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Abstract – Marine protected areas (MPAs) have been depicted as a useful tool for improving fishery manage-
ment and protecting biodiversity. For example, by acting as source populations, MPAs may provide a spillover of
adults/propagules, enhancing recruitment to surrounding, non-protected waters. However, such positive effect will de-
pend on how a MPAs design matches population biology and dispersal abilities of the target species. High levels of
intraspecific genetic diversity without pronounced structure have been found in many marine organisms over large spa-
tial scales (from hundreds to thousands kilometres) but do not hold for other ecologically and economically important
species such as coral reef fishes, seagrasses and kelps. In particular, the limited potential for dispersal of many macroal-
gae suggests the occurrence of self-sustaining, “closed” populations that contrast with the “open” populations of many
fishes and invertebrates. Consequently, the high resilience of fish/invertebrate populations cannot be generalized to the
whole marine realm. In the present work, we use genetic tools to explore the role of the MPA Parc naturel marin
d’Iroise in the management of the emblematic kelp Laminaria digitata. While kelps have received much more scientific
attention than any other seaweed group, there is still critical baseline knowledge which needs to be addressed for their
effective management. Our genetic survey of 12 L. digitata populations along the Brittany coast, four of them located
within the boundaries of the Parc naturel marin d’Iroise, allowed us to assess the conservation value of these kelp
populations. In particular, classical genetic metrics as well as more recent clustering approaches were used to identify
and characterize Management Units. Moreover, assignment tests were employed to determine contemporary migration
events and source/sink populations. Our results show that populations within this MPA have high conservation value.
However, we also identify other populations of conservation interest.

Keywords: Population genetic connectivity /Microsatellite markers / Gene flow / Gametophyte bank / Seaweed /
Laminaria digitata / Marine protected area / Ushant front / Atlantic Ocean / Dispersal / Kelp / Marginal populations /
Management units / Genetic diversity / Source/sink

1 Introduction

Marine Protected Areas (MPAs) cover many different
types of protection. Some are “no-take zones” while others
allow various levels of extractive activities (Kelleher 1999).
Their main goal, as seen by the International Union for Con-
servation of Nature (IUCN), is to preserve biological diversity
and to enhance the productivity of the oceans. Accordingly, a
single MPA should be either self-sustaining or connected to
other MPAs via dispersal (i.e. network of MPAs) to success-
fully accomplish its purpose and promote population persis-
tence (Clinchy 1997). The effectiveness of a particular MPA
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will depend on its specific objectives, but MPAs are generally
envisioned to play an ecosystem role on a scale larger than
their own boundaries (Agardy 1994). For example, by act-
ing as source populations (Pulliam 1988), MPAs have been
shown to provide a spillover of adults/propagules, enhanc-
ing recruitment to surrounding, non-protected areas (Teske
et al. 2010). Still, such positive effect will depend on how
MPA designs match the population biology and dispersal abil-
ities of target species. Connectivity is thus a critical param-
eter for optimizing the size and spacing of MPAs. However,
getting direct measures of propagule dispersal in the sea has
proven difficult (but see Almany et al. 2007) and genetic
tools are frequently used as an alternative to infer connectiv-
ity and scales of population structure (Palumbi 2004). These
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methods have found widespread applications in the identifica-
tion and conservation of populations and, in particular, they
have helped to guide new approaches to fisheries management
(Selkoe et al. 2008). The power of detecting migration through
population genetic analyses has considerably improved during
this last decade because of concomitant developments of DNA
technologies, computational power and new sophisticated sta-
tistical methods (Waples et al. 2008). Among these new ana-
lytical tools, assignment methods (Paetkau et al. 2004; Manel
et al. 2005) allow us to estimate the direction of migration
between populations, thus providing important demographic
information (e.g. source/sink dynamics) for sitting marine re-
serves (Crowder et al. 2000; Cowen and Sponaugle 2009).

