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A B S T R A C T

Chamelea gallina is a valuable commercial species in the Mediterranean Sea. The strong fishing pressure on C.
gallina in the northern and central Adriatic Sea has paralleled a clear-cut decrease in clam population density and
the occurrence of several irregular mortality events. Despite the commercial interest in this species, nothing is
known about its genetic sub-structuring at the geographic and/or temporal scale, nor its levels of genetic
variability. Analyzing microsatellite genotypes for samples collected in the Adriatic Sea, we detected large
geographic genetic homogeneity with gene flow guided by broad scale circulation in the north-south direction.
Our results also indicate weak genetic differentiation among size classes at the local and temporal scale. These
small genetic differences might be determined by variability of local circulation and reproductive success, partial
overlapping generations and high larval mortality rates as suggested by our estimates of the effective number of
breeders. In fact, global effective population size estimates over multiple generations are medium-high, but a low
number of breeders are responsible for the small clams size class recruitment. Notwithstanding, it was not
possible to detect signatures of bottleneck. Future efforts in fishery management should aim to maintain genetic
diversity – essential to the long-term sustainability of the resource – and limit effective population size fluc-
tuations while considering the need to improve water quality to avoid mass mortality events.

1. Introduction

Bivalves represent important economic resources for fisheries and
aquaculture and play a key role in coastal ecosystems where they ty-
pically face multiple stresses due to the variability of environmental
conditions. Fishing pressure can decrease genetic variation through
bottlenecks and interfere with genetic connectivity among populations
(Hutchings and Reynolds, 2004; Munguía-Vega et al., 2015).

In this study, we examine the case of the clam Chamelea gallina
(Fig. 1a), which is distributed throughout the Mediterranean, the Black
Sea (Moschino and Marin, 2006), along the Portuguese coast and in a
few sites of the Northern Atlantic (Backeljau and Gofas, 1994; Eggleton
et al., 2007). This endobenthic clam lives in wild banks on sandy or
sandy/muddy seabeds 1000–4000m off the coastline (Casali, 1984). C.
gallina is gonochoric and reaches sexual maturity between the first and

second year of life, when the shell length attains 12mm (Casali, 1984;
Froglia, 1989). Its spawning period is long, occurring in two intervals
between April and October (Morello et al., 2005b), and is largely in-
fluenced by environmental conditions, which may anticipate or delay
gamete emission (Froglia, 1975; Romanelli et al., 2009). Larvae are
pelagic for 15–30 days before settling into the seabed (Froglia, 1975;
Romanelli et al., 2009).

The strong fishing pressure on C. gallina in the sandy coastal bot-
toms (3–12m depth) of the northern and central Adriatic Sea has ex-
isted for over 30 years, escalating progressively since the 1970s and
reaching an apex when the species became of extreme economic im-
portance in the early 1980s (Froglia, 1989; Morello et al., 2005a,b).
After the first high fishing yields, the landings soon started declining to
one sixth of the output recorded 25–30 years prior, despite various
measures adopted to limit the fishing effort (cuts in landings allowed,
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fleet reduction, creation of local fishermen consortia). Lately, the de-
cline in C. gallina biomass has also been aggravated by the occurrence of
several irregular mortality events in the Adriatic Sea (Gizzi et al., 2016;
Milan et al., 2016).

One of the main goals of fishery management of C. gallina should be
to ensure sufficient reproductive potential in a stock to allow for sus-
tainable exploitation. This would help to preserve not only standing
genetic diversity, but also the evolutionary potential of the species over
long-time scales. So far, despite the commercial interest in this species,
nothing is known about C. gallina genetic sub-structuring at the geo-
graphic and/or temporal scale, nor its levels of genetic variability.

In light of these premises, our study was designed with a specific
focus on the northern-central Adriatic Sea, to improve our knowledge
about C. gallina for future efficient management plans. The main aim of
this study was to determine the genetic sub-structuring of C. gallina in
three intensively exploited sites (Porto Caleri, Chioggia and Ancona) of
the northern-central Adriatic Sea and the connectivity among sites in
terms of relative gene flow. Notably, besides the geographic scale, we
have also considered whether temporal differences occur among size
classes within each location by comparing small clams (likely immature
and resulting from the most recent reproductive season) and big clams
(presumably representing the pool of parental cohorts).

We also searched for potential effects of long-term fishing pressure
and mortality events in C. gallina by determining the contemporary
effective population size Ne, indicative of the species potential to
maintain genetic variability (Frankham, 1995) and by assessing whe-
ther populations experience signatures of recent bottleneck.

2. Materials and methods

2.1. Biological sample collection and handling

Chamelea gallina (Fig. 1a) samples were collected between October
2009 and December 2010 from Chioggia, Porto Caleri and Ancona
(between 0.3 and 3 miles off the coast, Table 1, Fig. 1b and c) by
commercial fishermen. Sampling location coordinates and samples re-
lated data are shown in Table 1.

Specimens were immediately placed in ice after fishing and sorting.
Clams were cold-transported within three hours from collection to the
laboratory where they were stored at −80 °C to preserve genomic DNA
until subsequent analysis.

2.2. Size class definition

To check for temporal variability of genetic structure and assess
whether the parental pools have a different genetic composition from
offspring in the same geographic location, we separated individuals that
likely resulted from the most recent reproductive season (the small size
class) from potential parental cohorts (the big size class). For each
sampling event, we collected two random samples of individuals with
the length of the left shell (maximum distance on the anterior-posterior
axis) smaller and larger than 12mm. Owing to lack of information
about the age vs. size and growth rates of C. gallina in the northern
Adriatic Sea, the threshold between the two groups was set at 12mm
according to literature (Casali, 1984; Froglia, 1989, MG Marin personal
communication). Sampling occurred by hydraulic dredge and this
method does not give access to very small clams (below 5mm, MG
Marin personal communication, see Section 4.1 Caveats in the Discus-
sion). The length of the left shell was measured for all genotyped clams

Fig. 1. Chamelea gallina sampling area. In a) specimens of C. gallina collected in Chioggia in 2009 (photograph taken by the authors), b) three sampling localities in the central-northern
Adriatic Sea and in detail c) the two sampling localities off the Venice lagoon (Chioggia and Porto Caleri). All collection sites belong to the Geographical Subarea 17 (GSA 17 for the
northern–central Adriatic; General Fisheries Commission for the Mediterranean, www.gfcm.org). Straight-line geographic distance between Porto Caleri and Chioggia is less than 10 km.
Mean distance between Chioggia/Porto Caleri and Ancona is less than 200 km.
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to the nearest 0.1mm using a caliper (Table 1 and Figs. S1a and b in
Supplementary Material).

