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ABSTRACT: This study tests the general hypothesis that habitat disruption caused by the release of
copper mine wastes in coastal waters has a negative impact on gene flow among populations of the
kelp Lessonia nigrescens Bory. Hierarchical sampling was performed within continuous, undisturbed
stands and at the northern and southern edges of a 40 km gap caused by mine wastes. Our results,
based on RAPD markers, showed a strong genetic structure even in the absence of the disrupting
effect of the mine wastes. No pattern of isolation by distance is apparent, however, which indicates
that populations are at migration-drift disequilibrium, and suggests that most events of spore recruit-
ment and/or gametophyte fertilization occur within a few metres. On the other hand, some long dis-
tance dispersal is likely to occur, which prevents isolation by distance within the spatial scale of
40 km. When comparing continuous stands across the disrupted habitat, an increased genetic differ-
entiation associated with the interruption of the species distribution was observed. A Multiple Corre-
spondence Analysis (MCA) clearly separated the sampling units into 2 groups, each representing a
separate stand. Other lines of evidence supporting the idea of genetic disruption came from the mean
pairwise differentiation estimates (Fsy) and from the Analyses of Molecular Variance (AMOVA).
Finally, the southern edge of the interruption in the distribution of L. nigrescens showed clear signals

of a recent founding event, suggesting that northward recolonisation is currently occurring.
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INTRODUCTION

Habitat fragmentation, through the isolation and size
reduction of originally continuous populations, is a
major threat to any species as it reduces population
viability by affecting population dynamics and genetic
diversity (i.e. Saunders et al. 1991, Young et al. 1996).
The metapopulation theory has been widely used to
predict the effects of habitat fragmentation (Hanski &
Gilpin 1997). It is not clear, however, what the magni-
tude of such a pertubation that would cause the disrup-
tion of a given population is (Caizergues et al. 2003,
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Murren 2003), and therefore, inferring the effects of
habitat fragmentation among natural populations may
prove to be a difficult task (Williams et al. 2003). Part of
this problem stems from the fact that the distribution of
a species is often naturally discontinuous, due to the
heterogeneity of the environment and the discontinu-
ities of a habitat. Even in the marine environment,
often considered a priori as a continuous habitat that
favors dispersion, discontinuities are frequently pre-
sent and, sometimes, result in clear interruptions of the
species distribution or act as barriers to migration
among populations (Palumbi 1994, Riginos & Nachman
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2001). Furthermore, there is increasing evidence that
these habitat discontinuities represent a key factor in
reducing gene flow among marine populations and,
thus, favours genetic differentiation. Examples include
rock-reef fishes, where sandy beaches or deeper
waters among islands can inhibit gene flow even in the
presence of tidal currents (Bernardi 2000, Riginos &
Nachman 2001), intertidal snails (Johnson & Black
1995) and other animal populations (reviewed by
Palumbi 1994, Bohonak 1999). In seaweeds, accumu-
lating evidence shows that, in most cases, gene flow
occurs mainly between populations separated by short
distances as a result of their short dispersal capacity
(Valero et al. 2001). As a consequence, any interrup-
tion in their distribution is expected to accelerate
genetic differentiation. For example, it was shown that
natural discontinuities of the coast, such as estuaries
and sandy beaches, strongly increases population dif-
ferentiation at spatial scales of 5 km in the rocky inter-
tidal red alga Mazzaella laminarioides (Faugeron et
al. 2001, Faugeron 2002). Similar responses were
reported for the brown alga Laminaria digitata, where
relatively short interruptions (15 to 20 km) in its usually
continuous distribution increases genetic differentia-
tion (Billot et al. 2003). At a local spatial scale, spatial
and temporal heterogeneity has been associated with a
reduced and/or asymmetrical gene flow (Engel et al.
2004) and strong genetic and physiological sub-
structuring of the populations (Ruckelshaus 1998,
Wright et al. 2000, Zucarello et al. 2001).

Whenever sensitivity to habitat discontinuities has
been assessed using organisms with low dispersal
capacities, it has become a major challenge to separate
the effects of natural discontinuities and the resulting
historical barriers to gene flow from contemporary
processes such as habitat fragmentation induced by
humans (Young et al. 1996, Sork et al. 1999, Manel et al.
2003, Williams et al. 2003). Furthermore, contemporary
changes in the pattern of gene flow may have no effect
on the current genetic structure because genetic drift re-
quires several generations to alter allele frequencies
within populations. In this context, long generation
times, large population sizes, or both are expected to
cause the genetic structure of a population to remain un-
changed for long periods of time, and make the detection
of possible effects of human-induced population frag-
mentation difficult. Therefore, in order to properly sort
past from contempory factors shaping a population,
studies assessing the effects of habitat fragmentation on
genetic structure must include sampling at similar
spatial scales in both fragmented and continuous habi-
tats (i.e. Caizergues et al. 2003, Williams et al. 2003).