Marine populations display a high spatio-temporal het-
erogeneity regarding genetic and demographic factors such
as dispersal distances and settlement rates. The “open”, no-
structured populations of many exploited fishes (Carr et al.
2003; Kinlan et al. 2005) contrast with the “closed” popu-
lations of other ecologically and/or economically important
species such as coral reef fishes (Jones et al. 2009), seagrasses
(Procaccini et al. 2007) and kelps (Valero et al. 2011). Hence
the high resilience of some exploited fish populations to hu-
man impacts due to a decoupling of local offspring production
from propagule acquisition (Roughgarden et al. 1988) cannot
be generalized to the entire marine world. Genetic data are
therefore needed to characterize dispersal and population con-
nectivity in these other ecologically and economically impor-
tant marine resources.

The MPA Parc naturel marin d’Iroise (PNMI), located into
the Ushant Sea (western Brittany, France), was created in Oc-
tober 2007 to promote a sustainable use of the regional marine
resources including the kelp Laminaria digitata. In fact, L. dig-
itata isone of the most commonly harvested species in Europe
as a source of alginates. Indeed, more than 50% of the yield
of L. digitata in France comes from the area of Molène lo-
cated in the aforementioned MPA (Arzel 1998; Alban et al.
2011). Compared to other marine organisms, dispersal dis-
tances of spores and gametes are reported to be very limited
in macroalgae (Santelices 1990), ranging from less than one
metre to over 4 km (see Kinlan and Gaines 2003 and refer-
ences therein). However, although rare, long-distance dispersal
events might have essential consequences on population con-
nectivity (Kinlan et al. 2005). In the particular case of kelps,
dispersal is mainly ensured by planktonic haploid spores but
long-distance dispersal may occur in some species via rafting
individuals (Thiel and Gutow 2005). The few studies that have
examined patterns of population connectivity of macroalgae
also suggest that habitat discontinuity may be the main fac-
tor shaping spatial genetic differentiation (in L. digitata, Billot
et al. 2003; Valero et al. 2011; in Durvinella antartica, Fraser
et al. 2010; in Macrocystis pyrifera, Alberto et al. 2010; and
in Hormosira banksii Coleman et al. 2011). Specifically, con-
trasting levels of genetic diversity have been reported in L.
digitata between large continuous and small isolated popula-
tions along the Brittany coasts. Furthermore, the temporal ge-
netic instability observed in these small populations (Valero
et al. 2011) suggests that they are not self-sustaining units and
their persistence might rely only on immigration from adjacent
sources (sink populations).

In the present work, we use genetic tools to explore the po-
tential exporting role of the PNMI in the conservation of the
engineering kelp L. digitata. Our sampling scheme, ranging
from Southern Brittany to the Gulf of Saint Malo, intended to
compare populations within and outside the PNMI, but also
populations differing in size (small isolated versus large con-
tinuous stands). Our main goal is to evaluate the conservation
value of these populations based on three criteria inferred from
genetic data: amount and distribution of the genetic diversity,
level of resilience, and source/sink dynamics.

2 Materials and methods

2.1 Sampling and genotyping

In order to compare L. digitata populations within the
PNMI with surrounding populations, four localities sampled in
2006 into/nearby this MPA were added to a previous data set
(Valero et al. 2011). To facilitate comparisons, the same pop-
ulation codes as those in Valero et al. (2011) were used here.
The previously studied samples, collected during 2005/2006,
involved eight populations placed either northwards (North-
ern Brittany: NB2, NB4, NB4, and Saint Malo Gulf: SM1)
or southwards (Southern Brittany: SB3, SB2, and SB1) of
the boundaries of the PNMI, as well as one population at its
northern limit (NB1) (Fig. 1). The new data set included three
populations located within the boundaries of the MPA PNMI
(MPA1, MPA2, and MPA3)as well as one population placed
15 km southwards (SB4) (Fig. 1).

DNA extraction for the new samples was performed as in
Valero et al. (2011). Likewise, the same seven microsatellite
loci were amplified in these samples following previous proto-
cols (Billot et al. 1998; Valero et al. 2011). In total, our dataset
comprised 330 individuals (20−30 individuals per population)
of which 115 were collected inside the aforementioned MPA.

