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ABSTRACT

Does dispersal differ between the sexes? This question, anchored in a body of rich theoretical literature, has received little empir-
ical attention in marine invertebrates. Yet, dispersal is a key ecological process with profound implications for species manage-
ment and conservation. In this study, we investigated sex-biased dispersal in the European spiny lobster (Palinurus elephas) by
sampling females and males from six marine reserves and their surroundings in the northwestern Mediterranean. By genotyping
180 individuals at 8390 markers, we found that both sexes exhibited panmixia. Genetic differentiation estimates did not differ
significantly between sexes, despite a tendency toward slightly higher and more geographically structured estimates in females.
Additionally, we identified 72 sex-linked markers with significant differences in heterozygosity between females (fully heterozy-
gote) and males (fully homozygote). These markers not only allowed the sex assignment of 61 individuals of unknown sex but
also provided the first evidence for a ZZ/ZW sex determination system in P. elephas. Beyond their fundamental insights, these
sex-linked markers hold strong applied potential for species management, particularly in fisheries where sex-specific regulations
exist. Our findings underscore the power of genomic markers to study sex-biased dispersal, elucidate sex determination systems,
and facilitate sex assignment, with important implications for species conservation and management.

1 | Introduction Cayuela et al. 2018). Because the costs and benefits of dispersal

can differ between the sexes, sex-biased dispersal—where one sex

Dispersal, that is, any movement of individuals or propagules that
has potential consequences for gene flow across space (Clobert
et al. 2012), is a central and multifaceted biological process that
has important implications at multiple levels: for survival, growth
and reproduction; for population structure and dynamics, and
for population resilience and adaptation (Baguette et al. 2012;

is more prone to disperse than the other—is common in both ter-
restrial and marine organisms (reviewed in Li and Kokko 2019;
Prugnolle and de Meeus 2002). One prominent eco-evolutionary
hypotheses put forward to explain sex-biased dispersal is intra-
sexual selection, which posits that the sex that experiences greater
competition is more likely to disperse (Dobson 1982). According
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to this hypothesis, female mate choice and intense male-male
competition for females in polygamous mating systems are ex-
pected to promote male dispersal (Greenwood 1980). Polygamous
mating systems, including both polygyny (i.e., males mating with
multiple females) and polyandry (i.e., females mating with mul-
tiple males) have been documented in genetic studies reporting
multiple paternity (reviewed in Palaoro and Beermann 2020).
Another, nonexclusive hypothesis to explain sex-biased dispersal
is inbreeding avoidance, which predicts that the risk of mating
with relatives decreases when one sex disperses more than the
other (Pusey 1987). However, empirical analyses suggest that the
influence of inbreeding avoidance on sex-biased dispersal is rela-
tively weak (Pike et al. 2021).

In the marine realm, research on sex-biased dispersal has pre-
dominantly focused on vertebrates, including fish (Hutchings
and Gerber 2002), sharks (Day et al. 2019; Pardini et al. 2001;
Phillips et al. 2021; Portnoy et al. 2015), sea turtles (Clusa
et al. 2018), and marine mammals (Ball et al. 2017; Moller
and Beheregaray 2004; Nykidnen et al. 2018). In contrast, in-
vertebrates have received comparatively little attention (Teske
et al. 2012; Durand et al. 2019; King et al. 2005). A notable ex-
ception is the study by Teske et al. (2012), which revealed a sex-
specific genetic structure in the brown mussel (Perna perna)
based on mitochondrial DNA markers. However, this pattern
was not attributed to sex-biased dispersal but rather to differen-
tial selective pressure between the sexes, as this species disperses
passively, and no sex-specific structure was detected at another
nuclear marker. Sex-biased dispersal occurs when one sex tends
to move away from its birthplace more than the other, influenc-
ing patterns of gene flow and population structure. In contrast,
sex-specific selective pressures arise when males and females
experience different evolutionary forces affecting survival or re-
production, often leading to sexual dimorphism or differences
in life-history traits. While the two processes can interact, they
are conceptually distinct: dispersal concerns where individuals
go, whereas selective pressures concern which individuals sur-
vive or reproduce more successfully (Li and Kokko 2019). More
recently, Peres et al. (2021) investigated sex-biased dispersal in
the tube-building amphipod (Cymadusa filosa) and found no dif-
ferences in genetic structure between females and males. Both
studies focused on passive dispersers, but other invertebrates,
such as crabs or lobsters, have the capacity for active dispersal
in the adult stage. As with terrestrial arthropods such as insects,
these species may experience sex-biased dispersal, highlighting
the need for further research on this topic in marine inverte-
brates, particularly because many marine invertebrate fisheries
are managed using sex-specific regulations (Baines et al. 2017;
Dudaniec et al. 2022; Durand et al. 2019; Johnstone et al. 2012).

