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Abstract
The genetic traits of seagrass populations are a crucial aspect of their ecology and evolu-
tion, influencing their adaptability and resilience. Here, we studied the genetic diversity, 
population structure, and connectivity of eighteen Posidonia oceanica meadows extend-
ing in the Eastern Mediterranean Sea (Aegean, Ionian and Cretan Seas, Greece), combin-
ing twelve microsatellite markers and Lagrangian particle drift modelling. Our findings 
revealed a strong genetic differentiation between the Ionian Sea and the Aegean and Cretan 
Seas, suggesting limited genetic exchange between these two groups. High gene flow was 
observed within the meadows of the Aegean and Cretan Seas, indicating a well-connected 
group of populations. Notably, populations of the North Aegean Sea displayed the lowest 
genetic diversity and  the highest clonality  compared to the rest of the populations. The 
lack of substantial oceanographic connectivity between Ionian and Aegean/Cretan Sea 
populations supported their genetic differentiation. However, the Lagrangian simulations 
did not fully support gene flow patterns in the Aegean Sea, suggesting that in addition to 
contemporary processes, historical events may have contributed to the formation of the 
observed genetic pattern. The genetic information provided here can be incorporated into 
management strategies aimed at identifying suitable areas as management units in conser-
vation efforts and determining meadows that may serve as donor sites in transplantation 
initiatives.

Keywords  Conservation · Genetic connectivity · Genetic diversity · Oceanographic 
connectivity · Population structure · Restoration

Introduction

Seagrasses rank among the most valuable coastal habitats, providing a wide range of ser-
vices to the marine environment and humans (Mtwana Nordlund et  al. 2016). However, 
seagrass ecosystems are threatened by the intensification of human activities around the 
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coast, such as dredging, mooring, infrastructure development, fish farming, and climate 
change (Halpern et  al. 2019). Impacts on seagrass ecosystems include reduction in their 
growth and function (Collier and Waycott 2014; Repolho et al. 2017; Nguyen et al. 2021), 
decline in extent (Waycott et al. 2009; Dunic et al. 2021) or total habitat loss (Kendrick 
et al. 2019; Strydom et al. 2020). Amidst these challenges, studying the genetic diversity, 
structure, and connectivity of seagrass populations offers insights into their health and 
resilience to a changing environment (Kendrick et al. 2017; Hu et al. 2021). High genetic 
diversity has been associated with increased abundance and growth (Reynolds et al. 2012; 
Salo and Gustafsson 2016), as well as higher resilience and recovery from a range of stress-
ors, including warming, shading, and eutrophication (Ehlers et al. 2008; Evans et al. 2017; 
Plaisted et  al. 2020). Its formation depends on a combination of life-history traits (e.g., 
reproductive strategy) and evolutionary processes (e.g., founder effects, bottlenecks), while 
its maintenance is highly related to population connectivity via gene flow. Strong connec-
tivity among populations can promote the exchange of genetic variants and the spread of 
advantageous alleles, contributing to their long-term viability (Foley et al. 2010; Carr et al. 
2017). Recognizing the significance of genetic diversity and connectivity is essential, as 
it facilitates well-connected seascapes that promote genetic exchange (Selkoe et al. 2016; 
Carr et  al. 2017). Consequently, incorporating genetic information into the conservation 
and restoration planning (Unsworth et  al. 2015; Jahnke et  al. 2020; Nielsen et  al. 2023) 
emerges as a powerful tool for promoting seagrass persistence and recovery, considering 
the current necessity for marine protected areas and ecosystem restoration (Pazzaglia et al. 
2021; Phair et al. 2021).

The iconic and endemic seagrass of the Mediterranean Sea, Posidonia ocean-
ica (L.) Delile, has undergone a significant decline over the last decades (Blanco-Murillo 
et al. 2022; Litsi-Mizan et al. 2023), and is projected to show bigger losses during the 21st 
century (Chefaoui et al. 2018). The fast pace of environmental change in the Mediterranean 
Sea raises concerns regarding the long-term persistence of the species (Jahnke et al. 2019), 
especially given its long generation time and small effective population size which in turn 
leads to slow evolutionary rates (Aires et al. 2011). Moreover, the species’ irregular sexual 
reproduction (Diaz-Almela et al. 2006) may limit the emergence of new genetic variants 
that can facilitate the adaptability (Pazzaglia et al. 2021). A meta-analysis of multiple of 
P. oceanica populations indicated that low genetic diversity could lead to local or regional 
extinctions (Jahnke et al. 2015), which is alarming considering that low genetic diversity 
and monoclonal meadows have been reported in several occasions (Procaccini et al. 2001, 
2002; Ruggiero et al. 2002; Arnaud-Haond et al. 2012; Jahnke et al. 2017). However, the 
maintenance of large clones does not necessarily imply decreased resilience (Diaz-Almela 
et al. 2007; Arnaud-haond et al. 2010), as robust clones can promote phenotypic plasticity 
(Arnaud-Haond et al. 2012) and acquire genetic diversity through somatic mutations that 
result in genetic mosaics (Jahnke et al. 2017). Therefore, the balance between two repro-
ductive strategies can be advantageous under different circumstances, and results from 
a combination of evolutionary processes (Chefaoui et  al. 2017), dispersal capacities and 
population connectivity (Kendrick et  al. 2017), but also local environmental conditions 
(Micheli et al. 2005; Sinclair et al. 2014).

