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Abstract

Accurate description of population structure and genetic connectivity is essential for efficient conservation efforts. Along
the European coastline, Tursiops truncatus typically shows high site fidelity to relatively small areas, often semi-enclosed
waters, but patterns of genetic connectivity among such areas are often poorly understood. In this study, we investigate
the patterns of genetic structure and connectivity of Tursiops truncatus in the Adriatic Sea and contiguous Mediterranean,
using multilocus microsatellite genotypes. We focus particularly on areas where photo-ID studies suggest the occurrence
of local ‘resident communities’. Patterns of geographic structure were identified using multivariate methods, Bayesian
assignment methods, and analyses of relatedness. Our results are consistent with the occurrence of communities with high
site fidelity to the Gulf of Ambracia, Croatian island archipelagos, and the Gulf of Trieste. Dolphins in these regions do not
fit a model of complete panmixia, but neither do they exhibit multiple discrete population units. Even for the community
in the Gulf of Ambracia, which is well separated by several population genetic estimates, we can unambiguously identify
individual dispersal to the most distant area in the Northern Adriatic Sea. We suggest that the population structure pat-
terns in these animals might be best described as a stable metapopulation and discuss the implications of such a model for
regional conservation efforts. The critically endangered Ambracian sub-population is particularly well differentiated, and
is therefore at high risk of local extinction due to relatively small size, high degree of isolation and exposure to several
anthropogenic pressures. The exact geographic boundaries of individual sub-populations cannot always be determined
due to lack of sampling and low resolution of the methods used. Nevertheless, our results have important implications for
effective conservation of local communities showing strong site fidelity.
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Introduction

Bottlenose dolphins (Tursiops truncatus) are well known
for their complex patterns of population structure. This spe-
cies is globally widespread, and often exhibits population
structure across geographic distances much shorter than
their dispersal ability (e.g. Natoli et al. 2005; Sellas et al.
2005; Parsons et al. 2006; Segura et al. 2006; Rosel et al.
2009; Martien et al. 2011; Lowther-Thieleking et al. 2015).
This has been particularly well studied in European waters,
where several genetic breaks have been described from the
North Sea to the Mediterranean and Black Seas (Nichols
et al. 2007; Viaud-Martinez et al. 2008; Louis et al. 2014;
Gaspari et al. 2015b).

This species shows a tendency to form communi-
ties with a high degree of local site fidelity, with several
such cases described in inshore semi-enclosed bodies of
water, archipelagos or embayments (henceforth referred
to as ‘resident communities’). Around the European conti-
nent, genetic studies have shown these to be differentiated
from bottlenose dolphins inhabiting more open waters, but
without any private alleles, and therefore, not genetically
unique, namely in the Sado Estuary (Portugal; Fernandez et
al. 2011; Martinho et al. 2014), the Shannon Estuary (Ire-
land; Ingram and Rogan 2002; Mirimin et al. 2011) and the
Moray Firth (Scotland; Parsons et al. 2002; Robinson et al.
2012). Natural populations might not always fit idealized
models of either complete panmixia or full segregation into
demographically independent units. Instead, they might sit
somewhere along a continuum between these two models
(e.g. Waples and Gaggiotti 2006) in what has been described
as the “ambiguous zone” (Palsbell et al. 2010). This appears
to be the case for many such bottlenose dolphin ‘resident
communities’.

Accurate identification of connectivity patterns among
local resident communities is fundamental for effective
conservation efforts and understanding threats. It not only
enables more accurate estimates of local extinction risks
(Lande 1988), but also of the likelihood that habitats will
be replenished in the event of local reductions (Watson et
al. 2011; Kunz et al. 2021). In the Eastern North Atlantic
and in the Mediterranean Sea, bottlenose dolphin population
structure has been described as a metapopulation (Nichols
et al. 2007; Gaspari et al. 2015b), first proposed in the con-
text of ‘resident communities” documented in Ireland and
around the British Isles (Ingram and Rogan 2002; Nichols
et al. 2007; Robinson et al. 2012). In the Mediterranean Sea,
several coastal sub-populations were found, connected by
varying levels of gene flow through a wider ranging and
vagrant sub-population (Gaspari et al. 2015b). Other stud-
ies also described population dynamics consistent with the
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metapopulation model (Louis et al. 2014; Nykénen et al.
2018),

However, details on the connectivity dynamics among
putative sub-populations are lacking. This knowledge gap is
more pronounced in the Mediterranean Sea, where several
‘resident communities’ are known to exist. In this context,
determining the extent to which patterns of genetic structure
might fit a metapopulation model is particularly relevant.
Several studies have demonstrated that sexually mature
individuals, which are able to disperse to other local breed-
ing populations (colloquially called ‘floaters’), can play an
important role in replenishing loss of individuals in local
habitat patches (e.g. Grimm et al. 2005; Penteriani et al.
2011; Lenda et al. 2012; Robles and Ciudad 2020).

In the Adriatic Sea and contiguous Ionian Sea, several
long-term photo-identification (hereafter ‘photo-ID”) stud-
ies have focused on bottlenose dolphin local ‘resident
communities’. The community of the Gulf of Ambracia in
Eastern lonian Sea (Greece) shows high site fidelity and is
well separated from those elsewhere in the region (Bearzi
et al. 2008; Gonzalvo et al. 2016), although mid-distance
dispersal out of the Gulf has been documented (Bearzi et al.
2011). Similarly, in the Gulf of Trieste and adjacent waters
in the Northern Adriatic Sea, a high degree of site fidelity is
shown by multiple social units (Genov et al. 2008, 2019a),
which also show some level of genetic differentiation from
dolphins elsewhere in the Adriatic (Gaspari et al. 2015b).
The complex coastal topography of Croatian coastal regions,
characterized by many islands creating archipelagos and
semi-enclosed bodies of water, is also occupied by resident
bottlenose dolphin communities. Photo-ID evidence sug-
gests high site fidelity in the Kvarneri¢ and North Dalmatia
(Northern Croatia; Bearzi et al. 1997; Plesli¢ et al. 2015,
2019; 2021), as well as in the Vis archipelago (Southern
Croatia; Holcer 2012). Despite adjacent or even overlap-
ping home ranges, these communities show relatively low
levels of interactions (Plesli¢ et al. 2019). However, data
on mid-distance re-sightings also indicate individual dol-
phins moving between different locations in the Eastern and
Northern Adriatic Sea (Plesli¢ et al. 2015, 2019; Genov et
al. 2016). These patterns are consistent with the occurrence
of local populations occupying suitable habitat patches, that
are visited by external ‘floaters’. However, the longer-term
stability of such patterns is not fully understood, nor are
the effects that these dynamics have on local and regional
genetic structure.