2.3. Marker amplification and genotyping

Genomic DNA was extracted from 239 clams following Patwary
et al. (1994). Microsatellite loci used in this study are EST-linked
markers and were described by Coppe et al. (2012) (Table S1 in Sup-
plementary Material). Initially, 12 loci were amplified in multiplex in a
GeneAmp PCR System 9700 thermal cycler (Applied Biosystems). Final
amplification conditions for all 12 loci are reported in Table S1 in
Supplementary Material. Amplified fragments were screened using an
ABI 3130 XL automatic capillary sequencer [Applied Biosystems; ser-
vice provided by BMR Genomics, http://bmr-genomics.com, LIZ 500
(50–500 bp) as internal size ladder, Applied Biosystems] and analyzed
using GeneMarker ver. 2.2 (SoftGenetics). Two authors carried out
genotype calling independently. Binning was automated with the soft-
ware FlexiBin ver. 2 (Amos et al., 2007) and refined by eye. All samples
with unsuccessful PCR and∼10% of all clams were re-amplified and re-
run to ensure repeatability of allele scoring and to check for genotyping
artefacts (O'Leary et al., 2013). We discarded all specimens that could
not be assigned to a multi-locus genotype at a minimum of eight loci.
Locus 41630, originally considered as monomorphic in a small sample
of 12 specimens (Coppe et al., 2012), displayed new alleles, previously
unscored. Locus 20467 presented several null genotypes even after re-
plicated PCRs. This locus was removed from the final dataset that in-
cluded 11 markers. For the remaining 11 loci, Micro-Checker ver. 2.2.3
(van Oosterhout et al., 2004) was used to identify possible genotyping
errors due to stuttering, large allele dropout, and null alleles (10,000
randomizations). To verify if null alleles could affect results, their fre-
quencies were estimated with the correction algorithm of van
Oosterhout et al. (2004) implemented in Micro-Checker ver. 2.2.3. The
software adjusts the number of homozygote genotypes in each size class
to reflect the estimated frequency of null alleles and the ‘real’ numbers
of homozygotes. A new dataset for each locus was hence obtained by
considering the adjusted genotypes. The two datasets (original and
corrected) were then used to calculate single locus estimates of HWE
probability and inbreeding index (FIS; see next section). Results ob-
tained from the original and corrected datasets were compared to assess
the extent of bias due to null alleles. However, since genotypes adjusted
by Micro-Checker ver. 2.2.3 are ordered by allele size such that the row

numbers did not correspond to the original sample numbers, none of
the subsequent multi-locus analyses were performed with the adjusted
dataset. All input files for downstream population genetics analyses
were produced with CREATE ver. 1.37 (Coombs et al., 2008) or by hand
by the authors.

2.4. Genetic diversity, inbreeding, tests for selection and relatedness

Mean number of alleles, allelic richness, percentage of total alleles
observed per locus per sample, observed and expected heterozygosity,
HWE test and FIS values were obtained by the R package diveRsity ver.
1.9.90 (Keenan et al., 2013) (R ver. 3.3.2, 95% confidence intervals –
95% CI – obtained using a bootstrap method with 10,000 replicates).

Linkage disequilibrium (LD) probability test was performed with the
software Genepop on the web (Fisher’s exact test, nominal significant
threshold α=0.05, Raymond and Rousset, 1995; Rousset, 2008).

Loci potentially under selection were identified using LOSITAN ver.
1.0.0 (Antao et al., 2008). The program considers markers that show
significantly higher or lower FST values compared with neutral ex-
pectations as outlier loci. These markers are suggested as putatively
subject to natural selection (Antao et al., 2008; Beaumont and Nichols,
1996). In our analysis, 1,000,000 simulations were run assuming a
Stepwise Mutation Model (SMM) following Agostini et al. (2013). We
adjusted the p-value for all multiple comparisons obtained in this study
as implemented in the program SGoF+ (Carvajal-Rodriguez and de
Uña-Alvarez, 2011).

We used the R package related ver. 1.0 (Pew et al., 2015; Wang,
2011) to test if the relatedness within each C. gallina sample was higher
than expected by chance (Frasier, 2008). We followed the authors in-
structions to choose the most suitable method across five moment es-
timators (Li et al., 1993; Lynch and Ritland, 1999; Queller and
Goodnight, 1989; Ritland, 1996; Wang, 2002) and two likelihood-based
estimators (the dyadic likelihood estimator – dyadml, Milligan, 2003;
and the triadic likelihood estimator – trioml, Wang, 2007). We calcu-
lated the average within-group relatedness and the associated p-values
by comparing them with a distribution of expected values (generated by
randomly shuffling individuals between category groups for 1000 per-
mutations and keeping size constant, with the function grouprel). If the
observed mean relatedness was greater than that of the permuted data
(P > 0.95), then the null hypothesis, that the mean within-category
relatedness is random, was rejected (Schneider et al., 2016).