Genetic differentiation between P. oceanica meadows of the Eastern and Western Medi-
terranean (Arnaud-Haond et al. 2007; Serra et al. 2010) reflects the different evolutionary 
history and environmental conditions between the two parts of the basin (Serra et al. 2010). 
The genetic distinctiveness has been attributed to historical events during the Last Glacial 
Maximum (LGM, ~ 26,000–19,000 BP) which appears to be preserved over time due to 
geographic barriers, current movements, and the limited lifespan of P. oceanica floating 
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fruits (Serra et al. 2010; Chefaoui et al. 2017). Only one region, the Strait of Sicily in the 
Central Mediterranean Sea, has been identified as a contact zone between the two parts 
of the basin, where genetic exchange occurs and the genetic diversity of the species is the 
highest (Arnaud-Haond et al. 2007; Serra et al. 2010). However, the Eastern Mediterranean 
genetic group was poorly represented, with only five meadows in the Adriatic and Ion-
ian Seas and one meadow in the Aegean and Levantine Seas, respectively, leaving most 
of the Eastern part of the basin largely unexplored, despite evidence of unique diversity 
with private alleles in this part of the basin (Chefaoui et  al. 2017). Only one extensive 
study at the easternmost edge of the species distribution (i.e., along the Turkish coasts) 
revealed high genetic diversity and population structure between the populations of the 
Eastern Aegean  Sea and Levantine Sea (Tutar et  al. 2022). The water bodies surround-
ing Greece (Ionian, Aegean, and Cretan Seas) offer a complex coastal configuration and 
a heterogeneous scenery of biotic and abiotic factors (Simboura et al. 2019), which could 
promote genetic differentiation in macrophytes (Hu et al. 2020). For example, the genetic 
differentiation found within the Aegean meadows of the Mediterranean native seagrass 
species, Cymodocea nodosa, was attributed to geographic barriers and local hydrodynamic 
conditions that impede dispersal, apart from evolutionary processes (Gkafas et  al. 2016; 
Konstantinidis et al. 2022). Although the characteristics of the Greek Seas could promote 
genetic differentiation within the P. oceanica meadows extending in the region (Panayo-
tidis et al. 2022), only three sites in the Greek Seas have been assessed so far (Diaz-Almela 
et al. 2007; Jahnke et al. 2017; Serra et al. 2010), leaving a substantial part of the Eastern 
basin poorly investigated.

Here, we aim to study the genetic pattern of P. oceanica meadows in the Eastern Medi-
terranean. We do so by estimating the genetic diversity, population structure and connec-
tivity of several meadows situated around Greece using microsatellite markers. In addition, 
we incorporate Lagrangian particle drift models to examine seagrass propagule dispersal 
patterns via water currents. Given the current UN Decade of Ecosystem Restoration and 
the major efforts underway through newly implemented policies, the genetic information 
provided can be incorporated in the identification of specific management units across our 
study area and in the selection of appropriate donor sites in transplantation efforts.

Materials and methods

Study area and sampling

A total of 18 monospecific P. oceanica meadows were sampled along the different water 
bodies of Greece (Ionian, Aegean, and Cretan Seas). In the Aegean Sea, meadows were 
sampled within the sub-basins of the North Aegean Sea and the South Aegean Sea, where 
they extended in the insular regions of Cyclades Islands and Dodecanese Islands and 
towards the mainland, in the Saronikos Gulf. Meadows in the Cretan Sea included those 
sampled around the island of Crete (Fig.  1, Table  S1). The samplings were conducted 
between 2014 and 2021 with SCUBA diving, targeting meadows situated at depths ranging 
from 4 to 15 m (Table S1). At each site, 20–30 orthotropic shoots were randomly collected 
keeping a minimum distance of 2 m. The green leaves per shoot were individually stored at 
− 80 °C. In the case of sites NIK, SFA and LEN leaves were dried at 60 °C until constant 
weight.
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DNA extraction and genotyping

