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9 Abstract We explored the relationships between

10 perturbation-driven population decline and genetic/

11 genotypic structure in the clonal seagrass Posidonia

12 oceanica, subject to intensive meadow regression

13 around four Mediterranean fish-farms, using seven

14 specific microsatellites. Two meadows were randomly

15 sampled (40 shoots) within 1,600 m2 at each site: the

16 ‘‘impacted’’ station, 5–200 m from fish cages, and the

17 ‘‘control’’ station, around 1,000 m downstream further

18 away (considered a proxy of the pre-impact genetic

19 structure at the site). Clonal richness (R), Simpson

20 genotypic diversity (D*) and clonal sub-range (CR)

21 were highly variable among sites. Nevertheless, the

22 maximum distance at which clonal dispersal was

23 detected, indicated by CR, was higher at impacted

24 stations than at the respective control station (paired

25 t-test: P < 0.05, N = 4). The mean number of alleles

26 (Â) and the presence of rare alleles (Âr) decreased at

27 impacted stations (paired t-test: P < 0.05, and P < 0.02,

28 respectively, N = 4). At a given perturbation level

29 (quantified by the organic and nutrient loads), shoot

30 mortality at the impacted stations significantly

31decreased with CR at control stations (R2 = 0.86,

32P < 0.05). Seagrass mortality also increased with

33Â (R2 = 0.81, P < 0.10), R (R2 = 0.96, P < 0.05) and

34D* (R2 = 0.99, P < 0.01) at the control stations, prob-

35ably because of the negative correlation between those

36parameters and CR. Therefore, the effects of clonal

37size structure on meadow resistance could play an

38important role on meadow survival. Large genotypes

39of P. oceanica meadows thus seem to resist better to

40fish farm-derived impacts than little ones. Clonal

41integration, foraging advantage or other size-related

42fitness traits could account for this effect.

43Keywords Clonal sub-range � Genetic diversity �

44Population decline � Genotypic diversity � Fish-farm

45impacts

46Introduction

47The interactions between perturbation-driven popula-

48tion decline and genetic diversity are currently the

49focus of an intense research activity, both for its fun-

50damental interest and for its implications to conserva-

51tion biology. But the dissection of their influence on

52each other is a complex task, because a circular feed-

53back is expected between both factors: population

54decline may affect population genetic resources, and

55the genetic diversity present in the population prior to

56perturbation may influence its response.

57Strong reductions in population size are expected to

58erode genetic variability, first through direct loss of

59genotypes and alleles, and thereafter through increased

60random genetic drift and elevated inbreeding within

61the remnant population offspring (Wright 1931; Nei
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62 1975; Young et al. 1996). Although most experiments

63 and field observations support positive interactions

64 between population size and genetic diversity (Leimu

65 et al. 2006), the effects of population decline in the

66 genetic diversity of the adult remnant populations are

67 highly variable (e.g. Young et al. 1996; Lee et al. 2002;

68 Edwards et al. 2005; Lowe et al. 2005; Reusch 2006).

69 This variability can be accounted for by the role of life-

70 history traits, such as the generation time or the

71 breeding regime in the speed of genetic diversity ero-

72 sion (Young et al. 1996; Collevatti 2001; Lee et al.

73 2002; Lowe et al. 2005; Leimu et al. 2006). Moreover,

74 intermediate perturbation levels may enhance genetic

75 diversity in populations, producing space available for

76 new genotypes to install, as has been described among

77 several clonal plants, in which developed and stable

78 populations show dominance by a few clones (McNe-

79 illy and Roose 1984; Watkinson and Powel 1993).

80 Among seagrasses (clonal plants), there is evidence

81 that perturbation-induced regression may reduce mea-

82 dow genetic polymorphism (Alberte et al. 1994; Micheli

83 et al. 2005). Therefore, the empirical evidence suggests

84 the existence of species-specific thresholds of popula-

85 tion reduction and isolation under which population

86 genetic diversity would not be significantly affected

87 (Leberg 1992; Young et al. 1996; Lowe et al. 2005).

88 At a given perturbation level, populations bearing

89 high genetic diversity are expected to be more resistant

90 (i.e. to be less affected by a given perturbation), and to

91 exhibit faster recovery than homogeneous ones be-

92 cause the probability of occurrence of resistant variants

93 is expected to be higher and/or through processes of

94 functional complementarity (Loreau and Hector 2001;

95 Reusch and Hughes 2006). Overall, a majority of

96 empirical studies indicate positive interactions between

97 population genetic diversity and fitness (Leimu et al.

98 2006). But more studies are needed to confirm this

99 tendency (Leimu et al. 2006), specially for the popu-

100 lation fitness components of resistance to and recovery

101 from perturbations. In the seagrass Zostera marina,

102 higher genetic diversity (in terms of allelic richness

103 and/or heterozygosity) increased survival, growth and

104 flowering rates of transplants (Williams 2001; Hämm-

105 erli and Reusch 2003).

106 Among clonal plants, another component of popu-

107 lation genetic diversity is genotypic diversity (clonal

108 diversity), the number and evenness of genetic indi-

109 viduals (genets) represented among the ramets. Recent

110 experiments indicate that genotypic diversity can

111 increase resistance (Reusch et al. 2005) and speed of

112 recovery (Hughes and Stachowicz 2004) of the clonal

113 seagrass Zostera marina facing perturbations (Reusch

114 and Hughes 2006).

115The seagrass Posidonia oceanica, is a slow-growing

116(Marbà and Duarte 1998) and extremely long-lived

117clonal plant (Mateo et al. 1997). Its primary repro-

118ductive mode is vegetative, with sparse sexual repro-

119duction (Gambi and Guidetti 1998; Balestri and Cinelli

1202003; Dı́az-Almela et al. 2006). P. oceanica is endemic

121to the Mediterranean coasts (den Hartog 1970), where

122its meadows are the dominant ecosystems between 0.3

123and 45 m depth (Bethoux and Copin-Monteagut 1986;

124Pasqualini et al. 1998). These meadows provide

125important ecosystem functions, both in terms of pro-

126duction and biodiversity (Hemminga and Duarte

1272000), which are being jeopardised by their tendency

128towards a substantial decline (e.g. Marbà et al. 2005).

129One of the major threats to P. oceanica meadows is

130the growing marine aquaculture activity (Holmer et al.

1312003). Fish farm effluents produce rapid reductions in

132meadow shoot density, which are particularly fast in

133the areas next to fish cages (Delgado et al. 1997, 1999;

134Ruiz et al. 2001). If there is an effect of this pertur-

135bation on the genetic diversity and clonal structure of

136P. oceanica meadows, it should be best detected in

137these areas.

138In the present work, we use seven microsatellite

139markers (Alberto et al. 2003; Arnaud-Haond et al.

1402005) to investigate the variability in genetic diversity

141and genotypic structure of P. oceanica meadows situ-

142ated around four fish farms across the Mediterranean,

143for which demographic trajectories have been evalu-

144ated (Diaz-Almela et al. submitted). Our objectives

145are (1) to elucidate the effects of shoot density

146regression on meadow clonal structure and genetic

147diversity and (2) to derive insights into the possible

148importance of the clonal structure and genetic diversity

149of the meadow previous to perturbation on its resis-

150tance to fish-farm impacts.