Previous studies suggested the occurrence of genetic
structure within the Adriatic Sea (Gaspari et al. 2015a),
although no fine-scale estimates of recent gene flow cur-
rently exist for this region. A recent mtDNA study on bottle-
nose dolphins from the Gulf of Ambracia suggests a high
degree of differentiation relative to other Mediterranean
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locations (Gonzalvo et al. 2016). Divisions between the
various putative sub-populations are likely to be recent
(Gaspari et al. 2015b), which makes estimating levels of dif-
ferentiation and gene flow using population level methods
difficult based on genetic data alone.

Consequently, identification of fine-scale gene flow
dynamics in this system should rely on a more demographic
level approach. Analyses of kinship and genetic related-
ness within geographically restricted areas can be particu-
larly useful in this context. Previous studies have shown
the potential for kinship analyses to reveal cryptic demo-
graphic processes, particularly when combined with inde-
pendent demographic data (e.g. Pilot et al. 2010; Palsbell et
al. 2010). Furthermore, if some of these bottlenose dolphin
local communities have high kinship levels associated with
low levels of gene-flow with other communities, they could
possibly experience higher extinction risk.

In this study, we investigate the connectivity patterns
of bottlenose dolphins in the Adriatic Sea and contiguous
regions, by using multilocus microsatellite analyses of
genetic relatedness among different potential ‘resident com-
munities’. Our hypothesis is that putative ‘resident com-
munities’ showing strong site-fidelity will exhibit higher
levels of genetic relatedness as compared to expected aver-
ages over the broader study region. Furthermore, smaller
putative ‘resident communities’ will exhibit lower genetic
variation, and therefore have more uniform genetic ancestry
patterns. We then discuss the observed patterns within the
context of a potential metapopulation and discuss whether
this model might be appropriate to use for this species in the
context of local and regional conservation efforts.

Methods
Sample dataset

A total of 127 unique samples distributed throughout the
Adriatic Sea, as well as from the Ionian and Aegean Seas,
were analysed. This dataset builds upon the samples used
by Gaspari et al. (2015b), by including 58.3% of novel
samples not analysed before. All genotyped produced are
novel, using a new genotyping protocol developed spe-
cifically for this study (see details below). Samples were
divided into potential resident communities based on their
geographic origin, and the pattern of population structure
identified by Gaspari et al. (2015a). We considered 5 loca-
tions within the Adriatic Sea, corresponding to: (1) the Gulf
of Trieste and adjacent waters (shortened as GoT elsewhere
in the manuscript; Genov et al. 2008, 2019a, b) (2) the com-
plex island archipelago in Northern Croatia, referred to as
CroatiaN (Bearzi et al. 1997; Plesli¢ et al. 2015; 2021);

(3) the Vis archipelago in Southern Croatia, referred to as
CroatiaS (Holcer 2012); (4) North-Western Italian coast
(from Venice to San Marino) referred to as ItalyN; (5) the
Southern Italian coast of the Adriatic, (referred to as ItalyS).
These five locations should also allow us to potentially cap-
ture the previously suggested East-West and North-South
genetic divisions in the Adriatic (Gaspari et al. 2015b).
Outside the Adriatic, samples were divided based on two
well described sea basins typical of other cetacean studies in
the area, namely the Ionian and Aegean Seas, and the Gulf
of Ambracia as a distinct sub-basin within the Ionian Sea
(Bearzi et al. 2008; Gonzalvo et al. 2016). In some analyses,
three samples from the Tyrrhenian Sea were included as a
comparison to the wider Mediterranean. A map showing the
location of all samples and the a priori sub-population divi-
sion used can be found in Fig. 1.

Laboratory procedures

For all samples, tissue was first cut into fine pieces using a
scalpel and digested with Proteinase K at 36 °C overnight.
DNA was then extracted using a GeneJet genomic DNA
purification kit (Thermo Scientific), following the provided
protocol. Sex of samples was determined using the protocol
described in Bérubé and Palsbgll (1996).

Samples were then genotyped for a set of 16 microsatel-
lite loci, through two multiplex PCR reactions in an ABI
Verity thermocycler. Multiplex reactions were carried out
using Qiagen Multiplex PCR kit with the following ther-
mocycling conditions: 95 °C for 15 min, 40 cycles at 52 °C
(primer set A)/57°C (primer set B) for 90 s, 72 °C for 1 min
and a final extension at 60 °C for 30 min. Primer set A simul-
taneously amplified loci Dde09, Dde59, Dde65, Dde69,
Dde70, Dde84 (Coughlan et al. 2006), AAT44 (Caldwell
et al. 2002), Ttr58, Ttr63 (Rosel et al. 2005), while primer
set B simultaneously amplified loci Dde66 (Coughlan et al.
2006), TtrRH1, TtrC12, Ttr04, Ttr11, Ttr34 (Rosel et al.
2005), KWM12a (Hoelzel et al. 1998). Successful ampli-
fication of microsatellite reaction was assessed through
agarose eclectrophoresis stained with GelRed (Biotium).
Successful amplifications were genotyped through capillary
electrophoresis, using an ABI 3130 automated sequencer
with the ROX500 size standard (operated by DBS Genom-
ics at Durham University). The genotyping process was rep-
licated for a 30% subset of all samples, to ensure reliability
of the genotypes.

