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Marine reserves have been identified as an important tool in the management of fishery

resources and their number is increasing rapidly, most of them being on islands. However,

knowledge on the real effect of protection from fishing on the genetic structure of popula-

tions, the spatial scales involved, or the suitability of islands as reserves in terms of con-

nectivity, is scarce. This paper analyses the effects of fishery protection on the genetic

structure of populations of Diplodus sargus, a target species, in protected and non-protected

areas of the western Mediterranean. Populations studied showed high genetic variability at

spatial scales from 101 to 103 km. Protected areas have significantly higher allelic richness.

The lower levels of heterozygosis and higher heterozygote deficit showed by islands com-

pared with coastal areas makes clear the importance of considering the connectivity pro-

cesses when designing a MPA.

� 2005 Elsevier Ltd. All rights reserved.
1. Introduction

Increased fishing pressure has resulted in widespread overex-

ploitation of populations (Plan Development Team, 1990; Rob-

erts and Polunin, 1991; Bohnsack and Ault, 1996; Roberts,

1997; Roberts et al., 2001), with declines in overall abundance

of stocks and average fish size; adverse genetic selection lead-

ing to loss of potential fecundity; reduced average spawning

size; change of sex-ratio and interspecific equilibrium; and

loss of genetic diversity (Wilson and Clarke, 1996).

After the failure of traditional management measures

(Waters, 1991), marine reserves have been strongly advocated

as an ideal tool for the management of coastal fisheries (Plan

Development Team, 1990; Roberts and Polunin, 1991; Dugan

and Davis, 1993; Agardy, 1994; Gerber et al., 2002) and a large
er Ltd. All rights reserved

fax: +34 968363963.

Ruzafa).
number of marine protected areas (MPAs) have been estab-

lished around the world over recent decades (Lubchenco

et al., 2003), offering protection to natural communities, in

an attempt to halt further deterioration of sensitive habitats,

or serving as fisheries management tools (Jones, 2002).

Marine fishery reserves are intended to protect critical

spawning stock biomass, intraspecific genetic diversity, popula-

tion age structure, recruitment supply and ecosystem balance,

while maintaining fisheries (Plan Development Team, 1990).

The effect of fishing restrictions on the density, size struc-

ture and biomass of fish populations has been thoroughly

investigated, both in the Mediterranean and other marine

areas (see reviews by Garcı́a-Charton et al., 2000; McClanahan

and Mangi, 2000; Russ, 2002; Halpern, 2003). However, in the

case of genetic resources, although MPAs have been consid-
.
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ered the most efficient and logical means of maintaining

them (Polunin, 1983; Palumbi, 2003), no data are available on

the effects of protection on the genetic structure of marine

populations and the mechanisms involved. Therefore,

although some proposed benefits have been demonstrated,

others require verification or further testing (Bohnsack,

1998; Sale et al., 2005).

In any case, although bearing in mind that the mecha-

nisms underlying the process of stock replenishment are still

not well understood (Roberts and Polunin, 1991), marine re-

serves have been identified as an important tool in the pre-

cautionary management of fishery resources and their

number is increasing rapidly, most of them being on islands

(Badalamenti et al., 2000). In the meanwhile, some questions

arise which have not yet been answered, such as: what are

the real effects of protection from fishing on the genetic struc-

ture of populations? On what spatial scales does it operate?

Are islands, as opposed to other coastal locations, a good

choice for establishing MPAs?

To test the hypothesis that MPAs preserve intraspecific ge-

netic diversity, this paper analyses the effects of fishery protec-

tion on the genetic structure of populations of Diplodus sargus

(Linneo), a target species, in protected and non-protected areas

of the western Mediterranean and discusses the implication of

the results on the selection criteria for MPAs.

2. Materials and methods

2.1. Study area, sampling design and technique

To study the effects of protection from fisheries on the genetic

structure of D. sargus populations in the western Mediterra-

nean, five localities were sampled in 1999–2000 in the SE of
Fig. 1 – Location of sampling sites
Spain, two of them being marine fishing reserves: Tabarca is-

land (established in 1989) and Cape Palos-Hormigas Islands

(established in 1995), and three neighbouring non-protected

areas (Águilas, Mazarrón and Guardamar) (González-

Wangüemert et al., 2002, 2004). The data gatheredwere jointly

analysed and compared with those from Lenfant and Planes

(1996) and Lenfant (1998) at six NW Mediterranean localities

including one marine reserve (Banyuls, established in 1974)

and the islands Elba and Giglio (Fig. 1). Only allelic frequencies

of polymorphic loci screened in both studies were used. In or-

der to establish the allele 100, a calibration was performed at

the University of Perpignan using samples from both studies

(González-Wangüemert et al., 2004).

Populational genetic structure analyses were carried out

on data corresponding to a total of 1804 fishes: 1249 individu-

als obtained from local fishermen in the SW Mediterranean

(González-Wangüemert et al., 2004), and data on 555 individ-

uals from NW Mediterranean populations as per Lenfant

(1998).

The fish were frozen after capture and kept at �40 �C until

dissection. Liver, eye and muscle were extracted from each

specimen, and kept at �70 �C. Electrophoresis and staining

protocols were performed according to Aebersold et al.

(1987) and Harris and Hopkinson (1976).