Table 1
Chamelea gallina sampling, genetic diversity and relatedness. List of samples used for this study and their locations of origin (including coordinates). Also indicated are the collection
months and year, the approximate size class subdivision based on length of the anterior-posterior axis of the left shell (in mm), the sample acronym, the number of clams within each
sample, allelic richness (AR), the observed and expected heterozygosity (Ho and He), the average within sample relatedness (r-values) values obtained for each sample and the corre-
sponding probabilities (p-values) of being obtained by chance when compared to a random distribution of relatedness values.

Location Coordinates Month Year Size class Sample acronym Shell size range N AR
d Ho

e He
f r-values p-values

Porto Caleri 45° 06.214′ N Octoberg 2009 smallb PtoCA09_small 8.2–10.2 25 6.1 0.53 0.58 0.085082 0.849
12° 20.660′ E October 2009 bigc PtoCA09_big 12.8–15.0 23 5.52 0.43 0.57 0.102129 0.624

October, Novemberh 2010 small PtoCA10_small 7.2–11.7 23 4.79 0.39 0.51 0.112261 0.444
October, November 2010 big PtoCA10_big 13.1–27.4 25 4.56 0.33 0.47 0.203289 0.024

Chioggia 45° 10.590′ N October 2009 small CH09_small 7.5–8.8 25 5.24 0.47 0.56 0.104825 0.563
12° 19.670′ E October, December 2009 big CH09_big 14.5–19.3 24 5.01 0.37 0.53 0.126278 0.254

November 2010 small CH10_small 7.0–10.6 25 5.46 0.43 0.54 0.097195 0.687
October, November 2010 big CH10_big 15.5–18.8 24 5.15 0.48 0.54 0.108259 0.504

Ancona n.a.a June 2010 big AN10_big 22.8–27.0 45 5.51 0.42 0.56 0.127173 0.199

Total – – – – – 239

a Specific coordinates of sampling activity off Ancona are not available.
b Clams smaller than 12mm (length of anterior-posterior axis of left shell) are likely the result of the last reproductive season.
c Clams larger than 12mm (length of anterior-posterior axis of left shell) are the potential pool of parental cohorts.
d Allelic richness was calculated as the mean across loci.
e Observed heterozygosity was calculated as mean across loci.
f Expected heterozygosity was calculated as mean across loci.
g Samples obtained in a single fishing trip.
h Samples obtained from two fishing trips occurred in the indicated months and pooled.
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2.5. Power test, population differentiation, and gene flow network

Owing to the small genetic distance estimates obtained in this study
(see Section 3. Results), we assessed the power of our loci and samples
sizes to evaluate the magnitude of true differences that may have gone
unnoticed. Hence, we applied the Fisher’s and Chi-square tests by using
POWSIM ver. 4.1 (Ryman and Palm, 2006). FST in POWSIM refers to
Nei’s GST modified to be independent of the number of subpopulations
(Nei, 1987; Nei and Kumar, 2000; Ryman and Palm, 2006) and there-
fore we referred to our GST estimates to identify which genetic distance
thresholds to test (see Section 3. Results). To assess the statistical power
of our 11 markers to detect FST (GST) values ≤0.01, we used observed
sample sizes and allele frequencies taken from our 9 samples and 1000
replicates. Following the POWSIM manual, we tested several combi-
nations of Ne (100–3000) and generations (1–60) to account for the
variability in Ne estimation.

To estimate the extent of bias possibly introduced by the presence of
null alleles, pairwise unbiased FST (Weir, 1996) were calculated using
the software FreeNA (Chapuis and Estoup, 2007) with and without null
alleles correction. The software estimates null allele frequencies for
each locus and population, implementing the so-called excluding null
allele (ENA) correction to provide accurate estimation of FST in the
presence of null alleles (Dempster et al., 1977; Weir, 1996). 95% CIs for
FST values were obtained using 10,000 bootstrap iterations, with and
without ENA algorithm and visually compared for overlap. Significance
was assumed when zero was not present in the 95% CI (Whitlock and
Schluter, 2009).

FST (Weir and Cockerham, 1984), DJOST (Jost, 2008), GST (Nei and
Chesser, 1983) and G’ST (Hedrick, 2005) estimates and their associated
95% CIs were calculated with the R package diveRsity ver. 1.9.90 (with
10,000 bootstrap replicates among loci). Significance was assumed
when zero was not present in the 95% CI (Whitlock and Schluter,
2009). We evaluated which of the differentiation estimators was most
suitable for population genetic inference of C. gallina by applying the
corplot function implemented by diveRsity ver. 1.9.90.

Each estimator is differently sensitive to evolutionary, demographic
and ecological processes affecting populations. DJOST best reflects his-
torical events and is more sensitive to differences in mutation rates
among loci. FST and GST (and G’ST as standardized GST over the max-
imum expected GST) are best suited to track contemporary processes
and thus more sensitive to recent demographic events, changes in ef-
fective population size and migration rates (Raeymaekers et al., 2012).

The relative direction of gene flow among samples was estimated
using the divMigrate function from the R package diveRsity ver 1.9.90
(Keenan et al., 2013), using DJOST, GST and Nm as measures of genetic
distance (Sundqvist et al., 2016). We considered only samples collected
in 2010 to assess contemporary gene flow at the same time scale. To
avoid bias due to sample size, we pooled small and big clams from each
location. To test whether migration between pools of samples collected
in 2010 was asymmetrical (significantly higher in one direction than
the other), 95% confidence intervals were calculated from 100,000
bootstrap iterations.

2.6. Contemporary effective population size and demographic history

To test the hypothesis that fishing pressure could have triggered a
decrease in effective population size (Ne) in C. gallina, we estimated Ne

using different methods to assess robustness and concordance of results.
Contemporary estimates of effective population size were calculated by
NeEstimator ver. 2 (Do et al., 2014). Two approaches were used, the
first to calculate single-sample Ne (with two single-sample methods: the
molecular coancestry method Cn, Nomura, 2008; and the linkage dis-
equilibrium LD, Waples and Do, 2008); and the second, the standard
temporal method, to obtain Ne from temporally replicated samples and
size classes (Waples, 1989), with three different options (Jorde and
Ryman, 2007; Nei and Tajima, 1981; Pollak, 1983). Low-frequency

alleles (with frequency<0.05) were eliminated when estimating Ne

with the linkage disequilibrium method (Waples and Do, 2008) to avoid
bias due to small samples sizes (Waples and Do, 2010). Low frequency
alleles were retained by the coancestry method, as they have not been
shown to introduce bias with this method (Do et al., 2014).