Sex-biased dispersal can be detected by quantifying differences
between females and males in relatedness and genetic differen-
tiation using bi-parentally inherited markers such as single nu-
cleotide polymorphism (SNPs) or microsatellites. Robust genetic
data rely heavily on large sample sizes and the use of a sufficient
number of polymorphic markers capable of resolving genetic dif-
ferentiation. This approach allows for the identification of sex-
biased dispersal within a single generation if genetic sampling is
conducted after dispersal (and ideally before breeding) in both
sexes (Goudet et al. 2002; Prugnolle and de Meeus 2002). If sex-
biased dispersal does not persist across generations, its genetic

signature is expected to fade as offspring inherit one allele from
each parent at these markers. In theory, sex-biased dispersal
can also be inferred over long timescales by comparing the ge-
netic structure at uniparental inherited markers (e.g., mtDNA,
Y-linked markers) with that at biparental inherited markers.
Since only one sex transmits the genome at uniparentally inher-
ited markers, whereas both sexes contribute to biparentally in-
herited markers, differences in genetic structure between these
marker types could indicate sex-biased dispersal. However, this
approach has notable limitations. Differences in dispersal be-
tween the sexes can be confounded by differences in mutation
rates and effective population size (N,) between marker types
(Chesser and Baker 1996), or by the influence of mating systems
(Shaw et al. 2018), complicating the interpretation of the results.

Dispersal and the resulting gene flow act as homogenizing
forces that counteract genetic drift across the genome, even with
only a few numbers of migrants per generation in an infinite
island model of population structure (Saastamoinen et al. 2018;
Wright 1931). Population genetic theory predicts that the less
dispersing sex should have higher levels of relatedness among
individuals, lower genetic diversity, and stronger population ge-
netic structure (Goudet et al. 2002). The less dispersing sex is
also expected to have a lower contemporary effective population
size (N,), as genetic structure tends to reduce N, (Whitlock and
Barton 1997). Because effective population size influences pop-
ulation viability, it plays a critical role in wildlife management
and conservation planning (Allendorf et al. 2010). Accurate
estimates of N, are essential for the management of exploited
species vulnerable to overfishing, such as the European spiny
lobster (Palinurus elephas).

The European spiny lobster is an iconic species of the Northeast
Atlantic and Mediterranean. Adult lobsters can migrate up to
70km seasonally (Cau et al. 2019; Follesa et al. 2009; Goii and
Latrouite 2005; Moland et al. 2025) while pelagic larvae can be
dispersed by ocean currents for 4-6 months before settlement
(Follesa et al. 2009; Mufioz et al. 2021). In the Mediterranean
Sea, Palinurus elephas exhibits a seasonal complex reproduc-
tive cycle, with mating and egg laying primarily occurring
between July and October and a peak of berried females ob-
served in late summer and early autumn. Reproduction is
once a year, with females carrying one to three clutches of
eggs under the abdomen that incubate for around 5 months be-
fore hatching in late winter to spring. The planktonic larvae,
called phyllosoma, spend several months in the water column
before settling as puerulus in early summer, typically between
June and September (Goiii and Latrouite 2005). Behavioral
differences between the sexes are evident in catch-per-trap
data: males tend to be solitary or found with a single female
and exhibit agonistic interactions with conspecifics, whereas
females tend to cohabit in traps with other lobsters, regard-
less of sex (Goili et al. 2003). The conclusion obtained in trap
experiments reflects the natural behavior during mating sea-
son. Males have agonistic interactions with other males and
tend to be in the company of at least one female (often two
or three females), while females are more likely to cohabit
with other congeners. Sexual selection also drives differences
in body size, with males being larger than females (Gofii and
Latrouite 2005) and exhibiting a faster growth rate (Bevacqua
et al. 2010). Microsatellite analyses have shown that P. elephas