Taking all the above into consideration, the present
study assesses the potential effects of a human-in-
duced barrier to gene flow on the genetic differentia-

tion among kelp populations in northern Chile. Among
the anthropogenic activities known to have caused se-
vere and persistent disruptions in local diversity and
abundance of intertidal and subtidal communities in
northern Chile are those resulting from the disposal of
solid and liquid wastes from copper mining. At 1 of
these sites, Chanaral Bay, since the mining operations
began in the early 1940s, major beach progradation,
caused by the accumulation of sediments with high
copper content, was accompanied by the disappear-
ance of entire assemblages of benthic organisms
around the discharge points. After more than 60 yr of
continuous waste discharges, Chanaral Bay is cur-
rently characterized by the presence of artificial tailing
beaches interrupting the rocky coastline for 25 km,
and a chronic enrichment of the coastal water by heavy
metals, mainly copper (Correa et al. 1999). These
changes in habitat were accompanied by an overall
reduction in biological diversity and the persistent oc-
currence of intertidal benthic communities with a sim-
plified structure (Castilla & Nealler 1978, Correa et al.
1999). An important kelp which is absent from this
impacted area is Lessonia nigrescens Bory, one of the
most ecologically and economically important species
in the rocky intertidal habitats of the western southern
Pacific (Santelices et al. 1980, Santelices & Ojeda 1984,
Véasquez et al. 1998). Its ecological importance as an
engineer species (sensu Jones et al. 1994) is suggested
by studies showing that L. nigrescens facilitates the
recruitment of macro-invertebrates and algae that find
refuge from desiccation and wave impact (Villouta &
Santelices 1984). The importance of this species is fur-
ther supported by reports demonstrating the role of the
holdfast as a habitat for several taxa of intertidal inver-
tebrates (Cancino & Santelices 1984, Véasquez &
Santelices 1984, Munioz & Santelices 1989). L. nigre-
scens is also a main marine commercial resource for
the production of alginates, gel-forming polysaccha-
rides, included in food, cosmetics and paint industries.
L. nigrescens, a species with an apparently poor capac-
ity for dispersal, has a heteromorphic haploid-diploid
life cycle, with a macroscopic diploid phase (the sporo-
phyte), and a microscopic haploid phase (the gameto-
phyte). Despite the dispersal capacity of the meio-
spores released by the sporophytic thallus, the
occurrence of an obligate alternate gametophytic
phase, with separate male and female individuals,
makes the dispersal of the species more complex and a
successful recruitment of the sporophytic phase more
difficult. For this reason, recovery of the continuity in
L. nigrescens populations following natural or an-
thropic habitat disruptions is expected to be slow, as
recently reported for re-colonization patterns after
massive mortality of this kelp associated with the El
Nino climatic event in 1982 (Martinez et al. 2003).
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stand and Torres del Inca for the
southern stand. The sampling scheme
included quadrants of 5 m? as the basic
sampling unit, plots made of 2 quad-
rants separated by 20 m and sites
130° made of 2 plots separated by 300 m.
Each locality included 2 sites sepa-
rated by 1 km. The density of individu-
als was recorded at each site using
transects and by counting all individu-
als in 1 m? quadrants separated 5 m
from each other. Within each quad-
rant, 30 to 35 individuals were sam-
pled for molecular analysis.

Tissue preparation, DNA extraction
o and RAPD-PCR. Each sampled frond

—450°

Fig. 1. Study sites and hierarchical sampling design applied within each sam-
pled locality. The coastal area directy impacted by the mine wastes, where
Lessonia nigerscens is totally absent, stretches northward from Villa

Alegre to Pan de Azucar

This study was designed to test the general hypothe-
sis that genetic structure and gene flow in populations
of Lessonia nigrescens were negatively affected by the
disruption of its habitat resulting from more than 60 yr
of continuous mining wastes disposal. We used RAPD
markers to characterize population genetic structure
within and between continuous stands separated by
the impacted area.

MATERIALS AND METHODS

Sampling design. The coast around the city of
Chanaral was systematically screened to determine
the exact points where the continuous distribution of
the southern and northern stands of Lessonia
nigrescens were interrupted. A hierarchical sampling
design (Fig. 1) was applied in the northern and south-
ern stands to incorporate different geographical dis-
tances, with 3 localities sampled in each stand. The 2
localities at the very border of the disruption were Pan
de Azucar in the northern stand and Villa Alegre in the
southern stand, both separated by
42 km (linear distance). In each stand, 1
locality was chosen at a distance from
the border similar to the disruption

was brushed under running tap water
and carefully checked for the absence
of epiphytes, necrosis, reproductive
sori or any other feature indicative of
contamination or tissue degradation.
Thin flakes of cortical tissue were
excised from clean and healthy parts of the fronds and
put in 2 ml tubes with silica gel beads. DNA was
extracted from 3 x 3 mm fragments of cortical tissue
following the protocol of Martinez et al. (2003), with
the exception that the tissue was directly ground in the
2 ml tubes with the extraction buffer using sterile
plastic pestles. The quality and quantity of DNA was
monitored by electrophoresis on agarose gel and UV
absorption at 260 and 280 nm using a SmartSpec
spectrophotometer (Bio-Rad). All the samples were
diluted to 10 ng pl! and RAPD-PCRs were performed
using the same protocol and the same primers
described in Martinez et al. (2003). Amplified frag-
ments were separated by electrophoresis on 1.5 % Tris-
acetic acid-EDTA (TAE) agarose gels stained with
ethyl bromide (EtBr) for visualisation. Bands were
scored manually from printed pictures and cross
checked by 2 people. PCRs were repeated and a total
of 33 reproducible and clearly recognizable bands
were selected (Table 1). Only samples that produced a
clear pattern of presence or absence of the selected
RAPD fragments were retained for the subsequent

