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Abstract 25 

Aim: Connectivity assessments are crucial to large-scale conservation planning, in 26 

particular for establishing and monitoring connected networks of marine protected areas 27 

(MPAs). Using biophysical modelling and genetic analyses, we assessed potential and 28 

realised connectivity among MPA populations of a benthic foundation species, the 29 

Mediterranean endemic seagrass Posidonia oceanica. 30 

Location: Adriatic and Ionian seas (central Mediterranean). 31 

Methods: We assessed potential and realized connectivity among eight P. oceanica 32 

populations, mostly located in MPAs. Potential connectivity was assessed over a time 33 

horizon of 10 years via an individual-based biophysical model whose physical component 34 

relies on fine scale spatiotemporal ocean circulation fields. Genetic assessments of realized 35 

connectivity were carried out by means of a set of 14 neutral microsatellite loci, as well as 36 

a larger dataset of 19 loci including outlier loci that did not conform to expectations under 37 

neutrality. 38 

Results: Our findings point out a relatively high potential connectivity through long-range 39 

dispersal of floating fruits. Genetic connectivity analyses show a complex scenario with an 40 

apparent lower realized connectivity. The P. oceanica meadow within Torre Guaceto MPA 41 

(TOG), a well enforced MPA within our study area, showed one of the highest levels of 42 

genotypic richness, indicative of high levels of sexual reproduction and/or recruitment of 43 

foreign genotypes. Both biophysical modelling and population genetics indicate that TOG 44 

is important to ensure the viability of the species at the local scale, and does likely play a 45 

key role as a source of propagules for the whole Adriatic area. 46 

Main conclusions: Our results show that realised dispersal does not necessarily match 47 

with the potential for dispersal. Still, both genetic and physical connectivity analyses show 48 

good agreement in identifying hotspots of connectivity. Such information can guide 49 

management of networks of MPAs and advance conservation of marine biodiversity.  50 
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Introduction 51 

Spatial structuring is common in the marine environment, and may often favour local 52 

adaptation (Palumbi 2004; Conover et al. 2006; Sanford & Kelly 2011). This is an 53 

important issue in conservation, as it supports the design of marine protected areas (MPAs) 54 

in a way that ensures seascape connectivity, so that connected networks of MPAs can 55 

effectively sustain the persistence, recovery, and productivity of marine ecosystems 56 

(McCook et al. 2009). For instance, to enable recovery of protected coral populations after 57 

a disturbance within an MPA, the potential sources of replenishing larvae also need to be 58 

protected (Underwood et al. 2007). The lack of obvious physical barriers makes the marine 59 

environment an especially good case for studying adaptation in the face of gene flow. It 60 

provides an opportunity to investigate the interaction between the diversifying effects of 61 

selection and the counteracting, homogenizing effects of gene flow (Räsänen & Hendry 62 

2008; Nosil 2009; Cristescu et al. 2012). Realized connectivity, or effective gene flow, 63 

depends on the interaction between oceanographic features, species-specific life-history 64 

traits affecting dispersal, habitat availability and population demography. It can be 65 

measured by genetic approaches (Galindo et al. 2010; White et al. 2010) and 66 

complemented by assessment of potential for connectivity via individual-based biophysical 67 

models (Gallego et al. 2007; Cowen & Sponaugle 2009). 68 

The increasingly recognized importance of connectivity is also reflected in the Aichi target 69 

11 of the Convention for Biological Diversity (CBD), aimed at implementing a ‘well 70 

connected system of protected areas’ by 2020. Despite the increasing awareness of the 71 

importance of connectivity for MPA design, few studies have assessed connectivity among 72 

MPAs (but see for instance Christie et al. 2010; Hogan et al. 2012; Planes et al. 2009). 73 

Moreover, only very few MPA design processes have incorporated connectivity into 74 
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planning (among them Beger et al. 2015; Palumbi 2003; Weeks et al. 2014). It is in fact 75 

difficult to include information about connectivity in MPA and marine spatial planning 76 

algorithms (Beger et al. 2010). A major issue is the inherent problem that connectivity 77 

assessments are usually carried out for single species (yet not exclusively, see López-78 

Duarte et al. 2012; Magris et al. 2015; Melià et al. 2016 for some multi-species studies). 79 

Considering the crucial role that species-specific or population-specific demographic 80 

processes play in shaping connectivity and environment-dependent dispersal processes, 81 

focusing on a single species appears to be restrictive. However, selecting umbrella species 82 

(defined here as species with an especially important role in the investigated ecosystem, 83 

e.g. ecosystem engineers) can represent a good compromise between limiting assessment 84 

efforts and emphasising the importance of the ecosystem (Hughes & Stachowicz 2009). 85 

Seagrass meadows are considered one of the most highly impacted coastal ecosystems on 86 

Earth (Duarte et al. 2008). Habitat loss is a major threat to seagrasses, causing increase in 87 

fragmentation of populations (Marbà et al. 2014), whose dispersal is mainly dependent on 88 

floating shoots or seeds that, at least for some species, have a low dispersal capacity 89 

(McMahon et al. 2014). Seagrasses are also important ecosystem engineers that provide 90 

crucial ecosystem services, such as reducing wave impact, stabilising the sediment, adding 91 

oxygen to the water, providing nursery grounds and shelter for many species (including 92 

commercially important species), exporting important amounts of carbon, nitrogen, and 93 

phosphorus to coastal food webs, stocking significant amounts of organic carbon and 94 

reducing exposure to bacterial pathogens (Beck et al. 2001; Heck et al. 2003; Duffy & 95 

Stachowicz 2006; Costanza et al. 2014; Lamb et al. 2017). Ensuring connectivity of such 96 

ecologically important habitat formers is thus crucial, given the major decline of seagrasses 97 

worldwide (Short et al. 2011) with important cascading effects on the associated 98 
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ecosystems (Healey & Hovel 2004; Warry et al. 2009). Establishing networks of suitably-99 

spaced and connected MPAs is possibly the best way to maintain effective connectivity 100 

and sustain levels of gene-flow that can avoid inbreeding and allow the spread of 101 

advantageous alleles. 102 

In this study, we focus on the Mediterranean endemic seagrass Posidonia oceanica, which 103 

has experienced severe habitat loss and population fragmentation over the last decades to 104 

centuries (Short et al. 2011; Marbà et al. 2014). Our research integrates connectivity 105 

assessments based on numerical simulations of the movement of sexual propagules based 106 

on oceanographic fields forced with atmospheric data and genetic analyses: the 107 

combination of these two independent approaches provides complementary information 108 

about potential and realized connectivity of P. oceanica at regional levels. We sampled 109 

eight populations of P. oceanica mostly located in MPAs encompassing five countries in 110 

the Adriatic and Ionian seas. Previous studies in the area focused mainly on mobile species 111 

(for instance Schiavina et al. 2014 on the Mediterranean shore crab, Boissin et al. 2016 on 112 

the Black scorpionfish and Carreras et al. 2017 on the peacock wrasse), showing either a 113 

N–S (crab) or a W–E discontinuity (scorpionfish), or a mixture of both (wrasse). Here we 114 

assess a foundation species and aim to determine the extent to which the selected Adriatic 115 

and Ionian populations of P. oceanica may be connected (based on neutral genetic markers 116 

and Lagrangian simulations) – given current environmental conditions and demographic 117 

processes affecting the different populations. Specifically, we address the following 118 

questions: (1) What is the level of potential connectivity, based on biophysical modelling? 119 

(2) What is the level of realized connectivity, based on genetic differentiation and 120 

assignment test? (3) How do the potential for connectivity and realized connectivity 121 

compare? Finally, we discuss our findings in the context of regional conservation 122 
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management, giving important insights in the definition of management plans and MPA 123 

network design that extend beyond our case study. 124 

Methods 125 

Sampling 126 

We collected individuals of P. oceanica at eight sites in the Adriatic and Ionian seas in five 127 

different countries during spring 2013 (Fig. 1). Most populations were sampled within 128 

MPAs (see Table 1), in sites at distances from each other varying between 65 to 605 km. 129 

At each location we sampled ca. 50 individuals (spaced 5 to 8 m apart, a standard distance 130 

for this species) and according to “random walk” (Arnaud-Haond et al. 2007a; Arnaud-131 

Haond et al. 2007b). This sampling strategy is a good compromise between avoiding the 132 

sampling of clonal replicates and assessing local genetic structure of a meadow by 133 

covering an extent of 250–400 m of the meadow. 134 

POTENTIAL (OCEANOGRAPHIC) CONNECTIVITY 135 

Potential connectivity by means of biophysical simulations 136 

We investigated potential connectivity between sites where genetic sampling was carried 137 

out using Lagrangian oceanographic simulations. The individual-based biophysical model 138 

used here has been developed by Melià et al. (2016) and it is fully described there. The 139 

physical component of the model relies on fine-scale ocean reanalysis (in both the spatial 140 

and temporal sense) produced by the Adriatic Forecasting System, which assimilates 141 

satellite-based Earth observations and accounts for atmospheric forcing by the European 142 