2.2 Summary statistics, Hardy-Weinberg expectations
and linkage disequilibrium

Standard measures of genetic diversity for each popula-
tion were calculated in GENEALEX version 6.41 (Peakall and
Smouse 2006): mean number of alleles per locus (Na), unbi-
ased expected heterozygosity (He), and number of private al-
leles. Moreover, all pairs of loci across sites were tested for
linkage disequilibrium using a Markov chain approximation of
an exact test as implemented in GENEPOP web version 4.0.10
(Raymond and Rousset 1995). Conformity to Hardy-Weinberg
equilibrium within each sampling site was also assessed using
the same software. In both cases, sequential Bonferroni correc-
tion was applied in order to account for multiple comparisons
(Rice 1989).

2.3 Population structure

Genetic differentiation among populations was first inves-
tigated using pairwise FST estimates based on the approach
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Fig. 1. Map of Brittany showing sampling sites and the perimeter of the Marine Protected Area Parc naturel marin d’Iroise (dotted line).
(a) STRUCTURE bar plot for K = 4 averaged over 20 independent runs; each vertical segment represents one single individual and colours
indicate the relative contribution of each one of the 4 identified clusters to its genetic make-up. (b) Box-and-whisker plot of pairwise FST values
for each population (colours indicate genetic clusters as identified by STRUCTURE).

of Weir and Cockerham (1984) and calculated in FSTAT ver-
sion 2.93 (Goudet 1995). Deviation of obtained values from
zero was tested by randomizing genotypes among samples
(1320 permutations). For each of the N (12) studied popula-
tions, the N-1 (11) pairwise FST values were averaged in order
to get an estimate of their mean level of genetic differentiation.

In a separate analysis, the most likely number of genetic
clusters was inferred using the STRUCTURE software, ver-
sion 2.2 (Pritchard et al. 2000). This program was run under
the admixture and independent allele frequency model using
a Markov chain Monte Carlo length of 300 000 steps after
a burn-in of 200 000. The number of clusters (K) was deter-
mined by estimating the probability of the data [ln Pr (X|K)]
for runs with K = 2−12, averaged over 20 independent runs.
The value of K that most likely captured the major structure
in the data was determined as the smallest K at which aver-
age log Pr (X|K) estimates levelled out. For the selected K,

results from replicate runs were averaged with CLUMPP ver-
sion 1.1.2 (Jakobsson and Rosenberg 2007) and displayed
graphically using DISTRUCT version 1.1 (Rosenberg 2004).
Moreover, the number and identity of the genetic clusters
identified by this method was corroborated using the alter-
native bayesian approach implemented in BAPS version 5.2
(Corander et al. 2008).

2.4 Contemporary migration and source/sink
populations

In order to estimate contemporary migration events among
the studied populations, first-generation migrant tests were
performed in GENECLASS2 (Piry et al. 2004). This approach
computes for each individual the probability of belonging to
the population where it was sampled (based on its multilocus
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Table 1. Genetic diversity estimates for the studied populations (N: sampling size, Na: mean number of alleles per locus ±SD, Nap: number of
private alleles, He: unbiased expected heterozygosity; numbers in brackets denote mean values ± SD re-estimated for N = 20).

Population N Na Nap He
SM1 28 4.00 ± 0.76 [3.35 ± 1.42] 1 [0.09 ± 0.22] 0.561 ± 0.06
NB4 30 4.27 ± 0.68 [3.37 ± 0.90] 0 [0.00 ± 0.01] 0.518 ± 0.04
NB3 24 6.43 ± 1.54 [4.91 ± 2.57] 2 [0.15 ± 0.24] 0.625 ± 0.06
NB2 30 6.57 ± 1.72 [4.86 ± 2.70] 0 [0.18 ± 0.32] 0.664 ± 0.06
NB1 28 7.14 ± 1.32 [5.36 ± 2.08] 3 [0.17 ± 0. 20] 0.678 ± 0.05
MPA1 30 7.14 ± 1.22 [5.40 ± 2.12] 2 [0.24 ± 0.33] 0.700 ± 0.04
MPA2 30 6.14 ± 1.14 [5.04 ± 2.90] 2 [0.20 ± 0.27] 0.673 ± 0.07
MPA3 27 6.71 ± 1.80 [4.81 ± 2.02] 0 [0.04 ± 0.09] 0.665 ± 0.06
SB4 20 5.86 ± 0.99 [4.52 ± 1.78] 1 [0.27 ± 0.23] 0.610 ± 0.07
SB3 30 6.86 ± 1.32 [4.68 ± 2.17] 1 [0.14 ± 0. 20] 0.578 ± 0.08
SB2 28 5.29 ± 1.09 [3.95 ± 1.72] 0 [0.02 ± 0.04] 0.545 ± 0.09
SB1 25 5.29 ± 1.23 [4.08 ± 2.32] 0 [0.05 ± 0.09] 0.523 ± 0.11