Data analyses
Automated sequencer trace files were analysed using the

microsatellite plugin implemented in Geneious R7 (Kearse
et al. 2012). Microsatellite peak calling was performed
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Fig. 1 Map showing the distribution of samples used in this study, rep-
resented by red dots. Numbers in parenthesis reflect number of sam-
ples used in the study. Note that some samples were obtained in close

manually by two researchers independently. The dataset
was checked for duplicate genotypes, and only one individ-
ual of each pair was kept for the analyses. The sample size
reported earlier of 127 samples corresponds to the number
of samples analysed after removing duplicates. Core genetic
diversity statistics and Hardy-Weinberg equilibrium devia-
tions tests, were calculated per locus and a priori defined
populations using the software GENALEX (Peakall and
Smouse 2006). The power of the microsatellite dataset to
detect population structure was determined using the soft-
ware PowSim (Ryman and Palm 2006). We did this by
generating 1,000 simulations of populations with effective
population size (N,) values from 50 to 5,000, undergoing
drift over a period of 2-100 generations. The proportion of
those simulations identified as significantly differentiated
using the Fisher’s Exact Test, provides a measure of the
power of our microsatellite data to identify population dif-
ferentiation at the average Fgr for each drift scenario. The
power to correctly identify kinship relationships was deter-
mined using the software KinInfor (Wang 2006). We tested
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proximity to one another, so number of apparent dots may be smaller
than the number of actual samples

the following primary hypothesis/null hypothesis pairs:
parent-offspring/unrelated (PO:UR), full-sibling/unrelated
(FS:UR), half-sibling/unrelated (HS:UR), parent-offspring/
half-sibling (PO:HS), parent-offspring/full-sibling (PO:FS)
and full-sibling/half-sibling (FS:HS). Statistical signifi-
cance for the power index PWy was set to 0.05, and preci-
sion to 0.01. In order to achieve a conservative estimate of
power, an error rate of 0.03 for each microsatellite locus was
used following the strategy used in Courbis et al. (2014).
Population structure between the a priori defined locations
was assessed using two different approaches. First, we used
multivariate methods without assuming a specific population
genetics model. We carried out a Principal Component Analy-
sis (PCA) using GenAlEx. An individual pairwise total genetic
distance table was first created, and a PCA was created from
this table using the covariance-standardized method. We also
carried out a Discriminant Analysis of Principal Components
(DAPC) using the R package Adegenet (Jombart 2008), to
identify the most likely number of clusters. This was based on
the lowest Bayesian Information Criterion value after retaining
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60 principal components, and individuals were then assigned
to each identified cluster based on 3 linear discriminants. Addi-
tionally, we carried out a separate DAPC assignment to all the
a priori defined groups (as opposed to the 3 identified clusters)
using Adegenet. This effectively acts as a multivariate indi-
vidual assignment test, allowing us to investigate the distinc-
tiveness of samples within each sub-population relative to the
entire sample set.

Second, we used the software Structure (Pritchard et al.
2000) to identify the number of clusters in our dataset that
maximise the Hardy-Weinberg equilibrium. We used cor-
related allele frequencies, and independent alphas for each
cluster as recommended by Wang (2017), for cases where
sampling is unequal among potential clusters. K values 1-10
were tested, through 4 independent runs of 10,000,000 itera-
tions, with the first 25% discarded as burn-in. The most likely
value of K was assessed through highest likelihood value, the
AK method (Evanno et al. 2005), and the parsimony method
(Wang 2019), all calculated using the software KFinder (Wang
2019). Convergence of results between the 4 independent runs
was checked by evaluating the standard deviation of Likeli-
hood probability for the most supported values of K, calculated
using the software StructureHarvester (Earl and vonHoldt
2012).

To estimate the occurrence of close kin within and between
locations, the Maximum Likelihood approach implemented in
the software Colony (Jones and Wang 2010) was used to infer
pairs of individuals related at the full-sibling (FS) and half-
sibling (HS) level. All individuals in the dataset were consid-
ered as potential offspring, with individuals for which sex was
estimated molecularly included as candidate male and female
parents. To quantify whether the number of related individu-
als was higher than chance for a given location, we compared
the number of half-sibs identified vs. the number of potential
comparisons both within a location, and between a location
and all other samples. Under random expectations, the num-
ber of half-sibs should increase proportionally to the number
of pairwise comparisons carried out. Therefore, a linear regres-
sion line between the number of half-sibs detected and the
number of pairwise comparisons available for each location
should provide a description of the expected half-sibs under
random expectations. If the number of half-sibs identified in a
given location is above this line, then it would be higher than
expected by chance.

Mean pairwise relatedness within each a priori defined
location was calculated, relative to the expected mean across
all samples using the Lynch and Ritland (1999) estimators (see
Results of power analyses using Kinlnfor), as implemented in
GenAIEx. This was done twice, once for all samples, and a
second time after all individuals showing assignment values
below 60% to the Structure clusters were removed from the
dataset. This was followed by pairwise Fg calculations with

the software Arlequin (Excoffier et al. 2005), using the number
of different alleles option, and calculation of significance with
10,100 permutations. Note that this was done in the context of
a possible group of vagrant individuals that could be promoting
gene flow between the various local ‘resident communities’.
All admixed individuals were thus assigned to a single group
designated here as “Mixed”.

The probability of origin for each individual sample was
calculated jointly with estimates of gene flow between those
same groupings using the software BayesAss (Wilson and Ran-
nala 2003). Samples from stranded animals were not removed
from the gene flow analyses for two key reasons: first, this
would reduce the samples size of several locations to the point
where they could not be used in a statistically robust manner
(e.g. CroatiaN); second, because occasional or transient indi-
viduals are observed in most locations, biopsy samples may
represent both high and low site-fidelity individuals (although
most samples will represent photo-identified individuals with
some level of site-fidelity). On the other hand, high site fidelity
individuals may also strand locally. In some cases, this could
be determined based on long-term photo-identification studies,
but not always, and therefore it was considered more conserva-
tive to keep the samples from strandings in the analyses and
consider this as a factor when interpreting gene flow estimates
(numbers of biopsies per location available in Table S1). Pro-
gram was run for 10,000,000 iterations following 1,000,000
of burn-in. We carried out trial runs to find mixing parameter
values that could lead to mixing values for the Markov Chain
Monte Carlo (MCMC) between 0.2 and 0.6, as recommended
in the software manual. Convergence of the MCMC run was
further assessed by analysing convergence of likelihood and
ensuring all effective samples size (ESS) values were above
200, using the software Tracer (Rambaut et al. 2018).

If any of our a priori locations are part of the same genetic
group, then our estimates of gene flow are effectively being
calculated for sub-samples of the same population, which vio-
lates assumptions of the estimation algorithm. This can lead
to biased inference if different sub-groups are an incomplete
representation of the population genetic variation, due to sto-
chastic sampling. This will be considered in our interpretation
of the results obtained from this analysis, which will be done
in the context of other results regarding patterns of genetic
differentiation.