Centre for Medium Range Weather Forecast (ECMWF) at 1/45° (ca. 13 km) and tidal 143 

signal (details at http://oceanlab.cmcc.it/afs). The ocean circulation fields are generated 144 

with the Adriatic Regional Model AREG (Oddo et al. 2006) at a daily temporal resolution, 145 
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over a regular grid with a horizontal resolution of 1/45° (ca. 2.2 km) and 31 vertical sigma 146 

layers. The geographical domain encompasses the whole Adriatic Sea and extends 147 

southwards into the Ionian Sea down to the 39°N parallel. The bathymetry is based on the 148 

U.S. Navy 1/60° bathymetric database DBDB1. Being performed at large scales, such 149 

reanalyses cannot account for very local and/or extreme factors (such as tidal currents and 150 

erratic, but strong winds). However, we expect that this limitation does not strongly affect 151 

our results on connectivity. In fact, though strong winds (Ruiz-Montoya et al. 2012) can 152 

affect movement of floating fruits (Grech et al. 2016), this effect is minor (McMahon et al. 153 

2014), and expected to be modest in the Adriatic considering local wind speed (Katalinić et 154 

al. 2014) and limited tidal currents (Poulain 2013). The biological component of the model 155 

(see Melià et al. 2016 for a more detailed description) accounts for the key traits affecting 156 

P. oceanica dispersal by sexual propagules: P. oceanica produces positively buoyant fruits, 157 

which are released between January and April (Buia & Mazzella 1991; Balestri & Cinelli 158 

2003) and float in the upper layers of the water column for about 28 days before 159 

dehiscence and consequent release of the sinking seed (Serra et al. 2010). Lagrangian 160 

particles – passively guided within their motion according to the oceanographic fields – 161 

were released at a density of 2,000 particles per km2 from areas of suitable habitat around 162 

the eight sampling locations, within a radius of 12.5 km. The suitable habitat was derived 163 

from the suitability model for P. oceanica produced by the MediSeH project (Giannoulaki 164 

et al. 2013) on the basis of the most up-to-date information on the distribution of seagrass 165 

meadows in the Mediterranean basin. The Lagrangian simulations covered the period from 166 

2003 to 2013 and a total of 5 × 106 particles were released. Each particle was assigned a 167 

fixed depth between 0 and 1 m below the surface and its trajectory was stepped forward for 168 

28 days using a 4th-order Runge-Kutta integration scheme characterized by a 6-minute time 169 
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step, a linear convex combination in space and a linear interpolation in time of the current 170 

velocity field. 171 

Potential connectivity between sites was measured in terms of intensity and persistence 172 

(sensu Melià et al. 2016). Connectivity intensity was calculated as the average (over the 173 

simulation period) number of particles released from a source site and reaching the suitable 174 

area of a destination site. Connectivity persistence, expressing the continuity of a 175 

connection throughout the years, was calculated as the stabilization coefficient (i.e. the 176 

reciprocal of the coefficient of variation) of connectivity intensity. Each site can then be 177 

characterized by its retaining strength (defining as retainer of Lagrangian particles a place 178 

where released propagules successfully remain in situ), source strength (defining as source 179 

a place from where released propagules successfully reach other sites) or sink strength 180 

(defining as sink a place to where propagules released from other sites tend to successfully 181 

settle). Other details on modelling explorations of potential connectivity are described in 182 

Melià et al. (2016). 183 

REALIZED (GENETIC) CONNECTIVITY  184 

DNA extraction and microsatellite amplification 185 

We extracted DNA from ca. 20 mg of silica-gel dried tissue in 96-well plates using the 186 

NucleoSpin® 96 Plant II kit (Macherey-Nagel) following a modified protocol optimized 187 

for a Biomek FX robotic station (Tomasello et al. 2009). We amplified twenty-two 188 

microsatellites (Procaccini & Waycott 1998; Alberto et al. 2003; Arranz et al. 2013) and 189 

ran PCRs as in Jahnke et al. (2015). See Table S1 and S2 in Supporting Information for 190 

details on primer sequences and PCR concentrations. Three loci were subsequently 191 
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removed for most analyses, resulting in a dataset of 19 loci. We only used samples that 192 

were successfully genotyped at all loci for further analyses. 193 

Scoring and data quality checks 194 

We scored the fragments by hand or using GeneMapper® (Life technologies) and re-195 

checked scoring by eye for each individual. We used Microchecker (van Oosterhout et al. 196 

2004) to detect potential scoring errors and we re-visited, and adjusted if necessary, loci 197 

with possible stuttering problems. We identified clones using GenClone (Arnaud-Haond & 198 

Belkhir 2007) and removed duplicate multilocus genotypes (MLGs) before further 199 

analyses. Specifically, only one MLG for each clone was retained if the probability that the 200 

repeated genotypes do not originate from distinct sexual reproductive events, considering 201 

possible departures from Hardy–Weinberg equilibrium (HWE), was smaller than 0.05. 202 

After removal of (significant) clones, we used MicroDrop (Wang & Rosenberg 2012) to 203 

detect null alleles. We tested for Linkage Disequilibrium (LD) and HWE at each locus and 204 

across all loci in each population with Genepop 4.2 (Raymond & Rousset 1995), using 100 205 

batches and 1,000 iterations per batch and applying Bonferroni corrections. Finally, we 206 

calculated the probability of identity (PI) in GenAlEx 6.5 (Peakall & Smouse 2012) to get 207 

an indication of the power of the marker set at each location, and we used POWSIM 4.1 208 

(Ryman & Palm 2006) to evaluate whether the sets of microsatellites have enough power 209 

to detect population structure among locations. We used the actual allele frequencies based 210 

on unique MLGs to simulate drift to FST levels of 0, 0.001, 0.01 and 0.1 using an effective 211 

population size (Ne) of 500 and a varying number of generations t (0–100) with 200 212 

replicates and 100,000 batches. 213 

Outlier tests 214 
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We used Lositan (Antao et al. 2008) and BayeScan (Foll & Gaggiotti 2008) to test whether 215 

any of the used microsatellite markers do not behave according to expectations under 216 

neutrality. In Lositan, we ran the simulations for 50,000 iterations, with a 95% confidence 217 

interval, using the options for neutral mean FST, force mean FST, a subsample size of 40, 218 

the infinite allele model and 8 populations based on the sampling sites. In BayeScan, we 219 

used default settings, which results in the same probability threshold as used for Lositan. 220 

We used the R script provided by Foll & Gaggiotti (2008) in R 3.2.2 (R Development Core 221 

Team 2014) to analyse if any loci deviate significantly from expectation under neutrality 222 

and for plotting the posterior distribution. The two methods differ in the approach to 223 

identify outliers. While Lositan identifies outliers with higher than neutral heterozygosity 224 

conditioned on FST (Antao et al. 2008), BayesScan uses posterior distributions generated 225 

by MCMC to identify whether a model including selection is more likely than a model 226 

without selection for each locus (Foll & Gaggiotti 2008). We only considered as outliers 227 

those detected by both methods. 228 

Genotypic and genetic diversity and structure 229 

We performed MLG identification for each population separately and repeated the analysis 230 

combining all populations to investigate clone sharing among populations in GenClone 231 

(Arnaud-Haond & Belkhir 2007). Based on MLG identification, we calculated genotypic 232 

richness for each population according to Dorken & Eckert (2001). After removal of clone 233 

mates, we used GenAlEx 6.5 (Peakall & Smouse 2012) to calculate the number of alleles 234 

per locus, polymorphism and heterozygosity. We calculated allelic richness standardized to 235 

the minimum number of genotypes present in the dataset (27 MLGs at OTR) using the 236 

STANDARICH package in R 3.2.2 237 

(http://www.ccmar.ualg.pt/maree/software.php?soft=sarich). We used STRUCTURE 238 
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(Pritchard et al. 2000) for K 2 to 8, to identify potential population structure based on 239 

neutral loci, all loci and loci putatively under selection. We assumed population admixture 240 

and correlated allele frequencies, but also performed runs with no admixture and 241 

independent allele frequencies. We used a burn-in of 100,000 and subsequent 1,000,000 242 

steps, checking for run convergence. We identified the most likely number of populations 243 

based on delta K with STRUCTURE HARVESTER (Earl & von Holdt 2012) and used 244 

Clumpak (Kopelman et al. 2015) to generate graphs. We also used Adegenet (Jombart 245 

2008) in R 3.3.2 to perform a Discriminant Analysis of Principal Components (DAPC) 246 

(Jombart et al. 2010) with the number of principal components set to 15, following alpha-247 

score indication. In order to validate these two approaches, we also performed an AMOVA 248 

with 999 permutations in GenAlEx 6.5 (Peakall & Smouse 2012). 249 

Genetic connectivity 250 

We performed assignment tests in GeneClass2 (Piry et al. 2004) using the exclusion 251 

method, because this method does not require an exhaustive sampling with every possible 252 

population of origin included in the data set (Berry et al. 2004; Underwood et al. 2007). 253 