genotype) and those individuals which fail to pass a given
threshold p-value are considered first-generation migrants. As-
signment probabilities were here calculated using the partially
Bayesian method of Rannala and Mountain (1997) in combi-
nation with the Monte Carlo re-sampling algorithm of Paetkau
et al. (2004). Moreover, since we did not sample all potential
source sites, we used L = Lhome as the statistical criterion for
the likelihood computation (critical p fixed to 0.05).

Finally, the status of each populations as a source/sink
was determined by characterizing its pattern of asymmetric
migration (i.e. emigration minus immigration), a measure of
the degree to which a population is a donor or a recipient of mi-
grants. Emigration/immigration estimates were derived from
GENECLASS2 output since, even though this program does
not explicitly provide migration rates, a rough approximation
can be obtained by dividing the number of individuals identi-
fied as migrants by the sample size (Manel et al. 2005).

3 Results

The seven microsatellite loci amplified from 5 (Ld158)
to 22 (Ld371) alleles each. Levels of genetic diversity were
highly variable among sampling sites (Table 1). The mean
number of alleles per locus (Na) ranged almost twofold across
all localities, from 4.00 (SM1) to 7.14 (NB1 and MPA1). Un-
biased expected heterozygosities (He) showed also a consid-
erable range of values (0.518−0.700) and, as for the previous
estimate, lowest levels were found in those populations located
at both edges of the sampling range (0.518, 0.523, 0.545, and
0.561 for NB4, SB1, SB2, and SM1, respectively). Finally, 12
of the 73 detected alleles (16.4%) were unique to a given popu-
lation (i.e. private alleles) with frequencies oscillating between
0.017 and 0.033. In particular, the central population NB1
showed 3 private alleles while NB3, MPA1, and MPA2 showed
2, SM1, SB4 and SB3 exhibited only one, and none were found
in NB4, NB2, MPA3, SB2, and SB1. In order to discard a po-
tential bias in the observed pattern of genetic diversity due to
unequal sampling sizes, allelic diversity estimates were recal-
culated using a rarefaction approach (Kalinowski 2005). Both
allelic richness and private allelic richness corroborated pre-
vious results. Allelic richness values oscillated from 3.35 to

5.40 and depicted 3 main groups of populations: SM1, NB4,
SB2, and SB1 with values between 3.35 and 4.08; NB3, NB2,
MPA3, SB4, and SB3 with intermediate values (4.52−4.91);
and NB1, MPA1, and MPA2 showing the highest estimates
(>5). Likewise, private allelic richness estimates were lower
than 0.10 for SM1, NB4, MPA3, SB2, and SB1, but higher
than 0.20 for the central populations MPA1 and SB4.

Tests for linkage disequilibrium revealed significant depar-
tures in 19 of 252 comparisons at a critical level of p < 0.05.
This amount of significant tests is slightly higher than the ex-
pected by chance as type I errors (i.e. 13). However, only
4 pairs of loci (Ld124/Ld148, Ld158/Ld167, Ld167/Ld371 and
Ld371/Ld704) showed consistent deviations in two or more lo-
calities, while departures in the remaining 10 involved just one
population. Moreover, only one test remained significant af-
ter sequential Bonferroni correction reflecting that observed
results are due to demographic phenomena within popula-
tions rather than physical linkage. Likewise, tests for Hardy-
Weinberg equilibrium revealed significant departures in 10 of
84 comparisons at a critical level of p < 0.05 but no popula-
tion showed evidence of departure from random mating after
Bonferroni correction.

