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Padova, I-35131 Padova, Italy, 2Department

of Bioscience, Aarhus University, DK-8000

Aarhus, Denmark, 3Dipartimento di

Elettronica e Informazione, Politecnico di

Milano, I-20133 Milano, Italy,
4Dipartimento di Scienze Ambientali,
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ABSTRACT

Aim To explore the patterns of connectivity between marine protected areas

(MPAs) and neighbouring non-protected areas and the scale at which the bene-

fits of MPAs are expected using the white sea bream as model species.

Location Marine protected area of Torre Guaceto (TGMPA, Italy) in the south

Adriatic Sea.

Methods A multidisciplinary approach was used combining (1) a genetic sur-

vey using 12 highly informative microsatellite loci of samples collected within

the MPA and in several locations up to 100 km from the MPA; and (2) larval

trajectories using Lagrangian simulations based on an oceanographical model

of the region that includes specific data on early life-history traits. Both genetic

and simulation studies were temporarily replicated during two consecutive

years.

Results The overall genetic homogeneity observed indicates that the TGMPA is

not isolated and that there is genetic connectivity among locations across a

scale of at least ~200 km. A high degree of connectivity between the TGMPA

and neighbouring areas is in agreement with Lagrangian simulations, which

indicate that white sea bream larvae can be transported over large distances up

to about 300 km. Trajectories released from the TGMPA showed that on aver-

age, 12.75% of the larvae remains within the TGMPA, while the rest travel

south towards non-protected areas.

Main conclusions Our findings highlight the potential benefits of effectively

enforced MPAs for neighbouring or relatively distant non-protected fishing

areas and the potential connection with other MPAs at regional scale. Combin-

ing genetics and modelling can provide a general framework to investigate the

role of connectivity in MPA design that can be easily extended to other species

and geographical areas.

Keywords

Connectivity, larval dispersal, larval retention, marine protected areas,

microsatellite, white sea bream.

INTRODUCTION

Determining genetic connectivity and the relative influence

of physical and biotic factors is particularly important for

the design of marine protected areas (MPAs) (Palumbi,

2003). MPAs have been advocated world-wide as a powerful

conservation and fishery management tool that can safeguard

from populations of species to ecosystems and also benefit

fisheries by means of density-dependent spillover of adults

and enhanced larval dispersal into fishing areas (Roberts
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et al., 2001; Halpern & Warner, 2002; Lubchenco et al.,

2003; Hilborn, 2004; Claudet et al., 2008; White et al., 2008;

Lester et al., 2009; Molloy et al., 2009; Palumbi et al., 2009;

Edgar, 2011). Therefore, it is fundamental for MPA design to

understand contemporary larval transport in and out of the

marine protected areas, whether larval retention/export

occurs within MPAs and from MPAs to non-protected fished

areas, and whether and at what extent MPA networks may

exchange recruits (Palumbi, 2003). However, due to a poor

understanding of the interactions between dispersal and

oceanic features, the measurement of connectivity and conse-

quently the design of MPAs and their networks remain an

extremely difficult challenge. In this sense, genetic tools have

the potential to estimate the rate of exchange among popula-

tions and provide an indirect measure of connectivity

(P�erez-Ruzafa et al., 2006; Steneck et al., 2006; Waples &

Gaggiotti, 2006; Dunlop et al., 2009; McInerney et al., 2009,

2012), which can facilitate the set-up of the appropriate

spatial scale at which effective single MPAs and/or MPA

networks should be designed.

In this study, we explored the connectivity dynamics of a

Mediterranean MPA, Torre Guaceto in the south-western

Adriatic Sea (TGMPA), using the white sea bream Diplodus

sargus sargus as model species. This is a benthopelagic (demer-

sal) species inhabiting shallow coastal rocky bottoms inter-

spersed with sand down to depths of about 50 m in the Eas

tern Atlantic, Mediterranean and Black seas (Harmelin-Vivien

et al., 1995). Adults are relatively sedentary and produce lar-

vae that develop in pelagic waters for a period of 16–28 days

until settlement (Vigliola, 1998; Di Franco & Guidetti, 2011;

Di Franco et al., 2011). A larval dispersal of at least 200 km

has been recently suggested on the basis of otolith micro-

chemistry, while post-settlement dispersal was highly variable,

with some individuals not dispersing at all and other individ-

uals dispersing over about 30 km (Di Franco et al., 2012).