This analysis was based on the dataset of neutral loci. We calculated the probability that an 254 

individual belongs to the population from which it was sampled with a partially Bayesian 255 

criterion (Rannala & Mountain 1997) and compared the likelihood of exclusion of an 256 

individual to a distribution of likelihoods of 1,000,000 simulated genotypes in order to 257 

define a statistical threshold (Paetkau et al. 2004; Underwood et al. 2007) with a type I 258 

error of 0.05. We excluded an individual from its sampling site when the probability for 259 

exclusion was higher than 95% and we assigned the individual to another sampled 260 

population when the probability for inclusion in it was higher than 10% (Underwood et al. 261 

2007). Otherwise, we assumed that the individual under study did not originate from the 262 

http://dx.doi.org/10.1111/ddi.12633


Pre-print version Revised as Jahnke et al. (2017) http://dx.doi.org/10.1111/ddi.12633  

population where it was sampled, but originated most likely from an un-sampled source 263 

population. 264 

Realized connectivity: Isolation By (geographical) Distance 265 

We measured geographical distances between sampling locations using the shortest path 266 

over the sea without crossing land using Google Earth and used Arlequin 3.5 (Excoffier & 267 

Lischer 2010) to calculate pairwise Weir & Cockerham FST among populations and 268 

significance levels. We also calculated the unbiased estimator of Jost’s D, DEST (Jost 2008) 269 

using the diveRsity package (Keenan et al. 2013) in R 3.2.2 with 1,000 bootstrap replicates 270 

to test for the significance of pairwise comparisons. The two methods are to a certain 271 

degree complementary for assessing population differentiation: FST measures deviation 272 

from panmixia and is calculated based on allele frequencies; D measures deviation from 273 

complete differentiation and is based on the effective number of alleles (Whitlock, 2011; 274 

Meirmans & Hedrick, 2011). We tested for Isolation by Distance (IBD) for the two genetic 275 

distances separately using three datasets that contained all 19 diploid loci, only neutral loci 276 

and only outliers. We also calculated Slatkin’s RST in SPAGeDI 1.4 (Hardy & Vekemans 277 

2002) and used 10,000 permutations to test whether RST is significantly higher than the 278 

permuted value pRST, which would indicate that the mutation rate exceeds the migration 279 

rate (Hardy et al. 2003).  280 

Results 281 

POTENTIAL (OCEANOGRAPHIC) CONNECTIVITY 282 

The Apulian region was identified as the area with the highest potential connectivity (as 283 

obtained via Lagrangian simulations), in terms of both intensity (Fig. 2, top panels) and 284 

persistence (Fig. 2, bottom panels). The three Apulian sites OTR, TOG and POC 285 

http://dx.doi.org/10.1111/ddi.12633


Pre-print version Revised as Jahnke et al. (2017) http://dx.doi.org/10.1111/ddi.12633  

(population acronyms as in caption of Fig. 1) are the strongest retainers and sinks. 286 

However, while OTR and TOG are also the strongest sources, particles originating from 287 

POC do not reach any of the study sites. These three locations are connected by the current 288 

flowing southwards along the Adriatic coasts of Apulia and then turning around Salento 289 

towards the Gulf of Taranto. Particles released from TOG and OTR can potentially (yet 290 

through less intense and persistent connections) cross the Adriatic Sea and reach BOK and 291 

(only for TOG) KAP. There are also directional connections, driven by the southern 292 

Adriatic gyre, between the eastern and the western side of the Adriatic, with particles 293 

flowing from BOK to OTR and, through a less intense and persistent connection, from 294 

KOR to TRE. OTH acts in our modelling experiments only as a source of particles, and no 295 

particles reach this location from any other. TRE is a quite strong and constant source of 296 

particles for TOG and, to a lesser extent, OTR and KOR. KOR is a strong retainer and 297 

supplies particles to TRE. KAP is a good source, subsidizing Apulian sites (TOG, OTR, 298 

POC) via the southern Adriatic gyre. Particles released from OTH, instead, are not able to 299 

enter into the Adriatic Sea, but reach the two southernmost Italian sites (OTR and POC). 300 

REALIZED (GENETIC) CONNECTIVITY 301 

MLG identification, null alleles and outliers 302 

We identified a high number of MLGs at each location, ranging from 27 to 42 MLG per 303 

population (Table 1), resulting in 278 genets (out of 374 ramets) that were used for all 304 

further analyses. Three loci showed frequencies of null alleles above 10% in MicroDrop 305 

(Wang & Rosenberg 2012). One of them, Poc-trn (NaF = 30.8%), is chloroplastic, i.e. 306 

haploid, and therefore expected to be always homozygous. The other two loci (Poc-5, NaF 307 

=19.6% and Pooc-330, NaF =11.1%) were removed before further analyses, while Poc-trn 308 

was retained for few descriptive statistics only (Table 1), resulting in a marker set of 19 309 
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loci. Both Lositan and BayesScan identified the same five loci to be under balancing 310 

selection (Figs. S1 and S2). As the non-conformity to neutrality of these loci can affect 311 

patterns of connectivity and migration, we used three different data sets in the following 312 

analyses: a) all diploid loci (19 markers), b) only neutral loci (14 markers) and c) only 313 

outlier loci (5 markers under balancing selection). 314 

Linkage Disequilibrium (LD), Hardy Weinberg Equilibrium (HWE) and power of the 315 

marker set  316 

We found significant LD in 11 out of 120 tests across all populations (9%) after applying 317 

Bonferroni corrections. In particular, we detected three markers to be in gametic linkage 318 

more than two times: Pooc-PCo45G11 (five times), Pooc-229 (four times) and Pooc-361 319 

(three times). PCo45G11 is the locus with the highest number of alleles in the data set, 320 

while the number of alleles per locus is low for the other loci (ranging from one to seven).  321 

Seven HWE tests per population and locus were significant after Bonferroni corrections 322 

(12%). No locus deviated from HWE at more than two locations. As the HWE deviations 323 

were found to be specific to locations rather than loci and as we did not find indications of 324 

quality control problems, we retained all loci.  325 

The probability of identity (PI) was low, ranging from 4.6 × 10–5 in OTR to 6.7 × 10–9 in 326 

TOG. The PI for sibs was higher, ranging from 5.6 × 10–3 in OTR to 1.5 × 10–4 in TOG, 327 

which are still PI values sufficient for discerning siblings, considering the number of 328 

MLGs. Power simulations of the full marker set and the neutral marker set suggest that 329 

both sets of loci can provide a reasonably accurate picture of genetic structure, with 330 

population homogeneity rejected in 100% of the simulations when FST was as small as 331 

0.01 (Table S3).  332 
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Genotypic and genetic diversity and structure 333 

Genotypic richness varied among populations, while heterozygosity was similar (Table 1). 334 

Allelic richness was generally low, ranging from 1.8 at OTR to 2.68 at OTH (Table 1). All 335 

populations had a significant excess of heterozygosity as evident by high negative FIS 336 

values (Table 1). This phenomenon has been observed previously in P. oceanica (Arnaud-337 

Haond et al. 2007b; Serra et al. 2010) and is most likely linked to its life history of partial 338 

clonality (Reichel et al. 2016). No MLGs were shared among locations. Pairwise FST 339 

ranged from 0.05-0.23 for the dataset of neutral loci and all pairwise comparisons were 340 

significant (see Table S4-S10 for values for different F-statistics and loci sets). 341 

The STRUCTURE analysis performed on the dataset of only neutral loci showed the 342 

presence of two populations clusters (K = 2, Fig. S3) as the most likely possibility. The two 343 

population clusters consist of the Northern populations of KOR, TRE, BOK and the more 344 

Southern OTR (Fig. 3a, mostly blue populations) and the Southern populations of KAP, 345 

POC, TOG and OTH (Fig. 3a, mostly red populations). However, several locations (OTH 346 

and KAP in particular) show a high degree of admixture between the two clusters and 347 

when assuming higher Ks further sub-structuring becomes evident (Fig. S4) The 348 

STRUCTURE analysis for higher Ks (particularly K = 3 to 6) also shows an interesting 349 

pattern of migrants in each populations, but few admixed individuals. DAPC confirms the 350 

separation of the two clusters for all populations but KOR (Fig. 3b, c); however, KOR is 351 

located close to KAP and OTH, which show a nearly 50-50 percentage of belonging to the 352 

Northern and Southern clusters. The DAPC also shows clearly that OTR is the most 353 

differentiated population and that all populations are differentiated from each other, which 354 

is also confirmed by the AMOVA analysis, where the “among populations” level explains 355 

most variance (Table S11). The STRUCTURE and DAPC analyses based on the 5 loci 356 
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presumably under balancing selection show no detectable population structure, while the 357 

picture based on all 19 diploid loci is very similar to the analyses based on the 14 neutral 358 

loci (not shown). The identification of outlier loci is associated with high type I errors, i.e. 359 

a high rate of false positive results, especially for loci that are under balancing selection 360 

