.4 4 9.79 0.37 0.021
ated, MICRO-CHECKER did not detect Espo 0.881 0.869 189 7 9.63 0.32 0.014
g o A Fig 0.884 0.892 17.8 8 9.79 0.36 -0.009
evidence of null alleles, scoring errors, Ber 0.898 0.868 17 10 10.09 0.39 0.035
or large allele dropout. Markers pre- Eri 0.89 0.894 18.6 12 9.83 0.39 -0.004
Sented Varying levels of polymor- Ave 0.884 0.857 18.4 6 8.83 0.35 0.031
s s Ses 0.882 0.875 17.5 15 9.64 0.44 0.009
phism, ranging from an aV(.erage of 7.4 Sin 0.885 0.855 143 N 9.8 0.34 0.035
alleles per locus to 308, with an over- Average 0.884 0.866 18 8 9.68 0.37 0.021

all average (+SD) of 18 + 6.3 alleles. H,
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3.2. Large-scale population structure and
genetic differentiation

All pairwise Fst values were low (ranging from
0.0026 to 0.02063) and non-significant after the Holm-
Bonferroni correction (Table S4 in the Supplement).
No partitioning between sites was detected through
the PCoA based on Nei's genetic distance (Fig. 2).
The Bayesian model-based clustering analysis iden-
tified 2 clusters based on Evanno's method, which is
the lowest number of possible clusters (Fig. S4 in
the Supplement). However, individuals were not as-
signed to a distinct cluster and there was a high level
of admixture, and overall no relationship between
clusters and spatial distribution could be evidenced
(Fig. S5 in the Supplement). Genetic distances
appeared correlated to distances between sites, with
linear regression evidencing a significant effect of
geographic distance both for Fst* and Nei's genetic
distances (Fig. 3). In line with this observation, the
MSR-Mantel test performed on the entire data set
revealed weak but significant structuring of Fgsr*
genetic distances by geographic distances, both
when distances were computed using straight lines
(rmsr = 0.047, SES = 2.28, p = 0.027) or least-cost path
(rmsr = 0.059, SES = 2.04, p = 0.015). Interestingly,
the MSR-Mantel procedure showed a correlation

between Nei's genetic distances and geographic dis-
tances when using straight-line distances (rysg
0.049, SES = 2.09, p = 0.018) but not with least-cost
path distances (rysg = 0.062, SES = 1.69, p = 0.053)
(Table 3).

Average relatedness was low regardless of the
choice of estimator and was between —2.74 x 1073 +
0.06 (Wang) and —1.56 x 1073 + 0.07 (Lynch-Li). Regres-
sion showed a significant negative effect of distance
on average relatedness when using the Lynch-Rit-
land estimator I, but, while slopes were negative for
all other estimators, the effect of distance was not
found to be significant (Figs. 3 & S6 in the Supple-
ment). Furthermore, no significant relationship with
distance was found when applying the MSR correc-
tion to Mantel tests (Table 3). Of the 134 421 relation-
ships evaluated, 33 had ry, > 0.25 (0.025 %), with the
highest ry, value equaling 0.31. Log-likelihood for
all samples ranged from —-18.4 to 9.2, with an average
of -7.8, further suggesting overall low relatedness
among sampled individuals. Among relationships
with r,, > 0.25, log-likelihood ratios ranged from -0.4
to 7.3. After correcting for FPRs by selecting relation-
ships with a log-likelihood of >1, 25 relationships
remained (0.019%). The number of relationships
between sampling sites varied between 0 and 2, with
an average of 0.2 relationships. Overall, the models

Principal Coordinates (PCoA)
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Fig. 2. Principal coordinates analysis (PCoA) generated in GENALEX using Nei's genetic distance matrix. Coordinate axis 1
explains 1.75 % of total variation, and coordinate axis 2 explains 1.53 % of total variation. Sites are ordered from north to south
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Fig. 3. Relatedness estimates (relative relatedness: r,, Queller & Goodnight 1989; number of half-sibling relationships, n, based

on log-likelihood >1) and population-based estimates (Fst*; Nei's genetic distance, Nei 1972, Rousset 1997) according to

geographic distance. R? and p-values for 1y, Fsr*, and Nei's genetic distance are computed based on linear regressions.