2.2. Data analysis

Genetic variability was recorded as observed (Ho) and ex-

pected (He) mean heterozygosity per locus, as a proportion of

polymorphic loci at the 5% criterion, and as the mean number

of alleles per locus. Heterozygote deficit was calculated as

HD = (Ho � He)/He. F-statistics were calculated in order to de-

tect non-random mating within populations (FIS) using the
in the western Mediterranean.
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Weir and Cockerham (1984) method. The significance of F-val-

ues was assessed via permutations (using Genetix-software,

Bonhomme et al., 1993; www.univ-montp2.fr/genome-pop/

genetix.htm) and Fisher�s exact test (GENEPOP-vs.3.3-soft-

ware, Raymond and Rousset, 1995).

Genetic distance (D) (Nei, 1978) was computed between

pairwise samples and the resulting matrix was clustered

using the Euclidean distance and UPGMA algorithm (Statis-

tica vs. 6.0). Significance for Nei�s D values was tested via per-

mutation and D was plotted against geographic distances

measured as the shortest marine route between locations.

Correlation between geographic and genetic distances was

tested using Mantel�s test (Genetix-software). Genetic diver-

sity using the Shannon index (H 0) on the allelic frequency ma-

trix and the Pielou evenness index (J 0), were also estimated

(Magurran, 1988). The spatial variation of the genetic struc-

ture of populations was explored using Principal Components

Analyses (PCA), performed on the allele frequency matrix

after square root transformation.

Comparisons of the genetic structure of populations were

performed for allelic richness, observed and expected het-

erozygosis, heterozygote deficit, allelic diversity (H 0) and Pie-

lou�s evenness using ANOVA. As the number of case studies

was not enough to perform a mixed, trifactorial analysis, an

independent analysis has been performed for the following

factors: Region (on two levels: south-western/north-

western), Protection (protected/non-protected) and Location

(coastal/island), using a Bonferroni corrected a-level

(a = 0.167) for the interpretation of results. As allelic richness

showed significant differences between regions, in further

analyses a standardization of this variable was performed

using: allelic richness in populationij/total allelic richness

in Regionj.

As the number of fish studied at each locality was unequal,

rarefaction techniques using Primer-5 software were applied

to the absolute allele frequency matrix to determine the min-

imum sample size required to be representative of each pop-

ulation�s genetic structure. The results showed that the

minimum sample size for 90% of the expected total allelic

richness ranges between 10 individuals at Blanes to 37 indi-

viduals at Mazarrón. Only Banyuls required a higher number

of individuals (76). All the populations sampled exceeded the

number of individuals required to reach 100% of the total ex-

pected allelic richness.

3. Results

3.1. Geographical variability of the genetic structure of
populations

In total, we found 74 alleles among the nine shared loci. All loci

were polymorphic (p 6 0.95) and the mean observed heterozy-

gosity (Ho) ranged from 0.3064 for the Elba population to

0.5075 at Cape Palos (Table 1).

Seventeen alleles were present at all localities. These in-

cluded all alleles 100 (except IDH1*100 at Livorno) and AAT-

2*110, ADA*70, ADA*80, ADA*120, GDA*90, GDA*110, GDA*120,

IDH-1*60, MDH-1*80.

Some populations were characterised by unique alleles:

Tabarca (PGI-2*40), Cape Palos (MDH-1*90), Banyuls (PGI2*85,
PGI-2*105, AAT-1*95, and ADA*50) and Blanes (AAT-2*115).

AAT-1*120 were common only to Banyuls and Tabarca as

was PGM*140 for Banyuls and Elba. In total, 15 alleles were

exclusive to the SW Mediterranean and 11 to the NW region

(Table 1).

The ANOVA performed on the 11 localities showed signif-

icant differences for the factor Region. This factor had a sig-

nificant effect on mean allelic richness (p < 0.005), genetic

diversity (p = 0) and mean observed (p < 0.005) and expected

heterozygosity, as well as on heterozygote deficit (p = 0) (Table

2). The SW region showed higher allelic richness and diver-

sity, higher heterozygosity (both observed and expected)

and a strong heterozygote deficit in comparison with the

NW region.

Allelic richness in the five populations in SE Spain ran-

ged between 52 and 60, with a mean of 55.8 ± 1.36 alleles

(mean ± s.e.) which was higher than values observed in

the north-western Mediterranean populations (32.83 ± 4.88)

(Lenfant, 1998), except for the Banyuls population at 56

alleles.

There was a significant heterozygote deficit for all loci in all

populations, mainly in south-western localities. FIS values per

locus ranged from 0.0028 to 0.7941 in this area. The highest

multilocus heterozygote deficit was at Tabarca island

(HD = �0.447; FIS = 0.450) and the highest heterozygote deficit

is shown by the locus AAT-1, also at Tabarca (HD = �0.76442;

FIS = 0.7652). Populations from the NW Mediterranean tended

to also show heterozygote deficit in the localities of Banyuls

(FIS = 0.07016) and Giglio (FIS = 0.06361), although most of the

loci provided insignificant results (Lenfant, 1998).

The average heterozygosity estimated for loci common to

the five populations from the south-western Mediterranean

(Ho = 0.4339 ± 0.0217) was significantly higher (p < 0.005) than

those found in north-western populations (Ho = 0.3465 ±

0.0099).

The dendrogram constructed using genetic distances re-

flects the differentiation among regions (Fig. 2), but no clear

geographic pattern is observed within each group. In the SW

Mediterranean, the Guardamar and Tabarca populations clus-

tered together, as expected in accordance with their geo-

graphic proximity, although the Águilas population joins

this group despite being the farthest. On the other hand, in

the NW Mediterranean, excepting Livorno which is separate

from both groups, all localities constitute a more homoge-

neous cluster, irrespective of geographic distance.