20f11

Ecology and Evolution, 2026

85U8017 SUOLILLIOD BAFea1D 3|qedljdde 8Ly Aq pauienob ale sapiie VO ‘8sn 4O Sa|nu Joj AReiq )T 8UI|UO AB|1M UO (SUO I pUOD-pUe-SWLBHWI0D" 4B | 1M Afe.q 1 Bul|UO//:SANY) SUORIPUOD PUe SWwie | 8L} 88S *[9202/90/ST] Uo Areiq)TauliuO A8|IM ‘LTIEL '€899/200T OT/I0P/W00" A8 1M AeIq1jeulUo//Sdiy Woly papeojumod ‘9 ‘9202 ‘852.G702



forms a panmictic unit throughout the Mediterranean basin
(Babbucci et al. 2010; Palero et al. 2011). This finding was fur-
ther confirmed by a recent population genomic study report-
ing complete panmixia in the northwestern Mediterranean
(Benestan et al. 2021). However, sex-specific population struc-
ture has not been investigated in this species.

In this study, we aim to first test whether dispersal in P. elephas
differs between the sexes. If P. elephas follows a polygamous
mating system, intrasexual competition for local resources and
mating opportunities would predict sex-biased dispersal. We
then leverage our dataset to elucidate the sex determination sys-
tem of P. elephas and explore the potential of sex-linked markers
for sex assignment.

2 | Methods
2.1 | Sampling and Genotyping

To investigate sex-specific dispersal, we subsampled the P.
elephas dataset from Benestan et al. (2021) to focus only on

individuals that were sexed based on morphological attri-
butes: presence of a spermatophore at the base of the last two
pairs of walking legs in males and claw-shaped end of the fifth
pair of walking legs in females. In total, 79 females and 101
males (180 individuals) from six marine reserves in the north-
western Mediterranean were finally considered (4-26 sam-
ples per reserve; Figure 1, Table 1). Individuals not sampled
within a reserve were assigned to the nearest reserves (mean
distance to the nearest reserve 36 km, maximum 90km). The
sampling design also included the Balearic Islands, which is
the most productive Spanish fishery for P. elephas (Quetglas
et al. 2004). Sampling was conducted on adult individuals,
that is, after larval dispersal and presumably after adult dis-
persal as well. Samples were collected between March and
November during the premating and mating periods, when
spiny lobsters migrate from deep waters to shallower areas for
reproduction. Thus, if dispersal is sexually biased, we expected
this to be reflected in our data through differences in related-
ness, genetic structure and effective population size between
the sexes. Further details of sample processing can be found
in Fietz et al. (2020) and Benestan et al. (2021). Briefly, ge-
nomic DNA was extracted from pleopods using the ReliaPrep
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FIGURE1 | Sampling design. Map showing the distribution of sampling locations of the two sexes and sample size in Palinurus elephas.
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TABLE 1 | Number of female and male lobsters sampled in and around six marine reserves, longitude, latitude (decimal degrees) and year of

establishment of each reserve.

Marine reserve # Females # Males Longitude Latitude Year of establishment
Cabo de Gata Nijar 7 7 -2.07 36.87 1987
Cabo de Palos 7 17 —0.65 37.65 1995
Cap de Creus 4 6 3.23 42.30 1998
Illes Columbretes 21 24 0.67 39.88 1990
Llevant de Mallorca 14 25 3.40 39.79 2007
Nord de Menorca 26 22 4.05 40.07 1999

Note: Individuals were assigned to one of the six reserves considered in this study based on their distance to the nearest reserve boundary.

gDNA Tissue Miniprep System (Promega GmbH, Mannheim,
Germany) according to the manufacturer's protocol for ani-
mal tissue. DNA concentration was quantified using a Qubit
2.0 fluorometer (Thermo Fisher Scientific Inc., Waltham,
USA). Samples were then genotyped using Diversity Array
Technology (DArT) sequencing, a variant of function (Kilian
et al. 2012), through an outsourcing company.