Table 1. Sequences of RAPD primers used, number and size of the 33

informative bands

distance. In the northern stand, ]

Guanillo was located at 35 km from Pan Rﬁi]zrs Sequence (5~ 3') Band sizes (bp)

de Azucar, and in the southern stand, P

Zenteno was chosen at 40 km from C2(10) GTGAGGCGTC 1026, 885, 813, 763, 672, 604, 567, 458, 421, 379
Villa Alegre. Finally, 2 localities were C8(8) TGGACCGGTG 1193, 1109, 982, 936, 620, 452, 431

chosen close (10 km) to the border sites C11(9) AAAGCTGCGG 1451, 1281, 1204, 1062, 895, 745, 659, 607, 465

. . . ' L5 (7) ACGCAGGCAC 765, 733, 674, 594, 557, 501, 350

i.e. Punta Carrizalillo for the northern
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population analyses. Therefore, from a total of about
1000 analyzed samples, 864 were available for data
analyses (i.e. 426 individuals from the northern stand
and 438 from the southern stand). Mean number of
samples per quadrants ranged between 15 in Punta
Carrizalillo to 22 in Pan de Aztucar (Fig. 2A). Each band
was considered as a phenotypic trait coded as present
or absent and assumed to correspond to a single locus.

Data analysis. Kelp density within each stand was
compared between border localities and the others by
Student's t-tests. Genetic diversity within each quad-
rant was estimated by the percentage of polymorphic
loci and the Shannon-Wiener diversity index (H',
Bussell 1999). The average genetic diversity was com-
pared between border localities and the others by
Student's t-tests. Comparisons were also performed
between the northern and southern localities. Addi-
tionally, the proportions of phenotypes shared among
the individuals of the same locality, among individuals
from separate localities and among individuals from
the northern and the southern stands were calculated.
For the 'between localities' calculations, only 3 combi-
nations were considered, corresponding to pairs of
localities separated by equivalent geographic dis-
tances: Pan de Azucar and Villa Alegre (i.e. the area of
the disruption), Guanillo and Pan de Aztcar (both from
the northern stand) and Villa Alegre and Zenteno
(both from the southern stand).

In order to explore the role of the disruption on the
distribution pattern of the genetic variance among the
northern and southern stands, a Multiple Correspon-
dence Analysis (MCA) was performed using each
locus as an independent binary variable. MCA is a
simple ordination method based on the principles of
factorial analysis of correspondences which has been
adapted for multilocus genotypic data (She et al. 1987).
It allows a description of the distribution of the genetic
diversity within the landscape based on the compari-
son of the factor map with the geographical map. Fur-
thermore, Guinand (1996) demonstrated the relation of
some model parameters with a linear combination of
monolocus sub-structure estimates (Fsr). Because of
the high number of individuals involved in the analy-
sis, the output of the MCA was simplified by plotting
the center of gravity of groups of individuals defined at
the spatial scale of choice, as proposed by the software
Genetix (Belkir et al. 1996). This analysis is not strictly
equivalent to the Constant Row MCA proposed by
Guinand (1996), however, as groups contribute to the
total inertia with different weights according to their
size. In the present analysis, plots were considered as
the basic units. The significance of the genetic differ-
entiation due to the disruption was then estimated by
comparing the mean pairwise Fgr among quadrants of
the different localities within and between the north-
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Fig. 2. Average parameter values for populations of Lessonia
nigrescens. (A) Mean number of samples analysed per quad-
rant. (B) Mean density of individuals (N m™2). (C) Mean di-
versity per quadrant (expressed by the Shannon-Wiener
index, H'). (D) Mean percentage of polymorphic loci within
quadrants. Bars indicate standard deviation