(Narum & Hess 2011). The observation that results based only on neutral or on all loci are 361 

very similar suggests that loci supposedly under balancing selection may have been falsely 362 

identified.  363 

Realized (genetic) connectivity and IBD 364 

For realized connectivity assessments, we only considered the neutral loci dataset, as 365 

dispersal should make the biggest contribution to the observed allele frequencies of neutral 366 

loci in the different populations (as opposed to selection in the other two datasets). The 367 

assignment tests (GeneClass) show a strong population structure with only 4% of samples 368 

assigned to populations different from those of the sampling location (Table 2). TOG is 369 

identified as the most important source population, providing one individual each to TRE, 370 

KAP and BOK (Table 2). This population has the highest possible level of genotypic 371 

richness, i.e. high levels of sexual recruitment. Conversely, OTR has the highest level of 372 

clonality and all sampled individuals get assigned to their own population (Table 1; Table 373 

2). The IBD analysis did not reveal a positive correlation between neither FST nor DEST 374 

(Tables S4-S9) and geographical distance for any of the three data sets (not shown). RST 375 

values were similar to FST values (see Supplementary Tables S5–S11) and the permuted 376 

RST did not differ significantly from the observed value (two-sided p-value = 0.69, RST = 377 

0.17 > pRST = 0.16), i.e. there was no indication that mutations made a high contribution to 378 

population differentiation and/or mutations do not follow a step-wise pattern. 379 

Discussion 380 
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The biophysical connectivity assessments show a high potential for dispersal of P. 381 

oceanica fruits across the whole study area. The presented results on potential connectivity 382 

are robust and would neither qualitatively nor quantitatively be altered by incorporating 383 

into our biophysical model minor effects, such as movements of floating fruits caused by 384 

erratic strong winds. Realized connectivity, which can serve as an important indication for 385 

conservation policies and management, shows more complex patterns, but is apparently 386 

lower. There is high genetic structuring of the eight assessed P. oceanica populations in the 387 

Adriatic and Ionian seas, with significant pairwise population differentiation among all 388 

locations (see Tables S5–S11), and assignment tests show only a low level of recent 389 

migrants. First-generation migrants were also evident in the STRUCTURE analysis of 390 

higher Ks and the low number of admixed individuals in this analysis points to low sexual 391 

reproduction and/or non-random mating of immigrants in the assessed populations. 392 

Geographical distance was not a good predictor for genetic differentiation, but we 393 

identified two main population clusters that are in reasonable agreement with a latitudinal 394 

gradient, i.e. a Northern and a Southern cluster (with the exception of the southern 395 

population of Otranto that groups with the Northern cluster and is generally the most 396 

differentiated site). In the assignment tests, the meadow at the Torre Guaceto MPA (TOG) 397 

was identified as the most important source population. Interestingly, this result is 398 

corroborated by the biophysical analysis, where TOG also turns out to be the most 399 

important source population. The population of TOG is within an MPA with an enforced 400 

no-take area and an enforced no-anchoring ban above the assessed P. oceanica meadow, 401 

and is presumably one of the most efficiently protected meadows of the evaluated sites 402 

(Guidetti et al. 2008). Our results confirm the key role played by TOG as a source of 403 

propagules, a role that was already established with physical modelling for different 404 

organisms in the whole Adriatic basin (Pujolar et al. 2013; Melià et al. 2016). The location 405 

http://dx.doi.org/10.1111/ddi.12633


Pre-print version Revised as Jahnke et al. (2017) http://dx.doi.org/10.1111/ddi.12633  

of this protected area was not only well chosen for achieving positive population dynamics 406 

at the local scale (Fraschetti et al. 2013), but TOG is also very well connected to other P. 407 

oceanica populations in the Adriatic. We thus suggest that conservation measures for this 408 

MPA should be confirmed and possibly re-enforced. 409 

The existence of two genetic clusters was suggested by both the set of neutral 410 

microsatellite loci and the complete set of loci, including also the five outliers, but was not 411 

necessarily confirmed by the oceanographic modelling, as most populations are predicted 412 

to supply and receive propagules to and from both Northern and Southern populations. For 413 

instance, in the physical modelling the Southern population of Otranto (OTR), which 414 

groups with the Northern genetic cluster, has the highest probability of dispersal to two 415 

populations of the Southern cluster and one (BOK) of its own cluster and is expected to 416 

receive propagules only from populations of the Southern cluster. However, this 417 

population has the highest levels of clonality, the lowest levels of standardized allelic 418 

richness, and fixed allele frequencies with no private alleles. OTR is clearly the most 419 

differentiated of all populations in the DAPC, suggesting that post-dispersal (i.e. pre- or 420 

post-settlement) processes played a role in the observed differentiation. 421 

The levels of realized connectivity, as assessed by genetics show a complex pattern with 422 

detectable levels of migration, but “mosaic” populations with few admixed individuals. 423 

This picture confirms the stochasticity of dispersal at small/medium spatial scales observed 424 

in other seagrasses (Kendrick et al. 2012). Possible reasons could be un-sampled 425 

populations that confound the picture, pre- and post-settlement process and non-random 426 

mating, including low levels of sexual reproduction in general. This is expected to be very 427 

pronounced for P. oceanica, as the partial clonality and longevity of clones translates into 428 

generation times that may be as long as thousands of years (Ruggiero et al. 2002; Arnaud-429 
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Haond et al. 2012). Regional and basin scale population structuring, supported despite 430 

detectable recent migration and no IBD on most assessed spatial scales, was already 431 

described for P. oceanica over its entire distribution (Arnaud-Haond et al. 2007b; 432 

Rozenfeld et al. 2008; Serra et al. 2010). As an alternative to stochastic events of long-433 

distance dispersal, this pattern of P. oceanica population differentiation has also been 434 

proposed to stem from a stronger influence of mutation over migration at the scale of the 435 

distribution range (Arnaud-Haond et al. 2014). Under this assumption, population 436 

differentiation may be explained by historic step-by-step colonization followed by local 437 

recruitment and clonal growth, rather than contemporary gene flow. Here we used a 438 

permutation test of Slatkin’s RST (as suggested by Hardy et al. 2003) and did not find any 439 

indication that mutations played a major role for genetic differentiation; and we also show 440 

that oceanographic (potential) connectivity is high among the assessed populations. 441 

Potential connectivity may well be higher than realized connectivity, because of low sexual 442 

reproduction (estimates of oceanographic connectivity are based on dispersal of fruits), low 443 

settlement success after dispersal, or small scale hydrodynamics that could not be included 444 

into the oceanographic connectivity analysis. Indeed, the modelling analysis showed that 445 

two central populations, OTR and TOG, had the highest potential for acting as sources. 446 

TOG, which has high genotypic richness (indicating a high level of sexual reproduction), 447 

seems to realise this potential and supply sexual propagules to other populations. In 448 

addition, the biophysical modelling suggests that TOG can supply propagules to BOK, as 449 

also confirmed in the genetic assignment test. In contrast, OTR has a slightly lower 450 

potential for dispersal, but is genetically distinct and has a much lower genotypic richness, 451 

suggesting that this population supplies fewer sexual propagules to other meadows. This 452 

points out that the occurrence of sexual reproduction is an important parameter that may 453 

significantly influence the link between potential and realized connectivity in P. oceanica. 454 
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The biophysical modelling also indicates TOG and OTR as strong retainers, a result that 455 

corroborates the outcomes of previous analyses suggesting a strong retention potential for 456 

this area (e.g. Di Franco et al., 2012, Schiavina et al., 2014): indeed, both populations have 457 

one of the highest percentages of individuals assigned to their own population in the 458 

genetic assignment test. 459 

Conclusions 460 

Connectivity assessments are increasing rapidly in the field of conservation science (Jones 461 

et al. 2009) and information on connectivity is important to MPA network design. They 462 

can deliver information on actual dispersal rates, and identify populations that export 463 

propagules to other areas (source populations) or populations that rely on immigration for 464 

their sustenance (sink populations), as well as populations that retain their propagules 465 

locally. Moreover, linking connectivity assessments with information on the levels of 466 

genetic diversity could also be used to identify areas of high evolutionary potential 467 

(Vandergast et al. 2008). Connectivity assessments are however only one component of the 468 

MPA design process and for instance size, number, representation, replication, diversity 469 

and above all capacity are other important factors (Fernandes et al. 2009; Gill et al. 2017). 470 

In this study on connectivity we found that the potential for dispersal was considerably 471 

higher than realised migration, but both approaches coherently identified the same optimal 472 

site, which is at the same time a strong retainer, a good source and a good sink. For species 473 

which disperse mainly by sexual propagules, yet can alternate between sexual and asexual 474 

reproduction, the amount of sexual reproduction may be a very important component to 475 

take into account when assessing connectivity. So far, the majority of connectivity 476 

assessments involving MPAs have been performed on mobile species, exclusively sexual 477 

in their reproduction (in the Adriatic, see for instance Boissin et al. 2016; Pujolar et al. 478 
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2013; Paterno et al. 2017). Our results on potential and realised connectivity indicate that 479 

dispersal occurs at large spatial scales (100s of km) for a sessile benthic partially clonal 480 

species and suggest that potential connectivity can be insufficient per se to describe 481 

population structure. Rather, post-dispersal, pre-settlement and post-settlement processes 482 

have to be taken into consideration to understand discrepancies between potential and 483 

realized connectivity. Together our findings on potential and realized connectivity, genetic 484 

structure and sexual reproduction have direct conservation application and can be used for 485 

the establishment and management of MPAs and other large scale conservation strategies. 486 