2.2 | SNP Filtering

We extracted the 25,230 putatively neutral loci and the 833
outlier loci identified using pcadapt (Luu et al. 2017) from the
dataset published by Benestan et al. (2021). Pcadapt is an outlier
detection method that analyses genotype data at the individual
level, making it suitable for our sampling, which is only loosely
clustered around six reserves. Putative neutral SNPs were previ-
ously filtered based on minimum allele frequency (MAF, > 0.05),
sequence coverage (between 10X and 100x), missing data (<0.2
per locus), and linkage disequilibrium (R?<0.8, Table S1) in 243
individuals. An exploratory principal component analysis was
performed, and two highly related individuals were detected.
These two individuals were removed from subsequent analyses,
resulting in a final sample of 241 individuals. From this sample,
we re-filtered the putatively neutral dataset for the subset of 180
individuals with known sex information. Using the dartR pack-
age (Gruber et al. 2018), we retained SNPs with a 95% genotyp-
ing rate (23,814 SNPs), a MAF >0.05 (9931 SNPs), and removed
markers indicating departures from Hardy-Weinberg equilib-
rium as well as monomorphic SNPs. We then used this subset
of putatively neutral SNPs (8390 SNPs) to compare relatedness,
population structure, and N, between the sexes.

2.3 | Test for Sex-Biased Dispersal

Population structure was first assessed using discriminant anal-
ysis of principal component (DAPC), without incorporating any
prior information (e.g., sampling location) to guide clustering.
To do this, we ran the find.cluster function, available in the ade-
genet package (Jombart et al. 2010) to determine the optimal
number of clusters (K) in our dataset based on the Bayesian
Information Criterion. This K-mean algorithm sequentially in-
creases the number of clusters after transforming the data using
a principal component analysis (PCA). To avoid overfitting, we

retained 17 axes according to the alpha score output, as recom-
mended by the authors of adegenet (Jombart et al. 2010).

We estimated Loiselle's relatedness index using GenoDive
(Meirmans and Van Tienderen 2004) to assess the difference in
relatedness between the sexes. This index was selected because
it corrects for small sample sizes with less bias than other co-
efficients (Wang 2017). Previous analyses have shown that the
Loiselle relatedness index correlates well with other commonly
used relatedness coefficients (Benestan et al. 2021). To eval-
uate genetic differentiation, the Weir and Cockerham (1984)
index (Fg;) between marine reserves was calculated sepa-
rately for each sex using the hierfstat package in R (Goudet
and Jombart 2015). Bootstrapped confidence intervals were
estimated using 100 iterations (argument iteration.ci; resam-
pling with replacement of markers). The significance of Fy,
estimates was assessed using Genodive (Meirmans and Van
Tienderen 2004). We note that the test for sex-biased dispersal
implemented in hierfstat (Goudet and Jombart 2015) is not ap-
plicable to our dataset due to the trade-off between the number
of samples and the number of markers considered. We there-
fore performed an AMOVA including both sampling location
and sex as hierarchical factors, focusing on the partitioning of
genetic variance between the two sex groups (males vs. females)
rather than among sampling locations (Table 2). Finally, we es-
timated the contemporary effective population size (N,) sepa-
rately for females and males under the assumption of random
mating, using the linkage disequilibrium method implemented
in NeEstimator (Do et al. 2014).

2.4 | Identifying Sex-Linked Markers

The function gl.sex.linked from the dartR package in R was
used to identify sex-linked markers in the dataset (Robledo-
Ruiz et al. 2023). This function compares allele frequencies or
genotype patterns between males and females for each locus to
detect sex-specific patterns. Loci showing alleles that are pre-
dominantly or exclusively present in one sex are classified as
gametologous (X- or Y-linked in XY systems, Z- or W-linked
in ZW systems), whereas loci that do not differ between sexes
are considered autosomal. The method typically relies on sta-
tistical comparisons, such as chi-square or Fisher's exact tests,
and the presence/absence patterns of alleles across sexes. Then
this function generates a plot displaying male and female
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TABLE 2 | Analysis of Molecular Variance (AMOVA) showing the
partitioning of genetic variation among sexes and sampling locations.

Source of

variation df Sum of squares % P

Between 5 5879.483 -0.0214 0.8251

Sexes

Between 6 7132.773 0.0508 0.0599
locations

within sexes

Between 168
samples

within

locations

196992.073 5.2473  0.0009

Within 180
samples

190011.000 94.7232  0.0009

Total 359 400015.328 100.000 —

heterozygosity at each locus or SNP and classifies loci into
five categories: W-linked or Y-linked, sex-biased, Z-linked or
X-linked, gametologous and autosomal. Y or W-specific alleles
that are monomorphic on the X or Z chromosome manifest as
loci that are consistently heterozygous in all individuals of the
heterogametic sex and homozygous in all individuals of the
homogametic sex. In an XX/XY system, gametologs—homolo-
gous, non-recombining genes shared between the sex chromo-
somes—will appear as heterozygous in males and homozygous
in females. Conversely, in a ZZ/ZW system, gametologous loci
will be heterozygous in females and homozygous in males.