Results

Power simulations carried out with PowSim showed that our
microsatellite dataset should be able to identify Fgr values
of 0.01 as significant for all simulations irrespective of the
N,/t combinations. For Fgr values of 0.005, our microsat-
ellites identified between 71.9% and 74.7% of simulations
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as significant (Table S2). Comparison with previous stud-
ies shows that our dataset achieved the statistical power
expected for microsatellite-based analyses (e.g. Moura et al.
2013; Waples et al. 2018; Nykénen et al. 2018; Chabanne et
al. 2021). Core genetic diversity statistics show that diver-
sity levels are comparable among most loci and a priori
locations, and there were no consistent deviations from
Hardy-Weinberg across either loci or locations (Table S4).
Exceptions mostly involved loci with heterozygote deficit,
in locations where multiple clusters were identified in the
population structure analyses (likely reflecting a Whalund
effect).

Principal Component Analysis carried out in GenAlEx
showed no correspondence between geographic location
and clustering on the PCA plot, except for samples from
Ambracia (Fig. 2A). Visually, samples from locations other
than Ambracia grouped into two different clusters, one
occupying the lower right quadrant of the PCA plot, and
another occupying the upper half of the PCA plot. DAPC
analyses identified 3 clusters as the most likely number and
overlaying the distribution of the DAPC clusters on the PCA
plot (Fig. 2A) shows some correspondence between the two
visual PCA clusters with two of the DAPC inferred clusters,
although with considerable overlap. Samples from Ambra-
cia were all assigned to the third DAPC cluster, although
it also included a few individuals from CroatiaN, CroatiaS
and GoT (Fig. 2A).

Both DAPC assignment and Structure showed K=3 as
the most likely number of clusters. Although K =5 had the
highest statistical support (Table 1), comparison of ancestry
plots against K=3 (best supported based on the parsimony
method) showed the additional inferred clusters did not
change our interpretation of population division (Fig. 3).
Comparison between DAPC and Structure inference shows
that only the cluster corresponding to Ambracia samples is
consistent between analyses, with assignment to the other
clusters disagreeing considerably. Notably, DAPC assigns
most individuals to either one of the clusters, while Struc-
ture returns more admixed individuals between the two
clusters (Fig. 3). DAPC assignment to the a priori locations
show good separation between most locations, apart from
GoT, ItalyN and Aegean, which have mixed assignment to
multiple clusters, although the profiles for both GoT and Ita-
lyN are very similar (Fig. 3).

The analyses of statistical power to detect kinship using
our microsatellite dataset showed that the Lynch and Rit-
land (1999) estimator had the highest RMSD values (45.08)
of all estimators calculated by KinInfor. Informativeness
for relatedness (I,) values ranged from 0.0268 to 0.1366
for individual loci (excluding one locus, which had an I, of
0.005, and was therefore largely uninformative). Combined
PWy values were above 0.95 for dyads PO:UR (0.9984)
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and FS:UR (0.9720), and above 0.6 for the dyads HS:UR
(0.63), PO:HS (0.73) and FS:HS (0.64). The lowest PWy
values were obtained for the most stringent dyad PO:FS
(0.58). More detailed results for PWy, as well as the infor-
mativeness for relationship (I), informativeness for relat-
edness (I,) indices and respective RMSD can be found in
Supplementary Table S3. These results are comparable to
those reported by other microsatellite based studies (e.g.
Sanchez-Montes et al. 2017; Krojerova-ProkeSova et al.
2018). Although power to infer relatedness is known to be
low for short tandem repeats (STR) compared to high den-
sity single nucleotide polymorphism (SNP) datasets (Kopps
et al. 2015), studies have also shown that false negatives
are the most likely type of error associated with this lack of
power (Kozfkay et al. 2008; Kopps et al. 2015). Therefore,
our estimates are conservative in terms of our interpreta-
tions regarding increased relatedness for given areas, as we
are more likely to miss true relatives than to falsely identify
them.

The FullSib and HalfSib inference based on Colony
showed that Ambracia has noticeably more Full/Half-
sibs than any other location and considerably higher than
expected by chance (Fig. 4), followed by GoT, CroatiaN,
and CroatiaS. When comparing individuals across locations,
CroatiaN and GoT stand out as having several pairs with
other locations, although only GoT appears to have a higher
number than expected by chance. GoT is also the only loca-
tion that has a higher number of half-sibs both within it and
with other locations. All other locations show an inverse
relationship between the number of half-sibs within versus
between, relative to random expectations. Most HalfSib
pairings between Ambracia and other regions are with GoT,
specifically with two individuals that although photo-iden-
tified and sampled in GoT, were identified by Structure as
having pure Ambracian ancestry.

From the mean kinship analyses calculated in GenAlEXx,
Ambracia stands out for the clearly elevated mean kinship
relative to the expected mean from all samples (Fig. 5A).
Elsewhere, GoT, CroatiaN and CroatiaS have elevated
values that are marginally outside the confidence limits of
the test. After pooling all individuals with less than 60%
assignment to the 3 clusters inferred in Structure into their
own cluster (called ‘Mixed’ in the tables and figures), some
locations were left with low sample size, and were therefore
not included in the calculations. These locations are instead
represented in the ‘Mixed’ population, which thus includes
individuals from Aegean, lonian, ItalyS and Tyrrhenian.
Recalculating mean kinship for this revised sample set, it
is clear that most locations now have higher than expected
relatedness values (although values are relatively low),
except the ‘Mixed’ cluster (Fig. 5B).
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Fig. 2 PCA plot based on individual genetic distances using
GENALEX. A — Samples are labelled according to location of ori-
gin. The polygons represent the distribution of the 3 clusters identified

Pairwise Fg between these locations left by the revised
dataset show that Ambracia is well differentiated from all
other locations, with relatively high and significant Fg; val-
ues (all >0.125; Table 2), and thus likely experiences stron-
ger isolation. Within the Adriatic basin, CroatiaS has the

by the DAPC analyses. B — Samples are labelled according to their
assignment to each of the 3 DAPC clusters. The polygons are similar
to A

highest Fg; values when compared to other Adriatic loca-
tions. All other values are at least an order of magnitude
lower, with comparisons involving ItalyN, CroatiaN and
GoT being particularly low (all <0.006; Table 2).
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Table 1 Support for all values of K tested using the software Structure,
based on 3 different methods implemented by the software KFinder