A total of 20–30 mg of frozen or dry leaf tissue per shoot was powdered using a Tissue-
Lyser II (Qiagen). DNA extractions were carried out following a modified Cetyltrimeth-
ylammonium bromide (CTAB) chloroform/isoamyl alcohol (24:1) isolation protocol 
(Doyle and Doyle 1990). The resulting DNA pellet was resuspended in 50 µl of Tris-EDTA 
(TE) buffer. DNA quality and quantity were checked using a NanoDrop ND 1000 (Nan-
oDrop Technologies, Wimington, DE, USA). All samples were genotyped using a set of 
12 microsatellite loci, comprising of 7 neutral and 5 EST-linked loci (Alberto et al. 2003; 
Arranz et al. 2013); the loci were PCR-amplified in four groups (multiplexes) presented in 
Table S2. PCR reactions were performed using the Qiagen Multiplex PCR Kit (Qiagen, 
UK) on a 10 µl reaction, containing 1× Mastermix, 0.2 µM of each primer, and 4 ng of 
DNA. The PCR conditions consisted of an initial denaturation step at 95 °C for 5 min, fol-
lowed by 35 cycles at 95 °C for 30 s, 57 °C for 1.30 min and 72 °C for 30s, ending with a 

Fig. 1   Map of the sampling sites along the different water bodies of Greece
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final extension step at 68 °C for 30 min. All PCR reactions were conducted using a Bio-
Rad T100 Thermal Cycler with a heated lid. Subsequently, the PCR products were diluted 
(1:200) and genotyped using an Applied Biosystems 3730x automated DNA sequencer.

Data analysis

Clone identification and microsatellite loci polymorphism assessment

All DNA fragments were scored using STRAND (Veterinary Genetics Laboratory, Univer-
sity of California, Davis; http://​www.​vgl.​ucdav​is.​edu/​STRand). To identify potential scor-
ing errors caused by stuttering, all loci were checked with Microchecker (Van Oosterhout 
et al. 2004) and corrected when necessary. Only samples successfully genotyped in more 
than eleven loci were considered for subsequent analysis. Since the species exhibits a par-
tially clonal reproductive strategy, clones were identified and removed from the dataset. 
First, to assess the discriminatory power of the microsatellite set for clone detection, the 
probability of identity (PI) was calculated using Genalex 6.5 (Peakall and Smouse 2012). 
Subsequently, multilocus genotypes (MLGs) were determined per site using GeneClone 
2.0 (Arnaud-Haond and Belkhir 2007). MLGs with a probability to originate from dis-
tinct sexual events (psexFIS < 0.01) were retained for further analysis. After the MLGs were 
identified, the twelve loci were tested for putative deviations from neutrality. The frequency 
of null alleles per locus was estimated using ‘PopGenReport’ (Adamack and Gruber 2014) 
and the Brookfield 1996 method. Deviations from the Hardy-Weinberg equilibrium (HWE) 
and linkage disequilibrium (LD) at each site and locus were tested using Genepop 4.7 
(Raymond and Rousset 1995) with 1000 dememorizations, 1000 batches and 10,000 itera-
tions per batch. The significance of the results was evaluated by applying Bonferroni cor-
rections [alpha (0.05)/number of tests]. Monomorphic loci (> 80%) were identified using 
‘hiersftat 0.5–11’ (Goudet 2005). To identify potential outlier loci, the Bayescan software 
was used (Foll and Gaggiotti 2008), which utilizes a Monte Carlo Markov Chain (MCMC) 
model to generate posterior probability distribution and test for deviations of loci from 
neutrality expectations. A locus was considered an outlier when its posterior probability 
was significant (q value < 0.05).

Genetic diversity, population structure and genetic connectivity

The genotypic richness (R) per site was calculated using the formula R= (MLG-1/N-1) 
(Arnaud-Haond et al. 2005) where N represents the number of individuals and MLG the 
number of distinct multilocus genotypes. At each site, the mean number of alleles per locus 
(NA), the number of private alleles (NPA) and the percentage of polymorphic loci (% p) 
were estimated using Genalex 6.5 (Peakall and Smouse 2012). Allelic richness (AR) stand-
ardized for the minimum number of samples between sites, observed heterozygosity (Ho), 
unbiased expected heterozygosity (Hs) and inbreeding coefficient (FIS) per site were esti-
mated using ‘adegenet 2.1.10’ (Jombart 2008). To determine whether there was a signifi-
cant excess or deficit of heterozygotes, confidence intervals were estimated based on 1000 
permutations.

The genetic differentiation between sites was estimated using Weir’s and Cockerham’s 
FST, with confidence intervals estimated through 1000 permutations in ‘hierfstat 0.5–11’ 
(Goudet 2005). Jost’s D (Dest) genetic distance (Jost 2008) was also calculated between 
sites using ‘mmod’ (Winter 2012). Spatial genetic differentiation was analysed using 

http://www.vgl.ucdavis.edu/STRand
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STRU​CTU​RE 2.3.4 (Pritchard et  al. 2000). Ten independent runs were performed for 
K values ranging from 1 to 18, with a burn-in period of 100,000 followed by 1,000,000 
MCMS steps, assuming admixture and correlated allele frequencies. The optimal number 
of genetic clusters (K) was determined using the delta-K criterion (Evanno et al. 2005) in 
STRU​CTU​RE HARVESTER (Earl and vonHoldt 2012) and CLUMPAK (Kopelman et al. 
2015), which was also used for the visualization of the results. Additionally, a discriminant 
analysis of principal components (DAPC; Jombart et al. 2010) was performed selecting the 
number of principal component (PCs) that achieved the lowest mean standard error.