ern and southern stands. Because of the dominance of
the RAPD marker, allele frequencies cannot be esti-
mated properly for diploid organisms. Thus, Fst values
were estimated from the mean number of pairwise dif-
ferences among phenotypes, that is (1), in the Arle-
quin output (Schneider et al. 2000), a method that does
not rely on allele frequencies. The significance of each
Fst estimate was assessed by a permutation test (1000
permutations) followed by sequential Bonferroni's cor-
rection when performing multiple tests (Rice 1990).
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Three series of tests were performed in order to
assess specific hypotheses regarding the effect of habi-
tat disruption on the population genetic structure of
Lessonia nigrescens. The first hypothesis states that, at
similar spatial distances, genetic differentiation is
greater across the disruption than within each stand
(i.e. continuous distribution). It was tested by compar-
ing mean pairwise Fst between localities between
stands (Pan de Azucar and Villa Alegre, Punta Car-
rizalillo and Torres del Inca) to mean pairwise Fgr
between localities within stands (Zenteno and Villa
Alegre, Zenteno and Torres del Inca, Guanillo and Pan
de Azucar, Guanillo and Punta Carrizalillo). The sec-
ond hypothesis states that genetic differentiation
between stands is higher when geographic distance
between populations is higher. It was tested by com-
paring mean pairwise Fst between pairs of equidistant
localities (i.e. Guanillo and Zenteno, Punta Carrizalillo
and Torres del Inca, Pan de Azucar and Villa Allegre).
Finally, the third hypothesis states that populations at
the border of the habitat disruption are at a migration-
drift disequilibrium. It was tested by comparing mean
pairwise Fst between localities within stands. All com-
parisons were done using Student's f-tests. Three
kinds of hierarchical Analyses of Molecular Variances
(AMOVA) (Excoffier et al. 1992) were performed to
identify the spatial scales at which genetic differentia-
tion occurs: (1) partitioning the total variance into
'‘Between Stands' and ‘Among Localities within
Stands', (2) partitioning the total variance within each
stand into 'Among Localities' and 'Between Sites
within Localities', and (3) partitioning the total vari-
ance within each locality into 'Between Sites' and
‘Between Plots within Sites'. The different fixation
indices were tested by 1000 permutations as follows:
global sub-structure index (®Ps1) was tested by permut-
ing phenotypes among sub-groups among groups; dif-
ferentiation between sub-groups within groups (®sc)
was tested by permuting phenotypes among sub-
groups within groups; and differentiation between
groups (Pcr) was tested by permuting sub-groups
among groups.

RESULTS

Overall, mean density of Lessonia nigrescens for
the localities under study was of 5.9 individuals m™2
(SD =5.4). It was slightly but significantly higher in the
northern than in the southern stand (t = 2.55,
p = 0.014). In addition, density of adult plants was sig-
nificantly lower at the 2 border localities (¢t = 8.75,
p < 0.0001; Fig. 2B), particularly at Villa Alegre, when
compared with all the other localities. Whereas in the
southern-most locality of Zenteno the mean density

Axis (18.10%)

was significantly higher than at the northern-most
locality, Guanillo (t = 2.93, p < 0.0027), an important
intra-locality patchiness was apparent as indicated by
its higher variance (Fig. 2B).

The 2 indices of genetic diversity, Shannon-Wiener
index and polymorphism (% of polymorphic loci), were
significantly higher the 3 localities from the northern
stand than the 3 from the southern stand (Fig. 2C;
t=2.643, p < 0.05, t-test on transformed values to sat-
isfy normality requirements). Overall, polymorphism
was high (93.9 %), with the lowest values observed in
samples from Villa Alegre (Fig. 2D). In general, at the
smallest spatial scale, 30 out of the 48 quadrants had 20
or more polymorphic loci (out of 33 loci), and only 2
cases had less than 15 polymorphic loci (data not
shown). Comparisons between the border sites and the
others did not show significant differences.

The first factorial axis of the MCA explained
ca. 25.3% of the total variance and clearly separated
the individuals, represented by the center of gravity of
the plots, into a northern group with positive coordi-
nates and a southern group with negative coordinates
(Fig. 3). In addition, the edge plot in Pan de Aztcar (i.e.
the closest to the disruption area) had the highest pos-
itive coordinate on this axis, whereas the second plot of
Villa Alegre (at 300 m of the edge plot) had the highest
negative coordinate. The second factorial axis ex-
plained 18.1 % of the total variance and separated the
border, northern-most plot from Villa Alegre, from all
the others (Fig. 3). Except for plots from Torres del
Inca, which tightly grouped on the first axis, all other
plots appeared dispersed and intermixed with those
from the same stand, indicating that the geographic
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Fig. 4. Proportion of genetic phenotypes shared among localities of the
northern and southern stands, and throughout the disruption area. GUA:
Guanillo; PTC: Punta Carrizalillo; PAZ: Pan de Azucar; VIA: Villa Alegre;

TDI: Torres del Inca; ZEN: Zenteno

distances were not correlated to the genetic differ-
ences on these first 2 axes. Thus, whereas the first axis
mainly represented the genetic structure related to the
disruption, the second axis reflected the characteristics
of the edge at Villa Alegre.

The analysis of shared genetic phenotypes showed
that most phenotypes (>750) are unique, and less than
10 were shared by individuals from the 3 localities
within each stand. The 3 localities of the northern
stand shared a significantly smaller (¢ = 2.72, p < 0.05)
proportion of phenotypes (1.7 to 3.8% of the phe-
notypes shared between localities) than the 3 southern
localities (5.4 to 11.5%). Although no phenotypes were
shared between the 2 border localities (Fig. 4), 4 (i.e.

Table 2. Comparisons of mean pairwise Fgr between localities within stands, be-
tween stands and within versus between stands. p-values of the comparison of
the mean pairwise Fsr were obtained from 2-tailed t-tests. Gua: Guanillo,
PC: Punta Carrizalillo, PA: Pan de Azucar, VA: Villa Alegre, TI: Torres del Inca,

Zent: Zenteno

VIA ZEN  South

0.46% of all pairs of phenotypes) were
shared between the northern and south-
ern stands, all belonging to the most dis-
tant localities (Fig. 4). Finally, 4 pheno-
types (i.e. 1.3% of the possible pairs of
phenotypes) were shared between Zen-
teno and Villa Alegre, and 6 phenotypes
(i.e. 1.9%) were shared between Pan de
Azucar and Guanillo, both pairs of locali-
ties separated by geographic distances
similar to those between the 2 border
localities.