3.2. Effects of protection on the genetic structure of
D. sargus populations

Protected areas considered in this study showed slightly

higher mean allelic richness and diversity, lower expected

and observed heterozygosity and a higher heterozygote

deficit than non-protected zones. However, most of these

results are probably influenced by geographic variability,

and the Protection factor was only significant for allelic rich-

ness, both absolute (p < 0.005) and standardised (p = 0.05), and

marginally so for evenness (p = 0.16), which did not follow any

geographical pattern (Fig. 3).

MPAs include 97.3% of the total number of alleles found in

the populations studied. Seven alleles (PGI-2*40, PGI-2*85,

http://www.univ-montp2.fr/genome-pop/genetix.htm
http://www.univ-montp2.fr/genome-pop/genetix.htm


Table 1 – Genetic structure descriptors and allelic frequencies for the grouping factors (region, protection and location)
considered in the study of Diplodus sargus populations at western Mediterranean

Region Protection Location

SW NW Protected Non-Protected Island Coastal

# Localities 5 6 3 8 3 8

Total richness 62 59

mean s.e. mean s.e. mean s.e. mean s.e. mean s.e. mean s.e.

Richness 55.80 1.36 32.83 4.87 56.67 1.76 38.25 5.05 38.67 10.67 45.00 5.03

Standard richness 0.93 0.03 0.63 0.08 0.64 0.16 0.74 0.08

Evenness 0.87 0.00 0.83 0.02 0.82 0.05 0.86 0.01 0.86 0.01 0.85 0.02

Diversity (H 0) 5.07 0.03 4.12 0.03 4.77 0.28 4.47 0.18 4.44 0.34 4.59 0.18

Ho 0.4339 0.0217 0.3465 0.0099 0.4147 0.0465 0.3756 0.0174 0.3428 0.0194 0.4026 0.0203

He 0.6513 0.0057 0.3807 0.0077 0.5594 0.0859 0.4828 0.0509 0.4717 0.0918 0.5156 0.0513