K Mean_Ln(D|K) DeltakK Parsimony
1 -5623.45 - 0.5

2 -5273.35 4587.775 0.7768
3 -5188.12 74.8929 0.8594
4 -5158.4 5.5709 0.3902
5 -5143.85 16.9493 0.2944
6 -5179.48 0.0906 0.2489
7 -5213.97 11.0026 -0.1887
8 -5390.4 0.1762 -0.2008
9 -5549.6 2.115 0.1658
10 -5773.23 - 0.1447

Estimates of contemporary gene flow obtained from
BayesAss, are consistent with the pairwise Fg; values. GoT
appears to be connected with other locations with relatively

GoT ItalyN

A A A

CroatiaN

high levels of gene flow (22.22 —26.33%, Table 3), while
Ambracia appears to have low gene flow with other loca-
tions (1.4-1.6%; Table 3), as well as residual gene flow
with GoT (2.81%; Table 3) and the ‘Mixed’ group (3.2%;
Table 3). Directionality suggests that the GoT community
has mostly outgoing gene flow and would therefore be
mostly a source sub-population, while the cluster ‘Mixed’
shows the opposite pattern and would therefore be mostly a
sink sub-population (Fig. 6A). However, these directional-
ity estimates should be interpreted cautiously given the low
genetic differentiation between locations within the Adriatic
basin, and the differences in sample size among locations
(GoT has the highest sample size). In this sense, estimates
involving Ambracia are likely more reliable as it shows
higher level of differentiation and a more balanced sample
size relative to other locations. Ambracia exhibits mostly
CroatiaS

ItalyS Ambracia Aegean lonianTyrrhenian

100%

50%

0%

"R IATEED 1
ARURNIEE i)
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GoT ItalyN
Fig. 3 Ancestry plots obtained from DAPC and STRUCTURE analy-

ses. Top to bottom: DAPC assignment to the a priori groups; DAPC
assignment to the inferred 3 best supported clusters; Structure plot for
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outgoing gene flow and could therefore be considered as a
source sub-population (Fig. 6A), albeit with low levels of
gene flow.

Analysis of the probability of origin for each individual
samples help identify migration patterns more clearly. The
Gulf of Ambracia, GoT and CroatiaN are the only loca-
tions which have individuals with high probability of being
native, although this proportion is higher for GoT and in
particular for Ambracia (where all individuals are inferred
as native, and all samples were obtained through biopsies;
Fig. 6B). In GoT, the two individuals with high probability
of being first generation migrants from Ambracia, are the
same which are identified in Structure as having Ambra-
cian ancestry. From long term photo-ID monitoring in the
area, these two individuals were seen regularly in GoT for
a period of two years during 2013-2014 (but not in the pre-
ceding ten years of study). During this time, they exhib-
ited very high site fidelity, but have subsequently not been
observed in the area. Therefore, they should be considered
as having low long-term site-fidelity. Individuals with some
probability of being migrants in GoT were all unidentified
stranded animals of unknown origin at the time of sampling.
Conversely, all individuals with high probability of being
native to GoT were biopsied photo-identified individuals
known to occupy the area regularly. In CroatiaN, samples
of individuals with high probability of being native were
from both strandings and biopsies, and all individuals iden-
tified as migrants were assigned to GoT by the gene flow
estimates. For ItalyN, ItalyS and CroatiaS, all individuals
were identified as first-generation migrants from either GoT
or CroatiaN (Fig. 6B).

We provide more details in the Discussion, but it should
be noted here that these results suggest the existence of a
wider-ranging Adriatic population, which is being repre-
sented (at least in part) in these analyses by both GoT and
CroatiaN samples. The individuals pooled into the ‘Mixed’
group are all identified as migrants from either CroatiaN,
GoT or Ambracia (Fig. 6B), which likely reflects the higher
genetic diversity resulting from mixing between different
locations.

Discussion

Previous studies suggested the presence of fine-scale popu-
lation structure of bottlenose dolphins in the Adriatic Sea
(namely, some degree of differentiation between North-
South and East-West; Gaspari et al. 2015a). However,
details on connectivity patterns and gene flow dynamics
were incomplete, due to limited sampling and lower reso-
lution (Gaspari et al. 2015b). In this study, our kinship-
based approach targeted at areas where the occurrence of

philopatric ‘resident communities’ is either well described
or suspected (Bearzi et al. 1997, 2008; Genov et al. 2008,
2019a, b; Holcer 2012; Plesli¢ et al. 2015, 2019, 2020; Gon-
zalvo et al. 2016; Rako-Gospi¢ et al. 2017), allowed these
patterns to be revealed in more detail.

Regions of complex coastal topography with high
degrees of enclosure of their waters are more likely to show
an increased number of close kin and reduced gene flow
with other locations. However, the exact patterns and rates
of gene flow varied among locations. The Gulf of Ambra-
cia shows the strongest level of differentiation, which is
consistent with it being almost entirely enclosed. However,
our findings suggested that it is not completely isolated, as
indicated by the recent gene flow detected through differ-
ent analyses. The samples obtained in GoT, CroatiaN and
CroatiaS, which are all more open systems, showed higher
interconnectivity in gene flow estimates, and did not read-
ily separate through methods based on classical population
genetic models. However, they all had a higher level of kin-
ship relative to the overall population, suggesting a higher
level of local site fidelity over successive generations. GoT
and CroatiaN in particular, show several individuals having
high probability of being native to that area as compared to
other Adriatic locations. As expected, samples from loca-
tions with least complex coastline profiles, and therefore,
with more open waters (such as ItalyN, ItalyS, and Ionian)
showed less evidence for differentiation, and mostly con-
tained individuals with more diverse genetic ancestry. When
these were pooled together in a single grouping (named
‘Mixed’ in the corresponding Tables and Figures), they also
showed low kinship levels and high probability of being
first generation migrants from other coastal locations.

These results are largely consistent with local field stud-
ies on individual site fidelity. Dolphins using local areas over
several years have been identified in the Gulf of Trieste and
adjacent waters, CroatiaN (Kvarneri¢ and North Dalmatia),
CroatiaS (Vis Island archipelago) and the Gulf of Ambracia
(Bearzi et al. 1997, 2008; Genov et al. 2008, 2019a, b; Hol-
cer 2012; Plesli¢ et al. 2015, 2019, 2021; Gonzalvo et al.
2016). On the other hand, previous studies also found the
occasional visitors in CroatiaN (Plesli¢ et al. 2015, 2019),
and with particular frequency in the GoT (Genov et al. 2008,
2019a). Within the Gulf of Ambracia there are no records of
occasional visitors. However, there is evidence of individu-
als first seen in the Gulf of Ambracia (and therefore inferred
to be native) being observed elsewhere in the region, with-
out subsequent re-sightings within the Gulf of Ambracia
(Bearzi et al. 2011; Gonzalvo et al. 2016).