Pairwise Fs estimates showed a strong
genetic differentiation between quadrants
of Lessonia nigrescens at all spatial scales.
After Bonferroni correction (nominal level
of p=0.000045), only 165 paired Fst, out of
the 1128 comparisons, were non-significant
(data matrix not shown but available upon
request). However, 12 out of 24 pairwise Fgr
at the smallest spatial scale (i.e. quadrants separated by
20 m within a plot) were not significant (p > 0.05). On the
other hand, 4 of the significantly differentiated pairs of
quadrants were from Villa Alegre. Within-locality, the
mean pairwise Fgr (including spatial scales from 20 m to
1 km) was around 0.17, except for Villa Allegre, where it
reached 0.30, and for Zenteno, where it was 0.12. Com-
parisons of mean pairwise Fst between localities of the
same stand showed no significant differences for the
northern stand (p = 0.547) but higher differentiation be-
tween Zenteno and Villa Alegre (mean Fsr=0.223) than
between Zenteno and Torres del Inca (Fsy= 0.144, p <
0.0001, Table 2). Comparisons between localities be-
tween stands showed that the differentiation between
the 2 populations at the border of the dis-
ruption (i.e. Pan de Aztcar and Villa Ale-
gre; mean Fsr = 0.285) was stronger (p
<0.0001) than between Punta Carrizalillo
and Torres del Inca (mean Fsr= 0.178)
and between Guanillo and Zenteno

North
Vs

(mean Fst = 0.209). Differentiation be-

Pairwise = Mean Fgr Pairwise Mean Fgr p tween Guanillo and Zenteno was

localities localities slightly but significantly higher (p

Within- Zent-VA  0.223 Zent-TI 0.144  <0.0001 =0.032) than between Punta Carrizalillo

stands Gua-PA 0.152 Gua-PC 0.147 0.547 and Torres del Inca (Table 2). Genetic dif-

Between- VA-PA 0.285 TI-PC 0.178  <0.0001 ferentiation was on average higher be-

stands VA-PA 0.285 Gua-Zent  0.209 <0.0001 tween than within stands, except when

TI-PC 0.178 Zent-Gua 0.207 0.032 Villa Alegre was considered for the

Between- vs. VA-PA 0.285 Zent-VA 0.223  <0.0001 within-stand comparisons and not be-
Within-stands VA-PA 0.285 Gua-PA 0.152  <0.0001 tween stand (Table 2).

W SE Zmn Si oW | e oy csimate fom the AMOVA

TI-PC 0.178 Zent-VA 0.223 <0.001 including all the localities from both

TI-PC 0.178 Gua-PA 0.152 0.016 stands revealed strong and signifi-

TI-PC 0.178 Zent-TI 0.144 0.015 cant overall genetic structure (®Psr=0.13,

TI-PC 0.178 Gua-PC 0.147 0.016 p < 0.001). The subsequent hierarchical
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Table 3. Lessonia nigrescens. Hierarchical AMOVA. * p < 0.05; *** p < 0.001; ™: not significant. ®s7: global sub-structure index;
g differentiation between sub-groups within groups; ®cr: differentiation between groups

df SS % variation Fixation indices
(A) Analysis among localities and between stands
Between stands 1 180.7 7.59 D =0.076 ***
Among localities 4 148.7 5.38 Dg =0.058 ***
within stands
Within localities 860 3248.4 87.03
Total 865 3577.8 Ogr =0.130 ***
(B) Analysis among localities and between sites within localities of the same stand
Northern Stand Among localities 3 65.7 2 .41 D =0.024 *
Between sites 2 57.5 5.29 Dge =0.054 ***
within localities
Within sites 420 1589.2 92.30
Total 425 1712.3 Ogr = 0.077 ***
Southern Stand Among localities 3 82.9 3.08 ®cr=0.031 *
Between sites 2 70.6 7.02 Dge = 0.072 ***
within localities
Within sites 420 1531.2 89.90
Total 425 1684.8 Pgp =0.101 ***
(C) Intra-locality analyses between sites and between plots within sites
Guanillo Between sites 1 17.3 1.72 D =0.017 ™
Between plots 2 24.2 7.18 Dge =0.073 ***
within sites
Within plots 129 447.9 91.10
Total 132 489.4 dgr =0.089 ***
Punta Carrizalillo Between sites 1 11.3 0.97 O =0.010 "
Between plots 2 17.4 4.46 Dge =0.045 ***
within sites
Within plots 115 425.3 94.57
Total 118 454.1 Ogr =0.054 ***
Pan de Azucar Between sites 1 28.8 3.08 D =0.031 "™
Between plots 2 33.5 7.32 Dge = 0.075 ***
within sites
Within plots 170 640.7 89.61
Total 173 703.1 Dgr =0.104 ***
Villa Alegre Between sites 1 28.5 -2.02 ®er=0ns
Between plots 2 65.4 20.05 Dge =0.197 ***
within sites
Within plots 141 482.6 81.97
Total 144 576.6 ®gr =0.180 ***
Torres del Inca Between sites 1 13.9 1.67 Per =0.017 7
Between plots 2 18.9 5.32 Dge =0.054 ***
Within sites
within plots 126 427.8 93.01
Total 129 460.6 dgr = 0.070 ***
Zenteno Between sites 1 28.1 5.90 ®er =0.059 ***
Between plots 2 22.0 5.29 Dt =0.056 ***
within sites
Within plots 161 514.5 88.81
Total 164 564.6 Py =0.112 ***