2.5 | Sex Assignment

To assess the ability of sex-linked SNP markers to predict the
sex of individuals, we performed a cross-validation procedure
with 100 replicates on a dataset of 180 genotyped individuals at
72 SNPs (79 females, 101 males). At each replicate, 20% of indi-
viduals (n=36) were randomly selected as a training set using
stratified sampling by sex to preserve class proportions, with
the remaining 80% (n=144) serving as an independent test set.
Genotypes (coded as allelic dosage 0/1/2) were first submitted to
a Principal Component Analysis (PCA) computed on the train-
ing set, and individuals from the test set were then projected
onto these axes. The first two principal components, explaining
95% of the genetic variance, were retained to avoid multicol-
linearity issues among markers. Sex classification was subse-
quently performed using two independent approaches: Linear
Discriminant Analysis (LDA) and a k-nearest neighbors’ algo-
rithm (k-NN, k=15). Performance was evaluated using overall
accuracy, sensitivity (proportion of females correctly identified),
and specificity (proportion of males correctly identified), aver-
aged across all 100 replicates.

2.6 | Characterizing the Sex Determination System

To define the sex determination system in P. elephas, we esti-
mated the observed heterozygosity within individuals (Nei 1987)

using vcftools with the function -het (Danecek et al. 2011) for
each sex. This analysis was performed separately for the two
marker types: SNPs associated with sex and identified by the
gl.sex.linked function and putatively neutral markers. We used
BLAST (Basic Local Alignment Search Tool) with an e-value
threshold of 10~ to query the NCBI crustacean database to as-
sess whether sequences in which sex-linked markers were found
corresponded to genomic regions previously associated with sex
determination in other organisms.

2.7 | Sex Assignment of Unsexed Individuals

We then tested the ability of these sex-linked markers to infer
the sex of 61 individuals whose sex was either undefined or not
reported at the time of sampling. Using the sex information from
the 180 sexed individuals, we assigned each identified cluster
to a corresponding sex. The sex of the unsexed individuals was
then inferred from their heterozygosity patterns. A major lim-
itation of this approach is that the true sex of the 61 unsexed
individuals remains unknown, meaning that our analysis pri-
marily evaluates the power of the sex-linked markers to assign
individuals to a given sex cluster rather than directly validating
their biological sex.

3 | Results

3.1 | Test for Sex-Biased Dispersal Based on
Putatively Neutral SNPs

A total of 8390 non-outlier loci were identified and used for anal-
yses in both females and males. The Loiselle relatedness index
was identical for females (mean=-0.0002+0.0070) and males
(mean=-0.0002+0.0071), with no significant difference be-
tween groups (ANOVA, p-value =0.48). Overall, relatedness val-
ues ranged from —0.028 to 0.05, indicating the absence of closely
related individuals in the dataset (Figure S1).

Genetic differentiation between marine reserves was margin-
ally higher in females than in males, with mean Fg values of
0.0003 (range —0.001 to 0.003) and —0.0003 (range —0.0002 to
0.001), respectively. Yet, none of the Fy, values were signifi-
cantly different (p-value > 0.01). The overall mean F; across all
markers (including both sexes) was 0.0002. In females, genetic
variation followed a geographical structure along a north-south
gradient, with Cabo de Gata Nijar in the south being the most ge-
netically differentiated marine reserve. In contrast, genetic vari-
ation in males showed less geographic structuring (Figure 2).
The AMOVA indicated that the components of genetic variance
attributed to differences among sexes and among sampling lo-
cations were negative and not statistically significant (Table 2).
Most of the genetic variation was therefore explained by within-
group differences among individuals rather than by structure
associated with sex or geography. These results provide no ev-
idence for genetic differentiation between males and females or
among the sampled sites.

The k-means clustering algorithm implemented in the
Discriminant Analysis in Principal Component (DAPC) did not
detect any genetic clusters. However, in females, the supervised
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DAPC, using sampling locations as priors, revealed that Cabo
de Gata Nijar differed from the other marine reserves along the
first axis, which accounted for 38.08% of the total genetic vari-
ation (Figure S2). No genetic clustering was observed in males
using the supervised DAPC.