151Materials and methods

152Samples of the seagrass Posidonia oceanica were col-

153lected in meadows located around four fish farms along

154the Mediterranean (Fig. 1; Table 1), at water depths

155ranging between 16 and 28 m among sites. The farms

156in Cyprus, Italy and Spain were located in open coasts

157about 1 km from shores, whereas the farm in Greece

158was located in a strait about 300 m from shore and was

159the shallowest (16 m). All studied meadows near (i.e.

1605–15 m) the cages exhibited high rates of shoot decline,

161as reflected by the annual balance between shoot

162recruitment and mortality rates assessed by shoot

163census in permanent plots (Table 1). Conversely, shoot

164populations were in steady state or declining at slow
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165 rates, similar to those observed in other P. oceanica

166 meadows elsewhere (Marbà et al. 2005), when growing

167 at 800–1,200 m away from the cages (Table 1).

168 The sampling for genetic structure was performed in

169 each site, within two stations (i.e. hereafter called

170 ‘‘impacted’’ and ‘‘control’’ stations), encompassing an

171 area of 80 · 20 m2 each. These stations contained the

172 permanent plots where annual shoot demographic

173 parameters were estimated (Table 1). Mean shoot

174 densities within the ‘‘impacted’’ stations, located at the

175edge of the meadow nearest to fish cages, ranged from

17620 (El Campello, Spain) to 165 (Sounion, Greece)

177shoots m–2 and the meadow showed very rapid net

178population decline. The ‘‘control’’ station, situated

1791,000–1,200 m away from cages, in the direction of the

180main current, had mean shoot densities of 68 (El

181Campello, Spain) to 395 (Porto Palo, Sicily) shoots m–2.

182A total of 38–40 ramets (i.e. leaf shoots) were col-

183lected within each genetic sampling station, at ran-

184domly drawn coordinates, within a rectangular area of

18580 · 20 m2. The base of each leaf bundle, including the

186shoot apical meristem, was preserved in silica crystals

187until DNA extraction. Distributions of distances

188between pairs of collected samples (normal, slightly

189skewed towards low distances) were not significantly

190different among sampling sites and stations.

191Genomic DNA was extracted following a standard

192CTAB extraction procedure (Doyle and Doyle 1988).

193The sample polymorphism was analysed with the most

194efficient combination (Arnaud-Haond et al. 2005) of

195seven nuclear microsatellites reported by Alberto et al.

196(2003) to allow the resolution of clonal membership,

197using the conditions described by Arnaud-Haond et al.

198(2005). The number of alleles and size range (bp,

199Table 2) of some of the microsatellite loci was enlarged

200in this study as compared with the initially described by

201Alberto et al. (2003).

1000m

20m

In.2

Co.2

Control Impacted 

5-15m

80x20m2

Fig. 1 Above: locations of the fish farm sites analysed in this
study. Circle: El Campello (Spain), square: Porto Palo (Sicily),
diamond: Sounion (Greece), triangle: Amathous (Cyprus).
Below: sampling scheme of the genetic sampling stations
(Impacted, Control). The genetic sampling areas encompass a
variable number of demographic census plots, belonging to
impacted (Im) and intermediate (In) demographic stations, in
the case of the genetic impacted station, or to a control (Co)
demographic station, in the case of the genetic control station

Table 1 Location, water depth, distance to fish cages and year of initiation of fish farm activities of each sampling site and station

Site Coordinates Depth
(m)

Distance to
cages (m)

Fish farm
initiated in:

Demography
station

Shoots
m–2

Relative mortality
rate (yr–1)*

Relative recruitment
rate (yr–1)*

Amathous (Cyprus)
IMPACTED 34�41¢96N 20.5 300 1992 Im. 1, 2 454 ± 42 0.186 ± 0.050 0.141 ± 0.041

33�12¢00E
CONTROL 34�41¢99N 19.5 1,200 Co. 1, 2 491 ± 51 0.185 ± 0.067 0.139 ± 0.047

33�12¢36E

Sounion (Greece)

IMPACTED 37�39.586¢N 15.5 10–30 1996 Im.-In. 1, 2 165 ± 25 1.606 ± 0.479 0.095 ± 0.034
23�57.291¢E

CONTROL 37�39.550¢N 16.2 1,200 Co 1 365 ± 34 0.070 ± 0.020 0.056 ± 0.013
23�58.240¢E

Porto Palo (Sicily)
IMPACTED 36�42.710¢N 22.5 5–50 1993–1994 Im.-In. 1 156 ± 17 1.241 ± 0.491 0.004 ± 0.003

15�8.438¢E
CONTROL 36�43.307¢N 20 1,000 Co. 1, 2 395 ± 35 0.577 ± 0.275 0.027 ± 0.009

15�8.474¢E

El Campello (Spain)

IMPACTED 38�25.300¢

N
28 10–30 1995 Im.-In. 1, 2 20 ± 6 0.617 ± 0.128 0.091 ± 0.027

0�20.829¢W
CONTROL 38�24.875¢N 28 1,000 Co. 1 68 ± 4 0.056 ± 0.029 0.106 ± 0.019

0�21.139¢W

The demographic stations encompassed by the genetic sampling stations at each site are also provided, as well as the mean shoot
densities and mean mortality, and recruitment rates at the genetic sampling stations (Mean ± SE)
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F202 Clone discrimination

203 We used the round-robin method (Parks and Werth

204 1993) to estimate the allelic frequencies in each popu-

205 lation sample. This sub-sampling approach avoids the

206 overestimation of the rare alleles, by estimating the

207 allelic frequencies for each locus on the basis of a sample

208 pool composed of all the genotypes distinguished among

209 all the loci, except the one for which allelic frequencies

210 are estimated. This procedure is repeated for all loci,

211 taking into account Wright’s inbreeding coefficient esti-

212 mated for each loci after the exclusion of identical multi

213 locus genotypes (Young et al. 2002), and the probability

214 that the same multi-locus genotype is produced by dif-

215 ferent sexual events (Pgen (f)) is then estimated as:

Pgenðf Þ ¼
Y

l

i¼1

½ðfigiÞ � ð1þ ðzi � ðFisðiÞÞÞÞ�2
h ð1Þ

217217 where l is the number of loci, h is the number of het-

218 erozygous loci, fi and gi the allelic frequencies of the

219 alleles f and g at the ith locus (with f and g identical for

220 homozygotes), the Fis estimated for the ith locus with

221 the round-robin method, and zi = 1 the ith locus that is

222 homozygous and zi = –1 for the ith locus that is het-

223 erozygous.