R? and p-value for n are based on a negative-binomial model for which results are detailed in Tables 4 & S4. Shaded bands:
95% CI

featuring distance as an explanatory variable per-
formed better than null models, and models with
least-cost path distances did not present a better fit
than models using straight-line distances. The results
for the 2 distance models are presented in Table 4
and plotted in Fig. 3 (see detail in Table S5 in the
Supplement). Overall, the regression indicates a
small but significant contribution of geographic dis-
tances in explaining the number of relationships, both
for least-cost path distances (R? = 4.26 %, p = 0.043)
and for straight-line distances (R? = 4.18 %, p = 0.040).

Similar results were obtained when raising the log-
likelihood threshold to 3, thereby decreasing the FPR
to 1.67 x 10 and reducing the number of half-
sibling relationships to 12. However, for all thresh-

olds above 4, the relationship between the number of
relationships with distance was no longer significant.
Compared to the null model, the model including
either least-cost path or straight-line distances per-
formed better in almost all cases, up until the model
with a log-likelihood of >6 with only 2 half-sibling
relationships, which featured comparable AIC for the
geographic distance and null models (Tables 4 & S5).
Interestingly, out of the 25 relationships identified
with a log-likelihood of >1, the closest relationships
displayed higher log-likelihoods than distant ones
(Fig. 4), suggesting that the half-sibling relationships
identified with the highest level of confidence were
the closest ones. Full sensitivity analysis details are
presented in Table S5.
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Table 3. MSR-Mantel (ryisg) test results. LC-distance: least-

cost path; SL-distance: straight-line distance. SES: standard-

ized effect size; Fsr*: linearized Fgr; 1,0 Queller-Goodnight
estimator; I,,: Lynch-Ritland estimator. *p < 0.05

Scale Matrix 1 Matrix 2 SES P TMSR

LC-distance 1.69 0.053 0.062
SL-distance 2.09 0.018* 0.049
Fsr* LC-distance 2.04 0.015* 0.059
SL-distance 2.28 0.027* 0.047

Iy LC-distance -1.06 0.868 -0.041
SL-distance -0.94 0.819 -0.032

Large  Nei

Wang  LC-distance 0.8 0.192 0.02
SL-distance 0.97 0.155 0.024
Lynch-Li LC-distance -0.75 0.766 -0.022
SL-distance -0.54 0.673 -0.015

L, LC-distance -1.17 0.877 -0.07
SL-distance -1.1 0.831 -0.067

LC-distance 0.76  0.21 0.063
SL-distance 0.93 0.153 0.077
Fsr* LC-distance 0.86 0.184 0.063
SL-distance 0.76  0.195 0.055

Small Nei

Iyy LC-distance  0.69 0.218 0.05
SL-distance 0.97 0.169 0.062
Wang  LC-distance -0.15 0.505 -0.011

SL-distance 0.14 0.387 0.009

Lynch-Li LC-distance -0.65 0.736 -0.033
SL-distance -0.13 0.5 —-0.006

L, LC-distance -0.27 0.581 -0.018
SL-distance -0.07 0.487 -0.005

3.3. Fine-scale population structure and
genetic differentiation

When considering the 8 sampling sites from the
Atlantic Islands of Galicia National Park and its sur-
roundings, no patterns of relationship between geo-
graphic and genetic distances were evidenced with
the MSR-Mantel test. Nei's genetic distances were
independent of both straight-line distances (rysgr =
0.077, SES = 0.93, p = 0.153) and least-cost path dis-
tances (rmsg = 0.063, SES = 0.76, p = 0.21). When
using Fst* as a measure of genetic distance, no cor-
relation was found with either straight-line distances
(rmsg = 0.055, SES = 0.76, p = 0.195) or least-cost path
distances (rysg = 0.063, SES = 0.86, p = 0.184).
MSR-Mantel tests performed on relatedness values
equally showed a lack of correlation between aver-
age relatedness values and geographic distance
(Table 3). Average relatedness of all sites included in
the fine-scale analysis was low, although slightly
higher than when including all sites, and ranged
between —4.51 x 10™ + 0.07 (Lynch-Li) and —27.19 x
10 + 0.06 (Wang). The difference in relatedness
between fine-scale and broad-scale sites was consis-
tent among all estimators, suggesting that individu-

als from the sites situated within the MPA and sepa-
rated by a maximum of ~50 km were more related
than individuals from distant sites (Fig. 5). However,
a significant difference was revealed only when
using the Queller-Goodnight r,, estimator (¢ = -2.36,
p = 0.011). Concerning related relationships, out of
39621 combinations, 10 relationships with r,, > 0.25
and log-likelihood > 1 were found for small-scale
analysis (0.025%). The number of relationships with
Iy, > 0.25 between sampling sites in Galicia varied
between 0 and 1, with an average of 0.28 relation-
ships. The models using either type of distance as an
explanatory variable did not perform better than the
null model, regardless of log-likelihood cutoff value
(Table 4).