 487 

Acknowledgements 488 

We thank the whole community participating to various meeting of the CoCoNET FP7 489 

funded Project (Grant Agreement No.287844) for stimulating discussions and feedbacks 490 

on presentations about this work. We also thank the Italian MIUR Italian Flagship project 491 

RITMARE for providing partial support. MJ was supported by a SZN PhD fellowship via 492 

the Open University. RC and PM were supported by the EU Horizon 2020 research and 493 

innovation program to the ECOPOTENTIAL project (grant agreement n. 641762). STS 494 

was supported by the Croatian Science Foundation under project COREBIO, project 3107.  495 

LZ was supported by the University of Padua grant CPDA148387/14. A special 496 

acknowledgement goes to the following people and institutes for sampling: "Antheus srl 497 

(Lecce, Italy)"; S Bevilacqua, G Guarnieri, S Fraschetti and A Terlizzi (University of 498 

Salento, Italy); E Voutsinas and MA Pancucci-Papadopoulou (HCMR,Greece) S Beqiraj 499 

(Department of Biology, Faculty of Natural Sciences, University of Tirana, Albania), E 500 

Hajdëri (Catholic University "Our Lady of Good Counsel", Tirana, Albania), V Mačić 501 

(Institute of Marine Biology, University of Montenegro) and C Kruschel (University of 502 

http://dx.doi.org/10.1111/ddi.12633


Pre-print version Revised as Jahnke et al. (2017) http://dx.doi.org/10.1111/ddi.12633  

Zadar, Zadar, Croatia). We also want to thank the associated editor and reviewers of D&D 503 

for their constructive comments on our manuscript. 504 

 505 

Biosketch 506 

The study was performed as part of the FP7 project CoCoNet (http://www.coconet-507 

fp7.eu/), aimed to produce guidelines for designing, managing and monitoring networks of 508 

MPAs, and an enriched wind atlas for both the Mediterranean and the Black Seas. 509 

Author contributions: M.J. and G.P. conceived and designed the research. M.J. performed 510 

the genetic analysis and led the writing. R.C., P.M. and M.S. performed the biophysical 511 

analysis. All authors contributed to manuscript writing. All authors revised the article 512 

critically and approved the final version to be published. 513 

 514 

Supporting information 515 

Table S1 List of microsatellites used in this analysis.  516 

Table S2 Master-mix used for amplification of microsatellites. 517 

Table S3 POWSIM power simulation for all 20 and the 14 neutral microsatellite loci of the 518 

8 Posidonia oceanica populations assessed.  519 

Table S4 Weir & Cockerham pairwise FST of Posidonia oceanica calculated based on all 520 

19 diploid loci. 521 

Table S5 Weir & Cockerham pairwise FST of Posidonia oceanica calculated based on the 522 

14 neutral loci. 523 

Table S6 Weir & Cockerham pairwise FST of Posidonia oceanica calculated based on the 524 

5 loci under balancing selection. 525 

Table S7 DEST of Posidonia oceanica calculated based on all 19 diploid loci.  526 

http://dx.doi.org/10.1111/ddi.12633


Pre-print version Revised as Jahnke et al. (2017) http://dx.doi.org/10.1111/ddi.12633  

Table S8 DEST of Posidonia oceanica calculated based on the 14 neutral loci.  527 

Table S9 DEST of Posidonia oceanica calculated based on the 5 loci under balancing 528 

selection.  529 

Table S10 Slatkin’s RST values of Posidonia oceanica calculated based on the 14 neutral 530 

loci. 531 

Table S11 Analysis of molecular variance (AMOVA) of the neutral loci set, showing the 532 

distribution of molecular variance among clusters (as defined by Structure), among 533 

populations, among individuals and within individuals. 534 

Figure S1 Lositan analysis of the Posidonia oceanica in the Adriatic and Ionian Sea.  535 

Figure S2 BayeScan analysis for the assessed Posidonia oceanica populations in the 536 

Adriatic and Ionian Sea.  537 

Figure S3 Delta K analysis of the Structure clustering analysis for the assessed Posidonia 538 

oceanica populations in the Adriatic and Ionian Sea. 539 

Figure S4 STRUCTURE plots for K between 3 and 8, showing further population 540 

structuring.  541 

http://dx.doi.org/10.1111/ddi.12633


Pre-print version Revised as Jahnke et al. (2017) http://dx.doi.org/10.1111/ddi.12633  

References 542 

Alberto F, Correia L, Arnaud-Haond S, Billot C, Duarte CM, Serrão EA (2003) New 543 
microsatellite markers for the endemic Mediterranean seagrass Posidonia oceanica. 544 
Molecular Ecology Notes 3, 253-255. 545 

Antao T, Lopes A, Lopes R, Beja-Pereira A, Luikart G (2008) LOSITAN: a workbench to 546 
detect molecular adaptation based on a Fst-outlier method. BMC bioinformatics 9, 547 
323. 548 

Arnaud-Haond S, Belkhir K (2007) genclone: a computer program to analyse genotypic 549 
data, test for clonality and describe spatial clonal organization. Molecular Ecology 550 
Notes 7, 15-17. 551 

Arnaud-Haond S, Duarte CM, Alberto F, Serrão EA (2007a) Standardizing methods to 552 
address clonality in population studies. Molecular Ecology 16, 5115-5139. 553 

Arnaud-Haond S, Duarte CM, Diaz-Almela E, Marbà N, Sintes T, Serrão EA (2012) 554 
Implications of extreme life span in clonal organisms: millenary clones in meadows 555 
of the threatened seagrass Posidonia oceanica. PloS one 7, e30454. 556 

Arnaud-Haond S, Migliaccio M, Diaz-Almela E, Teixeira S, van de Vliet MS, Alberto F, 557 
Procaccini G, Duarte CM, Serrão EA (2007b) Vicariance patterns in the 558 
Mediterranean Sea: east-west cleavage and low dispersal in the endemic seagrass 559 
Posidonia oceanica. Journal of biogeography 34, 963-976. 560 

Arnaud-Haond S, Moalic Y, Hernández-García E, Eguiluz VM, Alberto F, Serrão EA, 561 
Duarte CM (2014) Disentangling the influence of mutation and migration in clonal 562 
seagrasses using the genetic diversity spectrum for microsatellites. Journal of 563 
Heredity 105, 532-541. 564 

Arranz SE, Avarre J-C, Balasundaram C, Bouza C, Calcaterra NB, Cezilly F, Chen S-l, 565 
Cipriani G, Cruz VP, D'Esposito D, Daniel C, Dejean A, Dharaneedharan S, Díaz J, 566 
Du M, Durand J-D, Dziadek J, Foresti F, Peng-cheng F, Gao Q-b, García G, 567 
Gauffre-Autelin P, Giovino A, Goswami M, Guarino C, Guerra-Varela J, Gutiérrez 568 
V, Harris DJ, Heo M-S, Khan G, Kim M, Lakra WS, Lauth J, Leclercq P, Lee J, 569 
Lee S-H, Lee S, Lee T, Li Y-h, Liu H, Liu S, Malé P-JG, Mandhan RP, Martinez P, 570 
Mayer VE, Mendel J, Mendes NJ, F. Mendonça F, Minias A, Minias P, Oh K-S, 571 
Oliveira C, Orivel J, Orsini L, Pardo BG, Perera A, Procaccini G, Rato C, Ríos N, 572 
Scibetta S, Sharma BS, Sierens T, Singh A, Terer T, Triest L, Urbánková S, Vera 573 
M, Villanova GV, Voglmayr H, Vyskočilová M, Wang H, Wang J-l, Wattier RA, 574 
Xing R, Yadav K, Yin G, Yuan Y, Yun J-C, Zhang F-q, Zhang J-h, Zhuang Z 575 
(2013) Permanent Genetic Resources added to Molecular Ecology Resources 576 
Database 1 December 2012–31 January 2013. Molecular Ecology Resources 13, 577 
546-549. 578 

Balestri E, Cinelli F (2003) Sexual reproductive success in Posidonia oceanica. Aquatic 579 
Botany 75, 21-32. 580 

Beck MW, Heck KL, Able KW, Childers DL, Eggleston DB, Gillanders BM, Halpern B, 581 
Hays CG, Hoshino K, Minello TJ, Orth RJ, Sheridan PF, Weinstein MP (2001) The 582 
identification, conservation, and management of estuarine and marine nurseries for 583 
fish and invertebrates. BioScience 51, 633-641. 584 

Beger M, Linke S, Watts M, Game E, Treml E, Ball I, Possingham HP (2010) 585 
Incorporating asymmetric connectivity into spatial decision making for 586 
conservation. Conservation Letters 3, 359-368. 587 

http://dx.doi.org/10.1111/ddi.12633


Pre-print version Revised as Jahnke et al. (2017) http://dx.doi.org/10.1111/ddi.12633  