224 When the same genotype is detected more than once

225 (n) in a population sample composed of N ramets, the

226 probability that the samples actually originate from

227 distinct reproductive events (i.e. from separate genets)

228 is described by the binomial expression (Tibayrenc

229 et al. 1990; Parks and Werth 1993):

Psex ¼
X

N

i¼n

N!

i!ðN � iÞ!
½Pgen�

i½1� Pgen�
N�i ð2Þ

231231 where n is the number of sampled ramets with the same

232 multi-locus genotype, N is the sample size, and Pgen is

233 the probability of the common genotype. Estimates

234 were performed using the software GENCLONE 1.0

235 (Arnaud-Haond and Belkhir in press)

236 Clonal diversity and structure

237 The clonal, or genotype diversity (R) at each station

238 has been estimated as:

R ¼
ðG� 1Þ

ðN � 1Þ
ð3Þ

240240where G is the number of genotypes in the sample and

241N is the number of ramets analysed, as was recom-

242mended by Dorken and Eckert (2001) and Arnaud-

243Haond et al. (2005). Using this estimator, the minimum

244value for clonal diversity in a monoclonal stand is al-

245ways 0, independently of sample size, and the maxi-

246mum value is still 1, when all the different samples

247analysed correspond to distinct genotypes.

248The complement of Simpson index (Pielou 1969) for

249genotypic diversity in each station, representing the

250probability of encountering distinct Multi-Locus

251Genotypes (MLG) when randomly taking two sample

252units was estimated as:

D� ¼ 1�
X

G

i¼1

niðni � 1Þ

NðN � 1Þ

� �

ð4Þ

254254where N is the number of sample units (ramets sam-

255pled), G the number of multi-locus genotypes, and ni is

256the number of sample units sharing the ith MLG.

257The clonal sub-range (i.e., the maximum distance in

258meters between two identical genotypes belonging

259to the same clone) was estimated for each station

260(Harada et al. 1997; Alberto et al. 2005). All clonal

261diversity and structure parameters were calculated

262with GENCLONE 1.0 (Arnaud-Haond and Belkhir in

263press).

264Genetic diversity and structure

265Genetic diversity within populations was estimated

266with the mean number of alleles per locus, which was

267standardized (Â) to the lowest sample size collected

268in a station (33 samples in Greece, control station),

269using GENCLONE 1.0 (Arnaud-Haond and Belkhir

270in press). After identification of ramets belonging to

271the same genets, replicates were removed from the

272dataset to perform the following calculations using

273the Genetix 4.0 package (Belkhir et al. 1996–2001).

274Unbiased (HE) and observed (HO) gene diversities

275(Nei 1987) were calculated. A permutation procedure

276(1,000 permutations) was used to test whether a

277particular estimate of the overall inbreeding coeffi-

Table 2 Total alleles per locus across the four Mediterranean meadows and microsatellites size ranges found in this study

Locus name PO 15 PO 5 PO5-40 PO5-49 PO5-10 PO4-3 PO5-39

Base pairs range 141–167 154–198 194–288 208–252 159–171 168–178 176–182
Number of alleles 15 10 36 15 6 5 4

Conserv Genet

123
Journal : 10592 Dispatch : 29-1-2007 Pages : 15

Article No. : 9288
h LE h TYPESET

MS Code : COGE-06-496 h CP h DISK4 4



U
N

C
O

R
R

E
C

T
E

D
P

R
O

O
F

278 cient (Fis), was significantly different from 0. Het-

279 erozygosity was also calculated for each genotype,

280 and relationships of genotype heterozygosity with

281 genotype frequency and clonal sub-range were

282 explored through regression analysis.

283 Spatial autocorrelation within stations was assessed

284 using the kinship estimator coefficient of Ritland (F̂ij) as

285 a genetic relatedness statistic (Ritland 1996), calculated

286 using the GENCLONE 1.0 software (Arnaud-Haond

287 and Belkhir in press). We performed regression analy-

288 ses of mean F̂ij against the Loge of mean geographic

289 distance, within each distance class. This allowed the

290 test of the adequacy of two dimensional isolation-

291 by-distance models in each station (Rousset 1997).

292 The autocorrelation analyses were performed twice

293 for each station and site: (i) first including all samples,

294 which mostly estimates the genetic neighbourhood of

295 ramets of the same genet and (ii) using permutations

296 (1,000) in order to include at each permutation only

297 one ramet (and one of the possible corresponding

298 coordinates, randomly chosen for each permutation

299 step) from each genet. This approach removes the

300 influence of the spatial pattern of clonal growth from

301 estimates of the relationship between genetic and

302geographic distance, allowing us to test for limitations

303to gene dispersal through seeds and pollen. The spatial

304scale (80 · 20 m2) and number of distance classes (6)

305were the same across stations. For each autocorrelation

306analysis the upper levels of distance classes were

307defined in order to include, as much as possible, an

308even number of distance pair comparisons among

309classes (Table 3). Among stations, the minimum geo-

310graphic distance between pairs of samples was of 0.3–

3110.7 m (0.6–1.6 m when genotype replicates were

312excluded), and the maximum distance ranged between

31363.4 and 76.9 m. We tested the significance of the

314regression slopes using 1,000 random permutations of

315the sample coordinates.

316From the slopes of the regressions of genetic dis-

317tance to geographic distance within each distance class,

318we calculated the Sp statistic (Vekemans and Hardy

3192004), following the equation (5):

Sp ¼ �
b̂F

ð1� F̂ð1ÞÞ
ð5Þ

321321where b̂F is the slope of the linear regression and F̂ð1Þ
322represents the mean Kinship coefficient within neigh-

Table 3 Number of distance pairs per distance class in each station, with and without genet replicates

Station No. distance pairs per distance class bF ± SE Sp ± SE

Cyprus impacted

Ramets 130 –0.009 ± 0.006P = 0.08 0.009 ± 0.006
Genets 27 (18 higher class) –0.011 ± 0.005ns 0.010 ± 0.005

Cyprus control

Ramets 130 –0.006 ± 0.004ns 0.006 ± 0.004
Genets 54 (55 lower class) 0.003 ± 0.002ns 0.003 ± 0.002

Greece impacted
Ramets 111 –0.030 ± 0.005*** 0.031 ± 0.005
Genets 95 –0.030 ± 0.001*** 0.030 ± 0.001

Greece control
Ramets 88 –0.010 ± 0.002* 0.010 ± 0.002
Genets 84 (76 higher class) –0.009 ± 0.002* 0.009 ± 0.002

Italy impacted
Ramets 130 –0.022 ± 0.006** 0.022 ± 0.006
Genets 79 (70 higher class) –0.015 ± 0.002** 0.015 ± 0.002

Italy control
Ramets 130 –0.012 ± 0.005* 0.012 ± 0.005
Genets 69 (61 higher class) –0.014 ± 0.002* 0.014 ± 0.002

Spain impacted

Ramets 123–124 –0.020 ± 0.003* 0.020 ± 0.003
Genets 54 (55 lower class) –0.041 ± 0.009** 0.042 ± 0.009

Spain control

Ramets 130 –0.032 ± 0.006** 0.033 ± 0.006
Genets 42 (43 lower class) –0.044 ± 0.007** 0.046 ± 0.007

The observed regression coefficient bF between mean F̂ij and the Loge of mean geographic distance within each distance class ± SE and
the Sp statistic for each spatial autocorrelation analysis. The significant values are in bold. The bF and Sp values underlined or marked
in italics indicate significant differences between the stations signalled in this way
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323 bours (i.e. the lowest distance class). We tested for

324 differences between regression slopes from impacted

325 and control stations within each site performing F-tests

326 of the slopes, for the spatial autocorrelation with genet

327 replicates. In the case of the spatial autocorrelation

328 without genet replicates, we simply compared the 95%

329 confidence intervals of the permutations performed

330 with one genet real coordinate each time.