4. DISCUSSION

Accurately detecting spatially driven population
structuring is key to better understand processes
driving species’' ecology and evolution, but also to
implement ecologically driven conservation strate-
gies. Here, we showed that combining several meth-
ods across multiple spatial scales to infer population
structure and connectivity can reveal underlying pat-
terns of genetic differentiation even in species with
potentially high gene flow, where signals of differen-
tiation are weaker. In particular, we showcased that
kinship analysis through relatedness estimates can
be useful to assess realized dispersal events between
sites, and provides fine-scale information on connec-
tivity and structure which can complement other
approaches (i.e. population-based approaches), even
in the case of samples with few related individuals.
However, the weakness of these patterns illustrates
the challenges associated with kinship analysis and
the difficulty of identifying differentiation in high
gene-flow species. As such, we draw particular
attention to methodological caveats associated with
accurately assessing patterns of genetic differentia-
tion in such cases.

In this paper, we found limited but significant ge-
netic structuring according to geographic distance
throughout the Western Iberian Peninsula coastline.
This pattern appears detectable at a large scale only,
as no such differentiation was found when considering
the smaller scale of the Atlantic Islands National Park.
In line with previous genetic analyses investigating
the population structure of Lipophrys pholis (Francisco
et al. 2006, 2011, Stefanni et al. 2006), we found high
and homogeneous genetic diversity, and no clear ge-
netic partitioning was observed. Several loci (11 out of
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Table 4. Distance generalized linear model results and fit comparison. LC-distance: least-cost path; SL-distance: straight-line
distances. An explanatory value of 1 corresponds to the null model. p-values correspond to the significance of the effect of the
distance variable; *p < 0.05. AIC: Akaike's information criterion. Full model results are presented in Supplementary Table S5

Log-likelihood cutoff = Scale Explanatory variable P AIC Dispersion R? (%)
1 Large LC-distance 0.043* 138.66 0.937 4.26
SL-distance 0.04* 138.7 0.94 4.18
1 - 140.87 0.991 0
Small 1 - 52.09 1.019 0
SL-distance 0.889 54.07 1.015 0.06
LC-distance 0.913 54.08 1.017 3.91 x 1072
2 Large SL-distance 0.015* 104.61 1.003 9.22
LC-distance 0.015* 104.66 0.995 9.29
1 - 110.74 0.997 0
Small 1 - 49.03 0.993 0
LC-distance 0.968 51.03 0.994 0.55 x 1072
SL-distance 0.97 51.03 0.991 0.47 x 1072
3 Large SL-distance 0.034* 82.59 0.949 8.15
LC-distance 0.034* 82.64 0.933 8.22
1 - 87.29 1.006 0
Small 1 - 38.44 1.018 0
SL-distance 0.844 40.4 1.005 0.13
LC-distance 0.905 40.42 1.013 4.92
4 Large SL-distance 0.059 64.08 0.585 18.5
LC-distance 0.059 64.23 0.596 18.26
1 - 71.17 0.992 0
Small 1 - 34.19 0.987 0
SL-distance 0.742 36.07 0.958 0.42
LC-distance 0.825 36.14 0.974 0.19
5 Large SL-distance 0.106 50.02 0.634 9.07
LC-distance 0.107 50.15 0.643 8.87
1 - 53.45 0.97 0
Small 1 - 34.19 0.971 0
SL-distance 0.533 36.07 0.902 1.46
LC-distance 0.582 36.14 0.919 1.13
6 Large SL-distance 0.356 22.77 0.599 4.51
LC-distance 0.356 22.77 0.599 4.64
1 - 22.88 1 0
Small 1 - 11.17 1.029 0
SL-distance 13.16 1.028 0.94 x 1072
LC-distance 0.989 13.17 1.029 6.93 x 107°

27) showed evidence of heterozygote deficiency for a
few sampling sites, which can be related to the pres-
ence of null alleles in low frequency, inbreeding, se-
lection, or a Wahlund effect (see Jeannot et al. 2022
for further discussion). However, both inbreeding and
a Wahlund effect would be observed at all loci, and no
markers with signs of null alleles were detected. In
addition, no locus presented consistent patterns of
significant Fs at all for most sampling sites, suggesting
that this set of markers was appropriate for further
analysis. As such, all 27 loci were retained for the
analyses presented here.