Average values of [log Pr (X|K)] from STRUCTURE runs
reached a plateau at K = 4. Since a higher number of clus-
ters did not change the geographical clustering pattern but in-
creased considerably standard deviations, we chose K = 4
as the number of genetic groups best capturing the structure
of our data (Fig. 1a). Clustering using BAPS was consistent
with this partition (results not shown) and, in both cases, re-
sults were highly coherent with the spatial arrangement of
the sampled populations. Thus, while two of the identified
clusters were each composed by a single, isolated popula-
tion (SM1 and NB4), the remaining two brought together 6
and 4 adjacent sites (NB3, NB2, NB1, MPA1, MPA2, and
MPA3 for one cluster –Northwestern Brittany– and SB4, SB3,
SB2, and SB1 for the other –Southern Brittany–). On the
other hand, levels of genetic admixture were highly variable
among individuals covering almost the whole range of possi-
ble values (0.10−0.95). Nevertheless, despite this huge vari-
ability, substantial differences among clusters could be ob-
served. Thus, individuals from NB4 cluster showed the lowest
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genetic admixture (0.25 ± 0.12) while individuals from SM1
and Southern Brittany clusters exhibited intermediate levels
(0.45 ± 0.09 and 0.48 ± 0.27, respectively) and individuals
from Northwestern Brittany cluster presented the highest val-
ues (0.60 ± 0.20).

Results of genetic differentiation using average pairwise
FST statistics over each population were consistent with the
above described pattern (Fig. 1b). Thus, estimates between
the populations identified as two independent clusters by the
bayesian approaches (i.e. marginal SM1 and NB4 popula-
tions) and all other populations were high and significant
corroborating their relative genetic isolation. In particular,
pairwise FST values for SM1 ranged from 0.09 to 0.15 (0.12±
0.02) while they oscillated between 0.07 and 0.14 for NB4
(0.11 ± 0.03). In contrast, FST estimates for those populations
that characterize Northwestern Brittany cluster were on av-
erage half, ranging from 0.00 to 0.14 (0.05 ± 0.03). Finally,
populations of Southern Brittany cluster showed FST values
slightly higher than those from Northwestern Brittany, even
though they also showed substantial variability (from 0.01 to
0.15; 0.06 ± 0.04). In fact, five comparisons in this last clus-
ter (namely, SB4-SM1, SB4-NB4, SB3-SM1, SB2-SM1, and
SB2-NB4) exhibited values numerically distant from the re-
maining 32 estimates, indicating increased genetic differentia-
tion among the populations located at both edges of the sam-
pling range.

First-generation migrant tests detected a total of 28 indi-
viduals (9%) that could not be assigned to the population in
which they were sampled based on the likelihood of their mul-
tilocus genotypes (Fig. 2a). As expected, a considerable pro-
portion of these putative migrants occurred among populations
belonging to the same genetic cluster (58%, i.e. 15 individu-
als). In particular, 42% of these within-cluster migration events
were observed into the Northwestern cluster while the remain-
ing 15% occurred within the Southern cluster. Moreover, a
substantial fraction of these within-cluster events involved ad-
jacent populations (46% and 75% for the Northwestern cluster
and the Southern cluster, respectively). Among-cluster migra-
tion was mainly due to exchanges between Northwestern and
Southern clusters (82%). The remaining putative migrants cor-
responded to 1 individual sampled in SB3 whose population
of origin could not be identified and 3 individuals collected
in NB4 but attributed to MPA1, SB3, and again, an unsam-
pled population. Interestingly, the bridge between Northwest-
ern and Southern populations was more frequently established
by MPA2/SB4 but not MPA3/SB4. Also, in agreement with
population structure results, it was noteworthy that no migra-
tion event was detected in SM1.