Our estimate of effective population size was twice as high for
females (mean=39,481, CI: 22,049-188,175) than for males
(mean=17,241, CI: 13,602-23,534, Table 3). However, the confi-
dence intervals overlapped, suggesting that the difference in N,
between the sexes is not significant.

0.002 -

E Female
E Male

0.000

Genetic differentiation (FST)

—0.002 A

Female Male

FIGURE2 | Genetic differentiation for female and male. Violin plot with boxplot of the

3.2 | Sex Determination System

The 72 sex-linked SNPs exhibited significant differences in het-
erozygosity between the sexes, with females displaying an ex-
cess of heterozygosity (H =0.989+0182) and males exhibiting
a deficit of heterozygosity (H,=0.068+0.231). This pattern is
consistent with a ZZ/ZW sex determination system (Figure 3).
It suggests that three females (pal_081, pal_074, pal_075)
and four males (pal_spaS_018, pal_bal_134, pal_bal_128,
pan_spaS_019) may have been misgendered, as their hetero-
zygosity patterns did not match their recorded sex. We also

<<  Norte de Menorca-
g LI t De Mall FST
.= Llevant De Mallorca-
© 0.003
§ llles Columbretes - 0.002
2 Cap de Creus- 0.001
E— Cabo de Palos- 0.000
3 Cabo de Gata Nijar-
F PP PP
® > @ ,oké’\ \\éo (\0&
R IR NG
& R 600 I F
& NG
Sampling location B
< Norte de Menorca
g FST
-.g Llevant De Mallorca - w 0.001
5 llles Columbretes A 0.000
2 Cap de Creus
= -0.001
g— Cabo de Palos A
& Cabo de Gata Nijar+

P P e? > >
\'oe\ Q\ O fb\o&Q&
b@ & @ P @
6Q’ O'DQ C)o be} 6
& \\\0 ec}
Sampllng location B

F,index of genetic differentiation estimated according to
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tiles). Heatmap showing the pairwise Fy; among all reserves for female (top) and male (bottom), separately (right).

TABLE3 | Estimate of effective population size (Estimated N,) for Palinurus elephas females and males with lower and upper confidence intervals

(CIlow and CI high).
Sex #samples # of loci Estimated Ne (MAF > 0.05) CIlow CI high
Male 101 8930 17,241 13,602 23,534
Female 79 8930 39,481 22,049 188,175
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FIGURE 3 | Identification of sex-linked markers based on per-locus
heterozygosity patterns consistent with a ZZ/ZW sex determination
system. Each point represents a SNP locus, plotted according to its ob-
served heterozygosity in females (ZW, x-axis) and males (ZZ, y-axis).
Sex-linked markers are characterized by high heterozygosity in females
(ZW) and low heterozygosity in males (ZZ), reflecting the hemizygous
nature of the W-linked region. Pale yellow boxes indicate the regions of
the heterozygosity space in which sex-linked markers were identified
(n=72).
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FIGURE 4 | Observed heterozygosity compared between females
and males according to the marker types used: Sex-linked and putative
neutral SNPs.

examined heterozygosity patterns using the 8390 putatively
neutral SNPs. As expected, no significant differences in hetero-
zygosity between the sexes were observed for these markers (p-
value=0.173, Figure 4) with comparable heterozygosity values

between females (mean =0.251, range: 0.013-0.679) and males
(mean =0.254, range: 0.019-0.653).

3.3 | Sex Assignment

To evaluate the power of the sex-linked markers to correctly
assign biological sex, we performed a training/prediction ap-
proach on the 180 sexed individuals. We randomly withheld 20%
of individuals (n = 36), defined a heterozygosity threshold on the
remaining 80% (n=144), and predicted the sex of the withheld
individuals based on their observed heterozygosity across the
72 sex-linked markers on 100 random replicates. This approach
yielded an accuracy of 94.9%, supporting the reliability of our
sex-assignment method.

3.4 | Sex-Linked Markers

We used the 72 sex-linked markers to infer the sex of the 61
individuals of unknown sex based on their heterozygosity. All
the individuals were unambiguously assigned to one of the two
groups, as each individual was either heterozygous at almost all
72 markers or homozygous at all 72 markers. As expected, the ob-
served heterozygosity estimates differed significantly between
the newly classified female and male groups (p-value <0.001),
closely matching that of known females for the first group, with
H_ of 0.952 (similarly to H =0.989), while the second group had
an average H_ of 0.042, similar to known males (H,=0.068).
Based on these results, we identified 34 putative females and
27 putative males from the 61 unsexed individuals. Because our
study system follows a ZW/ZZ sex-determination mechanism,
females are almost always heterozygous whereas males are
homozygous.