331 Testing for the impact of perturbations on

332 the genotypic and genetic variability in the

333 meadows

334 In the absence of pre-disturbance samples, we have

335 considered the genetic structure at control quadrats to

336 provide a proxy for the genetic structure of the mea-

337 dow next to the fish farm prior to disturbance. We

338 based this assumption on the fact that the distance

339 between stations (800–1,200 m) was relatively low for a

340 species forming long-lived large clones (Sintes et al.

341 2006) in which, for a large proportion of meadows, the

342 genetic neighbourhood has been shown to exceed the

343 sampling area of stations sampled in this work

344 (1,600 m2; Arnaud-Haond et al. in press). Moreover,

345 the sampling was parallel to the coast at uniform

346 depths between stations.

347 We therefore compared genetic structures at control

348 and impacted stations among sites. We considered the

349 four sites across the Mediterranean as independent

350 replicates to test for a consistent impact of fish farms

351 on the genetic and clonal diversity of the seagrass

352 meadows. Differences in Clonal sub-range (CR),

353Genotypic richness (R), Simpson Diversity Index (D),

354the mean number of alleles (Â) and expected (HE) and

355observed (HO) heterozygosities between impacted and

356control stations was analysed performing pairwise

357t-tests over data around the Mediterranean. When

358significant pairwise differences between stations were

359detected in a parameter, we searched for correlations

360between the magnitude of the differences and benthic

361sediment inputs (total, organic matter and nutrients),

362which provides a metric for the intensity of fish farm

363pressures on the farms (Holmer et al. in press) and

364shoot density between stations.

365Testing for the influence of genetic diversity

366components on demographic responses to

367perturbation

368Data on meadow shoot recruitment and mortality were

369obtained by direct census of tagged plants within three

370permanent plots installed in each demographic station

371(genetic sampling stations encompassed a variable

372number of demographic stations, see Table 1) and site,

373as described in Diaz-Almela et al. (submitted). In that

374work, shoot mortality and recruitment variability have

375been shown to change exponentially, or in some cases

376following a power-law with the total, organic and

377nutrient benthic input rates measured in situ. There-

378fore, the possible influences of genotypic and genetic

379diversity components on the demographic response at

380a given environmental forcing were assessed by com-

381paring the residuals (averaged within each genetic

382station, Table 4) of mortality and recruitment versus

Table 4 Genotypic structure parameters at the stations investigated in terms of number of multilocus genotypes discriminated (G)
in N genotyped samples, the unbiased genotypic richness (R), Simpson diversity (D) and the clonal sub-range (CR)

Genotypic structure Genetic structure Mean residuals of mortality with inputs

Sampling locations N G R D CR Â Fis F1 Total OM N P

Amathous
IMPACTED 40 18 0.44 0.880 76.6 29 –0.14 –0.02 –0.85 –0.23 –0.07 –0.18
CONTROL 40 25 0.62 0.937 65.1 30 0.01 –0.03 –0.24 –0.68 –0.29 –0.30

Sounion
IMPACTED 37 31 0.92 0.994 29.9 41 –0.01 0.01 0.98 1.26 0.68 0.24
CONTROL 33 29 0.97 0.998 12.7 48 –0.02 –0.01 –0.27 –1.01 –1.19 –1.06

Porto Palo

IMPACTED 40 34 0.77 0.981 60.5 38 0.06 –0.01 0.19 –0.06 0.01 –0.17
CONTROL 38 32 0.72 0.971 41.7 40 –0.04 0.00 –0.48 –0.49 –0.18 0.23

El Campello

IMPACTED 39 26 0.66 0.961 70.9 20 –0.27 0.02 –0.25 –0.36 –0.20 –0.18
CONTROL 40 23 0.56 0.953 68.7 28 –0.24 0.04 –0.66 –1.34 –1.23

Genetic structure parameters: the mean number of alleles (Â), the mean inbreeding coefficient (Fis, marked in bold when it deviates
significantly from Hardy–Weinberg equilibrium), and the mean Ritland kinship coefficient between neighbour samples (F̂ð1Þ, without
genet replicates). The residuals of regressions between mortality and total, Organic Matter, Nitrogen and Phosphorus sedimentation
rates are also provided
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383 sediment inputs at impacted stations with the genetic

384 and genotypic structure at control stations. Control

385 stations were assumed to provide a proxy for the ge-

386 netic and genotypic structure prior to the impact at

387 each site.

388 Results

389 Genetic variability

390 Clonal structure and genetic diversity showed high

391 variability among sites (Table 4). Genotypic richness

392 (R) ranged between 0.44 (Amathous, ‘‘Impacted’’,

393 Cyprus) and 0.92 (Sounion, Control, Greece). The

394 number of genotypes differing in just one dinucleo-

395 tide repetition at a unique locus varied among sites

396 and stations (1 at Sounion Control station to 16 at El

397 Campello impacted station). The frequency of such

398 genotypes did not depend on the station, the mean

399 number of samples per genotype or the clonal sub

400 range, but it was negatively correlated to the allelic

401 diversity, suggesting that those very similar genotypes

402 did not derive from somatic mutations and arose

403 naturally from the lower number of possible allelic

404 combinations. The standardized mean number of

405 alleles (Â) present in each station ranged between 20

406 (El Campello, ‘‘Impacted’’, Spain) and 48 (Sounion,

407 ‘‘Control’’), and the allelic frequencies were more

408 similar between stations that between localities (see

409 annex tables). The chances of obtaining the same

410 multi-locus genotype by sexual recombination were

411 very small (all Psex < 0.01). Therefore, all identical

412 genotypes were considered members of the same

413 clone.

414 As clonal richness, Simpson diversity was minimum

415 at Amathous (‘‘Impacted’’, D = 0.880) and was highest

416 at Sounion (‘‘Control’’, D = 0.998, Table 4). On the

417 contrary, the clonal sub-range was minimum at the

418 Sounion ‘‘control’’ station (CR = 12.7 m) and maxi-

419 mum at the Amathous ‘‘impacted’’ station

420 (CR = 76.6 m, Table 4). Genotypic and allelic diver-

421 sity decreased with increasing clonal sub-range, as the

422 maximum clonal size was linked to the dominance of

423 the sample by a few clones (CR and R: R2 = 0.80,

424 P < 0.002; CR and D*: R2 = 0.49, P < 0.04; CR and Â:

425 R2 = 0.79, P < 0.003, n = 8).

426 The variability in genetic structure between sta-

427 tions was much lower than among sites. Moreover,

428 common Multilocus genotypes (MLG) were found

429 between impacted and control stations at Amathous

430 (1 MLG), Porto Palo (2 MLG) and El Campello

431 (2 MLG).