Despite this high larval dispersal, weak but significant genetic

differences have been detected at a scale ranging from less

than 100 km (Gonz�alez-Wang€uemert et al., 2012) to several

hundreds of kilometres (Lenfant & Planes, 1996). This species

was selected because of its ecologic importance, being the

major predator of sea urchins and therefore playing a major

role in controlling their abundance and effects on benthic

communities (Sala & Zabala, 1996; Sala et al., 1998; Guidetti,

2006; Guidetti & Sala, 2007). The species also has important

socio-economic value and supports local artisanal and recrea-

tional fisheries (Guidetti, 2006).

The TGMPA is effectively enforced, and a number of stud-

ies have reported a long-term positive effect of the TGMPA

including higher density and size of many coastal fish com-

pared with adjacent fished areas and community-wide effects

of protection (Guidetti, 2006, 2007; Guidetti et al., 2008). On

the basis of this evidence, we tested the hypothesis that the

TGMPA is also an important source of propagules (eggs and

larvae) by investigating whether larvae are retained and/or

exported outside the reserve boundaries. We employed a

multidisciplinary approach combining genetic analyses using

microsatellite loci and Lagrangian simulations of dispersal

based on an oceanographical model of the region and fed

with data on early life-history traits of the species (e.g. spawn-

ing date, pelagic larval duration). The combined strategy

allowed us to estimate potential dispersal in the white sea

bream and elucidate the genetic consequences of dispersal.

MATERIAL AND METHODS

Genetic samples

A total of 298 settlers of D. sargus sargus (i.e. specimens

1–1.5 cm total length) were caught using hand nets at five

separate geographical locations along 200 km of the Apulian

coast in the south Adriatic Sea (Fig. 1). One location was

inside the TGMPA, and four locations were outside (two nor

thward and two southward) in surrounding non-protected

areas up to 100 km from the TGMPA. The details of the

locations are as follows: (1) Punta Penna Grossa inside the

TGMPA (40°43′ N, 17°46′ E), (2) Torre Pozzella situated

20 km north of the TGMPA (40°49′ N, 17°30′ E), (3) Torre

a Mare situated 100 km north of the TGMPA and south of

Bari (41°5′ N, 17° E), (4) Punta Penne situated 10 km south

of the TGMPA and north of Brindisi (40°41′ N, 17°56′ E)
and (5) San Foca situated 90 km south of the TGMPA

(40°18′ N, 18°25′ E). Settlers were collected at all five loca-

tions during May 2009 (N = 168) and May 2010 (N = 130)

just after the settlement peak as detailed in Table 1.

Additionally, a total of 84 adults were collected at the

TGMPA during 2010. Individuals were aged using otolith-

ometry, and each fish was assigned to a single cohort or year

class. The number of annual rings on otoliths was read using

a software image analysis system equipped with video camera,

able to get and display large HD images on a wide screen (for

generalities on ageing fish using otoliths see Panfili et al.,

2002). A subsample of 54 adults corresponding to four

cohorts (2005, N = 12; 2006, N = 14; 2007, N = 14; 2008,

N = 14) was selected for the genetic analysis to include suffi-

cient number of individuals per group to conduct statistical

analysis.

Microsatellite analysis

Deoxyribonucleic acid was extracted from ethanol-preserved

caudal finclips using a modified version of the standard pro-

tocols of proteinase k digestion (Sambrook et al., 1999). In a

first step, minute sections of tissue were digested in a lysis

buffer containing 100 ll TE Buffer, 7 ll 1 M DTT (dithiothre-

itol) solution pH 5.2 (diluted in 0.08 M NaAC) and 2 ll pro-
teinase K solution (20 mg ml�1) at 56 °C. After at least 4 h,

samples were incubated at 96 °C for 10 min and centrifuged

at 11,000 g for 11 min. After centrifugation, the supernatant

was transferred to a new tube and stored at �20 °C.
Genotypes were examined at a total of 12 microsatellite

loci originally developed for the gilthead sea bream Sparus

aurata (Franch et al., 2006; Massault et al., 2010) that
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positively amplified in D. sargus sargus (Supplementary

Table 1). PCR products were obtained in a GeneAmp PCR

System 2700 Thermocycler (Applied Biosystems, Carlsbad,

CA, USA) using the QIAGEN Multiplex PCR Kit. PCR reac-

tions consisted of 2 ll template DNA, 5 ll QIAGEN Multiplex

PCR Master Mix, 0.2 ll 10 lM forward and reverse primers

and water up to 10 ll. PCR conditions were as follows:

15 min at 95 °C, 35 cycles of 30 s at 94 °C, 90 s at 57 °C and

1 min at 72 °C and final elongation for 30 min at 60 °C. PCR
products were visualized on 1.8% agarose gels and screened

for microsatellite polymorphism using an ABI 3130 AVANT

automatic capillary sequencer (Applied Biosystems).