In this study, the LD method was applied to single-samples to obtain
estimates of the per-generation Ne and to pools of samples (all samples
and geographic and temporal pools) to estimate the multi-generation
Ne. Geographically and temporally pooled samples were also used to
test for the effect of sample size. Nomura (2008) indicates that the
application of the coancestry method to a sample of juveniles (small
clams in our case) gives an estimate of ‘the effective number of bree-
ders’ (from now referred to as Nb). This method has been applied to
small clams samples only.

For temporal methods, big clams of each sampling site were as-
signed to generation 0 in that they likely represent a mix of parental
cohorts of the newborns (small clams). Consequently, small clams were
considered as generation 1. We assumed that small clams collected in
2010 were born during the last reproductive season from big clams
sampled in 2010 (generation 0). Although the size of first reproduction
has never been estimated for C. gallina in the Adriatic Sea, Casali (1984)
and Froglia (1989) suggest that sexual maturity is reached when the
shell attains a length of at least 12mm. To avoid increasing bias by
including overlapping generations due to multiple reproductive events
occurring during the spawning season (between April and October,
Milan et al., 2016; Morello et al., 2005a,b), we did not test pooled
samples but only compared 2009 big clams to 2009 small clams, 2010
big clams to 2010 small clams and 2009 big clams to 2010 small clams
within each location. Temporal methods estimate the harmonic average
Ne over the generations in the sampling interval. When the samples are
separated by one generation, as we assumed for our samples, these
methods estimate the effective number of breeders (Nb, Wang, 2016).

To assess whether a recent severe demographic bottleneck caused
by fishing occurred and affected the current genetic diversity or not, we
used two approaches. We first applied the Wilcoxon signed-rank test in
the software Bottleneck ver. 1.2.02 (Cornuet and Luikart, 1996; Piry
et al., 1999) as this test is robust for the effects of both small samples
sizes (< 30) and a small number of loci (< 20) (Piry et al., 1999). The
analyses were conducted using a 70% SMM and 30% Infinite Allele
Model (IAM) in the Two Phase Model (TPM) (Di Rienzo et al., 1994),
and a TPM variance of 12, as recommended for microsatellites (Jensen
et al., 2013; Piry et al., 1999) with 10,000 replications. The software
searches for an excess of heterozygotes based on the observed allele
frequencies, as a sign that rare alleles were lost faster than hetero-
zygosity (Luikart and Cornuet, 1998; Munguía-Vega et al., 2015).
Second, to test if a significant reduction in the ratio of the number of
alleles lost by drift to the range in allele sizes has occurred (Garza and
Williamson, 2001; Munguía-Vega et al., 2015), we calculated M values
of Garza and Williamson (M-ratio test, Garza and Williamson, 2001) for
all samples and loci with Arlequin 3.5.1.3, modified index after
Excoffier et al. (2005, the adjustment avoids a division by zero when a
gene sample is fixed for a single allele – monomorphic locus). Critical
significance values (Mc), were calculated using the software Critical_M
(Assis et al., 2013; Garza and Williamson, 2001). These calculations
were made using different combinations of the requested parameters
(sample size N, pre-bottleneck Θ=4Neμ, mean size of non-stepwise
mutations Δg, and % larger mutations ps), which are known to influence
the Mc results (Assis et al., 2013; Busch et al., 2007). Since no in-
formation on several of these parameters is available for C. gallina in the
sampled areas, we followed the manual instructions and the Mc values
for each site were calculated for samples size of 25 (45 for Ancona)
imposing two possible values of pre-bottleneck Ne (Θ=2 and 6), one
value for the mean size of non-stepwise mutations (Δg= 3.5) and the
one-step model percentage (90 and 80%, % larger mutations ps= 0.9
and 0.8; Table S12b in Supplementary Material, Assis et al., 2013).
Observed M-ratios below Mc indicate a bottleneck (Assis et al., 2013;
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Garza and Williamson, 2001). The lowest value obtained (0.62, Table
S12b in Supplementary Material) was used as the conservative
threshold for bottleneck evaluation.

3. Results

3.1. Genetic diversity, inbreeding, tests for selection and relatedness

High polymorphism was found for Chamelea gallina with the number
of alleles ranging from 2 to 23 and mean allelic richness of 5.260,
(Standard Deviation SD ± 0.455) as well as observed heterozygosity
(0.427 ± 0.060) and expected heterozygosity (0.540 ± 0.033) con-
sidering all samples and 11 loci (Table 1 reports samples acronyms and
a synthesis of basic statistics, Tables S2 and S3 in Supplementary Ma-
terial report detailed genetic diversity parameters and allelic fre-
quencies). Exact tests for LD yielded no significant values for all loci
combinations (data not reported). A significant departure from Hardy-
Weinberg Equilibrium (HWE) was observed for 38 out of 99 samples
(after SGoF+, Carvajal-Rodriguez and de Uña-Alvarez, 2011, correc-
tion for multiple tests, Table S4 in Supplementary Material) and par-
ticularly affecting Locus 1243 with all samples in Hardy-Weinberg
Disequilibrium (HWD). HWD was due to heterozygote deficiency in
most cases, suggesting two alternative explanations, not reciprocally
excluding: the presence of technical artefacts, such as non-amplifying
alleles (null alleles), or the influence of biological factors (Dharmarajan
et al., 2013; Waples, 2015).