4.1. High gene flow

Understanding the drivers of population connectiv-
ity and the scale at which they operate is key for the
effective conservation and management of wild pop-
ulations. Here, we documented patterns of small-
and large-scale gene exchange throughout the West-
ern Iberian Peninsula in the shanny L. pholis based
on the combined use of population-based and kin-
ship-based approaches. Similar to previous genetic
analyses (Francisco et al. 2006, 2011, Stefanni et al.
2006), population-based approaches support the
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sion line and corresponding R? and p-value. Shaded band:
95% CI

hypothesis of significant gene flow in the sampled
area, sufficient enough to lead to genetic homogene-
ity at the spatial scale sampled, and no sampling sites
were differentiated, with genetic diversity remaining
high and homogeneous throughout the study range.

The absence of genetic differentiation can be ex-
plained by several characteristics of L. pholis. Unlike
other species of comparable habitat and life-history
characteristics (i.e. pelagic larval dispersal coupled
with limited adult movement) where genetic differ-
entiation was found on smaller scales (Trypterigion
delaisi: PLD = 16-21 d, Macpherson & Raventés 2006,
Schunter et al. 2011; Salaria pavo: PLD = 18 d, von
Westernhagen 1983, Castilho et al. 2017), L. pholis
features a longer PLD (57-73 d, Carvalho et al.
2017a). A lack of large-scale (100-500 km) genetic
structure has been reported for species with a similar
or slightly longer PLD, such as Sicyopterus aiensis
and S. sarasini, which are Vanuatu and New Caledo-
nia endemics, respectively (Lord et al. 2012); or
Awaous guamensis, Stenogobius hawaiiensis, Lenti-
pes concolor, and Sicyopterus stimpsoni, which are
distributed in the Hawaiian Islands (Fitzsimons et al.
1990, Zink et al. 1996, Chubb et al. 1998). For some
species, genetic structure only appears at very large
scales (Sicyopterus lagocephalus, Lord et al. 2012).
This might also be the case of L. pholis, for which a
previous study based on mitochondrial sequencing
(CR, 12S, and 16S rDNA) found genetic differentia-
tion of the Azores group, the westernmost distribu-
tion range of L. pholis, which are found ~1000 km
from Madeira, and ~1500 km from mainland Portu-
gal (Stefanni et al. 2006). The use of PLD as a predic-
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Fig. 5. Average relatedness for 4 commonly used estimators
across large-scale and small-scale sites. Boxes range from
the first (Q1) to the third quartile (Q3) of the distribution of
average relatedness values; horizontal bar across the box:
median average relatedness; whiskers extend to calculated
minimum and maximum average relatedness (Ql1 — 1.5 x
interquartile range; Q3 + 1.5 x interquartile range); dots: out-
liers beyond calculated minima and maxima. The p-values
correspond to unpaired t-tests with the exception of the
Lynch-Ritland estimator I,, (Lynch & Ritland 1999), which
corresponds to a Wilcoxon test

tor of high dispersal abilities has long been chal-
lenged (Weersing & Toonen 2009, Shanks 2009), but
re-evaluation of several studies showed a consistent
fit between genetic and PLD proxies of dispersal
(Selkoe & Toonen 2011). A positive correlation
between gene flow and PLD specifically occurs in
several blennioid fishes (Riginos & Victor 2001). In
addition, the ability of L. pholis larvae to disperse
over long distances has been shown using otolith
chemistry, with estimated dispersal distances supe-
rior to 300 km (Carvalho et al. 2017b).