Genetic data analysis

Within-sample genetic diversity was assessed by observed

(Ho) and expected (He) heterozygosities per locus and mean

and total number of alleles using GENETIX version 4.05 (Belk-

hir et al., 2005) and standardized allelic richness (AR) using

FSTAT version 2.3.9.2 (Goudet, 2002). Diversity values across

samples were compared with one-way ANOVA using STATISTI-

CA version 10 (StatSoft, Tulsa, OK, USA). Deviations from

Hardy–Weinberg equilibrium (HWE) and linkage disequilib-

rium were tested using GENEPOP version 3.4 (Raymond &

Rousset, 1995). Significance levels for multiple comparisons

were adjusted using the sequential Bonferroni technique

(Rice, 1989). Presence of null alleles was tested using the

program MICRO-CHECKER version 2.2.3 (Van oosterhout et al.,

2004). Neutrality of the markers was tested using the selec-

tion detection workbench LOSITAN (Antao et al., 2008).

Prior to the population structure analysis, the statistical

power of the markers employed was assessed with POWSIM

(Ryman & Palm, 2006). We tested a range of predefined

levels of expected divergence (FST = 0.001, 0.005, 0.01, 0.05,

Bari

Lecce

Brindisi

Punta PenneMPA
TORRE 
GUACETO

San Foca

Punta 
Penna Grossa

Torre
Pozzella

Torre A Mare

10 km

18° E17° E

41° N

40° N

Adriatic Sea

Figure 1 Sampling locations of white

sea bream. Main cities in the area (Bari,

Brindisi and Lecce) are included for

reference.

Table 1 Summary of diversity indices for all white seabream samples including number of individuals (N), observed (Ho) and expected

heterozygosity (He), total (TNA) and mean number of alleles (MNA), allelic richness (AR) and number of private alleles (PA). Standard

deviation in parentheses.

Location Year N Ho He TNA MNA AR PA

Settlers

North 2 – Torre a Mare 2009 32 0.659 (0.318) 0.696 (0.325) 139 11.58 6.50 1

2010 26 0.611 (0.323) 0.651 (0.338) 104 8.67 5.79 2

North 1 – Torre Pozzella 2009 24 0.617 (0.297) 0.677 (0.302) 103 8.58 5.89 0

2010 28 0.669 (0.281) 0.680 (0.285) 118 9.83 5.95 0

TGMPA – Punta Penna Grossa 2009 48 0.678 (0.296) 0.721 (0.294) 155 12.92 6.52 7

2010 27 0.607 (0.302) 0.671 (0.296) 110 9.17 6.08 1

South 1 – Punta Penne 2009 24 0.692 (0.296) 0.706 (0.308) 123 10.25 6.48 3

2010 12 0.625 (0.355) 0.637 (0.338) 79 6.59 5.78 1

South 2 – San Foca 2009 40 0.643 (0.354) 0.669 (0.350) 139 11.58 6.13 3

2010 37 0.639 (0.289) 0.676 (0.296) 118 9.83 5.96 1

Adults

TGMPA – Punta Penna Grossa 2010 54 0.687 (0.325) 0.696 (0.307) 162 13.50 5.78 6
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0.1). Differences in allele and genotype frequencies among

samples were assessed using Fisher’s exact test as imple-

mented in GENEPOP. Significance levels for multiple simulta-

neous comparisons were adjusted using Bonferroni as

described previously.

Patterns of genetic differentiation were explored using the

different allele frequencies and the presence/absence of

private alleles following Congiu et al. (2011). Data from all

microsatellite loci were combined by creating individual pro-

files in which bands were coded as a string of 0s (absent)

and 1s (present). Allele sharing (AS) between individuals was

used as a measure of similarity. Genetic distances were calcu-

lated as 1-AS and geographically represented by multidimen-

sional scaling (MDS) using STATISTICA version 7 (Statsoft).

Genetic differentiation was also explored using ARLEQUIN

3.5.1.2 (Excoffier et al., 2005). First, pairwise FST values were

calculated between all sample pairs. Second, a hierarchical

AMOVA was conducted, partitioning genetic differentiation

among locations (FCT, geographical) and among samples

within locations (FSC, temporal). Isolation-by-distance (IBD)

and isolation-by-time (IBT) were tested using a Mantel test

implemented in GENETIX, by correlating linearized genetic dis-

tance (FST/(1�FST)) versus coastal distance (between loca-

tions) and temporal distance (measured as number of days

between cohorts), respectively.