Patterns of gene flow between sites were inferred using two approaches. First, assign-
ment tests and computation of first-generation migrants were conducted using GENE-
CLASS2 (Piry et  al. 2004). The likelihood that an individual belonged to the site from 
which it was sampled was estimated using the partially Bayesian criterion proposed by 
Rannala and Mountain (1997). A statistical threshold was determined by comparing the 
likelihood of excluding an individual from its site of origin to a distribution of likelihoods 
from 1,000,000 simulated individuals (Paetkau et  al. 2004). Individuals were excluded 
from their site of origin with a 95% probability and assigned to the site with the highest 
probability (Underwood et al. 2007). Significant first-generation migrants were identified 
by performing 10,000 MCMC permutations using the Rannala and Mountain (1997) cri-
terion and a probability threshold of 0.01. Secondly, directional migration rates based on 
pairwise genetic distances (Dest), and 1000 bootstraps were estimated using divMigrate 
online (https://​popgen.​shiny​apps.​io/​divMi​grate-​online/) (Sundqvist et al. 2016). The results 
were visualized using the R package ‘qgraph’ (Epskamp et  al. 2012). All analyses were 
performed in R version 4.2.2 (R Core Team 2021).

Oceanographic connectivity

We examined the oceanographic (potential) connectivity of P. oceanica floating fruits 
using a Mediterranean basin-scale hydrodynamic model with a horizontal resolution of 
approximately 0.05°  (approximately 5  km). This model was coupled with a Lagrangian 
particle drift model (Tsabaris et al. 2021; Tsiaras et al. 2021). A 10-year simulation, span-
ning from 2010 to 2019, was conducted using the coupled hydrodynamic and particle 
drift model. To align with the species seedling period (Buia and Mazzella 1991), a batch 
of 19,000 particles representing P. oceanica fruits was released from each sampling site 
(Fig. 1). These particles were randomly distributed within a 4 km radius, starting on the 1st 
of March of each year (2010–2019), and continued for the subsequent 90 days (Buia and 
Mazzella 1991). The particles were assumed to be passive tracers and confined in the near-
surface layer at approximately 5 m depth (Serra et al. 2010). Based on the position of the 
particle (x) after 28 days of advection from each release site (i), the horizontal probability 
distribution on the model grid with a 5 km resolution was calculated as:

where Ni(x) represents the number of particles in grid cell x and Ntot the total number 
of released particles from each site (19,000 particles multiplied by 90 release days). This 
distribution was then averaged over the different years (2010–2019) of simulations. To 
determine the potential connectivity C(i,j) from a source site i to a destination site j, the 
sum of Pi(x) values within a 20 km radius of the destination site was used. Based on the 
mean connectivity observed during the simulated years, each site was characterized as a 
sink (where released propagules successfully settled), source (where released propagules 

P
i
(x) = N

i
(x)∕Ntot,

https://popgen.shinyapps.io/divMigrate-online/
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reached other sites successfully), or retainer (where propagules tended to remain at the 
release site) (Jahnke et al. 2017). Further details regarding the hydrodynamic and Lagran-
gian drift model can be found in Materials and Methods Supplementary material.

Results

Clone identification and microsatellite loci assessment

A total of 442 individuals were successfully genotyped using 12 microsatellite loci. The 
set of 12 microsatellite loci exhibited a relatively low probability of identity (PI), ranging 
from 9.8 × 10−6 to 2.4 × 10−3 (Waits et al. 2001), indicating that the microsatellite loci have 
sufficient power to discriminate between clones. After the removal of individuals identified 
as clones, 334 unique MLGs were retained. The EST- linked locus Pooc-153 was identified 
as monomorphic and was therefore excluded from further analysis. In terms of linkage dis-
equilibrium (LD), only 15 out of 555 tests (2.7%) were considered significant after Bonfer-
roni corrections, indicating no major LD. Regarding Hardy–Weinberg equilibrium (HWE), 
55 out of 216 tests (25%) per site and locus showed a significant deviation after Bonferroni 
corrections. Specifically, EST-linked locus Pooc-PC045G11F exhibited deviations from 
HWE expectations at 12 of 18 sites. Given that this locus was also identified as an outlier 
based on Bayescan analysis (Fig. S1) and exhibited a high frequency of null alleles (28%, 
Chapuis and Estoup 2007), it was removed from further analysis. Therefore, the final data-
set for population genetics analyses consisted of 10 microsatellite loci.