analysis revealed that the genetic differentiation
between the northern and southern stands was higher
(Pcr = 0.076) than the genetic differentiation among
localities within each stand ®gc = 0.058), although both
were highly significant (p < 0.001, Table 3A). The hier-
archical analysis within each stand confirmed a highly
significant genetic structure (®sr = 0.077 in the north,
®gr = 0.101 in the south, p < 0.001 for both), but

revealed that genetic differentiation among localities
was weaker than between sites within localities
(Table 3B). A similar trend was revealed by the hierar-
chical analyses at the within-locality scale: the highly
significant genetic structure (p < 0.001 in all 6 cases)
was mainly due to a highly significant genetic differen-
tiation between plots within sites, whereas ®-r were
always smaller than ®gc and significant in only 1 case
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(Zenteno, Table 3C). In all the intra-locality analyses,
94.9 to 100 % of the total genetic variance was concen-
trated at the smallest spatial scales (within plots and
between plots within sites, Table 3C).

DISCUSSION

This study tested the hypothesis of a reduced gene
flow between populations of the kelp Lessonia
nigrescens due to habitat disruption by analyzing the
genetic variability across a human-induced interrup-
tion in the distribution of the species. The population
genetic structure within continuous stands was first
analyzed to understand the patterns of genetic vari-
ability in the absence of a disrupting factor. In the light
of these interpretations, the pattern of genetic differen-
tiation across the interruption of species distribution is
discussed in order to understand the role of the human
induced disruption.

Population genetic structure within continuous
stands

We observed strong genetic structure within stands
of Lessonia nigrescens, indicating that the localities
are strongly genetically differentiated. The pattern
was not hierarchical, however, i.e. genetic structure
was always stronger at the smallest spatial scales
regardless of the spatial units taken into consideration,
and no isolation by distance was detected. This was
indicated by the within-stand AMOVAs that always
showed a strong overall structure, but differentiation
among sub-groups within groups was always higher
than differentiation among groups. Further support
came from the MCA, which did not show any grouping
of plots according to their geographical origin (except
for plots in Torres del Inca on the first axis), indicating
that populations are at migration-drift disequilibrium
(Slatkin 1993). This has already been reported for the
green algae Cladophoropsis membranacea, where
genetic differentiation among populations was stron-
ger within than among islands of the Canary archipel-
ago (van der Strate et al. 2003). These authors argued
that historical events such as paleoclimatic changes
since the last glaciation period may explain the
observed pattern rather than the potential gene flow
among populations. In the case of L. nigrescens, histor-
ical changes cannot explain the observed genetic
structure because the disequilibrium pattern was also
detected at the smallest spatial scales.

A possibile explaination for the genetic sub-struc-
ture observed in Lessonia nigrescens is that, at small
spatial scales, genotypes are not randomly distributed

but are organized in families (i.e. groups of geneti-
cally related individuals), as a result of the restricted
dispersal of meiospores and/or of male gametes and
recruitment taking place near the parental individual.
Short dispersal distance is common in algae (San-
telices 1990, Destombe et al. 1992, Norton 1992) and
is generally associated with strong genetic structure
at scales of up to a few tens of meters (Kusumo &
Druehl 2000, Wright et al. 2000, Faugeron et al. 2001,
Zucarello et al. 2001, van der Strate et al. 2003). An
example of this comes from the paternity analyses of
Gracilaria gracilis (Engel et al. 1999), where 80 % of
fertilizations reportedly occurred at distances smaller
than 1 m (i.e. within tide pools) and resulted in a pat-
tern of genetic structure determined by the spatial
distribution of the tide pools (Engel et al. 2004). The
apparent absence of isolation by distance, however,
suggests that some long distance dispersion occurs
among populations of L. nigrescens.