Gene flow estimates also suggest the occurrence of
asymmetric gene flow, consistent with results from local
field ecology studies. A recent long-term mark-recapture
study in the GoT found evidence of low estimated apparent
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{ Fig.4 Top - Plot of estimated FullSib (above the diagonal) and HalfSib
(below the diagonal) relationships between all samples, estimated with
the software COLONY. Coloured squares show comparisons between
individuals within each location. Bottom — Scatterplot of the number
of half-sibs detected against the number of possible pairwise com-
parisons within each location and between each location and all other
samples. Dark line represents the regression line for all comparisons
included in the plot and represents the number of half-sibs expected by
chance (see Methods for more details)

survival probability in this area (Genov 2021). Apparent
survival is a product of true survival but also patterns of
migration. Given that the estimated survival probability for
this populations is markedly lower than is typical for this
species (Genov 2021), it is likely that this partly reflects
permanent movement of animals out of the area. This is
consistent with the genetic results presented here, suggest-
ing GoT gene flow balance to be mostly towards other loca-
tions. However, several elements suggest that gene flow
could be mediated by a sub-population that has not been
accurately represented by our sampling. This includes the
fact that the main cluster receiving gene flow from other
locations (designated as ‘Mixed’ in the results) is composed
of samples obtained in multiple locations, with individuals
identified as first-generation migrants in this ‘Mixed’ group
being assigned to either GoT or CroatiaN .

We should note that an important difficulty in interpreting
our results is that we cannot fully identify the geographic
extent nor the exact patterns of gene flow of this putative
‘Mixed’ sub-population with the communities sampled in
our study. Basin-wide aerial surveys (Fortuna et al. 2018)
and on-board fishing boat monitoring schemes (Fortuna et
al. 2010) identified open waters of central Northern Adriatic
as an area of high bottlenose dolphin abundance. Addition-
ally, a recent study in CroatiaN and CroatiaS regions found
limited interactions between three coastal communities, but
a notable number of occasional visitors coming from the
open part of the Adriatic Sea (Plesli¢ et al. 2019).

In this context, open waters of the Northern-Central Adri-
atic Sea may host its own sub-population connected to local
communities, whose local characteristics may be shaped by
cultural (Genov et al. 2019a) or geographical (Plesli¢ et al.
2019) features. Our results may reflect higher connectivity
between GoT and this hypothetical wider ranging sub-popu-
lation, especially considering that some individuals sampled
in GoT were occasional or rare visitors. Furthermore, many
individuals photo-identified alongshore in the GoT are also
regularly sighted far offshore in the Northern Adriatic (T.
Genov, pers. obs.). It should be noted that this higher con-
nectivity could reflect higher mating, or a higher proportion
of individuals from the wider sub-population being present
in our sample set.

Possible metapopulation model in Adriatic
bottlenose dolphins

Studies on cetaceans from other parts of the world have
suggested metapopulation dynamics, namely: Tursiops spp.
in Australia (Pratt et al. 2018; Manlik et al. 2019); spin-
ner dolphins (Stenella longirostris) in the French Polyne-
sia (Oremus et al. 2007); snubfin (Orcaella heinsohni) and
humpback dolphins (Sousa sp.) in Australia (Brown et
al. 2014); Atlantic spotted dolphins (Stenella frontalis) in
the Atlantic Ocean (Méndez-Fernandez et al. 2018); pilot
whales (Globicephala macrorhynchus) in Madeira (Alves
et al. 2018); narwhals (Monodon monoceros) in Canada/
Greenland (Heide-Jorgensen et al. 2013). In species where
the term metapopulation has not been explicitly used, there
is evidence for sub-populations connected by residual lev-
els of gene flow to other sub-populations, which are at risk
of local extinction (e.g. southern resident killer whales,
Orcinus orca, Wasser et al. 2017). Bottlenose dolphins
from the Shannon Estuary (Ireland) also show consistent
photo-ID evidence of individuals showing high site fidelity
to the Estuary and transient animals that visit only occa-
sionally (Ludwig et al. 2021), which results in local genetic
differentiation.

Although the exact definition of the term ‘metapopula-
tion” has changed since it was first introduced, when applied
to the marine environment, it is often defined as: discrete
local breeding sub-populations connected by varying lev-
els of gene flow, and where at least one sub-population has
the potential to experience extinction from stochastic events
(Smedbol et al. 2002). Our results are consistent with the
occurrence of multiple sub-populations, with asymmetric
gene-flow patterns consistent with source-sink dynamics
(Pulliam 1988), which are characteristic of metapopulations.
However, a common reservation when applying a metapop-
ulation model to marine populations relate to the difficulty
in demonstrating the occurrence of repeated extinction-
recolonization events (Smedbol et al. 2002; Grimm et al.
2003). This is particularly relevant to marine mammals,
where long generations times (Carroll et al. 2020) make the
occurrence of extinction-recolonization dynamics particu-
larly difficult to observe or demonstrate. In cetaceans, there
is precedence of fast reductions in dolphin abundance due to
declining habitat (e.g. common dolphin; Piroddi et al. 2011,
Moura et al. 2013) and large-scale mortality caused by cull-
ing campaigns, bycatch and epizootic events (Aguilar and
Raga 1993; Bearzi et al. 2004, 2009). Studies in the British
Isles showed that extant populations of bottlenose dolphin
are genetically distinct from those found in Neolithic times
(Nichols et al. 2007), suggesting that local extinctions of
sub-populations have occurred before.
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Fig. 5 Average pairwise relatedness within each region compared to
random expectations. A - all populations are included. B - all indi-
viduals with less than 60% assignment to one of the 3 clusters identi-
fied in STRUCTURE are pooled into a single population designated
as Mixed. This left some locations with low sample sizes, and these

are therefore not included in the calculation. Error bars around mean
represent the 95% confidence interval of local estimates, calculated by
bootstrapping. U and L represent the upper and lower (respectively)
95% limits of the null hypothesis of no difference in mean relatedness
relative to other populations, calculated by permutation