Beger M, McGowan J, Treml EA, Green AL, White AT, Wolff NH, Klein CJ, Mumby PJ, 588 
Possingham HP (2015) Integrating regional conservation priorities for multiple 589 
objectives into national policy. Nature communications 6. 590 

Berry O, Tocher MD, Sarre SD (2004) Can assignment tests measure dispersal? Molecular 591 
Ecology 13, 551-561. 592 

Boissin E, Micu D, Goff JL, Neglia V, Bat L, Todorova V, Panayotova M, Kruschel C, 593 
Macic V, Milchakova N (2016) Contemporary genetic structure and post‐glacial 594 
demographic history of the black scorpionfish, Scorpaena porcus, in the 595 
Mediterranean and the Black Seas. Molecular Ecology 25, 2195-2209. 596 

Buia M, Mazzella L (1991) Reproductive phenology of the Mediterranean seagrasses 597 
Posidonia oceanica (L.) Delile, Cymodocea nodosa (Ucria) Aschers., and Zostera 598 
noltii Hornem. Aquatic Botany 40, 343-362. 599 

Carreras C, Ordóñez V, Zane L, Kruschel C, Nasto I, Macpherson E, Pascual M (2017) 600 
Population genomics of an endemic Mediterranean fish: differentiation by fine 601 
scale dispersal and adaptation. Scientific reports 7, 43417. 602 

Christie MR, Tissot BN, Albins MA, Beets JP, Jia Y, Ortiz DM, Thompson SE, Hixon MA 603 
(2010) Larval connectivity in an effective network of Marine Protected Areas. PloS 604 
one 5, e15715. 605 

Conover DO, Clarke LM, Munch SB, Wagner GN (2006) Spatial and temporal scales of 606 
adaptive divergence in marine fishes and the implications for conservation. Journal 607 
Of Fish Biology 69, 21-47. 608 

Costanza R, de Groot R, Sutton P, van der Ploeg S, Anderson SJ, Kubiszewski I, Farber S, 609 
Turner RK (2014) Changes in the global value of ecosystem services. Global 610 
Environmental Change 26, 152-158. 611 

Cowen RK, Sponaugle S (2009) Larval Dispersal and Marine Population Connectivity. In: 612 
Annual review of marine science, pp. 443-466. Annual Reviews, Palo Alto. 613 

Cristescu ME, Constantin A, Bock DG, Caceres CE, Crease TJ (2012) Speciation with 614 
gene flow and the genetics of habitat transitions. Molecular Ecology 21, 1411-615 
1422. 616 

Di Franco A, Coppini G, Pujolar JM, De Leo GA, Gatto M, Lyubartsev V, Melia P, Zane 617 
L, Guidetti P (2012) Assessing dispersal patterns of fish propagules from an 618 
effective Mediterranean marine protected area. PloS one 7, e52108. 619 

Dorken ME, Eckert CG (2001) Severely reduced sexual reproduction in northern 620 
populations of a clonal plant, Decodonverticillatus (Lythraceae). Journal of 621 
Ecology 89, 339-350. 622 

Duarte C, Dennison W, Orth RW, Carruthers TB (2008) The Charisma of Coastal 623 
Ecosystems: Addressing the Imbalance. Estuaries and Coasts 31, 233-238. 624 

Duffy JE, Stachowicz JJ (2006) Why biodiversity is important to oceanography: potential 625 
roles of genetic, species, and trophic diversity in pelagic ecosystem processes. 626 
Marine Ecology Progress Series 311, 179-189. 627 

Earl DA, von Holdt BM (2012) STRUCTURE HARVESTER: a website and program for 628 
visualizing STRUCTURE output and implementing the Evanno method. 629 
Conservation Genetics Resources 4, 359-361. 630 

Excoffier L, Lischer HEL (2010) Arlequin suite ver 3.5: a new series of programs to 631 
perform population genetics analyses under Linux and Windows. Molecular 632 
Ecology Resources 10, 564-567. 633 

Fernandes L, Day J, Kerrigan B, Breen D, De'ath G, Mapstone B, Coles R, Done T, Marsh 634 
H, Poiner I, Ward T, Williams D, Kenchington R (2009) A process to design a 635 

http://dx.doi.org/10.1111/ddi.12633


Pre-print version Revised as Jahnke et al. (2017) http://dx.doi.org/10.1111/ddi.12633  

network of marine no-take areas: Lessons from the Great Barrier Reef. Ocean & 636 
Coastal Management 52, 439-447. 637 

Foll M, Gaggiotti O (2008) A genome-scan method to identify selected loci appropriate for 638 
both dominant and codominant markers: a Bayesian perspective. Genetics 180, 639 
977-993. 640 

Fraschetti S, Guarnieri G, Bevilacqua S, Terlizzi A, Boero F (2013) Protection enhances 641 
community and habitat stability: evidence from a Mediterranean Marine Protected 642 
Area. PloS one 8, e81838. 643 

Galindo HM, Pfeiffer-Herbert AS, McManus MA, Chao Y, Chai F, Palumbi SR (2010) 644 
Seascape genetics along a steep cline: using genetic patterns to test predictions of 645 
marine larval dispersal. Molecular Ecology 19, 3692-3707. 646 

Gallego A, North E, Petitgas P (2007) Introduction: status and future of modelling 647 
physical-biological interactions during the early life of fishes. Marine Ecology 648 
Progress Series 347, 122-126. 649 

Giannoulaki M, Belluscio A, Colloca F, Fraschetti S, Scardi M, Smith C, Panayotidis P, 650 
Valavanis V, Spedicato MT (2013) Mediterranean Sensitive Habitats In: DG 651 
MARE Specific Contract SI2.600741, Final Report, p. 557 p. 652 

Gill DA, Mascia MB, Ahmadia GN, Glew L, Lester SE, Barnes M, Craigie I, Darling ES, 653 
Free CM, Geldmann J (2017) Capacity shortfalls hinder the performance of marine 654 
protected areas globally. Nature 543, 665-669. 655 

Grech A, Wolter J, Coles R, McKenzie L, Rasheed M, Thomas C, Waycott M, Hanert E 656 
(2016) Spatial patterns of seagrass dispersal and settlement. Diversity and 657 
Distributions 22, 1150-1162. 658 

Guidetti P, Milazzo M, Bussotti S, Molinari A, Murenu M, Pais A, Spanò N, Balzano R, 659 
Agardy T, Boero F, Carrada G, Cattaneo-Vietti R, Cau A, Chemello R, Greco S, 660 
Manganaro A, Notarbartolo di Sciara G, Russo GF, Tunesi L (2008) Italian marine 661 
reserve effectiveness: Does enforcement matter? Biological Conservation 141, 699-662 
709. 663 

Hardy OJ, Charbonnel N, Fréville H, Heuertz M (2003) Microsatellite allele sizes: a simple 664 
test to assess their significance on genetic differentiation. Genetics 163, 1467-1482. 665 

Hardy OJ, Vekemans X (2002) SPAGeDi: a versatile computer program to analyse spatial 666 
genetic structure at the individual or population levels. Molecular Ecology Notes 2, 667 
618-620. 668 

Healey D, Hovel KA (2004) Seagrass bed patchiness: effects on epifaunal communities in 669 
San Diego Bay, USA. Journal of Experimental Marine Biology and Ecology 313, 670 
155-174. 671 

Heck K, Hays G, Orth R (2003) Critical evaluation of the nursery role hypothesis for 672 
seagrass meadows. Marine Ecology Progress Series 253, 123-136. 673 

Hogan JD, Thiessen RJ, Sale PF, Heath DD (2012) Local retention, dispersal and 674 
fluctuating connectivity among populations of a coral reef fish. Oecologia 168, 61-675 
71. 676 

Hughes AR, Stachowicz JJ (2009) Ecological impacts of genotypic diversity in the clonal 677 
seagrass Zostera marina. Ecology 90, 1412-1419. 678 

Jombart T (2008) adegenet: a R package for the multivariate analysis of genetic markers. 679 
Bioinformatics 24, 1403-1405. 680 

Jombart T, Devillard S, Balloux F (2010) Discriminant analysis of principal components: a 681 
new method for the analysis of genetically structured populations. BMC Genetics 682 
11, 94. 683 

http://dx.doi.org/10.1111/ddi.12633


Pre-print version Revised as Jahnke et al. (2017) http://dx.doi.org/10.1111/ddi.12633  

Jones GP, Almany GR, Russ GR, Sale PF, Steneck RS, van Oppen MJH, Willis BL (2009) 684 
Larval retention and connectivity among populations of corals and reef fishes: 685 
history, advances and challenges. Coral Reefs 28, 307-325. 686 

Jost LOU (2008) GST and its relatives do not measure differentiation. Molecular Ecology 687 
17, 4015-4026. 688 

Katalinić M, Ćorak M, Parunov J (2014) Analysis of wave heights and wind speeds in the 689 
Adriatic Sea, 5-7. 690 

Keenan K, McGinnity P, Cross TF, Crozier WW, Prodöhl PA (2013) diveRsity: An R 691 
package for the estimation and exploration of population genetics parameters and 692 
their associated errors. Methods in Ecology and Evolution 4, 782-788. 693 