4.2. Weak broad-scale signal of IBD

Both the MSR-Mantel tests using genetic distance
and kinship-based modelling approaches challenge
the initial assumption of genetic homogeneity at
the scale of the Western Iberian Peninsula. MSR-
Mantel tests revealed a significant effect of geo-
graphic distance in shaping genetic distance for a
scale of >500 km when using Nei's genetic distance
or Fsr*, suggesting that geographic distance may
contribute to genetic differentiation among samples
through IBD. This hypothesis was further corrobo-
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rated by the regression analysis based on related-
ness coefficients when using less stringent cut-off
ratios to identify relationships. These results contrast
the previous study by Francisco et al. (2011), which
spanned a larger scale from the Netherlands to the
South of Spain (>1800 km) and did not detect IBD
using mtDNA and the S7 nuclear marker. This differ-
ence likely stems from the use of distinct method-
ological approaches and further underlines the utility
of both accounting for marker type and using kin-
ship-based approaches in detecting even weak sig-
nals of IBD for populations with low genetic diver-
gence (Oleksa 2014, Schunter et al. 2019).

It is worth stressing that the magnitude of the IBD
signal remains limited. Although several lines of an-
alysis suggest a negative association between related-
ness and geographic distance, the significance of
results differ based on the choice of metric or estima-
tor used. The linear regression based on relatedness
values yielded negative slopes for all estimators;
however, in all cases these slopes were close to zero.
As a matter of fact, all but one estimator (Lynch-
Ritland 1,,) identified no significant relationship
between relatedness values and distance. Simi-
larly, average relatedness was slightly but consis-
tently higher among sites distributed within ~50 km
compared to broad-scale analysis sites, although
this difference was only significant for the Queller-
Goodnight estimator ry,. The number of half-sibling
relationships inferred also appeared to decrease with
distance, and when applying more stringent condi-
tions to select these relationships, this association
remained negative but was no longer significant. It is
difficult to identify whether this is a result of reducing
the overall number of relationships or the specific ex-
clusion of unrelated individuals that had been consid-
ered as related at higher thresholds. The fact that the
relationships identified with the highest level of con-
fidence were also the closest suggests that truly related
individuals are in fact found closer to one another.
However, these findings urge us to use caution when
interpreting these results, and while relatedness
analysis stands as a valuable complement to other
population-based methods, using it alone may prove
insufficiently robust in weakly related populations.

For Mantel tests based on genetic distance, out of
the 4 tests (2 measures of genetic distance and 2
measures of geographic distance), only one involving
Nei's genetic distance and least-cost path distance
did not detect an IBD signal, while the 3 other tests
identified a weak signal of structuring by distance,
with r statistics close to zero. This serves to underline
the usefulness of testing for multiple genetic dis-

tances when using Mantel tests for IBD characteriza-
tion. Spatial autocorrelation can falsely inflate the
rate of significant results when detecting IBD using
Mantel tests if not appropriately accounted for. How-
ever, there is also evidence that some sampling strate-
gies (e.g. sampling pre-defined populations instead
of sampling evenly distributed individuals) can lead
to lower levels of IBD detection (Schwartz & Mc-
Kelvey 2009). Our study adds to the increasing evi-
dence of the benefits of approaching IBD detection
through multiple metrics and methods. In spite of the
important implications of geographically limited dis-
persal, many studies investigating population struc-
ture still fail to test for IBD, and among the remaining
studies, only a small proportion considers a combina-
tion of methods to do so (Perez et al. 2018).

Our results indicate that computing least-cost path
distances did not seem relevant in improving predic-
tions of relatedness in the study area. This may be
due to coastal configuration and the relatively consis-
tent north—south directionality of the sampling sites,
resulting in least-cost path distances being similar to
straight-line distances, with an average difference of
18 km and a maximum difference of 68 km between
the 2 distances (Table S6 in the Supplement). There-
fore, this approach may be best suited for study areas
featuring discontinuities in the dispersal landscape
that would generate larger differences between the
least-cost path distances and the straight-line dis-
tances (Van Wynsberge et al. 2017).

4.3. Fine-scale connectivity within an MPA
network of islands

Connectivity in a network of MPAs is a critical fea-
ture guaranteeing effectiveness in protecting species
of commercial or conservation interest (Pujolar et al.
2013). Although L. pholisis not a target species in the
MPAs' conservation strategy, monitoring non-target
species can allow assessment of the indirect effec-
tiveness of the MPA, as the species dynamics are
directly impacted by its predators, which include the
fisheries' target species Gadus morhua (Pinnegar &
Stafford 2014). In the case of no-take MPAs, such
indirect effects (i.e. cascading effects) have been
documented, leading to a reduction in the abun-
dance of species not targeted by fisheries (Heyns-
Veale et al. 2019), with consequences for population
structure and genetic diversity (Allendorf et al. 2008).
However, the present study revealed no evidence of
such an effect at the scale of the Atlantic Islands of
Galicia National Park. Genetic diversity remained
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high throughout the 8 sampling sites located within
and outside the MPA. In addition, no pattern of IBD
was detected, and the relatedness regression analy-
sis did not reveal significant structuring of related in-
dividuals by distance, suggesting genetic homogene-
ity at the spatial scale of ~50 km.