To fully understand the biological basis of these
results, we must take into consideration the complex
life cycle of kelps. Lessonia nigrescens is a dioecious
organism with male and female organs developing on
different microscopic haploid individuals. As in other
Laminariales, the encounter of the egg with the sper-
matia in L. nigrescens is likely under the control of
pheromones (Lining & Miller 1978). Fertilization
occurs on the female gametophyte only a few hours
after release and therefore a successful fertilization
requires that male and female gametophytes recruit
at short distances from each other (i.e. a few centime-
ters) and become mature simultaneously because of
the short life span of spermatia and the pheromone
signals needed to find the female plant. The descen-
dent diploid sporophyte does not disperse but germi-
nates and develops in situ. Furthermore, meiospores
are produced at the end of sporophytic blades and are
released into the water column. Their life span as well
as the duration of their capacity to adhere to the sub-
stratum is apparently short (less than 24 h, E.A.
Martinez. unpubl. data), although their potential for
long distance dispersal, either as free-living spores or
on drifting fragments of mature thallus, is unknown
and therefore should not be underestimated. Alto-
gether, dispersal of spores and recruitment of juve-
niles of L. nigrescens seem to be limited by a series of
factors (Martinez & Santelices 1998), suggesting that
most events of recruitment occur in the vicinity of a
parental individual, inducing a patchy structure and
thus a high level of intra-site genetic structure. On the
other hand, episodic events of longer distance disper-
sion that prevent isolation by distance cannot be ruled
out and provide an alternative explanation for shared
genotypes and absence of isolation by distance within
the scale of 40 km. This pattern has been described in
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the plant Silene dioica, where migration seems to be
restricted as gravity is the major factor in the disper-
sion of seeds. In this case, differentiation among sub-
groups was twice as high as differentiation among
groups (Giles et al. 1998), a pattern due to the kin-
structured populations of small patches of genetically
related individuals (Ingvarsson & Giles 1999). In order
to refine our understanding of the small scale patterns
occurring within populations of L. nigrescens, such as
inbreeding and relatedness, a new study based on co-
dominant markers would be required.

Genetic differentiation due to habitat disruption

Our study demonstrates that the interruption of the
continuous distribution of Lessonia nigrescens due to
the disruption of the habitat in the Chanaral area coin-
cides with an increased genetic differentiation be-
tween stands occurring northward and southward
from the impacted area. Three lines of evidence sup-
port this view. First, the MCA revealed a clear separa-
tion of the northern and southern stands based on the
patterns of genetic variance among plots. Second, the
proportion of genetic phenotypes shared by individu-
als across the disruption is reduced in comparison with
the proportion of shared phenotypes between popula-
tions within stands. Indeed, only 0.5% of the pheno-
types were shared across the disruption. Furthermore,
they were shared by individuals from Guanillo and
Zenteno, the 2 most distant localities, and may be
likely due to homoplasy of the RAPD markers or to his-
torical gene flow between these localities before the
disruption. When considering similar spatial distances,
results showed that not a single phenotype was shared
between the 2 localities at the border of the disruption,
whereas 1.9 and 1.3% of the phenotypes were shared
between border populations and Guanillo or Zenteno,
respectively. This conclusion must be viewed with cau-
tion, however, because of the low overall number of
phenotypes that are shared among localities (probably
due to genetic differentiation). The third line of
evidence comes from the genetic differentiation esti-
mates obtained from the comparisons of mean pairwise
Fst and from the AMOVA when comparisons between
and within stands were included in the same analyses.
In this case, stronger genetic differentiation was
observed across the disruption than within each stand,
even though geographic distances of the compared
localities were, in both cases, similar (in the AMOVA).
Villa Alegre showed the strongest genetic differentia-
tion, indicating a strong border effect on the genetic
composition of this population.

The singularity of Villa Alegre introduces some
degree of uncertainty when assigning a disruptive

effect on gene flow to the area of disruption caused by
the mining wastes. Indeed, Fsr estimates may be the
result of a founding event having occurred recently in
this population, reducing the genetic diversity and
increasing its genetic differentiation (see next section),
rather than a reduced gene flow between stands due to
the disruption. By comparing the mean differentiation
between Torres del Inca and Punta Carrizalillo with
the mean differentiation between Guanillo and Punta
Carrizalillo or between Zenteno and Torres del Inca,
we find that genetic differentiation is roughly associ-
ated with the geographic distances between pairs of
populations: mean Fgr= 0.145 for 25 to 30 km between
Guanillo and Punta Carizalillo and between Zenteno
and Torres del Inca; Fsr = 0.178 for 60 km between
Punta Carizalillo and Torres del Inca; mean Fst= 0.207
for 120 km between Guanillo and Zenteno. These
results suggest that genetic differentiation between
the most distant localities is the result of a historical
pattern which may have been unmodified by the dis-
ruption of the habitat in the area around Chanaral. Not
only was the genetic differentiation strong between
the border localities, the genetic structure was
stronger between stands than within stands, even
when Villa Alegre was included in the analysis. Over-
all, and despite the uncertainty generated by the
strong genetic differentiation of Villa Alegre, these
results indicate that the interruption of the continuous
distribution of the species due to habitat disruption,
which lasted more than 60 yr, was accompanied by a
reduction of gene flow of a magnitude and duration
sufficient to allow genetic differentiation between
stands to occur.