The software Micro-Checker ver. 2.2.3 (van Oosterhout et al., 2004)
indicated the presence of null alleles for all HWD samples. Because of
the correction with Micro-Checker ver. 2.2.3, 9 out of 38 comparisons
originally deviating from HWE were no longer significant (HWE p-va-
lues for the original and corrected datasets are shown in Table S4 in
Supplementary Material).

The 36.36% of inbreeding index (FIS) estimates were positive for the
original dataset (including their 95% CI) and 8.08% remained higher
than zero, although lower than the original, when applying the Micro-
Checker ver. 2.2.3 adjustment (Table S5 in Supplementary Material).

None of the 11 microsatellites was identified as an outlier by
LOSITAN (Antao et al., 2008) (Table S6 and Fig. S2 in Supplementary
Material).

Related (Pew et al., 2015; Wang, 2011) simulations suggested trioml
(triadic likelihood estimator, estimates ranging from 0 to 1, Wang,
2007) as the most appropriate estimator with the highest correlation
coefficient (0.811714, correlation coefficients for all seven estimators
are reported in Table S7a in Supplementary Material). In general, this
method was demonstrated to be more accurate than other methods
(either moment or likelihood methods) as it incorporates correction for
genotyping errors, considers inbreeding and uses a third individual as a
control in estimating the relatedness of a dyad (Wang, 2007). Results
reported in Table 1 were obtained with trioml method only. However,
relatedness values and corresponding p-values for all estimators are
reported in Table S7b and c in Supplementary Material. The average
relatedness for the whole dataset was 0.118499. All single within-group
relatedness estimates ranged between 0.085082 (PtoCA09_small) and
0.203289 (PtoCA10_big, Table 1). None of the samples differed from
random expectations after SGoF+ correction although PtoCA10_big
was associated with a p-value< 0.05 (P= 0.024, Table 1).

3.2. Power test, population differentiation, and gene flow network

A power analysis indicated our set of 11 microsatellites had a 100%
chance (both Fisher’s and Chi square method) to detect FST values as
small as 0.01 considering observed allelic frequencies and sample sizes
at various combinations of Ne (100–3000) and generations (2–60, Table
S8 in Supplementary Material). For lower FST values and average Ne of
1000, the power was 98.40 and 99.70% (FST= 0.005, Fisher’s and Chi
square method), 66.90 and 73.90% (FST= 0.0025, Fisher’s and ChiTa
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square method, Table S8 in Supplementary Material for all Ne and
generations tested). These values are in the range of the G’ST (and GST)
obtained in our analysis (see below and Tables 2 and S10 in Supple-
mentary Material). However, when FST (Nei’s GST) values fall below
0.001, the power of our markers also decreases to 23.30 and 22.30%
(FST= 0.001, Fisher’s and Chi square method, Table S8 in Supple-
mentary Material). Hence, our dataset enables us to detect differences
associated with FST (Nei’s GST) higher than 0.001. In this study, all
significant comparisons obtained for the G’ST and the GST estimates
range between 0.0162 and 0.032 and between 0.0045 and 0.0097 re-
spectively, and only three comparisons for G’ST and 8 for GST fall below
the 0.002 threshold (Tables 2 and S10 in Supplementary Material).

Mean FST estimates obtained with FreeNA – with and without ENA
correction – showed slight differences due to an increase in FST dis-
tances when accounting for null alleles in most cases but with over-
lapping 95% CIs (Fig. S3 in Supplementary Material). Since the appli-
cation of correction for null alleles has been demonstrated to produce
an overestimation of the FST values in the case of significant population
differentiation, only genetic distances obtained from the original da-
taset were considered in this study, without applying subsequent cor-
rection (Aglieri et al., 2014; Chapuis and Estoup, 2007). Hence, all
subsequent differentiation analyses were conducted on the original
dataset.

The analyses carried out with diveRsity provided different estima-
tions of genetic distances for each estimator used. The estimator com-
parison obtained with the diveRsity function corplot showed a nearly
negative/neutral correlation between FST (Weir and Cockerham, 1984)
and the allele numbers as well as between GST (Nei and Chesser, 1983)
and the allele numbers. A positive correlation between DJOST (Jost,
2008), G’ST (Hedrick, 2005) and the allele number suggests that these
estimators are less biased by mutation (and therefore by the high
number of low frequency alleles) and therefore more likely to estimate
demographic processes (Keenan et al., 2013) (Fig. 2). Henceforth, we
have used only these two estimators (DJOST, G’ST) considering that
DJOST best reflects historical events (Raeymaekers et al., 2012), while
G’ST is best suited to track contemporary processes, recent demographic
events and changes in effective population size (Raeymaekers et al.,
2012). For completeness, FST and GST estimates are reported in Table
S10 in Supplementary Material.

The global multi-locus DJOST was low and the 95% CI contained
zero, thus the value was not considered significant (DJOST= 0.0052,
95% CI [−0.0007, 0.0142]). All DJOST pairwise comparisons were not
significant and ranged from−0.0007 (big clams from Porto Caleri 2009
vs. big clams from Chioggia 2010) to 0.0103 (small clams from Porto
Caleri 2009 vs. small clams Porto Caleri 2010; Table 2).

G’ST estimates, slightly higher than those of DJOST, revealed a weak
but significant differentiation (G’ST= 0.0179, 95% CI [0.0053, 0.032]).
Five comparisons were significantly different when considering G’ST
estimates (Table 2) and we observed that small clams collected in 2009
were generally different from big clams collected in 2010 (Table 2).

The directional relative migration networks for three estimators
(DJOST, GST, Nm) as obtained by divMigrate depicted relative migration
rates (above 0.5) among three pools of samples collected in 2010
(Fig. 3a–c) with a main gene flow direction occurring southwards. The
estimated gene flow from Porto Caleri to Ancona was higher (1) than
the reverse in all analyses, although it was only significantly asymme-
trical in the Nm analysis (Fig. 3c) and no further significant asymme-
tries were detected in the analyses. Nonetheless, the Porto Caleri-
Chioggia direction also exhibited a relatively higher gene flow than the
opposite direction for all estimators (Fig. 3a–c). Chioggia and Ancona
have a relatively similar gene flow in both directions with the GST, Nm
estimators (Fig. 3b and c), but not with DJOST (Fig. 3a).