432Genotype heterozygosity was not correlated to

433genotype frequency or clonal sub-range (data not

434shown). Significant heterozygote excesses were de-

435tected at the ‘‘control’’ station of El Campello (Spain,

436P < 0.001) and at the ‘‘impacted’’ station of Cyprus.

437The remaining stations did not differ significantly from

438Hardy–Weinberg equilibrium (Table 4). The mean

439Ritland kinship coefficient between neighbours was

440near 0 at all stations and sites (Table 4).

441Significant (P < 0.001 to P < 0.05) spatial autocor-

442relation patterns were detected either with or without

443genotype replicates in all sites and stations with the

444exception of Cyprus (Table 3), revealing a significant

445relationship between genetic and geographic distance.

446The spatial autocorrelation patterns varied widely

447across sites: comparing control stations among sites, it

448was lowest in the shallowest site (Greece:

449Sp = 0.010 ± 0.002, Table 3) and highest at the deepest

450site (Spain: Sp = 0.032 ± 0.006, Table 3). The removal

451of the MLG replicates did not affect the strength and

452patterns of the spatial autocorrelation in any consistent

453way (Table 3).

454Impact of perturbations on the genotypic

455and genetic variability in the meadows

456The slope of the spatial correlation and the Sp statistic

457were not significantly different between stations,

458except in Greece, where Sp at the impacted station was

459three times higher than at control station (P < 0.05).

460Such difference persisted when the autocorrelation was

461performed without MLG replicates (Table 3).

462The observed heterozygosity Ho was lower at im-

463pacted than at control stations in every site with the

464exception of Cyprus, in which no significant differences

465were found in shoot density and net population growth

466between the so called ‘‘impacted’’ and ‘‘control’’ sta-

467tions. Nevertheless, the reduction was not significant,

468even excluding this site (Pairwise t-test, two tails,

469P = 0.17, n = 3).

470In turn the clonal sub-range was systematically and

471significantly higher at ‘‘impacted’’ stations than at

472control ones (paired t-test, P < 0.05, n = 4, Fig. 2).

473Despite their negative relationship with clonal sub-

474range, no consistent variation was found in clonal

475richness R or Simpson diversity index between im-

476pacted and control stations across sites (Fig. 2). Nev-

477ertheless, the mean number of alleles (also inversely

478related to clonal sub-range) significantly decreased, as

479compared to their respective control stations (paired

480t-test, P < 0.05, n = 4, Fig. 2). The mean number of

481rare alleles (frequency < 5% at any station of a given

482site) was also significantly lower at impacted stations as
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483 compared to their respective control stations (P < 0.02,

484 n = 4).

485 The increase in clonal sub-range at impacted sta-

486 tions showed no significant correlation with differ-

487 ences in shoot mortality rates and shoot densities

488 between impacted and control stations (R2 = 0.66,

489 P = 0.121, n = 4; R2 = 0.43, P = 0.211, n = 4, respec-

490 tively). The systematic reduction in the mean number

491 of alleles at impacted stations also showed a non-

492 significant relationship with differences in shoot

493 mortality rates (expressed as ln(year–1), R2 = 0.73,

494 P = 0.096, n = 4) and with differences in sediment

495 input rates (expressed as ln(g(DW)m–2 d–1), R2 = 0.49,

496 P = 0.189, n = 4).

497Possible influence of genetic structure components

498on demographic responses to perturbation

499The residuals of shoot mortality with total, organic

500and nutrient inputs at the impacted stations were

501correlated with the clonal sub-range (CR) at the

502control stations (Table 5), assumed to be representa-

503tive of meadow genetic structure in the area near the

504cages, before impact. The negative relationship was

505significant between CR and the residuals of shoot

506mortality with nitrogen input rates (R2 = 0.86,

507P < 0.05, n = 4; Fig. 3, Table 5). The residuals of

508shoot mortality at the impacted stations were posi-

509tively correlated with R, Â and D* at control stations

D Simpson

Control

Im
pa

ct
ed

15

25

35

45

15 25 35 45

Â

10

30

50

70

10 30 50 70

Clonal range

0.4

0.6

0.8

1

0.4 0.6 0.8 1

R

0.86

0.9

0.94

0.98

0.86 0.9 0.94 0.98

Fig. 2 Diagrams of clonal
richness (R), mean number
of alleles (Â), Simpson
genotypic diversity (D) and
clonal sub-range (CR) at
impacted and control stations.
The symbols correspond to
the sites indicated in Fig. 1

Table 5 Coefficient of determination of linear regressions describing the relationship between differential shoot mortality at impacted
stations (i.e. the residuals of shoot mortality with sedimentation rates) and clonal richness (R), Simpson clonal diversity (D), mean
number of alleles (Â) and maximum clonal range (meters) at the respective control stations

Demographic residuals at impacted stations Genetic structure at control stations (n = 4)

R D Â Clonal range (m)

Mortality-Total inputs R2 = 0.70, ns R2 = 0.99** R2 = 0.79, ns R2 = 0.79, ns
Mortality-OM inputs R2 = 0.94* R2 = 0.70, ns R2 = 0.78, ns R2 = 0.85, ns
Mortality-N inputs R2 = 0.96* R2 = 0.67, ns R2 = 0.81, ns R2 = 0.86*
Mortality-P inputs R2 = 0.83, ns R2 = 0.61, ns R2 = 0.62, ns R2 = 0.70, ns

ns: P > 0.05; *: P < 0.05; **: P < 0.01
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510 (Table 5). The strongest and most significant corre-

511 lations occurred between residuals of mortality with

512 nitrogen (N) inputs at impacted stations and R at

513 control stations (R2 = 0.96, P = 0.014, n = 4; Fig. 3,

514 Table 5) as well as between residuals of mortality

515 with total sediment inputs at impacted stations and

516 D* at control stations (R2 = 0.99, P = 0.003, n = 4;

517 Fig. 3, Table 5). Residuals of shoot recruitment vs.

518 sediment inputs at impacted stations did not show any

519 significant relationship with D*, R, Â or CR at control

520 stations.

521 Discussion

522 The effect of disturbances on clonal structure

523 and genetic diversity

524 In spite of the high mortality and rapid reductions on

525 P. oceanica meadow density near fish cages, most

526 variability in genetic parameters was still attributable

527 to differences among sites rather than to differences

528 between stations, indicating that the recent effects of

529 population decline on genetic diversity have been

530lower than the longer term natural factors shaping the

531genetic structure across the species geographic range.

532Indeed, the similar genetic structure found at

533‘‘impacted’’ and ‘‘control’’ stations within each site, as

534well as the existence of common genotypes between

535stations of the same site, support the assumption of

536similar patterns of clonal structure and genetic diver-

537sity between stations previous to impact.