The BLAST search yielded poor matches with the NCBI data-
base. Of the 72 sex-linked SNPs, only two SNPs were associated
with a known gene (pancreas transcription factor), neither of
which had functions directly related to sex determination.

4 | Discussion

Theoretical and empirical studies suggest that male-biased dis-
persal is generally favored in polygamous systems (reviewed
in Li and Kokko 2019), yet research on sex-biased dispersal
in marine invertebrates remains scarce. Building on this
framework, we leveraged a large panel of genomic markers to
investigate sex-biased dispersal in the vulnerable European
spiny lobster, Palinurus elephas. Our study approaches this
eco-evolutionary puzzle by assessing key genetic analyses,
from relatedness to effective population size, in both males
and females.

4.1 | Sex-Biased Dispersal
The dominant explanation for sex-biased dispersal stems from

Greenwood's ideas (Greenwood 1980) about the success of
philopatric versus dispersing individuals in securing mates or
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the resources to attract them. The philopatric sex gains a com-
petitive advantage through familiarity with local resources and
social structure, while the dispersing sex benefits from reduced
kin competition and increased outbreeding. In species exhibit-
ing strong homing and orientation abilities, philopatry may also
increase survival because individuals are familiar with local
shelters and habitat features. For species displaying marked
day-night activity patterns, access to known shelters is criti-
cal for survival, and the presence of multiple shelters within a
given area can increase reproductive success by facilitating re-
peated use of favorable breeding sites (e.g., Boles and Lohmann
2003). Sex-biased dispersal has been demonstrated in 257 spe-
cies of vertebrates and arthropods (Trochet et al. 2016). In our
study, we did not detect a sex-biased dispersal pattern, as there
were no significant differences in relatedness and effective
population size and genetic differentiation between the sexes.
Although higher catchability of mature males was observed
prior to reproduction, which could be explained by a higher
mobility of males to find females to copulate (Goiii et al. 2003).
Nevertheless, F-statistics revealed different levels of population
genetic structure between the sexes, with females exhibiting
slightly greater and more geographically structured genetic dif-
ferentiation. This population structure in females is consistent
with the literature on genetic connectivity between the Atlantic
and the Mediterranean, particularly the Almeria-Oran front,
where numerous species show pronounced shifts in allele fre-
quencies (Patarnello et al. 2007). A similar pattern of population
structure has been observed in the comber (Serranus cabrilla)
in the same region as our study (Benestan et al. 2021), and in P.
elephas across the Almeria-Oran front near Cabo de Gata Nijar
(Elphie et al. 2012). Furthermore, previous studies on sex-biased
dispersal in crustaceans suggest that females may exhibit philo-
patry (Durand et al. 2019; King et al. 2005), likely due to the pa-
rental care provided by brooding-egg females, which is thought
to promote female philopatry (Palaoro and Thiel 2020). Despite
this, no clear relationship has been established between lobster
movements, homing and orientation with respect to sex or size
(Goni et al. 2010). To refine our findings on the lack of sex-biased
dispersal in P. elephas, additional direct methods to quantify dis-
persal in the wild, such as precise geographic physical tagging
studies, as an acoustic telemetry, would be valuable, as well as a
larger sample size.

4.2 | Sex-Linked Markers for Monitoring
Populations

Sex information is a critical factor to consider when delineat-
ing population structure, especially when establishing conser-
vation and management units (Funk et al. 2012). The use of
techniques such as restriction-site associated DNA sequenc-
ing (RADseq) and related approaches has proven effective
in identifying sex-linked markers in a variety of organisms
(Gamble and Zarkower 2014; Kafkas et al. 2015; Krueger-
Hadfield et al. 2020). As illustrated here, sex-linked markers
provide the opportunity to determine sex, which is particu-
larly valuable when morphological identification is not possi-
ble, such as at juvenile stages.