3.3. Contemporary effective population size and demographic history

Global estimated Ne based on LD method for a single pool of 239
clams is 1994.9 (95% CI [452.6, ∞]) and indicates the estimated Ne for
the whole pool of an unspecified number of generations (Table S11a in
Supplementary Material). Ne estimates (LD method) for geographic
pools were close to the global values in Chioggia (Ne= 2197.3, 95% CI
[220.0, ∞]), but lower in Porto Caleri (Ne= 830.8, 95% CI [180.3, ∞])
and Ancona (Ne=73.4, 95% CI [39.4, 246.8], Table S11a in
Supplementary Material). Ne values for 2009 and 2010 (Porto Caleri
and Chioggia pooled) are small but both with the upper CI limit equal to
infinity (Ne= 304.7, 95% CI [126.0, ∞] in 2009 and Ne= 344.9, 95%
CI [134.6, ∞] in 2010, Table S11a in Supplementary Material).

Ne estimates (LD method) obtained for single-samples (Table S11b
in Supplementary Material) varied between 26.4 (Porto Caleri big clams

Fig. 2. Relationship between FST, GST, G’ST, DJOST and the mean number of alleles per locus (polymorphism). Correlations calculated with diveRsity ver. 1.9.90 (Keenan et al., 2013). The
lines represent the line of best fit.
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2010) and 1295.4 (Chioggia small clams 2010). For several estimates
based on the LD method, the corresponding CI intervals were very wide,
with an upper limit of infinity in most cases (Tables S11a–b in
Supplementary Material). This is frequently due to sampling error or
small sample size (see Section 4.1 Caveats in Discussion, Hare et al.,
2011; Waples and Do, 2010). In two cases (big clams from Porto Caleri
2010 and Ancona 2010, Table S11b in Supplementary Material) this
possibility is clearly excluded by an upper 95% CI of 101.3 and 246.8,
respectively. Moreover, for all LD estimates, the lower 95% CI limits are
very small (range 12.9–151.8 in Table S11b in Supplementary Material)
and indicate the lowest possible Ne values.

In general, estimates of parental Ne (Nb) obtained for small clams
samples with the coancestry method Cn (Nomura, 2008) were orders of
magnitude lower than those obtained with the LD method. Despite the
small number of markers and sample size, Nb estimates obtained with
the Cn method have finite 95% CI limits in most, but not all, cases. In
three out of four cases, we obtained definite 95% CI with Cn method for
small clams. These estimates indicate that effective breeders are less
than 283.6 (Tables S11b in Supplementary Material).

A small number of breeders were consistently obtained by temporal
methods. As mentioned in the materials and methods, effective popu-
lation sizes estimated using temporal replicates likely separated by one
generation correspond to parental Ne (i.e. Nb; Table S11c in
Supplementary Material). Temporal values range from 17.5 to 326.2. In
this case, only 8 out of 18 estimates have finite CI limits. All 95% CI
obtained by Jorde and Ryman’s (2007) approach excluded an effective
number of breeders higher than 481.8, (Table S11c in Supplementary
Material).

Considering that HWD could bias Ne estimates (Hare et al., 2011),
we have attempted to estimated Ne also by including only loci that were
in HWE for at least 5 samples. Results were not conclusive and more
estimates than in previous tests resulted in infinite 95% CIs or infinite
point estimates, with some Ne values being negative (data not shown).

The M-ratio test indicated signs of bottleneck for all samples at
several but not all loci (Tables S12a and b in Supplementary Material).
The Wilcoxon test indicated that no significant heterozygosity excess
exists across loci therefore providing no signs of bottleneck (Table S13
in Supplementary Material).

4. Discussion

This study investigated for the first time the genetic population
structure of the commercially important bivalve Chamelea gallina in a
highly-exploited region of the northern-central Adriatic Sea. We geno-
typed species-specific nuclear markers for small and big clams collected
in 2009 and 2010. Our results indicate strong connectivity among
geographic areas with a main southward gene flow direction, and ge-
netic differences, though weak, among big clams (considered as mature
adults) and small clams (considered offspring from the most recent
reproductive season) at local geographic scale. Despite the fishing
pressure, no clear signs of bottleneck were identified from our analyses
and Ne estimates over a multiple-generation scale are medium to high
though a low number of breeders are responsible for recruitment of the
small size classes.

4.1. Caveats

Before discussing the results in detail, we raise four caveats. First,
we have used an approximate method to separate clams likely resulting
from the most recent reproductive season and their potential parental
cohorts. The sampling gear has also hindered the collection of very
small clams (∼below 5mm). The limitations of this approach imply
that we have had limited access to individuals born at the end of the
reproductive season (very small clams ∼5mm or less) and instead
likely accessed clams born at the beginning and during the mid-re-
productive season. This approach may have led to a simplified popu-
lation genetic structure (as big clams are presumably a pool of cohorts
and very small clams were not accessible) and has not allowed for the
assessment of the degree of overlapping among generations of clams.
However, available information about growth rates and age vs. size in
C. gallina is scant and much more intensive sampling would be required
to accurately measure these parameters.