D �0.3413 0.0354 �0.0622 0.0199 �0.2431 0.1130 �0.1688 0.0536 �0.2286 0.1099 �0.1743 0.0552

PGI-2 40* 0.0007 0.0007 0 0 0.0012 0.0012 0 0 0.0012 0.0012 0 0

PGI-2 60* 0.0500 0.0202 0 0 0.0263 0.0263 0.0214 0.0139 0.0263 0.0263 0.0214 0.0139

PGI-2 70* 0 0 0.0075 0.0046 0.0097 0.0097 0.0020 0.0013 0 0 0.0056 0.0036

PGI-2 80* 0.1667 0.0231 0.0022 0.0019 0.1218 0.0614 0.0602 0.0309 0.0531 0.0531 0.0859 0.0342

PGI-2 85* 0 0 0.0021 0.0021 0.0042 0.0042 0 0 0 0 0.0016 0.0016

PGI-2 90* 0 0 0.0331 0.0044 0.0139 0.0139 0.0196 0.0065 0.0219 0.0117 0.0166 0.0069

PGI-2 93* 0.0187 0.0055 0 0 0.0098 0.0098 0.0081 0.0042 0.0098 0.0098 0.0081 0.0042

PGI-2 100* 0.5923 0.0084 0.9528 0.0092 0.7030 0.1170 0.8212 0.0663 0.8259 0.1269 0.7751 0.0676

PGI-2 105 0 0 0.0001 0.0001 0.0002 0.0002 0 0 0 0 0.0001 0.0001

PGI-2 110* 0 0 0.0030 0.0017 0.0008 0.0008 0.0020 0.0013 0.0033 0.0033 0.0010 0.0007

PGI-2 120* 0.1136 0.0153 0.0036 0.0033 0.0638 0.0387 0.0498 0.0226 0.0250 0.0160 0.0644 0.0243

PGI-2 140* 0.0262 0.0154 0 0 0.0270 0.0241 0.0062 0.0062 0.0250 0.0250 0.0070 0.0062

PGI-2 167* 0.0219 0.0090 0 0 0.0221 0.0162 0.0054 0.0036 0.0043 0.0043 0.0121 0.0069

PGI-2 180* 0.0099 0.0051 0 0 0.0049 0.0040 0.0044 0.0035 0.0043 0.0043 0.0046 0.0035

PGM 40* 0.1817 0.0111 0.0011 0.0009 0.1151 0.0583 0.0713 0.0345 0.0645 0.0645 0.0902 0.0341

PGM 60* 0.1927 0.0141 0.0047 0.0041 0.1204 0.0603 0.0788 0.0367 0.0519 0.0519 0.1045 0.0375

PGM 80* 0 0 0.1736 0.0042 0.0539 0.0539 0.1100 0.0323 0.1208 0.0607 0.0849 0.0321

PGM 100* 0.4496 0.0129 0.8116 0.0069 0.5841 0.1218 0.6707 0.0677 0.6973 0.1044 0.6283 0.0715

PGM 120* 0.1760 0.0106 0.0065 0.0022 0.1258 0.0614 0.0677 0.0301 0.0613 0.0499 0.0919 0.0337

PGM 140* 0 0 0.0025 0.0021 0.0008 0.0008 0.0016 0.0016 0.0043 0.0043 0.0003 0.0003

PGDH 40* 0.0375 0.0129 0 0 0.0268 0.0135 0.0134 0.0101 0.0126 0.0126 0.0187 0.0105

PGDH 60* 0.1997 0.0174 0.0001 0.0001 0.1174 0.0584 0.0809 0.0404 0.0571 0.0571 0.1035 0.0402

PGDH 70* 0 0 0.0837 0.0096 0.0236 0.0236 0.0539 0.0172 0.0663 0.0352 0.0379 0.0150

PGDH 80* 0.0131 0.0056 0.0138 0.0088 0.0212 0.0094 0.0106 0.0062 0.0080 0.0080 0.0155 0.0066

PGDH 90* 0 0 0.1234 0.0136 0.0324 0.0324 0.0804 0.0253 0.0816 0.0428 0.0620 0.0251

PGDH 100* 0.4312 0.0179 0.7741 0.0145 0.5657 0.1124 0.6379 0.0663 0.6679 0.1038 0.5996 0.0679

PGDH 110* 0.0134 0.0065 0.0048 0.0025 0.0065 0.0046 0.0096 0.0044 0.0095 0.0048 0.0084 0.0044

PGDH 120* 0.0059 0.0036 0.0002 0.0002 0.0049 0.0044 0.0020 0.0020 0.0046 0.0046 0.0021 0.0020

PGDH 140* 0.2122 0.0159 0 0 0.1450 0.0738 0.0782 0.0390 0.0645 0.0645 0.1084 0.0420

PGDH 160* 0.0097 0.0025 0 0 0.0072 0.0043 0.0033 0.0021 0.0023 0.0023 0.0052 0.0024

PGDH 180* 0.0697 0.0040 0 0 0.0492 0.0247 0.0251 0.0124 0.0257 0.0257 0.0339 0.0130

PGDH 210* 0.0077 0.0033 0 0 0 0 0.0048 0.0024 0 0 0.0048 0.0024

GDA 70* 0.0028 0.0023 0.0002 0.0002 0.0044 0.0038 0.0002 0.0002 0.0040 0.0040 0.0004 0.0003

GDA 80* 0.0609 0.0218 0.0516 0.0330 0.0898 0.0313 0.0431 0.0238 0.0349 0.0349 0.0636 0.0244

GDA 90* 0.2096 0.0181 0.1955 0.0205 0.2178 0.0209 0.1959 0.0169 0.2210 0.0302 0.1947 0.0151

GDA 100* 0.3711 0.0198 0.2934 0.0142 0.3360 0.0299 0.3260 0.0210 0.3301 0.0423 0.3282 0.0187

GDA 110* 0.1562 0.0188 0.4276 0.0490 0.2194 0.0681 0.3361 0.0630 0.3414 0.1343 0.2903 0.0545

GDA 120* 0.1088 0.0186 0.0316 0.0072 0.0926 0.0218 0.0569 0.0185 0.0461 0.0294 0.0744 0.0178

GDA 130* 0.0906 0.0177 0.0002 0.0002 0.0401 0.0199 0.0418 0.0216 0.0223 0.0223 0.0484 0.0207

IDH-1 60* 0.2104 0.0164 0.1626 0.0334 0.2086 0.0059 0.1752 0.0275 0.1956 0.0396 0.1801 0.0250

IDH-1 80* 0.0532 0.0030 0.0307 0.0307 0.0375 0.0188 0.0422 0.0222 0.0181 0.0181 0.0494 0.0214

IDH-1 100* 0.5448 0.0033 0.6666 0.1348 0.6230 0.0768 0.6068 0.0991 0.7104 0.0909 0.5741 0.0941

IDH-1 110* 0.0260 0.0034 0.1317 0.1317 0.0174 0.0090 0.1085 0.0975 0.0099 0.0099 0.1113 0.0971

IDH-1 120* 0.1359 0.0151 0.0029 0.0026 0.0965 0.0474 0.0509 0.0250 0.0549 0.0473 0.0665 0.0265

IDH-1 130* 0.0094 0.0042 0 0 0.0037 0.0022 0.0045 0.0032 0.0012 0.0012 0.0054 0.0031

IDH-1 140* 0.0204 0.0039 0.0023 0.0019 0.0133 0.0058 0.0095 0.0044 0.0098 0.0052 0.0108 0.0045

AAT-1 80* 0.0201 0.0101 0.0113 0.0082 0.0066 0.0038 0.0186 0.0083 0.0046 0.0046 0.0193 0.0081

AAT-1 90* 0.1557 0.0148 0.0349 0.0073 0.1117 0.0426 0.0816 0.0242 0.0884 0.0491 0.0903 0.0237

AAT-1 95* 0 0 0.0001 0.0001 0.0002 0.0002 0 0 0 0 0.0001 0.0001

AAT-1 100* 0.7219 0.0150 0.9496 0.0053 0.8140 0.0708 0.8582 0.0448 0.8785 0.0823 0.8340 0.0426

AAT-1 110* 0.0307 0.0110 0.0024 0.0016 0.0322 0.0203 0.0089 0.0043 0.0051 0.0051 0.0191 0.0086

(continued on next page)
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Table 1 – continued

Region Protection Location

SW NW Protected Non-Protected Island Coastal

# Localities 5 6 3 8 3 8

Total richness 62 59

mean s.e. mean s.e. mean s.e. mean s.e. mean s.e. mean s.e.