The 72 sex-linked markers identified in this study pro-
vide a robust basis for sex assignment based on individual

heterozygosity patterns. In a cross-validation framework ap-
plied to the 180 sexed individuals, this approach yielded an ac-
curacy of 94.9%, supporting its reliability for applied use. While
real time, boat-side molecular sexing remains beyond current
technological reach, laboratory-based sex assignment using
targeted SNP genotyping platforms such as Fluidigm EP1 or
MassARRAY (Agena) is both feasible and cost-effective, with
per-sample cost of approximately 10-20 € per individual and
turnaround times of 24-48 h. The initial development of a ded-
icated SNP panel for Palinurus elephas would represent a one-
time investment of approximately 20,000€, after which routine
genotyping costs would decrease substantially through econ-
omies of scale. Such an approach would be particularly rele-
vant for fisheries compliance monitoring, where conventional
morphological sexing is often impractical, and for population
management applications involving juveniles or archived
specimens.

Determining the sex of Palinurus elephas juveniles is im-
portant in population and conservation studies. It allows re-
searchers to assess sex ratios at recruitment, which is crucial
for understanding population structure and predicting future
reproductive potential. Sex identification also provides insight
into potential sex-biased dispersal patterns, helping to evalu-
ate connectivity between populations and colonization of new
habitats. Additionally, knowing the sex of juveniles facilitates
genetic analyses, such as detecting sex-linked loci and examin-
ing sex-specific patterns of genetic diversity. Using sex-linked
markers, we were able to unambiguously assign sex to 100% of
the unsexed individuals, highlighting their potential to improve
resource management. From a management perspective, this
information can guide conservation strategies and restocking
programs by ensuring balanced sex ratios and protecting re-
productive individuals effectively. This also reveals a crucial
point: some individuals initially identified morphologically did
not match the sex found using genetic markers, underlining the
possibility of misidentification based on morphological traits.
This mismatch highlights the limitations of visual sexing in this
species and underscores the need for a reliable molecular tool
for sex determination. In contrast, genetic markers offer a more
reliable approach to sex determination. However, no functional
annotation was found for these markers. The limited congru-
ence with existing databases is likely due to the short length of
the DArT sequences (69 base pairs), which can hinder accurate
alignment and gene identification. This highlights the chal-
lenges of using short sequences for functional annotation and
suggests that further efforts are needed to identify sex-linked
genes in P. elephas using alternative methods, such as longer
sequence reads or targeted gene discovery approaches. More
broadly, sex-linked markers may be useful in species such as
P. elephas, where fishery regulations may be sex-specific (e.g.,
prohibition of harvesting females during the breeding season,
or return males with high potential reproductive). These mark-
ers make it possible to identify the sex of individuals even from
processed tissue samples, which is valuable for monitoring
compliance with fisheries regulations and for populations man-
agement. Sexing individuals is also the first step in accurately
assessing sex ratios, both in wild populations and in fisheries
landings or aquaculture. This method holds great promise for
improving management practices and ensuring the sustainable
use of marine resources.
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4.3 | Sex Determination System

Sex determination systems (e.g., XX/XY, ZZ/ZW, hermaphrodit-
ism) can be diverse in some groups such as fish and invertebrates
while being conserved in others, such as mammals (XX/XY)
and birds (ZZ/ZW). In arthropods, and specifically in decapods,
sex determination systems are particularly diverse (Chandler
et al. 2018). In this study, we sampled the genome of P. elephas
using DartSeq technology, identified sex-linked markerslikely lo-
cated on sex chromosomes, and document for the first time a ZZ/
ZW sex determination system in this species, with females being
the heterogametic sex. ZZ/ZW systems have also been identified
in several decapods such as crayfish (Cherax quadricarinatus),
crab (Eriocheir sinensis) and shrimp (Fenneropenaeus chinensis,
Litopenaeus vannamei, Marsupenaeus japonicas, and Penaeus
monodon; reviewed in Chandler et al. 2018), while the XX/XY
sex determination system has been reported in the American
lobster (Homarus americanus; Benestan et al. 2017; Moore and
Benestan 2018). As a rule of thumb, crabs and lobsters mostly
have an XX/XY system, while shrimps and crayfish have a ZZ/
ZW system, with notable exceptions (Chandler et al. 2018). The
fact that decapods are a highly diverse and old group with many
independent radiations may facilitate multiple independent evo-
lutions or transitions between sex determination systems (Ye
et al. 2023). In contrast to these observations, we discovered a
ZZ/ZW system in Palinurus elephas, a spiny lobster of the order
Decapodea. Our results contribute to our understanding of the
paradoxical diversity of sex determination systems in inverte-
brates, even within the same order (Decapodea).
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