Kopelman NM, Mayzel J, Jakobsson M, Rosenberg NA, Mayrose I (2015) Clumpak: a 694 
program for identifying clustering modes and packaging population structure 695 
inferences across K. Molecular Ecology Resources 15, 1179-1191. 696 

Lamb JB, van de Water JA, Bourne DG, Altier C, Hein MY, Fiorenza EA, Abu N, Jompa 697 
J, Harvell CD (2017) Seagrass ecosystems reduce exposure to bacterial pathogens 698 
of humans, fishes, and invertebrates. Science 355, 731-733. 699 

López-Duarte PC, Carson HS, Cook GS, Fodrie FJ, Becker BJ, DiBacco C, Levin LA 700 
(2012) What controls connectivity? An empirical, multi-species approach. 701 
Integrative and comparative biology 52, 511-524. 702 

Magris RA, Treml EA, Pressey RL, Weeks R (2015) Integrating multiple species 703 
connectivity and habitat quality into conservation planning for coral reefs. 704 
Ecography, n/a-n/a. 705 

Marbà N, Díaz-Almela E, Duarte CM (2014) Mediterranean seagrass (Posidonia oceanica) 706 
loss between 1842 and 2009. Biological Conservation 176, 183-190. 707 

McCook LJ, Almany GR, Berumen ML, Day JC, Green AL, Jones GP, Leis JM, Planes S, 708 
Russ GR, Sale PF, Thorrold SR (2009) Management under uncertainty: guide-lines 709 
for incorporating connectivity into the protection of coral reefs. Coral Reefs 28, 710 
353-366. 711 

McMahon K, van Dijk K-j, Ruiz-Montoya L, Kendrick GA, Krauss SL, Waycott M, 712 
Verduin J, Lowe R, Statton J, Brown E, Duarte C (2014) The movement ecology of 713 
seagrasses. Proceedings of the Royal Society B: Biological Sciences 281, 714 
20140878. 715 

Melià P, Schiavina M, Rossetto M, Gatto M, Fraschetti S, Casagrandi R (2016) Looking 716 
for hotspots of marine metacommunity connectivity: a methodological framework. 717 
Scientific reports, 23705. 718 

Nosil P (2009) Adaptive population divergence in cryptic color‐pattern following a 719 
reduction in gene flow. Evolution 63, 1902-1912. 720 

Oddo P, Pinardi N, Zavatarelli M, Coluccelli A (2006) The Adriatic basin forecasting 721 
system. Acta Adriatica 47, 169. 722 

Paetkau D, Slade R, Burden M, Estoup A (2004) Genetic assignment methods for the 723 
direct, real-time estimation of migration rate: a simulation-based exploration of 724 
accuracy and power. Molecular Ecology 13, 55-65. 725 

Palumbi SR (2003) Population Genetics, Demographic Connectivity, and the Design of 726 
Marine Reserves. Ecological applications 13, S146-S158. 727 

Palumbi SR (2004) Marine reserves and ocean neighborhoods: The spatial scale of marine 728 
populations and their management. Annual Review of Environment and Resources 729 
29, 31-68. 730 

Paterno M, Schiavina M, Aglieri G, Ben Souissi J, Boscari E, Casagrandi R, Chassanite A, 731 
Chiantore M, Congiu L, Guarnieri G, Kruschel C, Macic V, Marino I, Papetti C, 732 

http://dx.doi.org/10.1111/ddi.12633


Pre-print version Revised as Jahnke et al. (2017) http://dx.doi.org/10.1111/ddi.12633  

Patarnello T, Zane L, Melià P (2017) Population genomics meet Lagrangian 733 
simulations: oceanographic patterns and long larval duration ensure connectivity 734 
among Paracentrotus lividus populations in the Adriatic and Ionian seas. Ecology 735 
and Evolution. 736 

Peakall R, Smouse PE (2012) GenAlEx 6.5: genetic analysis in Excel. Population genetic 737 
software for teaching and research—an update. Bioinformatics 28, 2537-2539. 738 

Piry S, Alapetite A, Cornuet J-M, Paetkau D, Baudouin L, Estoup A (2004) 739 
GENECLASS2: A software for genetic assignment and first-generation migrant 740 
detection. Journal of Heredity 95, 536-539. 741 

Planes S, Jones GP, Thorrold SR (2009) Larval dispersal connects fish populations in a 742 
network of marine protected areas. Proceedings of the National Academy of 743 
Sciences of the United States of America 106, 5693-5697. 744 

Poulain PM (2013) Tidal currents in the Adriatic as measured by surface drifters. Journal 745 
of Geophysical Research: Oceans 118, 1434-1444. 746 

Pritchard JK, Stephens M, Donnelly P (2000) Inference of population structure using 747 
multilocus genotype data. Genetics 155, 945-959. 748 

Procaccini G, Waycott M (1998) Brief communication. Microsatellite loci identified in the 749 
seagrass Posidonia oceanica (L.) Delile. Journal of Heredity 89, 562-568. 750 

Pujolar JM, Schiavina M, Di Franco A, Melià P, Guidetti P, Gatto M, De Leo GA, Zane L 751 
(2013) Understanding the effectiveness of marine protected areas using genetic 752 
connectivity patterns and Lagrangian simulations. Diversity and Distributions 19, 753 
1531-1542. 754 

R Development Core Team (2014) R: A language and environment for statistical 755 
computing. R Foundation for Statistical Computing, Vienna, Austria ISBN 3-756 
900051-07-0, URL http://www.R-project.org/. 757 

Rannala B, Mountain JL (1997) Detecting immigration by using multilocus genotypes. 758 
Proceedings of the National Academy of Sciences 94, 9197-9201. 759 

Räsänen K, Hendry AP (2008) Disentangling interactions between adaptive divergence 760 
and gene flow when ecology drives diversification. Ecology letters 11, 624-636. 761 

Raymond M, Rousset F (1995) GENEPOP (version 1.2): population genetics software for 762 
exact tests and ecumenicism. Journal of Heredity 86, 248-249. 763 

Reichel K, Masson J-P, Malrieu F, Arnaud-Haond S, Stoeckel S (2016) Rare sex or out of 764 
reach equilibrium? The dynamics of F IS in partially clonal organisms. BMC 765 
Genetics 17. 766 

Rozenfeld AF, Arnaud-Haond S, Hernández-García E, Eguíluz VM, Serrão EA, Duarte 767 
CM (2008) Network analysis identifies weak and strong links in a metapopulation 768 
system. Proceedings of the National Academy of Sciences 105, 18824-18829. 769 

Ruggiero M, Turk R, Procaccini G (2002) Genetic identity and homozygosity in North-770 
Adriatic populations of Posidonia oceanica: An ancient, post-glacial clone? 771 
Conservation Genetics 3, 69-72. 772 

Ruiz-Montoya L, Marañón E, Lathlean JA, Smyntek PM, Hunsinger GB, Staehr PA, 773 
Dalsgaard T, Cory RM, Buchwald C, Ruiz-González C (2012) The role of 774 
hydrodynamics on seed dispersal in seagrasses. Limnology and Oceanography 57, 775 
1453-1466. 776 

Ryman N, Palm S (2006) POWSIM: a computer program for assessing statistical power 777 
when testing for genetic differentiation. Molecular Ecology Notes 6, 600-602. 778 

Sanford E, Kelly MW (2011) Local adaptation in marine invertebrates. Annual review of 779 
marine science 3, 509-535. 780 

http://dx.doi.org/10.1111/ddi.12633
http://www.r-project.org/


Pre-print version Revised as Jahnke et al. (2017) http://dx.doi.org/10.1111/ddi.12633  

Schiavina M, Marino IAM, Zane L, Melià P (2014) Matching oceanography and genetics 781 
at the basin scale. Seascape connectivity of the Mediterranean shore crab in the 782 
Adriatic Sea. Molecular Ecology 23, 5496-5507. 783 

Serra IA, Innocenti AM, Di Maida G, Calvo S, Migliaccio M, Zambianchi E, Pizzigalli C, 784 
Arnaud-Haond S, Duarte CM, Serrao EA, Procaccini G (2010) Genetic structure in 785 
the Mediterranean seagrass Posidonia oceanica: disentangling past vicariance 786 
events from contemporary patterns of gene flow. Molecular Ecology 19, 557-568. 787 

Short FT, Polidoro B, Livingstone SR, Carpenter KE, Bandeira S, Bujang JS, Calumpong 788 
HP, Carruthers TJB, Coles RG, Dennison WC, Erftemeijer PLA, Fortes MD, 789 
Freeman AS, Jagtap TG, Kamal AHM, Kendrick GA, Judson Kenworthy W, La 790 
Nafie YA, Nasution IM, Orth RJ, Prathep A, Sanciangco JC, Tussenbroek Bv, 791 
Vergara SG, Waycott M, Zieman JC (2011) Extinction risk assessment of the 792 
world’s seagrass species. Biological Conservation 144, 1961-1971. 793 