Population substructuring was also explored with the soft-

ware STRUCTURE (Pritchard et al., 2000), a model-based clus-

tering algorithm that infers the most likely number of

groups in the data. The software organizes individuals into a

predefined number of clusters (K) with a given likelihood,

which might represent putative populations. The analysis was

performed for 1 < K < 5, with five replicates per K and

using the admixture model. We conducted a burn-in length

of 104 steps followed by 106 additional iterations. The most

likely K was determined using the criterion of Evanno et al.

(2005).

Further population genetic parameters were inferred from

microsatellite data using MIGRATE-n v. 3.5.1 (Beerli & Palc-

zewski, 2010). Two gene flow models were compared using

Bayes factors: a model where all five sampling locations are

part of the same panmictic population and a full model with

five distinct populations corresponding to the five sampling

locations and independent migration rates. MIGRATE was run

using the Brownian model approximation (Beerli &

Felsenstein, 2001) separately for each model and cohort.

Uniform priors were set for h (minimum 0–maximum 250),

the mutation scaled effective population size, and for M

(0-1,000), the ratio of immigration rate to mutation rate.

Starting values for the parameters were estimated by FST
method, and a Bayesian inference search strategy was used

with four heated chains (static scheme: temperatures 1.0, 1.5,

3.0, 100,000), 100 steps sampling increment, 40,000 recorded

steps and 40,000 discarded trees per chain (burn-in). Con-

vergence was checked by inspecting posterior distributions of

the parameters and comparing results of two replicated runs.

Log marginal likelihoods of the different runs were

compared, and log Bayes factors (LBF) and probabilities for

each model were calculated following the guidelines in Kass

and Raftery (1995).

Circulation data and Lagrangian simulation design

Lagrangian simulations were performed using daily mean

circulation fields produced by the Adriatic Forecasting

System (AFS, http://gnoo.bo.ingv.it/afs). Current velocity,

wind stress, water temperature and salinity fields produced

by the AFS are based on the AREG model (Adriatic Regional

Model; Oddo et al., 2005, 2006), an implementation of the

Princeton Ocean Model for the Adriatic Sea nested into the

general circulation model of the Mediterranean Sea.

The AREG model domain encompasses the whole Adriatic

basin and extends south of the Otranto Channel into the

northern Ionian Sea. The model grid has a horizontal resolu-

tion of 1/45° (about 2.2 km) and a vertical resolution of 31

layers of variable depth (sigma layers) following the sea

bottom.

To assess potential dispersal patterns in the study area,

particles were released at three of the five sampling locations:

the TGMPA (Punta Penna Grossa) and the two most

extreme locations, the northernmost location (Torre a Mare)

and the southernmost location (San Foca). We considered

only three release points because the other two were very

close to the TGMPA, leading similar trajectories. Simulations

were started at four dates (9 May and 15 May 2009; 19 May

and 25 May 2010), encompassing the spawning period

reconstructed on the basis of the settlement peaks for 2009

and 2010 following Di Franco et al. (2012). In each simula-

tion, a total of 100 particles, each corresponding to a single

larva, were released according to a Gaussian distribution

(with mean corresponding to the coordinates of the location

and variance set to encompass 99% of the larvae within a

radius of 5 km). Particles were tracked for 17 days, which is

the average pelagic larval duration estimated from otolith

data (Di Franco et al., 2011). Each simulation was conducted

at two different fixed depths (1 and 10 m) to cover the range

in which larvae of white sea bream are more frequently

located in the water column (Olivar & Sabat�es, 1997). The

total number of simulations was 24 (3 locations 9 4

dates 9 2 depths). Larval trajectories were stepped forward

using an explicit 4th order Runge–Kutta integration proce-

dure with a 6-min time step. For each of the 24 simulations,

larval retention and spillover were calculated as the percent-

age of larvae with final position located within and outside

the 5 km-radius-release area after 17 days, respectively.

RESULTS

Genetic diversity

Similar values were observed for all diversity indices in all

samples (Table 1). All comparisons across 2009 and 2010

settlers using one-way ANOVA were statistically not

4 Diversity and Distributions, 1–12, ª 2013 John Wiley & Sons Ltd

J. M. Pujolar et al.



significant (P > 0.05). Also, no differences were found when

re-examining the data by comparing pooled 2009 settlers

(Ho = 0.660 � 0.308; He = 0.707 � 0.318), pooled 2010 set-

tlers (Ho = 0.631 � 0.288; He= 0.689 � 0.317) and adults

(Ho= 0.687 � 0.325; He= 0.696 � 0.307), with all differences

being statistically not significant (P > 0.05).