Genotypic and genetic diversity

Overall, genotypic richness (R) was high with an average of 0.8 ± 0.2, ranging lower in 
the meadows of N. Aegean Sea (0.3–0.7) compared to the meadows of the Ionian Sea 
(0.6–0.7), S. Aegean Sea (0.7–1) and Cretan Sea (0.6–1) (Table 1; Fig. 2a). The highest 
mean number of alleles per locus (NA) was found in SER (NA = 3.5), which also exhibited 
100% polymorphic loci. Similarly, SOU and KEF displayed 100% of polymorphic loci, 
with relatively high NA (2.8 and 3.0, respectively). On the other hand, LES had the lowest 
NA (NA = 1.8) and the lowest percentage of polymorphic loci (50%). In terms of allelic 
richness (Ar10), N. Aegean Sea had the lowest range (1.79–2.46) compared to the Ionian 
Sea (2.92–2.97), S. Aegean Sea (2.19–2.81) and Cretan Sea (2.06–2.72) (Table 1; Fig. 2b). 
The same pattern was observed for the standardized expected heterozygosity (Hs), with 
lower values in the N. Aegean Sea (0.24–0.37) compared to the Ionian Sea (0.44–0.49), S. 
Aegean Sea (0.33–0.40) and Cretan Sea (0.3–0.41) (Table 1; Fig. 2c). Most of the private 
alleles were found in meadows located in the regions of Crete (GOU = 4 NPA and NIK = 5 
NPA) and Dodecanese Islands (STR = 5 NPA). Most of the sites exhibited negative FIS val-
ues, but only 4 out of 18 sites (TRI, SOU, PER, NIK) showed a significant heterozygote 
excess based on 1,000 permutations (Table 1).

Population structure and genetic (realized) connectivity

Pairwise FST values ranged from 0.04 to 0.50, with the lowest being between PAR and 
KEF in the Ionian Sea (0.04) and the highest between LES and LIM in N. Aegean Sea 
(0.50). All pairwise comparisons were significant except for the two sites in the Ionian Sea 
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(PAR and KEF; Fig. S2). Jost’D (Dest) pairwise distances showed similar patterns with 
FST (Fig. S3). STRU​CTU​RE analysis and delta-K values indicated that K = 2 was the most 
likely number of population clusters. However, when higher values of K were investigated, 
high levels of admixture were observed for most populations, while in some cases further 
substructure became more apparent. In particular, when K = 6 was selected, which had the 
second highest delta-K value (Fig. S4), putative subpopulations were identified (Fig. 3). 
According to K = 6, the two sites located in the Ionian Sea (green color; PAR and KEF) 
form a distinct cluster, with minimal admixture with the other sites. The meadows of the N. 
Aegean Sea did not form a unique cluster with LIM and TRI (blue color), showing greater 
differentiation from the other sites. Conversely, AFY and LES displayed higher levels of 
admixture with sites in the S. Aegean Sea. The S. Aegean and Cretan Sea meadows showed 
extensive admixture, particularly in the region of Cyclades Islands, where they appeared to 
be admixed with sites of the Dodecanese Islands and Crete. Only NIK and LEN, located 
in Crete, appeared to form separate subpopulations. The DAPC analysis yielded similar 
results to the STRU​CTU​RE analysis (based on K = 6), providing support for the genetic 
differentiation of the Ionian Sea sites (PAR and KEF) and indicating the distinction of LEN 
in south Crete (Fig. 4).

Regarding membership probabilities, in total 269 individuals (81%) were correctly 
assigned to their respective site of origin, and 19% were assigned to other sites (Table 2). 
The analysis also identified 22 individuals originating from 13 sites as significant first-
generation migrants (P < 0.01) (Table 2). Within the Ionian Sea, first-generation migrants 
remained within the same sea, except for one migrant from KEF (Ionian Sea) found in 
SOU (S. Aegean Sea, Saronikos Gulf). Similarly, migrants within the Aegean Sea tended 
to stay within their respective sea of origin (S. Aegean or N. Aegean Sea) or followed a 
predominant direction from S. Aegean to N. Aegean Sea. Notably, several meadows of 
Cyclades Islands, primarily SER and KOU but also SAN and IOS, played a significant 
role as sources of first-generation migrants, contributing a total of 9 migrants to meadows 
of N. Aegean Sea and Cretan Sea (Table 2). Based on divMigrate analysis, high levels of 
gene flow were observed between the meadows located in the Ionian Sea (KEF and PAR), 
whereas lower rates of exchange were observed between the Ionian Sea and the rest of 
the meadows. High dispersion levels were observed in the S. Aegean Sea, particularly in 
the sites SER, KOU, and NIS. The meadows of these sites functioned as both sinks and 
sources for the wider S. Aegean Sea, as well as, to a lesser extent for the N. Aegean, and 
Cretan Sea. Gene flow in the N. Aegean Sea mainly occurred within the geographical bar-
riers of the region itself or received gene flow from the S. Aegean Sea, primarily originat-
ing from Cyclades Islands (Fig. 5a).