GENECLASS2 output also provided important insights
about the directionality and asymmetry of gene flow. When
all populations were taken into account, 58% of the migration
events occurred northwards while 42% happened southwards.
The same tendency could be observed within each cluster:
56% of the migrants from Northwestern populations moved
northwards while this percentage was even higher for those
migrants from Southern populations (63%). However, the ex-
amination of gene flow directionality on a population basis
also revealed some important exceptions to the previous pat-
tern. For example, 4 of the 5 migrants from MPA2 moved

southwards and the same behaviour was observed for 2 of the
3 migrants identified from NB2. The studied populations also
showed a very different pattern regarding the asymmetry of
their gene flow (Fig. 2b): while the net balance among emi-
gration and immigration rates, was positive for 3 populations
(MPA1, MPA2, and MPA3), it remained equal to zero in 4 pop-
ulations (SM1, NB2, SB4, and SB3) or, was even negative
in NB4, NB3, NB1, SB2, and SB1. In particular, the role of
MPA1 as source population was prominent (7 emigrants ver-
sus 1 immigrant) whereas NB4 and NB1 showed the highest
immigration rates.

4 Discussion

4.1 Genetic architecture and connectivity of L. digitata
populations along Brittany

Large brown algae of the order Laminariales, also known
as kelps, characterize intertidal and subtidal rocky shores of
temperate regions (Bolton 2010). By forming a major bio-
genic habitat, these macroalgae sustain important associated
biodiversity. However, they are also subject to growing anthro-
pogenic pressures and a worldwide decline has been recently
reported (Airoldi and Beck 2007). Ensuring that marine re-
serves adequately protect these habitats, including their con-
nectivity, is therefore a key issue in conservation of temperate
marine regions (Coleman et al. 2011).

In this study, we have characterized the pattern of genetic
connectivity, including contemporary gene flow, of Brittany
populations of L. digitata scattered within and around the MPA
PNMI. Our results show that the studied populations, cover-
ing approximately 400 km of coastline, belong to 4 genetic
groups. As expected, two of these groups were composed of
a single population: the marginal populations SM1 and NB4.
In agreement with the lack of available substrate, and there-
fore conspecific populations on the adjacent coastline (Billot
et al. 2003; Valero et al. 2011), these two groups exhibited low
genetic diversity and strong differentiation. Indeed, the influ-
ence of habitat discontinuity on population connectivity has
been also evoked for other kelp species (Alberto et al. 2010;
Fraser et al. 2010; Coleman et al. 2011). The two remain-
ing groups revealed a clear differentiation between Northwest-
ern and Southern Brittany. The Northwestern group brought
together 6 adjacent populations, including the totality of the
PNMI populations. Genetic diversity estimates achieved here
their highest values and a substantial gene flow within-cluster
but also between adjacent clusters was found. The Southern
group was composed of the 4 populations located at the south-
ern edge of our sampling range. Both genetic diversity and
differentiation estimates showed a wider range of values, re-
flecting the higher heterogeneity of this cluster. Thus, although
levels of genetic diversity were, on average, moderate, esti-
mates for SB1 and SB2 were considerably low and comparable
to those of SM1 and NB4; in contrast, SB3 and SB4 showed
levels comparable to those of the neighbouring Northwestern
cluster. Similarly, SB1 and SB2 exhibited genetic differentia-
tion substantially higher than SB3 and SB4. Taken together,
these results suggest the occurrence of a transition zone (SB3
and SB4) between Northwestern and Southern clusters.
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a) 

  SM1 NB4 NB3 NB2 NB1 MPA1 MPA2 MPA3 SB4 SB3 SB2 SB1 NE
SM1    0
NB4   0
NB3        1  1
NB2 1  1 31 
NB1   0  

MPA1 1 1 2 2  7 1
MPA2  1    2 1 1  5
MPA3 1    1 2  

SB4 1 1  1   3
SB3 1 1  1 3
SB2   1 1
SB1 1   1

Unsampled popula�ons   1         1   2
NI 0 3 3 3 4 1 2 1 3 3 2 3  
n 28 30 24 30 28 30 30 27 20 30 28 25

Fig. 2. (a) Results of first-generation migrant tests performed in GENECLASS2; columns assign to rows (NE: number of emigrants, NI: number
of immigrants, n: sample size). Colours denote the four genetic clusters identified by STRUCTURE. (b) Emigration-immigration asymmetry;
positive values denote that a site is a net donor of migrants (source population) while negative values indicate a net recipient of migrants (sink
population). Colours indicate STRUCTURE genetic clusters.