Following Bonferroni correction, only 3 of 56 tests

departed significantly from HWE (locus Ad05 at Torre a

Mare-2009 and TGMPA-2010 and locus Ad26 at Torre Pozz-

ella-2010). The software MICRO-CHECKER showed no evidence

for scoring errors due to stuttering or large allele dropout.

No linkage disequilibrium was observed between any pair of

loci after Bonferroni correction. A neutrality test using LOS-

ITAN suggested no loci to be subject to balancing or direc-

tional selection, either when considering all data together or

when considering the 2009 and 2010 data separately. Finally,

simulations using our empirical microsatellite data in POWSIM,

taking into account the sample size of each population, and

a wide range of predefined FST values showed that our mark-

ers have enough statistical power to detect FST values ranging

from 0.001 to 0.1 (P = 1.000).

Genetic differentiation among settlers

When investigating the genetic structure among samples of

settlers, all pairwise FST comparisons were not significant

(P > 0.05), with an average pairwise FST value of 0.0077. A

higher genetic similarity was found among 2009 samples

(FST = 0.0016) than among 2010 samples (FST = 0.0081).

Comparison of allele frequencies among 2009 samples

showed no significant differences at any locus or across all

loci (P = 0.202). When comparing 2010 samples, significant

differences were found at locus CId11, due to a higher fre-

quency of allele *200 (0.26) at Torre Pozzella in comparison

with the rest of samples (0.02–0.12), but not at the rest of

loci or across all loci (P = 0.088).

Hierarchical AMOVA was first conducted separately for

the 2009 and 2010 samples testing different geographical

groupings. Genetic variance did not partition significantly

among groups when considering three geographical areas,

(1) TGMPA, (2) North (Torre Pozzella and Torre a Mare)

and (3) South (Punta Penne and San Foca) for neither the

2009 (FCT = 0.00067; P = 0.455) nor the 2010 samples

(FCT = 0.00049; P = 0.859). Similarly, genetic differentiation

did not partition significantly when the three geographical

groupings considered were (1) TGMPA plus adjacent areas

(TGMPA, Torre Pozzella and Punta Penne), (2) North (Torre

a Mare) and (3) South (San Foca), FCT = 0.00022 (P = 0.491)

for 2009 and FCT = 0.00046 (P = 0.782) for 2010. When

including all 2009 and 2010 samples in the AMOVA, genetic

variance did not partition significantly among temporal sam-

ples (2009 vs. 2010; FCT = 0.00023; P = 0.500). In accor-

dance with the AMOVA results, an MDS considering the

different allelic frequencies and the presence/absence of pri-

vate alleles showed all samples mixed together (Fig. 2a), fit-

ting no apparent geographical or temporal pattern as

samples did not cluster according to location or sampling

year.

A Mantel test showed no correlation between genetic and

waterway distances when considering 2009 samples (r = 0.449;

P = 0.199) or 2010 samples (r = 0.262; P = 0.463), which

suggests no isolation-by-distance (IBD) pattern.

The software STRUCTURE inferred one single population

as the most likely for both 2009 samples (K = 1: log-likelihood

= �6871.2) and 2010 samples (K = 1: log-likelihood =
�4421.3). Although the software suggested one single group,

an assignment test forcing K = 5 populations showed all indi-

viduals assigned with the same probability to all five possible

groups, with all 90% probability intervals centred around 0.20,

which is consistent with a panmictic population.

The overall results supporting the lack of genetic substruc-

turing and the existence of a single panmictic population in

the area studied were confirmed by MIGRATE, in which a

model where all five sampling locations are part of the same

panmictic population fitted the data better than a full model

with gene flow. Concordant results favouring the panmixia

model were obtained for both the 2009 (LBF= 8.9 105,

P > 0.999) and 2010 (LBF = 3.1 106, P > 0.999) cohorts.

Genetic differentiation between settlers and adults

No significant differences in allelic frequencies were found

when considering all samples separately (P = 0.087) or when

comparing pooled settlers versus adults (P = 0.078),

although P values decreased in comparison with the analysis

of settlers only. Pairwise FST values were all non-significant

(P > 0.05).

To test IBT over a longer time-scale than the 2-year period

tested with settlers (2009 and 2010), adults were split accord-

ing to year class into four cohorts (2005–2008). A Mantel

test showed no correlation between genetic and temporal dis-

tance (2005–2008: r = 0.078; P = 0.833). Similarly, when

adding to the analysis the two samples of settlers obtained in

the TGMPA corresponding to the 2009 and 2010 cohorts, no

IBT pattern was observed (2005–2010: r = 0.097; P = 0.731).