538Despite the low shoot densities at impacted stations

539(reaching 29% of shoot density at ‘‘control’’ station in

540El Campello) (which clearly compromise population

541viability in this slow growing species), effects on

542genetic diversity within the remaining meadows were

543limited to a reduction in the allelic richness, particu-

544larly affecting rare alleles. The lack of significant

545differences between stations for the observed hetero-

546zygosity or the inbreeding coefficient is consistent with

547predictions (Nei et al. 1975) and experiments (Leberg

5481992), indicating that population bottlenecks have a

549stronger effect on allelic richness than on population

550heterozygosity (see also Widmer 2001). The latter

551would indeed require extreme bottleneck or founder

552effects through several generations to be clearly

553reduced (Leberg 1992). Such patterns of allelic richness
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554 reduction have also been observed in other long-lived

555 species, like logged or fragmented populations of

556 tropical trees (Hall et al. 1996, White et al. 1999). An

557 extensive survey within this group of species indicates

558 that genetic diversity loss through fragmentation or

559 selective logging is better reflected in the resulting

560 inbreeding in the progeny, or over longer time scales

561 (Lee et al. 2002; Lowe et al. 2005). This suggests that

562 genetic diversity may keep on being lost slowly in the

563 subsequent generations (Lowe et al. 2005), still

564 affecting the population a long time after the pertur-

565 bation occurred.

566 Posidonia oceanica is an extremely long-lived

567 species (Mateo et al. 1997) in which genets are

568 expected to persist for centuries (Hemminga and

569 Duarte 2000; Sintes et al. 2006), when they are

570 allowed by the environmental conditions. The sparse

571 sexual reproduction of the species (Gambi et al.

572 1984; Balestri and Cinelli 2003; Dı́az-Almela et al.

573 2006) and its slow vegetative extension rate (Marbà

574 and Duarte 1998) ensures that the genetic structure

575 observed in a so short time scale (all fish farms ini-

576 tiated operation <10 years prior to this study) char-

577 acterize basically the remains of the initial adult

578 population, because any impact of the present shoot

579 density reduction on the reproductive output would

580 only affect the genetic structure of the meadow many

581 decades after the onset of the impact. Indeed, no

582 seedlings have been detected.

583 Nevertheless it is realistic to expect that the ge-

584 netic diversity of the remaining meadow will be re-

585 duced further in the following years due to the

586 extreme seagrass decline rates registered at the im-

587 pacted meadows, which may lead to complete plant

588 depletion in the areas closest to fish cages in the

589 short term (Diaz-Almela et al. submitted). The slow

590 vegetative growth and the long generation time of

591 the species would reduce the effects of genetic drift

592 (Hamrick et al. 1979), but at the same time renders

593 seagrass recovery in the affected areas unlikely.

594 Demographic and genetic recoveries are expected to

595 rely on recolonisation from the apparently genetically

596 similar nearby meadow areas, which will probably

597 require several centuries for the areas affected

598 (Meinesz and Lefevre 1984; Marbà et al. 2002; Sintes

599 et al. 2006).

600 The spatial autocorrelation patterns varied widely

601 across sites, but within the range reported for other

602 P. oceanica meadows (Arnaud-Haond et al. in press).

603 Despite large density differences, the Sp statistic only

604 increased at the Greek impacted station. These results

605 only partially concur with those described by

607607Hardy and Vekeman (2004), who report a negative

608relationship of Sp with plant density across four

609species. These authors interpret it as the combined

610action of stronger genetic drift and wider propagule

611dispersion in low-density populations. As explained

612before, the immediacy of the decline, combined with

613the long generation time of the species probably

614prevented the long-term cumulative action of gene

615flow, genetic drift and inbreeding to be expressed.

616However, the intense shoot declines in the meadows

617may have removed, if only through chance, many

618small genotypes from the meadow. The fact that the

619only site where we have detected an Sp increase with

620shoot density decline is that with the highest clonal

621richness and lowest clonal range suggests that the

622genetic drift derived from the intensive shoot decline

623was enough to alter the spatial autocorrelation pat-

624terns in the meadows composed of small clones, but

625not in the meadows dominated by larger clones.

626Nevertheless, as the number of shoots sampled is only

627a small fraction (in the order of 10–2 to 10–4) of the

628shoots present in the area, the number of clones

629identified is a small sample of the actual number of

630clones present. Moreover, the sampling strategy im-

631plied that nearly 80% of distance pairs were greater

632than 10 m, while the loss of shoot density was

633observed at small spatial scales. Therefore, there

634could have possibly been changes in spatial autocor-

635relation patterns between impacted and control sta-

636tions at other sites, which may have been undetected

637by our study.

638The consistent and significant increase of the clonal

639sub-range observed in the impacted areas, suggests a

640higher mortality of small clones relative to large ones,

641even though we failed to detect significant effects on

642clonal richness. Such failure could have been caused

643for the same reasons advanced for the autocorrelation

644patterns. On the other hand, the lack of significant

645differences in clonal richness between impacted and

646control stations also suggests that allelic richness could

647have been reduced, at least in part, through non-ran-

648dom loss of genotypes containing rare alleles or with

649small clonal size.

650Analysis of demographic answer to environmental

651forcing vs. genetic and genotypic diversity

652components

653Unexpectedly, the mortality at impacted station for a

654given perturbation level increased with genotypic

655richness R and diversity D*, and also with allelic

656richness Â at control stations, assumed to approximate
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658658 pre-impact conditions in the four sites. These obser-

659 vations were unexpected because of the evidence that

660 genetic and genotypic diversity increase survival and

661 growth after disturbance in the seagrass Zostera marina

662 (Williams 2001; Reusch et al. 2005; Hughes and Sta-

663 chowitz 2004). This contrast may derive from the

664 dominant role of vastly different clonal sizes in our

665 study, which appears to have greatly affected survival,

666 whereas the experimental studies testing for the role of

667 genotypic diversity did not test for the effects of clonal

668 size (Williams 2001; Reusch et al. 2005; Hughes and

669 Stachowitz 2004). The significant decrease in mortality

670 with meadow clonal sub-range may explain the unex-

671 pected positive correlation of allelic and clonal richness

672 with mortality, because those parameters decreased

673 with clonal sub-range in the samples. Therefore genetic

674 and genotypic richness may well have a positive effect

675 on plant survival, once the parallel changes in clonal

676 size are removed, as supported by experiments using

677 uniform genet sizes (Hughes and Stachowitz 2005;

678 Reusch et al. 2005).

679 Reusch et al. (1999), observing a meadow of

680 Z. marina dominated by an ancient and large clone

681 growing in the Baltic Sea, hypothesised that the

682 relationship between meadow survival and genetic

683 diversity could be not straightforward. Our results

684 reinforce this idea, suggesting that the natural vari-

685 ability in genet size within seagrass meadows (e.g.

686 Hämmerli and Reusch 2003; Alberto et al. 2005,

687 present work) may also play a role in meadow sur-

688 vival. The observed significant reduction in shoot

689 mortality at impacted stations with presumed larger

690 initial clonal sub-range and number of shoots per

691 genet suggests that mortality rates are slightly lower

692 where clones are large and constituted of a high

693 number of ramets.