Second, some of the samples and loci analyzed in this study were
affected by HWD. These departures from Hardy-Weinberg equilibrium
can reflect analytical artefacts, real biological phenomena or both.
Among the artefacts, one likely explanation for a deficit in hetero-
zygotes is the presence of null alleles. Microsatellite null alleles are
commonly encountered in studies involving mollusks (Addison and
Hart, 2005). This is usually ascribed to high variability in the flanking

Fig. 3. Directional relative migration (gene flow) networks connecting pools of samples collected in 2010. Relative values were calculated by divMigrate (with diveRsity ver. 1.9.90,
Keenan et al., 2013). (a) Illustrates the calculated migration values based on DJOST, (b) on GST estimates and (c) on Nm. Arrows indicate the direction of gene flow, and numbers show
relative migration coefficient. Values found to be asymmetric are indicated by darker and thicker arrows and the filter threshold for the asymmetric values was set to 0.5. Gene flow values
statistically higher than the others in the shown direction are indicated with *.
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regions and elevated effective population size. We cannot completely
rule out null alleles as cause for HWD in our markers, but we argue that
if null alleles represented the exclusive factor accounting for HWD in
our dataset, they should have heavily affected FIS comparative tests and
the correction applied with Micro-Checker should have mitigated dis-
equilibrium for all cases. On the other hand, it has been shown that the
influence of null alleles in studies of population genetics might be
marginal compared to other factors such as the number of loci and
strength of population differentiation (Carlsson, 2008; Dharmarajan
et al., 2013). Samples in HWD are commonly included in mollusk’s
population differentiation tests (e.g. the pink abalone Haliotis corrugata,
Munguía-Vega et al., 2015). In our specific case, we consider that some
real biological phenomena might contribute, together with null alleles,
to the excess of homozygosity. Heterozygote deficiencies in molecular
markers have been widely reported for wild bivalves partially due to
high larval mortality owing to inbreeding depression and leading to
high variability at the single locus level (Plough and Hedgecock, 2011).
Inbreeding has been indicated among possible drivers of Hardy-Wein-
berg disequilibrium also for other marine invertebrate species with
large scale dispersal potential such as the jellyfish Pelagia noctiluca
(Aglieri et al., 2014). We excluded the possibility that the micro-
satellites used were under selection with LOSITAN analysis. We con-
sider that mixing of differentiated pools of different geographic origin
(e.g. Wahlund effect, Wahlund, 1928) is less likely in species such as C.
gallina with a high potential for homogenization due to larval dispersal,
but we cannot rule out the presence of mixed pools of clams resulting
from the same reproductive season but different pulses of gametes
emissions (at least two emission peaks during the spawning season,
Milan et al., 2016; Morello et al., 2005a,b). The extent to which these
departures from HWE have affected downstream analyses was eval-
uated by running FreeNA, which showed that higher FST values caused
by accounting for null alleles, indicative of increased genetic distances,
nonetheless had overlapping 95% CIs.

Third, our samples sizes are small and results possibly prone to
sample bias. Nonetheless, a power test showed that allelic frequency
variability at our 11 loci and the sample size available can detect sig-
nificant differences corresponding to FST as small as 0.01 and 0.005 (FST
as Nei’s GST) with 100% power and in the case of FST= 0.0025 with
66% power (Ne= 1000, Fisher’s test, Table S8 in Supplementary
Material). Thus, at lower levels of genetic distance (FST≤ 0.0025), it is
possible that some instances of significant differentiation may have
gone undetected. This means that there might be a few more significant
comparisons involving our samples than actually detected.

Fourth, we observed a disparity between Ne and Nb estimates, with
Nb estimated values being orders of magnitude smaller that Ne.
Although this disparity has been documented for bivalves and crusta-
ceans (Robinson and Moyer, 2013; Waples and Yokota, 2007), several
assumptions violations may impact the estimation of Ne and Nb. In our
specific case, high variability in reproductive success, possible high
larval mortality rate, small samples size, sampling error, HWD and
migration (the possibility that gene flow has occurred between sam-
pling localities and that offspring at one site might be the result of re-
production of individuals from different geographic origin) could have
biased the Ne and Nb estimates. Temporal methods are also known to
provide downwardly biased estimates when generations are not dis-
crete and fewer than three to five generations have elapsed between
samples (in our case, we assumed one generation of distance between
small and big clams) (Ruzzante et al., 2016). However, given the
complexity of the interaction of all these factors, it is not possible to
ascertain the extend or direction (upwards or downwards) of the bias.
Given the possible impact of life history traits, non-discrete size classes
and deviations from methods assumptions, Ne and Nb estimates should
always be considered with caution (Ruzzante et al., 2016; Waples et al.,
2014). Moreover, since some Ne and Nb estimates obtained in this study
had no definite CI limits, these results require further confirmation by
increasing sampling efforts for both specimens and markers to reduce

bias and accrue definite CI limits when dealing with large Ne as as-
sumed for mollusks (Hare et al., 2011). However, even in the case of an
infinite upper CI limit and overlapping generations, the lower limit on a
point estimate can be a useful indicator of the lowest possible level of
Ne (Fraser et al., 2007; Hare et al., 2011). Our hypotheses about the
biological conditions leading to the disparity between Ne and Nb in C.
gallina are discussed in Section 4.3 Contemporary effective population
size and demographic history (Discussion).