4.4. Geographic distance as a predictor of
genetic differentiation

Given the significant but low contribution of geo-
graphic distance in explaining relatedness patterns
(R% < 4.26 %), it is likely that factors beyond the scope
of our study were better predictors of the distribution
of related individuals along the coastline. Exposure
to varying oceanographic conditions during the
spawning season may provide a better explanation of
the difference between geographic and dispersal dis-
tances. The shanny L. pholis features multiple spawn-
ing events during the breeding season (Qasim 1956),
which increases the variability of realized geo-
graphic distances separating related individuals. As
such, larvae from the same year are exposed to dif-
ferent oceanic conditions due to important seasonal
variability in Northeast Atlantic large-scale circula-
tion (Wooster et al. 1976, Saunders 1982, Alvarez-
Salgado et al. 2003), therefore potentially decoupling
larval dispersal distance from geographic distance.
Siegel et al. (2008) also proposed that given the large
variability of coastal circulation, alongshore larval
transport and settlement in nearshore species are
inherently stochastic, constituting a source of unre-
solvable noise in recruitment patterns, which may
account for a large part of the observed distribution
of related individuals in L. pholis.

Correlation between gene flow and geographic
distance is well documented for several marine fish
species presenting high dispersal capabilities, yet
the observed patterns of genetic differentiation ac-
cording to distance are highly variable. A recurring
pattern of increase in gene flow over smaller dis-
tances has been found in a number of species
(Waples 1987, Doherty et al. 1995), often depending
on the observed scale (G. morhua, Pogson et al
1995, Pogson et al. 2001; Sardina pilchardus, Lau-
rent et al. 2007; Acanthurus triostegus, Planes &
Fauvelot 2002). This finding is also applicable to L.
pholis, for which we documented evidence of
higher gene flow at a smaller spatial scale. How-
ever, the observation that larger spatial scales lead
to lesser gene flow may not hold true across the
entire species' distribution range. In the case of A.

triostegus, Planes & Fauvelot (2002) described the
existence of 2 distinct processes driving genetic dif-
ferentiation at the scale of the Pacific: vicariance
and IBD. This may be comparable to previously
observed patterns of genetic differentiation in L.
pholis, where the genetically isolated population of
the Azores has been hypothesized to result from
divergent population histories (Stefanni et al. 2006).

5. CONCLUSIONS

Our combination of population-based and kinship-
based methods indicates that Lipophrys pholis dis-
plays high genetic diversity and a high level of gene
flow along the Western Iberian Peninsula coastline,
generating genetic homogeneity at least at the scale
of the Atlantic Islands National Park, as well as a
weak pattern of IBD appearing at the larger scale of
>500 km. These results stress the importance of
accounting for spatial scale in genetic studies, as 2
different patterns emerged according to the studied
area: fine-scale relative homogeneity (<50 km) and
large-scale IBD. This can be useful in the context of
designing MPA networks: accurately assessing the
magnitude of IBD for keystone species can help deter-
mine a maximum distance separating MPAs, so as to
maintain gene flow above a certain threshold (Shanks
et al. 2003, Palumbi 2004, Durrant et al. 2014). The
present study ultimately reinforces the utility of asso-
ciating multiple approaches in assessing genetic pat-
terns in species with high gene flow, underlining both
the challenges associated with studying these spe-
cies as well as the need for careful interpretation in
these cases. Larger sample sizes and a greater number
of genetic markers, together with the possible use of
single nucleotide polymorphisms (Bonin et al. 2007,
Sunde et al. 2020), may be necessary to provide a
better understanding of fundamental evolutionary
processes shaping weakly differentiated species’ dis-
tributions, population and community dynamics.

Data availability. All data and code to reproduce figures are
available online at https://doi.org/10.5281/zenodo.8190819.
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