AAT-1 120* 0.0014 0.0014 0.0001 0.0001 0.0025 0.0022 0 0 0.0023 0.0023 0.0001 0.0001

AAT-1 125* 0.0701 0.0104 0 0 0.0329 0.0183 0.0315 0.0156 0.0211 0.0211 0.0359 0.0149

AAT-2 80* 0.0263 0.0037 0.0001 0.0001 0.0215 0.0107 0.0085 0.0044 0.0120 0.0120 0.0120 0.0048

AAT-2 90* 0.2183 0.0047 0.0015 0.0015 0.1481 0.0695 0.0820 0.0401 0.0713 0.0713 0.1108 0.0411

AAT-2 100* 0.5603 0.0109 0.6405 0.0333 0.6089 0.0496 0.6022 0.0261 0.6079 0.0559 0.6026 0.0248

AAT-2 110* 0.1400 0.0058 0.3557 0.0349 0.1804 0.0528 0.2866 0.0468 0.2968 0.1028 0.2430 0.0410

AAT-2 115* 0 0 0.0010 0.0010 0 0 0.0007 0.0007 0 0 0.0007 0.0007

AAT-2 120* 0.0552 0.0089 0.0003 0.0003 0.0411 0.0243 0.0193 0.0097 0.0120 0.0120 0.0302 0.0121

ADA 50* 0 0 0.0001 0.0001 0.0002 0.0002 0 0 0 0 0.0001 0.0001

ADA 70* 0.0425 0.0067 0.0779 0.0240 0.0390 0.0127 0.0704 0.0182 0.0621 0.0268 0.0618 0.0176

ADA 80* 0.1831 0.0347 0.3345 0.0172 0.1963 0.0605 0.2917 0.0309 0.2876 0.0507 0.2575 0.0373

ADA 90* 0.0943 0.0217 0.0002 0.0002 0.0676 0.0409 0.0337 0.0194 0.0474 0.0474 0.0413 0.0189

ADA 100* 0.3862 0.0299 0.4668 0.0168 0.4459 0.0329 0.4243 0.0255 0.4205 0.0235 0.4338 0.0268

ADA 110* 0.0453 0.0111 0.0006 0.0006 0.0254 0.0175 0.0192 0.0104 0.0200 0.0200 0.0213 0.0099

ADA 120* 0.1788 0.0274 0.1156 0.0274 0.1810 0.0396 0.1306 0.0245 0.1430 0.0384 0.1448 0.0266

ADA 130* 0.0532 0.0123 0.0010 0.0010 0.0395 0.0169 0.0192 0.0118 0.0177 0.0177 0.0273 0.0122

ADA 140* 0.0166 0.0047 0.0004 0.0004 0.0068 0.0032 0.0081 0.0044 0.0017 0.0017 0.0100 0.0042

MDH-1 40* 0.0158 0.0040 0 0 0.0153 0.0089 0.0042 0.0021 0.0103 0.0103 0.0060 0.0024

MDH-160* 0.1192 0.0105 0.0088 0.0021 0.0646 0.0295 0.0569 0.0233 0.0380 0.0256 0.0668 0.0231

MDH-1 80* 0.2845 0.0136 0.3524 0.0141 0.2977 0.0176 0.3304 0.0180 0.3354 0.0271 0.3163 0.0174

MDH-1 90* 0.0004 0.0004 0 0 0.0006 0.0006 0 0 0 0 0.0002 0.0002

MDH-1 100* 0.5047 0.0103 0.6361 0.0145 0.5545 0.0530 0.5846 0.0256 0.5743 0.0467 0.5771 0.0275

MDH-1 120* 0.0754 0.0119 0.0003 0.0003 0.0670 0.0333 0.0222 0.0113 0.0372 0.0372 0.0334 0.0133

Ho: observed heterozygosity; He: expected heterozygosity; D: heterozygote deficit; s.e.: mean standard error.

Table 2 – ANOVA table for the genetic variables considered in the study of Diplodus sargus populations at western
Mediterranean (mean allelic richness, H 0 genetic diversity, observed (Ho) and expected (He) heterozygosity and deficit of
heterozygotes (D)) analyzed for the grouping factor Region (north-western vs. south-western region)

Variable Source Sum-of-squares df Mean-square F-ratio P

Allelic richness Treatment 1438.548 1 1438.548 17.271 0.002

Error 749.633 9 83.293

Allelic diversity (H 0) Treatment 2.427 1 2.427 418.447 0.000

Error 0.052 9 0.006

Ho Treatment 0.021 1 0.021 15.214 0.004

Error 0.012 9 0.001

He Treatment 0.200 1 0.200 741.357 0.000

Error 0.002 9 0.000

D Treatment 0.212 1 0.212 51.757 0.000

Error 0.037 9 0.004
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PGI-2*105, AAT-1*95, AAT-1*120, ADA*50, MDH-1*90) are pres-

ent exclusively in MPAs and only two (PGDH*210, AAT-2*115)

are absent.

3.3. Effects of insularity on genetic structure

The Location factor (island vs. coastal) did not show signifi-

cant differences for most variables and only did so marginally

for mean observed heterozygosity (p = 0.1) (Fig. 4). We also ex-

plored the effects of insularity on genetic structure, compar-

ing populations from the three islands, Tabarca, Elba and

Giglio, with populations from three coastal localities selected
at random (Águilas, Banyuls and Blanes). No differences were

found for any variable. However, when comparing island to

coastal locations among north-western localities only,

excluding the Banyuls coastal marine reserve in order to

avoid the mixed effects of Region and Protection on Location,

the mean heterozygote deficit turned out to be significant

(p < 0.05) (Fig. 4).