4.2. Gene flow and potential drivers of diversity

Based on DJOST estimates, C. gallina stocks in the northern-central
Adriatic Sea are highly connected. As reported for several similar spe-
cies, we expected that genetic exchange among C. gallina populations
was high owing mainly to pelagic larval dispersal (and its duration),
controlled by large scale hydrodynamics (Munroe et al., 2016;
Schiavina et al., 2014). However, based on G’ST distances, con-
temporary small significant fluctuations in allelic frequencies occur at
small geographic scale and among temporal replicates and size classes.
Factors contributing to this pattern include local circulation system,
limitations in larval dispersal, genetic drift, high temporal variability in
recruitment (i.e. the number of individuals reaching the age of ma-
turity, Demandt, 2010) and a decrease in the number of new recruits
due to abiotic factors (such as increasing temperature, low salinity,
suboptimal reproduction conditions and the desynchronization of male
and female spawning). Larval dispersal is commonly assumed to pro-
mote genetic homogenization (Jolly et al., 2014). The larval phase of C.
gallina, the main life stage when dispersal would occur for this species,
lasts for several weeks, probably not more than 20–30 days (Froglia,
1989; Morello et al., 2011). Larvae are pelagic until settling in the
sandy sea-bottom (Casali, 1984; Froglia, 1989). The northern Adriatic
circulation is mainly cyclonic and flows southwards along the western
Adriatic coast (Papetti et al., 2013; Vilicic et al., 2013). Our analysis of
relative migration network, indeed, indicates that all locations are
highly connected, with the gene flow main direction occurring from
Porto Caleri towards Chioggia and Ancona. However, the circulation in
the northern part of the basin also exhibits transient small-scale spatial
structures, high temporal variability, and dynamics that are largely
thermohaline in origin (Poulain, 2001; Vilicic et al., 2013). This may
cause unequal mixing of larval cohorts of different origins, allowing for
small-scale genetic heterogeneity among subpopulations, irrespective of
geographic distance (Hogan et al., 2010; Jolly et al., 2014; Selkoe et al.,
2006; White et al., 2010), as reflected in the G’ST differentiation pattern.

High variability in reproductive success and high larval mortality,
working in concert with variability in local circulation, present another
possible explanation for the weak differences found among our samples
at local geographic scales and amongst size classes. High variability in
reproductive success, gamete emission (two emission peaks during the
spawning season in close geographic areas and possible asynchrony in
male and female emissions in C. gallina, Milan et al., 2016; Morello
et al., 2005a,b) and larval mortality rate (Plough and Hedgecock, 2011)
could be a source of genetic differentiation which is not stable on a
temporal scale and is also maintained between populations separated
by small geographic distances (Hedgecock et al., 2007; Hedgecock and
Pudovkin, 2011; Johnson and Black, 1982; Larson and Julian, 1999).

4.3. Contemporary effective population size and demographic history

Our global estimates of Ne based on the LD method suggest a
medium to high effective population size and are similar to those ob-
tained for other exploited mollusks (e.g. H. corrugata Ne range
667–6553, Munguía-Vega et al., 2015). In contrast, the small Nb esti-
mated by Cn and temporal methods (assuming one generation of dis-
tance between small and big clams) implies that animals responsible for
the recruitment of small clams (likely the young ones derived from the
last reproductive season of the year) are a small fraction of all adults
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(Hare et al., 2011; Waples, 2016). This suggests a strong asymmetry in
reproductive success, with few individuals reproducing (or producing
viable offspring) in every peak of gamete emission during the re-
productive season, resulting in offspring of the same age (when counted
in years) but born at different times across the reproductive season. In
this way, while few clams generate each size class throughout the en-
tirety of the reproductive season, the global Ne over multiple genera-
tions is much higher. The extent of variability in reproductive success in
C. gallina may vary among years and locations, and result in temporally
and geographically variable genetic drift causing differences in Ne and
Nb. A precise estimation of clams’ age and shell growth would clarify if
groups of clams of different ages within our samples, born at different
times during the same reproductive season, also have similar shell
length, thus resulting in overlap among size classes.

The clam mass mortality events occurring since 2005 in the central-
northern Adriatic Sea, have been ascribed to recent environmental
impacts such as salinity reduction, an increase in the concentration of
water pollutants due to river run off (especially in autumn), water
temperature and turbidity variability, oxygen depletion and human
disturbance (Angioni et al., 2010; Milan et al., 2016). Although it has
been documented that clam stocks have undergone multiple random
mass mortality events, our analyses failed to detect any bottleneck with
the heterozygosity-excess method by Cornuet and Luikart (1996), and
showed changes in allele size distribution in several but not all loci with
the M-ratio approach, failing indisputably to detect any bottleneck. The
program Bottleneck is expected to identify demographic reduction
which occurred approximately 0.2–4.0 Ne generations ago (Cornuet and
Luikart, 1996). Considering our global Ne estimates and one year as the
generation time for C. gallina (Casali, 1984; Froglia, 1989), this would
mean that any demographic reduction detected would have occurred
more than several hundreds of years ago. It has also been shown that
Bottleneck is less powerful in the case of long-term duration of popu-
lation reduction since the excess of heterozygosity after a bottleneck is
detectable only for a short time, after which a new equilibrium between
mutation and drift is reached (Luikart and Cornuet, 1998; Peery et al.,
2012). For C. gallina, it is more likely that a true bottleneck occurred
only after it began to be exploited commercially in the 1970s (Froglia,
1989; Morello et al., 2005a,b). The HWD affecting some loci in our
dataset may have had an impact on the M-ratio results, since this test is
sensitive to assumption violations, limiting the power to detect a bot-
tleneck at all loci and samples (Peery et al., 2012). However, the lack of
agreement in the results provided by the two analytical approaches
used here suggests that, had it occurred, a bottleneck would not have
been detectable with the tools at hand. It could also be that the recovery
of the local stocks may have already overcome the demographic drop.

4.4. Implications for stock management and future directions

Our results on population genetic structure, gene flow direction and
demographic status (Ne) of C. gallina in the northern-central Adriatic
Sea prompt the need for comprehensive future sampling and collection
of biological and physical data (e.g. detailed circulation patterns, rea-
lized larval dispersal, adult density, growth rate vs. age and age vs. shell
size of clams) over the span of years or decades, for both exploited and
unexploited stocks. The integration of this information with data from
large databases of catch-rates, would allow for a more precise stock
assessment and analyses of population demographic trajectories.

Although local administrations continue to include the development
and implementation of different strategies to support the C. gallina
fishery in their economic plans, these approaches are usually not
combined with pre- and post-assessment of genetic variability (Vasi and
Bagni, 2009). We propose that future efforts (e.g. fishery suspension,
seeding and restoration programs) should aim to limit Ne fluctuations
(especially drops in population size) and increase, or at least maintain,
genetic diversity – essential to the long-term sustainability of the re-
source – while taking into account the need to improve water quality to

avoid mass mortality events.
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