The existence of barriers to gene flow has been
reported for several marine organisms (Johnson &
Black 1995, Ruckelshaus 1998, Bernardi 2000, Riginos
& Nachman 2001), including algae (Faugeron et al.
2001, Billot et al. 2003). All these studies represent
examples of natural barriers that have been present
for a much longer time, however, and therefore have
affected a much higher number of generations of the
species under study. In our case, however, only a few
generations have passed since the disruption started
(60 generations at most, assuming 1 generation per
year, which is probably the shortest estimation for
Lessonia nigrescens). To our knowledge, this is the
first report describing the effect of habitat disruption,
and the resulting interruption of a species distribu-
tion, on the genetic structure and gene flow in a
marine organism. However, reports on terrestial
organisms have revealed that habitat fragmentation
has strong effects on the genetic diversity and popula-
tion differentiation (see Knutsen et al. 2000, Caizer-
gues et al. 2003, Murren 2003 and Williams et al. 2003
for some of the most recent studies). A major conse-
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quence of habitat disruption and fragmentation is its
effect on the migration rates among populations.
Habitat fragmentation creates new barriers, regard-
less of the dispersal capacity of a species, that reduce
the chances for a propagule to recruit in a suitable
habitat. Higgins et al. (2003) showed that the migra-
tion rate of a species is easily overestimated under
habitat loss because most of the mating and most of
the recruitment occur at a shorter distance than is
allowed by the dispersal potential of the species. Fur-
thermore, reproductive output may be reduced in
fragmented plant populations, probably due to
increased pollen limitation, as has been shown in the
marine seagrass Zostera marina (Reusch 2003). In the
case of L. nigrescens, which apparently disperses at
short distances (but see Reed et al. 1988), the effect of
habitat disruption over more than 40 km is likely to
prevent the recruitment of spores coming from the
opposite side of the disruption, reducing the realized
migration rate across the impacted area to zero.

Recolonization or permanent limit at the border of
the disruption?

The populations at the border of the stands in Villa
Alegre and Pan de Azucar were of particular interest
as they were expected to exhibit distinct patterns, such
as a reduced density and/or a lower level of genetic
diversity. Pan de Azucar (edge of the northern stand)
was lower in density than its neighbor Punta Car-
rizalillo, but no difference was observed for Guanillo.
The low density of Lessonia nigrescens in Guanillo
was, however, probably caused by heavy harvesting
taking place in the area at the moment of sampling,
which reduces the potential differences between bor-
der and control populations. Pan de Azicar did not
show a reduced genetic diversity nor an increased sub-
structure or genetic differentiation as compared with
the other populations of the northern stand. In fact, the
highest values of genetic diversity were found in this
locality, as well as some of the lowest proportions of
shared genotypes.

On the other hand, Villa Alegre, which is at the
edge of the southern stand, showed a reduced den-
sity, a slightly reduced proportion of polymorphic loci
(although the difference was not statistically signifi-
cant) and a higher proportion of phenotypes shared
by 2 or more individuals. The most striking feature of
Villa Allegre was its strong genetic differentiation
from all the other populations, and the strength of
the within-locality genetic sub-structuring. Further-
more, MCA clearly differentiated its most peripheral
plot. These results may be an indication that this
population was established recently and had experi-

enced some founder effect. It further suggests that
recolonization is occurring northward. The detection
of some signals of a recent foundation raises the
question of whether a recolonisation process in the
impacted area is really taking place. Alternatively, it
could be suggested that the observed patterns were
the result of a stochastic process of repeated founda-
tion and extinction events affecting the populations
at this edge of the disruption. A fluctuating influence
of the heavy metal pollution at the edges of the
impacted area may explain such a stochastic process.
We should also take into account, however, that the
composition of the mining wastes has recently
changed. Indeed, initial discharges from the mine
brought dissolved copper and particulate sandy tail-
ings into the coast, a situation that changed in 1990
when only ‘clear' waters (wastes without tailings)
started to be released. The question of why Lesso-
nia nigrescens remains absent from the impacted
area and its surroundings, considering the new con-
ditions, is still open. There are 2 main hypotheses to
explain this absence. The first is that L. nigrescens
disperses at such short distances that the recolonisa-
tion process is very slow. This hypothesis is, at the
least, controversial. Indeed, in one case after massive
and extensive mortality of L. nigrescens during the
strong El Nino event of 1982-1983, L. nigrescens
recolonized, in 20 yr, more than 50 km (Martinez et
al. 2003). In the case of the human-induced disrup-
tion around Chanaral, the breach between the north-
ern and the southern stand is almost 40 km and it
has remained open for 60 yr. The second hypothesis
is that L. nigrescens cannot recolonize because the
habitat is still not suitable. Simultaneous studies indi-
cate that L. nigrescens is sensitive to copper contam-
ination, as suggested by the inefficient physiological
responses to oxidative stress expressed in individuals
transplanted into the impacted sites and by the nega-
tive effect of copper-enriched seawater of the
impacted area on spore settlement and germination
(J. A. Correa unpubl. data). These results suggest
that, although dispersion and recruitment of
meiospores is possible, survival and sexual matura-
tion of microscopic gametophytes and macroscopic
sporophytes can be strongly limited in impacted
areas, severely reducing the possibility of recoloniza-
tion. Thus, recolonization is probably not occurring,
except sporadically, in Villa Alegre, where the effects
of pollution may have ceased.

In conclusion, we have shown that Lessonia
nigrescens populations exhibit a highly genetic struc-
ture at small geographic scales, probably induced by
short distance dispersal of spores and/or gametes. Our
study confirms the fact that continuous kelp beds are
affected by habitat fragmentation (Billot et al. 2003)
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and for the first time stresses the role of human-
induced disruption on the genetic connectivity of sea-
weed populations.
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