Tomasello A, Di Maida G, Calvo S, Pirrotta M, Borra M, Procaccini G (2009) Seagrass 794 
meadows at the extreme of environmental tolerance: the case of Posidonia 795 
oceanica in a semi-enclosed coastal lagoon. Marine Ecology 30, 288-300. 796 

Underwood J, Smith L, Van Oppen M, Gilmour J (2007) Multiple scales of genetic 797 
connectivity in a brooding coral on isolated reefs following catastrophic bleaching. 798 
Molecular Ecology 16, 771-784. 799 

van Oosterhout C, Hutchinson WF, WILLS DP, Shipley P (2004) micro‐checker: software 800 
for identifying and correcting genotyping errors in microsatellite data. Molecular 801 
Ecology Notes 4, 535-538. 802 

Vandergast AG, Bohonak AJ, Hathaway SA, Boys J, Fisher RN (2008) Are hotspots of 803 
evolutionary potential adequately protected in southern California? Biological 804 
Conservation 141, 1648-1664. 805 

Wang C, Rosenberg NA (2012) MicroDrop: a program for estimating and correcting for 806 
allelic dropout in nonreplicated microsatellite genotypes version 1.01. See 807 
https://web. stanford. edu/group/rosen/berglab/microdrop. html. 808 

Warry F, Hindell J, Macreadie P, Jenkins G, Connolly RM (2009) Integrating edge effects 809 
into studies of habitat fragmentation: a test using meiofauna in seagrass. Oecologia 810 
159, 883-892. 811 

Weeks R, Aliño PM, Atkinson S, Beldia P, Binson A, Campos WL, Djohani R, Green AL, 812 
Hamilton R, Horigue V (2014) Developing marine protected area networks in the 813 
Coral Triangle: good practices for expanding the Coral Triangle marine protected 814 
area system. Coastal Management 42, 183-205. 815 

White C, Selkoe KA, Watson J, Siegel DA, Zacherl DC, Toonen RJ (2010) Ocean currents 816 
help explain population genetic structure. Proceedings of the Royal Society B: 817 
Biological Sciences. 818 

 819 

820 

http://dx.doi.org/10.1111/ddi.12633


Pre-print version Revised as Jahnke et al. (2017) http://dx.doi.org/10.1111/ddi.12633  

Tables and Figures 821 

Table 1. Genetic diversity of Posidonia oceanica at the eight locations in the Adriatic and Ionian seas. The 374 individuals from eight populations 822 
and five countries were assessed with 20 microsatellites. After the country and the population names (including acronyms), are the geographical 823 
coordinates (latitude and longitude)), the number of samples extracted (N) and the number of samples successfully amplified at all loci (Nr); the 824 
number of multilocus genotypes (MLG); genotypic richness (R); the mean number of alleles per locus (Na); allelic richness standardized to 27 825 
genotypes (A27), observed heterozygosity (HO); expected heterozygosity (HE); the fixation index (F) and the percentage of polymorphic loci in the 826 
population (%P). Figures in bold indicate significant F values. The parameters marked with * were calculated after the removal of the chloroplastic 827 
locus Poc-trn. 828 

Country Population Latitude Longitude Location 
info N Nr MLG R Na A27 HO* HE* F* %P 

Italy 

Otranto 
(OTR) 

40.109233 18.519217 

Potential 
area for 
future 
MPA 

48 45 27 0.59 1.80 
(0.16) 

1.8 
(0) 

0.45 
(0.10) 

0.26 
(0.05) 

–0.58 
(0.11) 65% 

Porto 
Cesareo 
(POC) 

40.195250 17.917950 
MPA 

established 
in 1997 48 43 41 0.95 2.60 

(0.32) 
2.39 

(0.11) 
0.53 

(0.10) 
0.34 

(0.06) 
–0.44 
(0.09) 80% 

Torre 
Guaceto 
(TOG) 

40.716650 17.800050 
MPA 

established 
in 1991 48 42 42 1 2.70 

(0.40) 
2.61 

(0.07) 
0.58 

(0.08) 
0.42 

(0.06) 
–0.41 
(0.09) 80% 

Tremiti 
(TRE) 

42.138583 15.523950 
MPA 

established 
in 1989 48 46 31 0.67 2.25 

(0.25) 
2.22 

(0.05) 
0.49 

(0.10) 
0.30 

(0.05) 
–0.49 
(0.09) 75% 

Albania 
Karaburun 
Peninsula 

(KAP) 
40.392800 19.324967 

MPA 
established 

in 2010 38 37 37 1 2.55 
(0.35) 

2.51 
(0.03) 

0.56 
(0.10) 

0.38 
(0.06) 

–0.44 
(0.11) 80% 

Croatia Kornati 
(KOR) 

43.792250 15.281483 
MPA 

established 
in 1980 48 44 33 0.74 2.30 

(0.19) 
2.26 

(0.04) 
0.42 

(0.09) 
0.29 

(0.05) 
–0.32 
(0.09) 95% 

Greece Othonoi 
(OTH) 

39.836017 19.397767 No MPA 48 44 34 0.78 2.70 
(0.40) 

2.68 
(0.03) 

0.55 
(0.09) 

0.37 
(0.05) 

–0.43 
(0.09) 85% 
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Montenegro 
Boka 

Kotorska Bay 
(BOK) 

42.387533 18.569633 No MPA 48 45 33 0.73 2.40 
(0.25) 

2.29 
(0.08) 

0.52 
(0.10) 

0.31 
(0.05) 

–0.50 
(0.09) 80% 
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Table 2. Assignment test of Posidonia oceanica in the eight Adriatic and Ionian populations based 829 
on the neutral microsatellite set (14 loci). For each site (acronyms as in Table 1), individuals are 830 
presented in rows according to their sampling site and classified into individuals that get assigned to 831 
their own population (Self) and other sites that they get assigned to, namely Torre Guaceto (TOG), 832 
Othonoi (OTH), or unknown sources that could not be ascribed to any of the sampled populations 833 
(Unknown). The last column lists the total number and percentage of individuals that were not 834 
assigned to the population from which they were sampled.  835 

Population Origin 

 Self TOG OTH Unknown Total 
OTR 27 – – – 0 (0%) 
POC 39 – – 2 2 (5%) 
TOG 41 – – 1 1 (2%) 
TRE 30 1 – – 1 (3%) 
KAP 35 1 – 1 2 (5%) 
KOR 31 – 1 1 2 (6%) 
OTH 34 – – – 0 (0%) 
BOK 31 1 – 1 2 (6%) 
Total 241 (96%) 3 1 6 10 (4%) 

  836 
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Figure 1. Sampling locations of Posidonia oceanica in the Adriatic and Ionian seas. The shading 837 
shows the suitable habitat produced by the MediSeH project (Giannoulakiet al. 2013), including a 838 
buffer to increase visibility. Location acronyms are TRE for Tremiti (MPA was established in 839 
1989), TOG for Torre Guaceto (MPA was established in 1991), OTR for Otranto (this site is in a 840 
potential area for a future MPA), POC for Porto Cesareo (MPA was established in 1997) (all 841 
located in Italy), OTH for Othonoi in Greece (no MPA), KAP for Karaburun Peninsula in Albania 842 
(MPA was established in 2010), BOK for Boka Kotorska Bay in Montenegro (no MPA) and KOR 843 
for Kornati in Croatia (MPA was established in 1980).  844 
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Figure 2. Oceanographic connectivity of eight Posidonia oceanica populations in the Adriatic and 846 
Ionian seas. Connectivity matrices (leftmost panels) show potential connectivity among sites, 847 
estimated via Lagrangian simulations, in terms of (a) intensity and (e) persistence (see text for 848 
details). Histograms show retention (b and f), source (c and g) and sink (d and h) strength of each 849 
site, as resulting by summing up the values of the corresponding matrices along the diagonal, the 850 
remaining row cells and the remaining column cells, respectively. Supplying populations are shown 851 
in the rows, receiving populations in the columns. Site acronyms as in Fig.1 and Table 1. 852 
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Figure 3. Clustering analyses for the eight Posidonia oceanica populations in the Adriatic and 854 
Ionian seas. a) population structure analysis performed using the STRUCTURE software (Pritchard 855 
et al. 2000) for neutral loci and based on correlated allele frequencies and admixture (K = 2); b) 856 
Discriminant Analysis of Principal Components DAPC (Jombart et al. 2010) for neutral loci 857 
retaining 15 principal components (PCs) as suggested in alpha score analysis (c). The STRUCTURE 858 
plot is shown for the most likely number of clusters (delta-K analysis) and plots for higher Ks can 859 
be found in Fig. S4. Within each plot, each vertical bar represents an individual belonging to the 860 
sampling location indicated under the x-axis, clusters are colour coded, and the y-axis of each plot 861 
shows the proportion of the genotype belonging to each cluster. The DAPC analysis was performed 862 
based on the location of sampling (as opposed to defined by the cluster analysis of DAPC) and the 863 
colour of each population represents the colour of the majority of individuals of this population in 864 
the corresponding analysis performed by the STRUCTURE software. Each dot represents an 865 
individual contained into populations by a circle. Site acronyms as in Table 1 and Fig. 1. 866 
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