Across the entire genetic pool, eight alleles (10.8%) were

not found on islands, six of these were exclusive to the NW

Region, the other two being exclusive to the SW region, as op-

posed to only one (exclusive to the SW region) that is absent

in coastal zones.
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3.4. The combined effect of factors

The results of the PCA applied to allele frequency data show

the influence of geographical differentiation. The first axis ex-

plains 54.1% of total variation, separating the SW Mediterra-

nean localities from the NW ones (Fig. 5). The second axis

explains an additional 8.9%, separating in their negative part

the two oldest MPAs (Banyuls and Tabarca) and their closest
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Fig. 4 – Mean observed heterozygosis (Ho) and mean deficit
respective localities (Blanes and Guardamar). The combina-

tion of the Principal Components II and III, accounting for

16.7% of the variation, tends to separate the MPAs from the

other localities.

When performing a PCA on the mean allele frequencies

and mean values for genetic structure variables (Fig. 6), the

space for variation is reduced and the three first axes account

for 96.9% of the total variance in data. The first axis explains

71% and corresponds to the Region factor, with the south-

western region in the positive part and the north-western

one in the negative. Evenness, observed and expected hetero-

zygosity and genetic diversity are the variables related to the

positive part of this axis.

The second axis explains an additional 15.1% and is re-

lated to the Protection factor, with protected zones in the neg-

ative part and non-protected ones in the positive, the

variables responsible being allelic richness and evenness,

respectively. The third axis explains the remaining 10.7%

and corresponds to the Location factor. Coastal areas pre-

sented higher allelic richness, higher observed heterozygosity

and lower heterozygote deficit than islands.

4. Discussion

4.1. Genetic differentiation and spatial heterogeneity of D.
sargus populations

Electrophoretic data show that D. sargus populations in the

western Mediterranean are not genetically homogeneous.

Allelic frequencies, Nei�s distances and F-statistics suggest a

high genetic differentiation between groups at spatial scales

from 102 to 103 km.

As Fig. 7 shows, there is a lack of a positive relationship be-

tween genetic and geographic distance at small spatial scales

while such relationship is positive and significant at Western

Mediterranean scale. It suggests that the interchange of

individuals between close populations probably responds to

complex paths through oceanographic currents (González-

Wangüemert et al., 2004). At higher spatial scales the exis-

tence of exclusive alleles in each Region determines most of

the genetic distances.

Such differences in genetic structure are probably related

to speciation processes and low connectivity among
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geographic regions in the Mediterranean. In a recent study,

González-Wangüemert et al. (unpublished data) found that

among the 15 exclusive alleles in the SW D. sargus sargus

populations, 33% are shared with the Atlantic subspecies

D. sargus cadenati, while none of the 11 exclusive alleles re-

ported by Lenfant (1998) in NW populations are present in

the Atlantic subspecies, thus suggesting a more ancient

separation. On the other hand, as the calculation of Nei�s

D is based upon comparisons of allele frequencies and is

not strongly affected by the presence of unique alleles at

low frequencies in particular populations (Avise, 1994), the

genetic distinction of relatively close localities (as for exam-

ple Mazarrón and Aguilas or Marseille and Banyuls) must be

attributed to differences in the more common allele fre-

quencies. Thus, in order to explain the heterogeneity in

the genetic structure of intraspecific fish populations, the

importance of both historical biogeography and contempo-

rary gene flow should be considered, probably being shaped

by differential fishing pressure.

Furthermore, the western Mediterranean populations

studied are characterised by high levels of heterozygosity

but also show high variability between regions, as well as

other factors considered. The average heterozygosity for the

five populations of D. sargus from the south-western Mediter-

ranean (Ho = 0.4333) was significantly higher (p < 0.005) than

those found in the north-western Mediterranean (Ho =

0.3465), and both are higher than the values for this species

in the southern Adriatic (Ho = 0.1925) (Cervelli, 1999) and

those reported for many marine fish (Mamuris et al., 1998).

High levels of heterozygosity have been associated with hav-

ing large populations and a long, unbroken history free of

population bottlenecks (Gyllensten, 1985; Mamuris et al.,

1998). However, we have detected bottlenecks in the Cape Pa-

los and Mazarrón populations (p < 0.05; Infinite Allele and

Stepwise Mutation Models; Cornuet and Luikart, 1996). On

the other hand, the mean heterozygote deficit (HD =

� 0.3413 ± 0.0354 for the SW Mediterranean vs. �0.0622 ±

0.0199 for the NW region) also shows significant differences

(p = 0.001).
Finding exclusive alleles in the south-western Mediterra-

nean populations of D. sargus with regard to north-western

populations, although shared with Atlantic subspecies (Gon-

zález-Wangüemert et al., unpublished data) could mean that

some allelic input from the Atlantic gene pool could currently

be taking place in the south-western Mediterranean region.

This could also explain the higher allelic richness and the

higher values of heterozygosis and the heterozygote deficit

found in south-western populations, as expected when mix-

ing of distinct genetic stocks takes place (Walhund effect).

4.2. Effect of protection from fishing on the genetic
structure of populations

The western Mediterranean reef fish assemblage is patchy at

a variety of spatial scales, from tens of metres to hundreds of

kilometres. Such spatial heterogeneity makes it difficult to

find significant reserve effects at high spatial scales (Garcı́a-

Charton et al., 2004).

In this study, although spatial genetic heterogeneity also

makes it difficult to find differences between factors (Protec-

tion or Location), the results show the importance of protec-

tion from fishing in the preservation of genetic biodiversity.

Both total and standardised allelic richness showed signif-

icant differences for the Protection factor (p = 0.05) and

although the allelic richness of the five populations analysed

in the SE of Spain was higher than that of the north-

western Mediterranean populations (Lenfant, 1998), the Bany-

uls MPA population showed similar values to southern

populations.