Tabtllf 2 Pairlwiseh Fr table based Ambracia (17)  CroatiaN (18)  CroatiaS (15)  ItalyN (15) GoT
on the samples showing assign- (32)

0,
ment values above 60% toany - p oAy 0 <0.001 <0.001 <0.001 <0.001
cluster as in Fig. 5B. Sample .
sizes are shown in brackets after  CroatiaN (18) 0.15493* 0 0.033 0.242 0212
the location names. Fg; values are ~ CroatiaS (15) 0.14090%* 0.01951%* 0 0.031 0.002
shown below the diagonal, and ItalyN (15) 0.14095* 0.00638 0.01972% 0 0.225
values marked in * are significant ~ GoT (32) 0.12519% 0.00575 0.02632%* 0.00588 0

at the 0.05 level. P-values are
shown above the diagonal
In our study area, there is some indication of fast reduc-

tion in dolphin abundance and subsequent recovery for
one of the Adriatic putative sub-populations. Historically,
the coastal population of bottlenose dolphins along the
North-Eastern Adriatic Croatian coast have been subject
to an intensive culling campaign in 1950s, when 788 ani-
mals had been killed in only five years (Bearzi et al. 2004).
Although it has been proposed that most animals killed were
common dolphins (D. delphis), species identification was
often impossible, and the actual species ratio between the
two common species (bottlenose vs. common dolphins) is
unknown. Furthermore, the reported number of killed ani-
mals refers only to those landed, and it is likely that many
killed or injured animals remained unreported. The impact
of this source of mortality on the local resident bottlenose
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dolphin communities would have likely created noticeable
reductions in local abundance. Recently, the Kvarneri¢
community, which is part of the CroatiaN sample (Fortuna
2006), showed an apparent decline of 39% between 1995
and 2003, when the local reduction risk within three genera-
tions was estimated to be 35% (Fortuna 2006). In following
years (2004-2011), the same community increased in num-
bers and currently appears stable (although this was in part
mediated by known individuals returning to the area; Plesli¢
et al. 2015). Although such data does not strictly represent
extinction-recolonization events, the occurrence of such
rapid growth cycle after local population reductions could
credibly result from a metapopulation type dynamic.
Another important characteristic of metapopulations is
the occurrence of ‘floaters’, sexually mature individuals that
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Fig. 6 Diagrammatic representation of patterns of gene flow between
a priori locations. A- directional gene flow plot was based on the
BAYESASS estimates (numerical values in Table 3). Double bars
represent gene flow events that have the location as source. Plot was
produced using the package CIRCLIZE (Gu et al. 2014), following the

> >
[e}e} [ele) > 3
Qg 09 _ 3
088 988 58383 _2¢%2
G)o:,;qo::g—qc'mmg;-x
Qg o0 29 d BSS oo T o
g)g{—qﬁ-zzg-cnm‘éz 08 8 Faa
SspZapaan SaRbantaw
%g’,azfﬁazg’.agwo.zﬂazfﬂq
200200200 200200200
< 00 < O < O O <SS 0O 0O < ® O < O O
® 3 3 &6 33 ® 33 ®3 3 ® 3 3 ® 3 5
! ! I | 7
—_—
- —
o
0
z
8
= = —
o
o
%
) = —
®
o
5 = =
z =
> —r
S
@ . ;
© = i
8 :
5 — :
£ = :
-< ¥ ——F
el J— —
Q =
X —
HIE=sE_ ===~
Probability of Origin
B |
0 02 0.4 0.6 0.8 1

workflow presented in Sander et al. (2014), and represents only the
values in the top 0.65 percentile. B- heatmap showing the probability
of origin for each sample, resulting from the BAYESASS gene flow
estimate

Table 3 Pairwise migration rates calculated in BayesAss. Numbers along a row represent migration from the row population into the column
populations. Numbers along a column represent the proportion of migrants originating from the column population into the row populations (per

generation). Graphical representation of these results is available in Fig. 6

Ambracia CroatiaN CroatiaS TtalyN GoT ‘Mixed’
Ambracia 0.9274(0.0281) 0.0143(0.0138) 0.0143(0.0137) 0.0145(0.0139) 0.0147(0.0141) 0.0147(0.0140)
CroatiaN 0.0140(0.0135) 0.6807(0.0135) 0.0139(0.0134) 0.0140(0.0135) 0.2633(0.0272) 0.0140(0.0134)
CroatiaS 0.0159(0.0151) 0.0159(0.0152) 0.6825(0.0151) 0.0160(0.0153) 0.2538(0.0304) 0.0159(0.0152)
ItalyN 0.0160(0.0153) 0.0160(0.0153) 0.0161(0.0154) 0.6826(0.0152) 0.2534(0.0306) 0.0160(0.0152)
GoT 0.0281(0.0153) 0.0088(0.0087) 0.0089(0.0087) 0.0089(0.0086) 0.9365(0.0213) 0.0087(0.0084)
‘Mixed’ 0.0320(0.0256) 0.0197(0.0186) 0.0198(0.0187) 0.0197(0.0186) 0.2222(0.0388) 0.6866(0.0189)

disperse into other local breeding populations. Our study
confirms the occurrence of such individuals for the GoT at
least, where two individuals (a male and a female) identi-
fied as having pure Ambracia ancestry, were only seen in
the GoT for a limited period of time. The occurrence of such
‘floaters’ in the region is also supported by recent records of
long-distance movements of one individual photo-identified
in the GoT, which was also previously observed in the Tyr-
rhenian Sea and subsequently in the Ligurian Sea (Genov et
al. 2022). Conversely, all individuals that were biopsied and
known to exhibit high long-term site-fidelity, were identified
as native to the area. The available data, from both genet-
ics and photo-ID, are thus consistent with a model where

inshore and more structured habitats, such as semi-enclosed
bays or archipelagos, encourage the long-term settlement
of individuals with high site fidelity that drive genetic dif-
ferentiation, with gene flow among such locations being
mediated by transient individuals that are more vagrant and
make more use of open habitats. We therefore suggest that
a metapopulation model best explains the available data on
population connectivity and dispersal for the Adriatic and
contiguous regions.

Therefore, the term metapopulation appears to be particu-
larly useful in describing the pattern of population structure
seen in Adriatic bottlenose dolphins. It is not only effec-
tive in describing population structure that is intermediate
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between full panmixia and complete differentiation between
isolated populations, but it could also be useful in informing
local and regional conservation decisions.