Interestingly, the genetic partition regarding the North-
western and Southern clusters nearly fits the main hydrolog-
ical features of the region (Ayata et al. 2010). In contrast with
previous findings (Billot et al. 2003), this result suggests that
connectivity among Southern and Northern Brittany popula-
tions is mainly determined by hydrodynamic features. The ex-
istence of an oceanic front joining Southern Brittany to Corn-
wall has been long described (Pingree 1975; Le Fèvre 1986).
This thermal front, known as the Ushant front, appears in
spring with the increase of ocean temperature and lasts until
the mixing of the water column in autumn, thus preventing
dispersal between the Bay of Biscay and the western English
Channel. The clustering of our populations in two distinct,
but not completely isolated groups fits well with this sea-
sonal barrier. In fact, genetic isolation among populations at
both edges of the Ushant front has been reported for other
marine species (Jolly et al. 2005; Charrier et al. 2006). Be-
sides, our results regarding contemporary gene flow also agree
with the general north-northeastward drift of the North At-
lantic Current (Koutsikopoulos and Le Cann 1996). However,
even though migration mainly occurred northwards, we also
find some exceptions illustrating that regional hydrodynamics
are highly complex and include numerous mesoscale features
(Ayata et al. 2010).

The division between Northwestern and Southern popu-
lations also agrees with the zonation of the marine biogeo-
graphical provinces in the Northeast Atlantic. The Iroise Sea
is known to be a boundary between the Boreal and the Lusita-
nian provinces (Dinter 2001). Accordingly, the described ge-
netic partition reflects that Northwestern populations clearly
belong to the Boreal province while those from the South-
ern cluster are influenced by the adjacent Lusitanic province.
Furthermore, our results regarding these two clusters also
support the central-marginal hypothesis which predicts lower
genetic diversity and higher differentiation for the popula-
tions at the limits of the species distribution range (Eckert
et al. 2008). Like other cold-temperate species, L. digitata ex-
hibits its southern limit of distribution in Europe around the
47th north parallel; hence Southern cluster populations are
located at the south margin of its distribution range. As ex-
pected, genetic diversity was consistently higher in Northwest-
ern than Southern populations whereas genetic differentiation
suggested a lower connectivity in this last cluster. Indeed, frag-
mented populations as well as high ecological/demographical
variability have been reported in other kelps near their lim-
its of distribution (Coleman et al. 2011). These findings sug-
gest that latitude is also an important factor structuring kelp
populations; therefore, kelp genetic architecture might be as
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efficient as species distribution patterns for discriminating bio-
geographical provinces and defining habitats/areas of conser-
vation concern.

4.2 Implications for L. digitata management/
conservation

Management units (MUs, i.e. functionally independent
populations of conspecific individuals, Morizt 1994) have been
recently proposed as a means to efficiently guide monitor-
ing/conservation programs seeing that, populations within a
given species may be sufficiently differentiated to require sep-
arate management (Frankham 2004). Even though MUs can
rely on geography, demography or ecology, genetic data are in-
creasingly being used to delineate them. Our analyses clearly
demonstrate that all L. digitata populations within the PNMI
belong to the same MU and should therefore be managed as a
whole; this MU (here after referred as Northwestern MU) also
includes two other populations located ca. 60 km beyond the
PNMI northern limit. A second MU encompassing the four
populations within the Southern cluster can be also defined
(Southern MU). While it seems obvious that both MUs should
be protected, the Northwestern MU exhibits certain features
suggesting a higher conservation value. First, since Northwest-
ern MU populations show the highest genetic diversity, they
should harbour the largest genetic legacy of L. digitata within
the region. Second, populations identified as sources by our
analysis of asymmetric gene flow all belong to the Northwest-
ern MU and, in particular, all are located inside the PNMI.
Protecting source populations constitutes a widely-accepted
guideline in MPA design (Roberts 1997). Since sources are
self-sustaining populations but also produce a surplus of indi-
viduals (Jones et al. 2007), preserving them can increase re-
cruitment/captures in the adjacent, non-protected populations
(Roberts 1997). Finally, it has been argued that populations
representing the best MPA candidates have to also exhibit
high resilience so they can rescue other depleted popula-
tions (Salm et al. 2006). Although demographic data for the
studied populations are not available, some insights suggest
that Northwestern MU populations display high resilience.
A spatio-temporal survey covering 7−9 years and compris-
ing 8 of our 12 populations revealed no significant changes
in genetic diversity/differentiation for Northwestern MU pop-
ulations suggesting that effective population sizes have re-
mained unchanged (Valero et al. 2011). In contrast, a signif-
icant change in the population genetic metrics was detected
for the isolated populations SM1 and NB4 indicating that they
have probably suffered a recent genetic impoverishment.