Accordingly, an MDS considering the different allelic

frequencies and the presence/absence of private alleles across

all cohorts showed no clustering of samples following a

temporal pattern (Fig. 2b).

Lagrangian simulations

The 24 simulations obtained agree in showing a high larval

dispersal. Simulations at depth 10 m were consistent and

showed travel distances ranging from 0 to 300 km (Fig. 3a).

Simulations at depth 1 m were more variable, and the maxi-

mum distance travelled varied from 20 to over 300 km

(Fig. 3b). While travel distances varied depending on starting

date and depth, a general trend was observed in which parti-

cles flowed from north to south, transported by the Western

Adriatic Coastal Current. None of the simulations suggested

movement of particles from south to north. The general

Diversity and Distributions, 1–12, ª 2013 John Wiley & Sons Ltd 5
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pattern observed was temporally stable, and no major

discrepancies were observed when comparing the 2009 and

2010 simulations.

Table 2 summarizes the percentage of larval retention

and spillover at each location. Simulations started at the

TGMPA showed that some larvae stay within the TGMPA,

but there is also export outside the boundaries of the

TGMPA to the locations situated south of the TGMPA,

with larvae surpassing the strait of Otranto and entering

the Ionian Sea in 94% of simulations at 10 m (Fig. 3a) and

44% at 1 m (Fig. 3b). Considering the eight simulations

carried out for the TGMPA (four dates and two depths),

on average, 12.75% of the larvae produced within

the TGMPA recruited inside the TGMPA boundaries.

Simulations started at the northernmost location (Torre a

Mare) showed that propagules can disperse all throughout

the study area, including not only the northern locations

but also the TGMPA and southern locations. Larval reten-

tion at Torre a Mare was virtually zero, and > 99% of the

larvae were transported downstream. Simulations started at

the southernmost location (San Foca) showed that particles

in part stay locally and in part enter the Ionian Sea, flowing

into the Gulf of Taranto. Larval retention was highly vari-

able depending on both date and simulation depth, with an

average larval retention of 21.3% considering the eight sim-

ulations conducted at San Foca. No eastward dispersal

towards the Balkan peninsula or East Mediterranean was

observed at any simulation.

Punta Penne 2010 

TGMPA 2010 

TGMPA 2009 

2009–2010 Settlers (based on linearized FST) 

Torre Pozzella 2009 
Punta Penne 2009 

Torre Pozzella 2010 

(a)

(b)

Torre a Mare 2009 

Torre a Mare 2010 

San Foca 2010 
San Foca 2009 

TGMPA-06 

TGMPA-09 

TGMPA-08 

TGMPA 2005–2010 Cohorts (based on linearized FST) 

TGMPA-10 

TGMPA-07 

TGMPA-05 

Figure 2 Plots from multidimensional

scaling analysis considering the different

allelic frequencies and the presence/

absence of private alleles across (a) all

2009 and 2010 settlers (labelled as in

Table 1) and (b) all cohorts within the

TGMPA (2004–2010).
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DISCUSSION

Spatio-temporal stable genetic structure

Quantification of spatio-temporal genetic variation in white

sea bream sampled along 200 km of the southern Apulian

Adriatic revealed a single panmictic population in the study

area. The lack of genetic substructuring was consistent over

time, with the same pattern observed in the temporally repli-

cated samples from 2009 and 2010. Other population genetic

studies on white sea bream have revealed different patterns

of substructuring in populations of the Mediterranean Sea.

Limited geographical differentiation was found among popu-

lations separated by several hundred kilometres (e.g. Gulf of

Lyon-Ligurian Sea; Lenfant & Planes, 1996) although larger

differences were observed between Murcia and Gulf of Lyon

(Gonz�alez-Wang€uemert et al., 2004). Similarly, a recent

study on genetic connectivity of white seam bream along the

Sicilian coast showed genetic differences between locations

situated 70 km apart but no differences between populations

> 200 km apart (Gonz�alez-Wang€uemert et al., 2012). A simi-

lar lack of spatial differentiation was found between Mediter-

ranean and Atlantic populations (Bargelloni et al., 2005),

although recent studies have reported a genetically differenti-

ated population in Azores (Gonz�alez-Wang€uemert et al.,

2010, 2011). This limited level of geographical substructuring

contrasts with temporal studies showing significant

differences within a single population among cohorts. In a

D. sargus population of Banyuls-sur-Mer (West Mediterra-

nean), Lenfant & Planes (2002) reported significant diver-

gences at 17 allozyme loci between cohorts over a long

time-scale (up to 10 years) despite very low FST values.