Conservation implications

Understanding gene flow dynamics is crucial for effective
conservation management, and extinction mitigation (e.g.
Carroll et al. 2020; Paquet et al. 2020; Kunz et al. 2021).
Although the Gulf of Ambracia, CroatiaN, CroatiaS and the
GoT appear to have different sub-population dynamics, they
are all subject to anthropogenic threats to their long-term
survival. This combination of high anthropogenic pressures
and higher rates of emigration implies that putative sub-
populations inhabiting less favourable habitats could have
a relatively high local extinction risk.

Dolphins from the GoT exhibit high levels of polychlo-
rinated biphenyls (PCBs), with most animals exceeding
known toxicity thresholds and demonstrating offloading of
pollutants from mothers to offspring (Genov et al. 2019b).
Interactions with fisheries, both trawlers and bottom-set
nets, are common and occasionally result in bycatch, while
disturbance from recreational boat traffic also presents
a threat (Genov et al. 2008, 2016, 2019a). The Gulf also
receives substantial heavy metal discharges via the Soca/
Isonzo river (Faganeli et al. 2003). Long term monitoring
studies show temporally variable rates of nutrient discharge
from the Soca/Isonzo river (Mozetic et al. 1998), therefore
prey availability for dolphins might be quite variable in
space and time as well (Genov et al. 2019a).

Threats faced by north-eastern Adriatic sub-populations
are various. The Kvarneri¢ area, which is a Natura 2000 site
for bottlenose dolphins, is subject to high seasonal acous-
tic pollution by nautical tourism. This causes significant
displacement (Rako et al. 2013), changes in vocalisations
(Rako-Gospi¢ and Picciulin 2016) and changes in home
range (Rako-Gospi¢ et al. 2017). PCB concentrations in
bottlenose dolphins from this region are among the highest
found in the Adriatic and toxicological assessments indicate
high health risk (Romani¢ et al. 2014). Coastal areas of Vis-
Lastovo archipelago (CroatiaS), also a bottlenose dolphins
Natura 2000 site, might have been subject to less anthro-
pogenic pressure until recently, and contrary to areas in the
Northern Adriatic, biomarker analyses suggest lower toxi-
cological stress within the Central Adriatic area (Maltese et
al. 2010; Holcer 2012). However, dolphins from this region
commonly occupy areas with high trawling activity and are
therefore at increased risk of bycatch and lack of prey due to
overfishing (Holcer 2012).

Likewise, in the Gulf of Ambracia, dolphins are exposed
to high levels of pollution (mostly derived from local agri-
culture) and habitat degradation (Gonzalvo et al. 2016). This
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Gulf is also a meso-to- eutrophic water basin, due to high
nutrient discharge from the Louros and Arachthos rivers,
combined with high evaporation and low water exchange
with the adjacent Ionian Sea (Kountoura and Zacharias
2013). The strong differentiation and low levels of recent
gene flow with other regions suggest that this community
has been resident in the area for a relatively long time, and
that it might be close to carrying capacity. The narrow open-
ing to the adjacent Ionian Sea, together with a more lim-
ited prey availability due to overfishing outside of the Gulf
(Gonzalvo et al. 2011, 2015), might limit dispersal into the
region. Moreover, our estimates of gene flow and previous
photo-identification studies (Bearzi et al. 2011; Gonzalvo
et al. 2016) show that dispersal out of the Gulf is possible.
Therefore, Ambracian dolphins are particularly vulnerable
to inbreeding depression, as suggested by our findings of
elevated kinship levels together with limited gene flow
from outside locations and are therefore very likely facing
a high risk of local extinction. This is consistent with the
recent listing of the Gulf of Ambracia bottlenose dolphin
subpopulation as Critically Endangered by IUCN Red List
of Threatened Species (Gonzalvo and Notarbartolo di Sci-
ara 2021). Recolonisation of this area by individual animals
from nearby regions is unlikely, particularly if habitat qual-
ity deteriorates further.

A better understanding of connectivity, gene flow pat-
terns and potential meta-population dynamics, such as
those presented here, can help place these threats and their
specific effects on different resident communities into a
proper conservation context and thus inform future conser-
vation strategies. Theoretical models suggest that under a
metapopulation model, the rate of local habitat occupancy
by individual floaters is dependent of local habitat quality
(Kokko and Sutherland 2015). A recent study using demo-
graphic data from a passerine bird also suggested that pre-
dictions of population viability are greatly improved by
taking habitat quality into account in a source-sink system
(Paquet et al. 2020). This focus on habitat quality is also in
line with recent calls for a broader perspective when consid-
ering cetacean conservation policies in the Mediterranean,
particularly the Adriatic sea (Bearzi and Reeves 2021).

Conclusions

We provide a detailed description of population connectivity
for bottlenose dolphin in the North-Eastern Mediterranean
Sea. The results show that dolphins inhabiting the Gulf of
Trieste, Croatian coastal areas, and the semi-enclosed waters
of the Gulf of Ambracia, all contain resident communities,
which are connected to dolphins elsewhere with varying
levels of gene flow. Our study also implies the occurrence of
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a sub-population occupying wide areas of more open water
habitats with connectivity to the more coastal ‘resident com-
munities’, although its exact geographic distribution remains
undetermined. We suggest that bottlenose dolphins in this
region likely exhibit a stable metapopulation structure, as
previously described in studies elsewhere. The Gulfs of Tri-
este and Ambracia are likely source sub-populations, in the
sense that outgoing gene flow is higher than incoming gene
flow, although estimated levels vary between the areas. The
Gulf of Ambracia sub-population is particularly well differ-
entiated, shows an elevated number of related individuals
and is thus at particular risk of local extinction from increas-
ingly intense anthropogenic pressures and potential inbreed-
ing depression. Although restricted to the North-Eastern
Mediterranean Sea, our results are similar to patterns found
in other non-Mediterranean regions. A metapopulation
model has important implications for the effective conser-
vation of this species. It highlights the importance of the
local suitable habitat availability, to promote and maintain
viable local sub-populations. This could be particularly rel-
evant for a species that is globally abundant, widespread,
and behaviourally plastic. Although our scope was not to
make recommendations for individual cases, the knowledge
provided by this study will be invaluable in informing much
needed local, as well as regional conservation management
plans.

Supplementary Information The online  version  contains
supplementary material available at https://doi.org/10.1007/s10592-
023-01577-4.
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