Even if Northwestern MU populations seem to fulfil the
role of highly diverse, source, resilient populations, their pro-
tection alone might not ensure the long-term persistence of the
species. Firstly, it is important to note that the PNMI is not
a no-take MPA(even though some L. digitata stands around
Sein Island have not been harvested for years and harvesting is
strictly regulated; Le Niliot, pers. comm.). Indeed, it harbours
some of the most exploited kelp populations in France. The
management of these populations should therefore be consid-
ered with awareness to maintain their conservation potential.

Next, while protecting sources and/or highly-diverse popula-
tions is essential, sinks and/or less-diverse populations might
also be of conservation concern. Although we have used neu-
tral markers and we ignore whether Northwestern and South-
ern MUs are also divergent regarding adaptive traits, particular
ecological/genetic conditions at the range edge might promote
locally adaptive alleles (Bridle and Vines 2006). Finally, evi-
dence indicates that southern Brittany populations of L. dig-
itata show high interannual variability regarding population
size: (i) theoretically, marginal populations are often small and
subject to bottlenecks (Eckert et al. 2008); (ii) southern dis-
tribution of L. digitata might be constrained by overheating
of North Atlantic waters (Arzel 1998); and (iii) field surveys
carried out by the authors during the last decade also point
to fluctuations in their demographic structure (unpublished
data). However, it is important to remind that, while L. digitata
displays a life-history alternating between two independent
generations (a macroscopic diploid sporophyte and a micro-
scopic haploid gametophyte), demographic data often focus
on the macroscopic forms (but see Oppliger et al. 2012). Thus,
populations might persist and self-sustain even when sporo-
phytes have completely disappeared. The role of macroal-
gal microscopic stages as resistant forms has been actually
largely debated. In a way analogous to terrestrial seed banks,
Chapman (1986) coined the term “bank of microscopic forms”
to designate the macroalgal microscopic stages able to sur-
vive environmental conditions too stressful for the macro-
scopic thalli thus allowing population persistence. The nature
of such “bank of microscopic forms” has been quite investi-
gated later but general conclusions are still lacking (reviewed
in Hoffmann and Santelices 1991; Carney and Edwards 2006).
Thus, while gametophytes can be affected by different envi-
ronmental stresses (e.g. Dring et al. 1996), many studies advo-
cate this stage as the resistant phase. In the particular case of
kelps, two-week upper survival temperatures for Laminariales
show that gametophytes exhibit higher tolerance than sporo-
phytes in most species (Bartsch et al. 2008). Early investiga-
tions also demonstrate that Laminaria gametophytes can sur-
vive in a vegetative state in the absence of blue light and begin
gametogenesis when it is present (Lüning 1981). Despite all
above, there is no field evidence of delayed development in
macroalgae excepting for the giant kelp Macrocystis pyrifera
(Ladah and Zertuche-González 1999). Further field studies (or
laboratory studies investigating interactive effects of multiple
stressors) are therefore needed in order to make reliable eco-
logical inferences.

5 Conclusion

In the present study, we illustrate the efficiency of molecu-
lar tools in identifying populations of conservation concern in
the Brittany kelp L. digitata. While estimating connectivity is
a key issue in conservation biology, obtaining direct measures
of migration rates remains challenging in the marine realm, es-
pecially in species with microscopic dispersal phases. Using
highly polymorphic microsatellites, patterns of both genetic
diversity and structure were inferred using classical population
genetic analysis. In addition, up-to-date clustering approaches
and assignment tests were employed to identify MUs and
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sources/sink populations. Our study shows that PNMI popu-
lations belong to the same MU and actually exhibit high con-
servation value. The relevancein protecting other areas of the
species range is also discussed.
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