694 While the observation of larger clones at impacted

695 stations could be explained as a simple matter of

696 probability (i.e. given an equal shoot probability to

697 die, it is more likely for little clones to disappear

698 completely than for large ones), the increased mor-

699 tality observed within meadows initially composed of

700 little clones would suggest that the shoot probability

701 of dying decreases with the size of the clone it be-

702 longs to.

703 The results from this study have two main aspects:

704 (1) the correlation of genetic structure at control sta-

705 tions (assumed to approximate that of impacted sta-

706 tions prior to the impact) with the demographic

707 responses at impacted stations suggest that meadows

708 dominated by larger clones would be less sensitive to

709 fish-farm derived pressures, possibly through the

710greated resistance of large clones. (2) The comparison

711of genetic structures between impacted and control

712stations reinforces this suggestion, because the

713increased clonal range at the impacted stations with

714respect to their respective control stations implies

715a greater survival of larger clones following distur-

716bance. A major uncertainty about these inferences is

717the lack of information on the meadow genetic struc-

718ture previous to the impact, which does not allow us to

719validate that of the control areas as a proxy. Experi-

720mental studies are needed to test for our conclusions.

721Nevertheless the results are based on the observation

722of a consistent pattern across four sites in the

723Mediterranean, where a basic similarity in the genetic

724structure between impacted and control stations sup-

725ports the likelihood of our assumption. A major role

726for chance in producing such patterns appears unlikely.

727Altogether, those observations strongly suggest that

728some size-related fitness traits may influence the sea-

729grass resistance to perturbation.

730Among clonal plants, clonal integration (share of

731resource and probability-to-die between ramets) has

732been shown to be a size-related adaptive trait (e.g. van

733Kleunen et al. 2000), which would provide a selective

734advantage in environments with a low proportion of

735suitable habitat (Oborny et al. 2000; Oborny and Kun

7362002). It has been invoked to explain enhanced survival

737and accelerated growth of clone patches with clonal

738size in undisturbed conditions among several seagrass

739species (Olesen and Sand-Jensen 1994; Vidondo et al.

7401997).

741In P. oceanica, clonal integration has been experi-

742mentally proven to exist within at least 20–30 cm dis-

743tance (Marbà et al. 2002). The ramets of a clone can

744remain connected during decades (as 40–50 years is the

745maximum life expectancy of P. oceanica shoots, Marbà

746and Duarte 1998) but given the slow horizontal growth

747rate of the species (1–6 cm year–1, Marbà and Duarte

7481998) we can hypothesize an upper limit for clonal

749integration in this species of 2.4–3 m, a range greater

750than the size estimated for most genotypes in this

751study, but much lower than the clonal sub-ranges reg-

752istered at all the stations. This would suggest that other

753size-related fitness traits should account for the

754enhanced resistance to perturbation of large clones

755found in this work.

756Among other benefits, foraging capacity is improved

757by clonal size (Oborny and Kun 2002), which means

758that a larger range of different micro habitats can be

759explored by the same genetic individual when its

760number of modular units increases, optimizing its

761capacity to reach micro-environments it is better

Conserv Genet

123
Journal : 10592 Dispatch : 29-1-2007 Pages : 15

Article No. : 9288
h LE h TYPESET

MS Code : COGE-06-496 h CP h DISK4 4



U
N

C
O

R
R

E
C

T
E

D
P

R
O

O
F

762 adapted to. Also, large clones may have reached such

763 large size because they may have surmounted various

764 regimes of selection, being better adapted to a larger

765 range of conditions. This could be an additional factor

766 accounting for the greater survival of large clones

767 relative to small ones when exposed to disturbance

768 derived from fish farm operations. The lack of corre-

769 lation between genotype heterozygosity and clonal

770 sub-range with neutral markers is not enough to reject

771 such hypothesis, because heterozygote advantage is not

772 proven to occur in P. oceanica. Therefore, under dis-

773 turbed conditions, such mechanisms (increased clonal

774 integration, optimized foraging capacity, or dominance

775 of the fittest genotypes) enhancing survival of larger

776 clones could make a population constituted of a few

777 large clones more resistant to perturbation than a

778 diverse population consisting of many little clones,

779 counterbalancing the potentially beneficial influence of

780 genotypic and genetic diversity in population resis-

781 tance to and recovery from perturbations (Reusch and

782 Hughes 2006).

783 The experiments by Williams (2001), Hughes and

784 Stachowitz (2004) and Reusch et al. (2005) suggest

785 the existence of positive effects of genotypic diversity

786 on survival and recovery of seagrasses for clones of

787 similar size. As genotypic and allelic richness tend to

788 be reduced with increased dominance of meadows by

789 a few clones, the results of this study point to the

790 existence of a trade-off between genetic or genotypic

791 diversity and clone size in the potential of seagrass

792 meadows to survive perturbations. This hypothesis

793 deserves to be tested with experimental or field

794 studies, which simultaneously test the effects of

795 genotypic diversity with those of clonal size on plant

796 survival and recovery. This study shows effects of fish

797 farm-derived mortality on the clonal structure and

798 genetic diversity of seagrass meadows. What are the

799 consequences of those changes, on the scope of

800 recovery after disturbance, is difficult to ascertain.

801 Provided seagrass meadows are experiencing losses

802 worldwide and will most likely continue to undergo in

803 the near future (Duarte et al. 2005), to understand the

804 feed-backs of genetic and clonal structure with dis-

805 turbance may help to predict the trajectories of those

806 meadows.

807 Acknowledgments The present work has been financed by the
808 MedVeg (Q5RS-2001-02456 of FP5) and THRESHOLDS (contract
809 003933-2 of FP 6) of the European Union. We are grateful to
810 Rocı́o Santiago, Fernando Lázaro and Alberto Rabito for their
811 assistance in the field.

812 Appendix813 T
a

b
le

6
A
ll
el
ic

fr
eq
u
en
ci
es

o
f
th
e
se
v
en

lo
ci

a
t
th
e
fo
u
r
si
te
s
(C

=
C
o
n
tr
o
l
st
a
ti
o
n
;
I
=

Im
p
a
ct
ed

st
a
ti
o
n
)