Oceanographic (potential) connectivity

Potential oceanographic connectivity patterns were derived by analysing the water circu-
lation patterns (Fig. S5) and the dispersal patterns of particles representing P. oceanica 
fruits. Considering the period of 2010 to 2019 and an advection time of 28 days, it was 
observed that the particles released from the sites in the Ionian Sea (PAR and KEF) were 
not dispersed to the Aegean or Cretan Seas. Instead, they remained confined within the 
Ionian Sea, facilitating the exchange of propagules between these sites (Fig. 5b, Fig. S6, 
S7). Similarly, the propagules released from the N. Aegean Sea predominantly remained 
within this area, with occasional dispersal to some sites of the two closest regions of the 
S. Aegean Sea, namely the Saronikos Gulf or the Cyclades Islands (Fig. 5b, Fig. S6, S7). 
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In contrast, the sites located in the S. Aegean Sea exhibited high oceanographic connectiv-
ity, allowing for the exchange of particles among sites. High oceanographic connectivity 
was also found between S. Aegean Sea and the sites located in the north of the Cretan Sea, 
while less exchange was noted between the sites located in south Crete and the Aegean 
Sea. Regarding their retention capacity, the sites located in the Ionian Sea were both weak 
sources and sinks, as were the sites located in the southern part of the Cretan Sea. On the 
other hand, the sites of the S. Aegean Sea acted as both sink and sources, having relatively 
weak retention capacity. Among the strongest retainers were found in the N. Aegean Sea, 
particularly at AFY, but also at TRI and LES sites (Fig. 6).

Discussion

Our data analysis revealed the genetic characteristics of P. oceanica meadows extending 
along the different water bodies of Greece. Spatial differences were found in genetic and 
genotypic diversity, which was overall lower in the meadows of N. Aegean Sea. Genetic 

Fig. 4   Discriminant principal component analysis (DAPC) retaining 35 PCs axis
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discontinuity was found between the meadows of the Ionian Sea and the rest of the mead-
ows, indicating limited genetic exchange between them. However, within each sea, sub-
stantial connectivity was found between the meadows, highlighting the complex interac-
tions between population dynamics and environmental settings, especially  the prevailing 
hydrodynamic conditions.

Considerable admixture and gene flow among populations was found, despite the evi-
dence of moderate genetic structure, as supported by the significant pairwise FST values 
and the small number of first-generation migrants. The most distinct genetic separation 
was observed between the main water bodies of the Greek Seas, the Ionian Sea on one 
hand, and the Aegean and Cretan Seas on the other hand. This result combined with the 
previously found genetic separation between the Aegean and Levantine Sea meadows 
(Tutar et  al. 2022), suggests that there is more complexity and genetic differentiation of 
P. oceanica meadows within the Eastern Mediterranean than the main established separa-
tion between Eastern and Western Mediterranean meadows. The genetic separation of the 
Ionian Sea is consistent with the results obtained from the Lagrangian modelling, which 
indicated low propagule exchange probability between the Ionian and the rest of the Greek 
Seas. In contrast, the hydrodynamic conditions that occur in the Aegean and Cretan Seas 
facilitate the transport of propagules, leading to a significant admixture of their meadows. 
Indeed, the Aegean and Cretan Sea is characterized by a cyclonic circulation with a strong 
north-to-south component (Fig. S5; Olson et al. 2007; Politikos et al. 2017). This cyclonic 
circulation pattern, driven by the Black Sea Water inflow through the Dardanelles and the 
northward flow of Levantine waters, along the eastern side of the Aegean Sea, combined 
with the predominant southward winds (Olson et al. 2007), appears to facilitate the admix-
ture of the Aegean and Cretan Sea meadows. In addition to water currents circulation, other 

Fig. 5   a Genetic (realized) connectivity based on divMigrate analysis and Dest genetic distances. Cut-off 
value was selected based on the average migration rate (0.15) and, b mean oceanographic (potential) con-
nectivity after an advection time of 28 days, based on Lagrangian particle dispersion simulations for the 
period 2010–2019. The arrow thickness reflects the magnitude of gene flow and oceanographic connectiv-
ity, while the arrow edges indicate their respective directions
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Fig. 6   Retention, source, and sink strength of each one of the 18 sampling sites based on mean oceano-
graphic (potential) connectivity for the period 2010–2019 and an advection time of 28 days. See also Fig. 
S6, S7
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factors, such as the high shipping traffic of the Aegean Sea can contribute to the long-dis-
tance dispersal of propagules. Nonetheless, potential sub-populations were also identified 
in the region of Crete, mainly at LEN, located in the southern part of the island. This result 
could be linked to the weak connectivity of southern Crete with the rest of the Aegean Sea, 
influenced by the circulation patterns (Fig. S5). On the other hand, SFA, also located in 
south Crete, did not show evidence of genetic separation, suggesting that, by expanding the 
sampling effort towards Crete, it is possible to discover intermediate populations that could 
act as sources of gene flow towards the southern part of the island.