Gonz�alez-Wang€uemert et al. (2007) observed significant

genetic heterogeneity among year classes in two of five

populations from the Spanish Mediterranean coast analysed

for temporal changes, Guardamar (FST = 0.012) and Cape of

Palos (FST = 0.008).

Lenfant & Planes (2002) attributed the pattern of temporal

genetic variation found to a large variance in reproductive

success of parents. Hedgecock (1994) proposed that in mar-

ine species with external fertilization, random events deter-

mine the successful adults in each spawning event, in which

many individuals fail to contribute to recruitment and the

progeny of a small fraction of individuals replaces the entire

population. This results in a reduction in the effective popu-

lation size of cohorts and in consequent changes in allele

(a) (b)

Figure 3 Lagrangian simulations at (a) 10 m and (b) 1 m simulation depth released at three locations (Torre a Mare, TGMPA and

San Foca) on four dates (9 May 2009, 15 May 2009, 19 May 2010 and 25 May 2010). Black and red dots indicate the release point and

final position of each larval trajectory after 17 days.
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frequencies over time due to random genetic drift, leading to

temporal variation in the genetic composition of recruits

(Hedgecock, 1994; David et al., 1997; Pujolar et al., 2006,

2011). Hence, the observation in our study of a temporally

stable genetic structure over a long time-scale with no differ-

ences between cohorts suggests (1) a large effective popula-

tion size of white sea bream in the area studied and (2)

relatively stable cohort sizes.

High connectivity between the TGMPA and

neighbouring areas

The existence of transport in and out of the TGMPA is

suggested by genetic patterns in terms of overall genetic

homogeneity within the studied area. Comparison of samples

obtained inside and outside of the TGMPA showed no dif-

ferences in genetic diversity or genetic composition, which

indicates that the TGMPA is not isolated and that there is

genetic connectivity among locations. If the TGMPA were

entirely closed, genetic differences would be expected to arise

(e.g. P�erez-Ruzafa et al., 2006), which disagrees with the

homogeneity found in our study. The results of Lagrangian

simulations further confirm the existence of transport out-

side of the TGMPA boundaries. Simulated trajectories

showed that larvae originating in the TGMPA can either

remain within the TGMPA boundaries or travel southwards.

Depending on the depth at which particles dispersed, larvae

could travel up to 300 km. At both simulation depths (1 m

and 10 m), larvae could reach the southernmost point in

our study (San Foca), at about 100 km from the TGMPA.

This is in agreement with the recent study of Di Franco et al.

(2012), conducted in the same area and spatial scale of our

study, which showed on the basis of otolith microchemistry

that larval dispersal occurred at least up to the scale exam-

ined of 100–200 km.

As for the locations south of the TGMPA, further indica-

tion of connectivity comes from census data carried out dur-

ing summer 2009 (A. Di Franco, unpublished data). Visual

census experiments showed high densities of both adults and

settlers within the TGMPA, while southern locations showed

similar high densities of settlers but low densities of adults.

The suggested spatial decoupling of adults/settlers densities

within the TGMPA and at locations south of the TGMPA

could indicate that most settlers found at southern locations

are not local but the progeny of adults reproducing within

the TGMPA and exported southwards by the currents. This

scenario, in which the TGMPA contributes to effectively

replenishing down-current locations, is consistent with the

simulated movement of particles and the homogeneity found

at the genetic level.

While the dispersal pattern generated by the Lagrangian

simulations could explain the genetic homogeneity observed

between the TGMPA and southern locations (Punta Penne

and San Foca), the similarity between the TGMPA and

northern locations (Torre a Mare and Torre Pozzella) cannot

be explained by larval dispersal under the simulated oceano-

graphical regime. Simulated trajectories did not suggest larval

export from the TGMPA to the north, because all particles

released from the TGMPA either stayed within the protected

area or moved southward, but no northward particle flow

was evident. This seems to suggest gene flow from northern

locations towards the TGMPA, which is consistent with the

general north–south flow of currents in the region and with

simulated trajectories showing that particles released at Torre

a Mare are all virtually exported downstream (< 1% larval

retention). Importantly, simulations also show that larvae

released at Torre a Mare can actually reach the TGMPA.

Further simulations should be conducted using a higher-

resolution model with a finer description of coastal oceanog-

raphy to rule out the possibility of near-shore currents or

rare meteorological events that could result in a northbound

movement of particles.