L
o

cu
s

1
1

4
1

1
4

3
1

4
5

1
4

7
1

4
9

1
5

1
1

5
3

1
5

5
1

5
7

1
5

8
1

5
9

1
6

1
1

6
3

1
6

5
1

6
7

A
L

o
cu

s
7

1
7

6
1

7
8

1
8

0
1

8
2

A
A

m
a

th
o

u
s

C
0

.6
0

0
.2

2
0

.1
6

0
.0

2
4

0
.4

0
0

.6
0

2
A

m
a

th
o

u
s

I
0

.0
3

0
.5

0
0

.2
8

0
.1

7
0

.0
3

5
0

.6
7

0
.3

3
2

S
o

u
n

io
n

C
0

.0
2

0
.1

9
0

.0
2

0
.5

2
0

.1
9

0
.0

5
0

.0
2

0
.0

2
8

0
.5

2
0

.4
5

0
.0

3
3

S
o

u
n

io
n

I
0

.1
3

0
.3

7
0

.4
9

0
.0

1
4

0
.0

1
0

.1
8

0
.8

1
3

P
o

rt
o

P
a

lo
C

0
.0

2
0

.0
2

0
.5

0
0

.2
2

0
.0

9
0

.0
5

0
.0

7
0

.0
3

8
0

.5
5

0
.4

5
2

P
o

rt
o

P
a

lo
I

0
.1

9
0

.0
2

0
.3

1
0

.1
5

0
.0

6
0

.2
7

6
0

.6
9

0
.3

1
2

C
a

m
p

e
ll

o
C

0
.0

7
0

.0
9

0
.4

6
0

.3
3

0
.0

2
0

.0
2

0
.0

2
7

0
.3

7
0

.6
3

2
C

a
m

p
e

ll
o

I
0

.4
6

0
.5

4
2

0
.8

5
0

.1
5

2

L
o

cu
s

2
1

5
4

1
5

6
1

6
4

1
6

6
1

7
2

1
7

4
1

8
2

1
8

4
1

8
8

1
9

8
A

L
o

cu
s

5
1

5
9

1
6

1
1

6
3

1
6

5
1

6
7

1
7

1
A

A
m

a
th

o
u

s
C

0
.9

4
0

.0
4

0
.0

2
3

0
.4

8
0

.5
2

2
A

m
a

th
o

u
s

I
0

.8
9

0
.1

1
2

0
.0

3
0

.3
3

0
.0

6
0

.5
8

4
S

o
u

n
io

n
C

0
.0

8
0

.8
3

0
.0

9
3

0
.0

2
0

.1
6

0
.1

6
0

.6
7

4
S

o
u

n
io

n
I

0
.0

4
0

.8
8

0
.0

7
3

0
.3

4
0

.0
3

0
.6

3
3

P
o

rt
o

P
a

lo
C

0
.6

9
0

.1
9

0
.0

3
0

.0
9

4
0

.6
0

0
.2

9
0

.1
0

3
P

o
rt

o
P

a
lo

I
0

.5
0

0
.4

7
0

.0
3

3
0

.1
6

0
.4

4
0

.3
1

0
.0

6
0

.0
3

5
C

a
m

p
e

ll
o

C
0

.2
0

0
.0

9
0

.6
1

0
.1

1
4

0
.1

7
0

.0
7

0
.4

3
0

.3
3

4
C

a
m

p
e

ll
o

I
0

.0
2

0
.7

7
0

.2
1

3
0

.1
5

0
.1

0
.4

6
0

.2
9

4

L
o

cu
s

4
2

0
8

2
1

0
2

1
8

2
2

0
2

2
2

2
2

6
2

2
8

2
3

4
2

3
6

2
3

8
2

4
0

2
4

2
2

4
4

2
5

0
2

5
2

A
L

o
cu

s
6

1
6

8
1

7
0

1
7

2
1

7
4

1
7

8
A

A
m

a
th

o
u

s
C

0
.0

2
0

.8
4

0
.0

8
0

.0
6

4
0

.7
4

0
.2

6
2

A
m

a
th

o
u

s
I

0
.6

4
0

.3
3

2
0

.8
3

0
.1

7
2

Conserv Genet

123
Journal : 10592 Dispatch : 29-1-2007 Pages : 15

Article No. : 9288
h LE h TYPESET

MS Code : COGE-06-496 h CP h DISK4 4



U
NCO

RRECTED
PRO

O
F

Table 6 continued

Sounion C 0.02 0.38 0.39 0.22 4 0.77 0.23 2
Sounion I 0.01 0.35 0.01 0.40 0.03 0.18 0.01 7 0.82 0.18 2
Porto Palo C 0.02 0.03 0.02 0.57 0.07 0.09 0.07 0.02 0.07 0.05 10 0.62 0.33 0.05 3
Porto Palo I 0.02 0.03 0.63 0.08 0.06 0.02 0.08 0.08 8 0.69 0.19 0.06 0.05 4
Campello C 0.91 0.09 2 0.20 0.39 0.41 3
Campello I 1 1 0.02 0.81 0.15 0.02 4

Locus 3 194 198 200 206 208 210 212 214 216 218 220 222 224 226 228 230 232 234 236 238
Amathous C 0.02 0.06 0.22 0.10 0.16 0.02 0.02 0.08 0.12
Amathous I 0.28 0.11 0.22 0.06 0.28
Sounion C 0.02 0.05 0.02 0.09 0.06 0.11 0.06 0.02 0.03 0.02
Sounion I 0.01 0.12 0.04 0.01 0.04 0.04 0.13 0.03 0.01 0.04 0.10 0.10
Porto Palo C 0.05 0.03 0.02 0.19 0.24 0.16 0.03 0.07 0.19 0.02
Porto Palo I 0.02 0.02 0.21 0.24 0.06 0.06 0.11 0.10 0.16 0.02
Campello C 0.28 0.35 0.11 0.15 0.02 0.09
Campello I 0.31 0.44 0.04 0.21

Locus 3 240 242 244 246 248 250 252 254 256 260 262 264 266 268 282 288 A
Amathous C 0.08 0.06 0.02 0.04 12
Amathous I 0.06 5
Sounion C 0.02 0.02 0.03 0.11 0.09 0.03 0.03 0.03 0.08 0.02 0.03 0.02 0.02 0.02 13
Sounion I 0.03 0.07 0.09 0.03 0.04 0.01 0.01 14
Porto Palo C 10
Porto Palo I 10
Campello C 6
Campello I 4
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864 Diaz-Almela E, Marbà N, Álvarez E et al (submitted) Benthic
865 inputs as predictors of seagrass (Posidonia oceanica) fish
866 farm-induced decline. MS available at http://www.arxiv.org;
867 Reference: q-bio.QM/0611006
868 Dorken ME, Eckert CG (2001) Severely reduced sexual repro-
869 duction in northern populations of a clonal plant, Decodon
870 verticillatus (Lythraceae). J Ecol 89:339–350
871 Duarte CM, Borum J, Short FT, Walker DI (2005) Seagrass
872 ecosystems: their global status and prospects. In: Polunin
873 NVC (ed) Aquatic ecosystems: trends and global prospects.
874 Cambridge University Press (in press)
875 Edwards KR, Travis SE, Proffitt CE (2005) Genetic effects of
876 a large-scale Spartina alterniflora (Smooth Cordgrass)

877dieback and recovery in the Northern Gulf of Mexico.
878Estuaries 28(2):204–214
879Gambi MC, Guidetti P (1998) Morphological observations on
880seedlings of Posidonia oceanica (L.) Delile germinated
881‘‘in situ’’. Biol Mar Medit 5(1):549–552
882Hämmerli A, Reusch TBH (2003) Inbreeding depression influ-
883ences genet size distribution in a marine angiosperm. Mol
884Ecol 12:619–629
885Harada Y, Kawano S, Iwasa Y (1997) Probability of clonal
886identity: inferring the relative success of sexual versus clonal
887reproduction from spatial genetic patterns. J Ecol 85:591–
888600
889Hemminga M, Duarte CM (2000) Seagrass ecology. Cambridge
890University Press, Cambridge
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