Although the meadows from the Aegean and Cretan Seas were overall well-connected, 
spatial differences in genetic and genotypic diversity were still found. These differences 
likely arise from a complex interplay between contemporary processes, as indicated by the 
patterns of oceanographic (potential) connectivity, and evolutionary processes whose sig-
nals are reflected in the pattens of the genetic (realized) connectivity. Indeed, the differ-
ences in the retention capacity between meadows, like the strong retention capacity of some 
meadows in the N. Aegean Sea (e.g., AFY, which exhibits the highest retention capacity 
among all meadows), their location in enclosed bays (e.g., TRI, LES) or their proximity 
to cyclonic gyres (e.g., LIM and LES located inside the Limnos–Lesvos plateau) can limit 
the connectivity among populations and contribute to the maintenance of a small number 
of successful genotypes with limited exchange capacity with other meadows. Except for 
the contemporary processes, historical processes could have played a crucial role in shap-
ing the present-day genetic characteristics of P. oceanica meadows of the Greek Seas. The 
lower genetic diversity and higher clonality found in the N. Aegean meadows likely reflect 
historical processes related to the paleoclimatic conditions during the Quaternary period, 
particularly the LGM climatic oscillations (~ 26,000–19,000 years BP). Previous research 
indicated that the probability of P. oceanica occurrence during the LGM was higher in the 
southern parts of the Mediterranean Sea, where glacial refugia likely existed, and environ-
mental conditions were more favourable for the species (Chefaoui et al. 2017). Thus, it is 
likely that P. oceanica meadows had to persist in the southern parts of the specie’s distri-
bution range and the present-day genetic diversity of N. Aegean meadows is likely influ-
enced by founder effects, arising from post-colonization events from southern meadows 
after the LGM. Especially for meadows located in the eastern N. Aegean (LIM, LES) post-
colonization events may have taken place through Asia Minor, as suggested by recent find-
ings regarding N. Aegean meadows of C. nodosa and their post-settlement from Cyprus 
(Konstantinidis et al. 2022). The persistence of P. oceanica meadows in southern regions 
during the LGM is further supported by the high number of private alleles found at spe-
cific locations of the S. Aegean and Cretan Seas, aligning with previous findings (Chefaoui 
et al. 2017). The hypothesis of post-colonization of N. Aegean meadows from the South, 
also provides an explanation for the seemingly inconsistent results between the prevailing 
direction of gene flow (south to north) and the primary direction of propagule dispersal 
suggested by the Lagrangian modelling (north to south). Genetic differentiation and lower 
genetic diversity due to founder effects associated with LGM refugia have been previously 
reported in seagrasses in the Mediterranean Sea, such as P. oceanica in the Adriatic Sea 
(Ruggiero et al. 2002), C. nodosa in the Aegean Sea (Konstantinidis et al. 2022), but also 
for other seagrasses worldwide such as Posidonia australis (Sinclair et  al. 2016) and in 
other taxa, such as algae (Assis et al. 2016) and coral reefs (Ludt and Rocha 2015).

Our study extends the limited knowledge of the genetic characteristics of Eastern 
Mediterranean P. oceanica meadows. Compared to the Western Mediterranean stud-
ies, no strictly monoclonal meadows were found, as in the Adriatic Sea (Ruggiero et  al. 
2002) or the Balearic Islands (Arnaud-Haond et al. 2012). On the contrary, our study area 
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was characterized by high genotypic richness, coupled with a general absence of signifi-
cant deviations from HWE, which suggests that no extensive clonal propagation occurs 
(Arnaud-Haond et al. 2020), while it indicates the occurrence of substantial sexual recruit-
ment (Krueger-Hadfield et al. 2011). The interplay between sexual and asexual reproduc-
tion is influenced by multiple factors, including the prevailing environmental conditions, 
like light availability and temperature (Jahnke et  al. 2015; Jarvis and Moore 2015). A 
recent study suggested that high genotypic richness in the easternmost edge of the specie’s 
distribution is associated with the high temperatures occurring in the Eastern Mediterra-
nean Sea (Tutar et al. 2022), which can trigger the switch between reproductive strategies 
through heat-induced flowering (Ruiz et al. 2018). However, P. oceanica flowering records 
over long time periods are scarce and mainly pertain to Western Mediterranean meadows 
(Diaz-Almela et al. 2006), making it challenging to draw firm assumptions about the role 
of sexual reproduction in our study area. Furthermore, the substantial oceanographic con-
nectivity in our study area promotes the dispersal of P. oceanica propagules over long 
distances and thus increases the chance of the arrival of new genetic variants via sexual 
reproduction (Bricker et al. 2011). Significant heterozygote excess, which is often associ-
ated with asexual reproduction (Arriesgado et  al. 2015; Arnaud-Haond et  al. 2020) and 
the accumulation of mutations at different alleles in a locus over time in clonal organisms 
(known as the “Meselson effect”, Balloux et al. 2003), was observed in only four meadows 
(TRI, SOU, PER, NIK). However, all four meadows had low clonality, suggesting that het-
erozygote excess is likely a result of outbreeding, underscoring the need to monitor these 
sites, which may be suffering from a reduction in fitness and resilience (Williams et  al. 
2014).