The three MPAs together provided 97.3% of the total num-

ber of alleles found in all the western Mediterranean popula-

tions studied and 9.5% of this area�s genetic pool is shut away

in these marine reserves. It is clear that fish sanctuaries act as

reservoirs for rare alleles, thus precluding their extinction.

These alleles are also important because theymay increase

fitness under unusual conditions. Natural selection can act on

an allele when it is present but, of course, can not act if the al-

lele does not occur in the gene pool (Ryman et al., 1995).
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Facilitating richness seems to be a constant of the reserve

effect at higher biological levels, this being the main and al-

most sole significant effect detected at a species level by

meta-analysis in a series of MPAs around the world (Coté

et al., 2001).

The fact that evenness was marginally significant (p = 0.16)

for the Protection factor and correlated with non-protected

zones in PCA analyses, shows that fishing acts by increasing

evenness. Fishing is selective with regard to phenotypic varia-

tionwithin species (Law, 2000) asfishinggears selects the largest

individuals from a population. Natural selection will preserve

individuals with higher fecundity and growth rates, making
their phenotypesmore frequent, but in an exploitedpopulation,

these are the very same fish selected by fishing, leading to a

reduction in the dominance of their alleles, thus increasing

evenness, a measure of the degree to which the alleles are

equally represented within the population (Gregorius, 1990).

4.3. Are islands the best choice when establishing MPAs?

Apart from the biological and ecological aspects, a number of

geographical factors will affect the success of MPAs and are

taken into account in the selection of sites (Badalamenti

et al., 2000). Many socio-cultural concerns determine the
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weight of these factors (Soulé and Simberloff, 1986), one of

them being the facilities available to ensure vigilance and re-

duce human pressure.

Of all the seas in the EU, the Mediterranean holds the larg-

est number of marine reserves (17 in number by 1995) (Bou-

douresque and Ribera, 1993) and this is increasing at a

significant rate. In 1999, Badalamenti et al. (2000) inventoried

33 MPAs in Spain, France, Italy and Greece alone. Of these,

58% were located on islands, comprising 88% of the total pro-

tected surface. As such, the relevance of the question as to

whether islands are a good choice for establishing MPAs is

evident and requires adequate answers.

Although geographic variability makes detecting signifi-

cant differences difficult using ANOVA, there is some evi-

dence of the island effect on the genetic structure of

populations which invites discussion.

PCAperformed onmeanvalues grouped by factors suggests

that islands showed lower allelic richness than coastal zones.

Furthermore, 10.8% of the total allelic pool was not found on

islands, as opposed to only one allele being absent in coastal

zones. Although this result is not conclusive as the sampling

effort is not balanced, in comparison with the reserve effect

which accounts for 97% of the total allelic richness with the

same sampling effort, it reinforces the idea that island popula-

tions tend to display an impoverished genetic structure.

Islands also showed lower mean observed heterozygosity

(p = 0.1) and when avoiding the effects of Region and Protec-

tion on Location, the mean heterozygote deficit turned out

to be significant (p < 0.05).

South-western Mediterranean populations showed the

highest heterozygosity among the populations studied and

despite this, they also presented a heterozygote deficit, this

tendency becoming more marked at Tabarca Island (Gonzá-

lez-Wangüemert et al., 2004).

Factors causing heterozygote deficit against the Hardy–

Weinberg model include: (i) scoring artefacts due to electro-

phoretic problems such as null alleles; (ii) selection against

heterozygotes; (iii) non-random mating or intrasample struc-

ture (i.e. Walhund effect) (Meffe, 1986; Mamuris et al., 1998;

Rossi et al., 1998).

The effect of null alleles on heterozygote deficiencies has

generally been rejected since it requires either extremely high
mutation rates or strong selection in favour of null heterozyg-

otes (Zouros and Foltz, 1984).

If inbreeding were the cause of the heterozygote deficiency

in the D. sargus populations studied, then one would expect

the same effect at all variable loci (Zouros and Foltz, 1984),

and this has not been the case. Usually, for organisms which

have external fertilization and extended dispersal of plank-

tonic larvae, as is the case for Diplodus species, mating be-

tween relatives is generally considered to occur with

negligible frequency (Gaffney et al., 1990). However, it could

be a problem on small islands.

In the case of south-western populations, and in particular

that of Tabarca island, the Walhund effect has been proposed

as an explanation for the heterozygote deficit on the basis

that this locality showed the highest rates of interchange of

individuals with the other populations (NemP 36;

FST 6 0.005), as well as the possible connection of this area

with Atlantic subspecies which would reinforce the effect

(González-Wangüemert et al., 2004).

Another possible explanation for the heterozygote deficit

on islands would be selection against heterozygotes. Two

modes of selection could account for slight deficiencies:

underdominance for viability (selection against heterozygotes)

and dominance of the unfavourable allele (Zouros and Foltz,

1984), however, it is difficult to substantiate that this occurs

with higher intensity on islands than it does in coastal areas.

Fishing can also reduce heterozygosity (Bergh and Getz,

1989) however there were no significant differences when

comparing the heterozygote deficit in protected and non-pro-

tected populations.

Therefore, accepting the Walhund effect as a possible

explanation for Tabarca Island, but not necessarily for other

islands, a combination of factors (isolation, smaller popula-

tion size and fishing pressure) could be responsible for het-

erozygote deficit trends on islands.