Alternatively, the high genetic connectivity between the

TGMPA and neighbouring areas could be explained by

exchange of juveniles and adults. However, otolith micro-

chemistry analysis showed that movements of juveniles

occurred within a scale of about 30 km (Di Franco et al.,

2012). While this could explain the genetic homogeneity

observed between the TGMPA and the nearby locations of

Torre Pozzella (20 km north of the TGMPA) and Punta

Table 2 Percentage of larval retention and spillover at each location (Torre a Mare, TGMPA and San Foca) estimated from Lagrangian

simulations started at four dates (9 and 15 May 2009; 19 and 25 May 2010) and two simulation depths (1 m and 10 m). Larvae with

final position located within the 5 km-radius-release area after 17 days are considered to recruit locally (IN). Larval spillover considers

those larvae with final position outside the release area (OUT).

Date

Torre a Mare TGMPA San Foca

1 m 10 m 1 m 10 m 1 m 10 m

IN OUT IN OUT IN OUT IN OUT IN OUT IN OUT

9 May 2009 0 100 0 100 9 91 0 100 19 81 0 1

15 May 2009 0 100 1 99 43 57 1 99 100 0 6 94

19 May 2010 0 100 0 100 40 60 0 100 11 89 13 87

25 May 2010 0 100 1 99 8 92 1 99 10 90 12 88

Mean 0 100 0.5 99.5 25 75 0.5 99.5 35 65 8 92
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Penne (10 km south of the TGMPA), it seems unlikely that

movements of juveniles and adults could explain the similar-

ity between the TGMPA and the northernmost (Torre a

Mare) and southernmost (San Foca) locations at about

100 km from the TGMPA. Nevertheless, in a recent tagging–

recapture experiment conducted in the south coast of Portu-

gal, two D. sargus individuals tagged with acoustic tags

were recovered at 12 km and 90 km from the tagging site

(Abecasis et al., 2009), suggesting that juveniles moving from

nursery to adult habitats can cover quite large distances.

Effectiveness of the TGMPA

In the case of marine species with a dispersive larval stage,

MPAs can be effective in protecting the target species if they

guarantee a significant level of self-recruitment and/or con-

nectivity among MPAs. Lagrangian simulations in our study

show that some of the larvae (12.75%) produced in the

TGMPA recruit inside the TGMPA boundaries. This is in

agreement with the long-term positive ‘reserve effect’ of Tor-

re Guaceto observed at population and community levels

(Guidetti, 2006; Guidetti et al., 2008), with higher densities

of many fish species, including white sea bream, in the

TGMPA compared with the surrounding areas.

The benefits of MPAs can also extend beyond their

boundaries, and in addition to protecting biodiversity inside

the MPA (reviewed in Lester et al., 2009), MPAs can supply

local fisheries through spillover of juveniles and adults into

neighbouring fishing grounds (Bohnsack, 1998; McClanahan

& Mangi, 2000; Roberts et al., 2001; Russ et al., 2004).

Moreover, MPAs can supplement recruitment of nearby fish-

eries in outside areas by exporting eggs and larvae produced

in the MPA (Stoner & Ray, 1996; Roberts, 1997; Beukers-

Stewart et al., 2005; Cudney-Bueno et al., 2009; Pelc et al.,

2009). In our case study of the white sea bream in the

TGMPA, the high connectivity suggested by the overall

genetic homogeneity together with the simulated patterns of

larval export points to a positive effect that goes well beyond

the limits of the TGMPA. In particular, our data suggest that

the TGMPA could potentially supply local fisheries south of

the TGMPA.

The positive effect of enforcement at Torre Guaceto could

extend well beyond our study area and outside the Adriatic

Sea. Lagrangian simulations show that the TGMPA could

potentially export larvae to its closest MPA southward, Porto

Cesareo in the Gulf of Taranto (north Ionian Sea), despite a

separation of about 250 km. This holds true for the simulated

trajectories released from the TGMPA, and especially for

those released from the San Foca area south of the TGMPA.

This aspect is particularly interesting taking into account that

a new MPA has been recently proposed in the area of Tri-

case-Otranto, 50 km south of San Foca. A new MPA in this

area could serve as stepping stone between the Torre Guaceto

and Porto Cesareo MPAs, enhancing the potential connectiv-

ity between basins suggested by Lagrangian simulations and

ultimately resulting in the implementation of an effective

network of MPAs with the potential to meet both conserva-

tion and fisheries needs.

Although the benefits of MPAs can be context dependent

(e.g. benefits can be markedly localized depending on the

direction of the larval dispersal and enhance only locations

downcurrent of marine protected areas), collectively our

findings highlight the potential benefits of protecting fish

populations within MPAs and show that a settlement/recruit-

ment enhancement can be manifested in neighbouring or

relatively distant geographical areas, including non-protected

fishing areas and potentially other MPAs.
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