In the context of the whole Mediterranean Sea, the measured genetic diversity indices, 
namely allelic richness and expected heterozygosity, are within the previously reported 
range for the Eastern Mediterranean meadows (Ar: 1.92–3.54, Hs: 0.24–0.40), including 
three meadows previously analysed in Greece (Ar: 2.68–3.54, Hs: 0.37–0.40; Arnaud-
Haond et  al. 2007; Diaz-Almela et  al. 2007; Jahnke et  al. 2017). These indices are also 
consistent with the range reported in previous studies conducted on Western and Central 
Mediterranean meadows (Ar: 1.77–5.23, Hs: 0.13–0.53; Procaccini et  al. 2001; Arnaud-
Haond et  al. 2007; Serra et  al. 2010; Jahnke et  al. 2017). In some cases, such as in the 
meadows of the Ionian Sea, the reported values were close to the ones previously reported 
in the Strait of Sicily in the Central Mediterranean (average Hs: 0.42; Serra et al. 2010), the 
most genetically diverse region of the species. These results indicate that no distinct differ-
ences in genetic diversity are found at the basin scale, implying that genetic differentiation 
primarily occurs at a local level. Nonetheless, the presence of private alleles in our study 
area reinforces the notion that the Eastern Mediterranean P. oceanica meadows possess 
unique genetic diversity (Chefaoui et al. 2017), which signifies genetic traits exclusive to 
the region and highlights the importance of targeted preservation of these meadows.

The genetic patterns discussed in the present study result from the application of 
microsatellites, which play a crucial role as molecular markers in the field of popula-
tion genetics due to their high polymorphism and versatility which provide valuable 
insights into the genetic diversity of populations. However, we acknowledge that the use 
of microsatellites may be gradually replaced by new technologies. Although genome-
wide methods, like single nucleotide polymorphisms (SNPs), have become increas-
ingly accessible, their application in non-model species, such as most seagrasses, has 
been focused on the detection of potential adaptive DNA polymorphisms which pro-
vide insights into their resilience and resistance (Phair et al. 2020; Ruocco et al. 2022; 
Nguyen et al. 2023). In addition, comparative analysis has indicated that microsatellites 
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remain an informative technology capable of yielding results like those obtained with 
SNPs (Hauser et al. 2021). Therefore, the use of microsatellite markers in the present 
study not only allowed us to uncover the genetic characteristics of P. oceanica popula-
tions but also enabled us to generate data that can be compared with the existing litera-
ture, which remains biased towards the use of microsatellites.

Given the relationship between genetic diversity, resilience, and adaptability (DuBois 
et al. 2021), as well as the numerous threats faced in the Greek Seas, including high sea 
surface temperatures, marine heat waves of substantial magnitude and intensity (Darmaraki 
et  al. 2019; Androulidakis and Krestenitis 2022), and direct anthropogenic disturbances, 
the genetic information presented here are critical in the realm of management decisions. 
The incorporation of genetic information into these decisions plays a crucial role, espe-
cially when determining management units and formulating strategies for seagrass restora-
tion. The comprehension of populations’ evolutionary capacity through genetic diversity 
and connectivity aids in prioritizing conservation endeavours by identifying populations 
that act as sources of genetic diversity and those that depend on migratory individuals to 
augment their genetic makeup (Foley et  al. 2010; Jackson et  al. 2021). Considering our 
study area, meadows in the Ionian Sea should be treated as a distinct  management unit   
(MU) since the genetic exchange with the rest of the Greek Seas is minimal. On the other 
hand, the region of Cyclades Islands could also be considered as a separate MU due to the 
well-connected nature of its meadows which serve as sources of gene flow to various sites, 
primarily to other regions of the S. Aegean Sea but also in the N. Aegean Sea. Moreover, 
meadows located in the Cyclades Islands can serve as significant source populations for 
degraded meadows in transplantation efforts, since selecting diverse sites as donor mead-
ows is essential to mitigate the negative effects associated with low genetic diversity and 
inbreeding (Jackson et  al. 2021). However, to ensure successful and long-term seagrass 
conservation, it is crucial to adopt a holistic approach that will incorporate the genetic 
information alongside environmental, ecological, and demographic aspects (Jahnke et al. 
2020; Pazzaglia et  al. 2021). Ultimately, a collaborative and integrated approach is nec-
essary to ensure the continued provision of the ecological, economic, and social benefits 
offered by seagrass ecosystems (Mtwana Nordlund et al. 2016) and the enhancement of the 
resilience of our coasts (Unsworth et al. 2019).
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