4.4. The role of MPAs as fisheries management tools from
the perspective of population genetics

Avoiding extinction of heavily exploited populations is the

first goal of any conservation effort (Man et al., 1995), but

since all environments ultimately change and will probably

change at an ever-increasing rate due to human influence,

then conservation programs must also maintain the capacity

of fish to adapt genetically, preserving genetic variability

(Meffe, 1986). There is little doubt that increased homozygos-

ity can lower an individual�s fitness. There exist numerous

data sets and a general consensus that fitness (growth rates,

scope for growth, viability, longevity, metabolic efficiency, fre-

quency of disease, survival during stress, variability, vigour,

fecundity, fertility, etc.) is enhanced by heterozygosity, and

that any decrease in genetic variation, both at an individual

or population level, will be paralleled by increasing the mor-

tality rate and a decrease in fitness and evolutionary potential

(Polunin, 1983; Meffe, 1986; Soulé and Simberloff, 1986). Heter-

ozygosity is primarily a descriptor of the degree of genetic

variation represented by genes occurring relatively frequently

in the population so that alleles occurring at low frequencies

contribute very little to heterozygosity. However, the reservoir

of genetic variation represented by such low-frequency alleles
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is also important, because they may increase fitness under

unusual conditions. Therefore, our major concern should

be the maintenance of existing genetic variance, both

within and among different populations, maintaining high

levels of heterozygosity and preserving allelic richness (Meffe,

1986).

As our results show, marine reserves preserve the gene

pool and genetic diversity, and both are important, not only

for the preservation of the structure of populations where

fishing is prohibited, but also for ensuring the gene flow be-

tween more or less distant populations. However, not all

coastal areas would be adequate, in terms of connectivity,

for establishing a reserve.

The dispersal of marine fish can take place via three

mechanisms; larval drift (Cowen et al., 2000), trophic or

reproductive migrations of adults and home range (Rakitin

and Kramer, 1996; Russ and Alcala, 1996; Kramer and

Chapman, 1999). Difficulties in detecting the exportation

of biomass from MPAs to surrounding areas (McClanahan

and Mangi, 2000; Gerber and Heppell, 2004) suggest that

these mechanisms are not as effective as expected for

many littoral demersal fish. Therefore, although the dis-

persal of marine organisms occurs commonly by means of

free-drifting larvae (Gerber et al., 2002) the mortality in

these phases is high enough to preclude high rates of

exportation over significant distances. Furthermore, many

species, such as D. sargus, do not show migratory behaviour

and juveniles stay close to adult population sites, also, the

colonization of empty habitats throughout the home range

probably operates at very low spatial scales and excessively

long time scales.

Our analyses shows spatial heterogeneity as exists at dif-

ferent scales, suggesting relatively low gene flow, and under-

lining the role of fishing reserves in the preservation of

genetic biodiversity and the importance of maintaining con-

nectivity between populations and MPAs in order to minimize

the genetic deterioration of a stock.

At present, marine conservation is very much based on the

demarcation of protected sites, but certain ecological pro-

cesses depend on horizontal dynamics connecting some

areas with others (Pineda and Schmitz, 2003) and it is need

to guarantee the genetic exchange between subpopulations.

Connectivity depends on the habitat�s characteristics and

its fragmentation, the distance between patches and spe-

cies-dispersal capability, being therefore scale dependent

(Söndgerath and Schröder, 2002).

In general, it is assumed that in the marine environment,

spatially separated areas are more likely to be functionally

connected than in terrestrial ecosystems (Jones, 2002). How-

ever, this is not always as evident as expected (Palumbi

et al., 2003), and the importance of recognising the connec-

tivity between sources and sinks of recruits in designing

MPAs for fisheries management has been stressed (Roberts

et al., 2001). Protection of dispersal and migratory patterns

should be based on the recognition of their spatial connec-

tions and, as supported by the spatial heterogeneity dis-

played by fish populations in the present study, in marine

ecosystems, local measures are insufficient when the scale

of the connections encompasses large areas of territory.

The notion of a critical distance representing an organism�s
ability to travel between habitat patches, sensu D�Eon et al.

(2002) is a fundamental element to be considered when

establishing an MPA, whether coastal or island, and a rela-

tionship between mean dispersal and reserve size could

determine the persistence of species within a reserve (Lock-

wood et al., 2002) and the effectivity of protection as fisher-

ies management tool.

Here, development time in larval phases, the pattern and

velocity of currents and water mass characteristics involved,

are factors to be considered when pelagic dispersal occurs,

and as our results suggest, for D. sargus medium and large

scale connectivity depends more on the main currents in

the water column than on habitat characteristics in some po-

tential coastal corridors.

5. Conclusions

Fishing protection is a necessary and effective tool for pro-

tecting the genetic biodiversity of target species. The main

effect of protection consists in the conservation of allelic

richness preserving rare alleles. However, considering the

high spatial variability showed by D. sargus populations at

scales from 101 to 103 km, the design of MPAs must take into

account the spatial heterogeneity in the genetic structure of

populations and the connectivity between protected and

non-protected populations as well as between MPA network

constituents (Cowen et al., 2000; Hellberg et al., 2002). In this

sense, a multiscaled approach in detecting connectivity pro-

cesses is necessary and we agree with Keitt et al. (1997) in

that incorporating regional-scale habitat analyses in conser-

vation ecology represents an important step forward, as it

places management decisions within the seascape/biogeo-

graphic context in its wider meaning and thus avoids local

policies that fail to recognize critical links between

populations.
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