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The null assumption of molecular variation is that most of it is neutral to natural selection. This is in contrast to vari-
ation in morphological traits that we generally assume is maintained by selection, and therefore often by selection
coupled to environmental heterogeneity in time and space. Examples of molecular variation that vary over habitat-
shifts, particularly in allozymes, show that the relative impact of non-neutral variation as compared to neutral vari-
ation might be substantial in some systems. To assess the importance of habitat-generated variation in relation to
variation generated by random processes in nuclear DNA markers at small spatial scales, we compared the effects
of island isolation and habitat heterogeneity on genetic substructuring in a rocky shore snail (Littorina saxatilis).
This species has a restricted migration among islands owing to the lack of free-floating larvae. Earlier studies show
that allozymes vary extensively as a consequence of isolation by water barriers among islands, but also as a conse-
quence of divergent selection among different microhabitats within islands. In the DNA markers we observed genetic
differentiation owing to island isolation at three of nine loci. In addition, variation at three loci correlated with hab-
itat type, but the correlation for two of the loci was weak. Overall, isolation contributed slightly more to the genetic
variation among populations than did habitat-related factors but the difference was small. It is concluded that both
island isolation, which interrupts gene flow, and a heterogeneous habitat cause genetic substructuring at the DNA
level in L. saxatilis in the studied area, and thus in this species we need to be somewhat concerned about habitat het-
erogeneity also at DNA loci. © 2004 The Linnean Society of London, Biological Journal of the Linnean Society,
2004, 82, 377–384.
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INTRODUCTION

The population genetic structure of species is the com-
bined result of stochastic and deterministic processes
acting either to increase or decrease genetic variation
within and between populations. Drift, for example,
tends to reduce genetic variation within populations
by elimination of rare alleles, but at the same time
drift may increase differentiation among populations
by independent and random changes of allele frequen-
cies in semi-isolated populations. Obviously, natural
selection may either support or impede genetic differ-
ences among populations. Although drift and diver-
gent selection are both important in generating
genetic diversity, we have not yet reached a consensus

about the relative contribution of each factor to the
total genetic variation in molecular traits (Stewart &
Excoffier, 1996; Eanes, 1999; Hey, 1999). Many
authors advocate the view that allozyme variation,
and certainly variation at DNA loci [microsatellites,
random amplified polymorphic DNA (RAPD), single-
stranded conformational polymorphism (SSCP),
amplified fragment length polymorphism (AFLP), etc.]
can be considered as neutral and as such be used to
indicate gene flows, phylogenetic relationships and
the genetic substructuring of species (Eanes, 1987;
Thorpe & Solecava, 1994; Allendorf & Seeb, 2000;
Merilä & Cronokrak, 2001; McKay & Latta, 2002).
However, exceptions are numerous for specific allo-
zyme loci (Koehn, Newell & Immermann, 1980; Sulli-
van, Atkinson & Starmer, 1990; Riddoch, 1993;
Tatarenkov & Johannesson, 1994; Lönn, Prentice &
Bengtsson, 1996; Schmidt, Bertness & Rand, 2000). A



378 K. JOHANNESSON ET AL.

© 2004 The Linnean Society of London, Biological Journal of the Linnean Society, 2004, 82, 377–384

few examples of selected variation in DNA are also
reported (Kashi, King & Soller, 1997; Wilding, Butlin
& Grahame, 2001).

Divergent selection among populations of a species
is expected if populations occupy contrasting environ-
ments (Hedrick, 1986; Kassen, 2002). Indeed, varia-
tion in allozyme characters related to habitat is found
at various spatial scales in organisms distributed over
different habitat types (e.g. Koehn et al., 1980; Watt,
1985, 1992; Lönn et al., 1996; Johannesson, Johannes-
son & Lundgren, 1995; Schmidt et al., 2000). Few
studies have, however, addressed the possibility of
habitat-related DNA variation among populations of
species occupying contrasting habitats. One interest-
ing exception is the study by Wilding et al. (2001) in
which the DNA variation in 5% of the 306 scored
AFLP loci were shown to correlate with habitat type in
the marine gastropod Littorina saxatilis. In this study
we approached similar problems of habitat-dependent
DNA variation in this species using randomly ampli-
fied polymorphic DNA, a more compressed geograph-
ical scale and populations isolated on islands instead
of populations separated by a continuous coast. We
scored nine loci in 30 populations distributed over five
islands and three habitats. The overall aim was to
compare the relative contribution of habitat heteroge-
neity and island isolation to the genetic structuring of
this species at a small geographical scale (islands 2–
15 km apart), and to compare the patterns obtained by
nuclear (this study) and allozyme (analysis of the
same populations; Johannesson & Tatarenkov, 1997)
markers.

MATERIAL AND METHODS

THE ORGANISM

Littorina saxatilis is common over northern Atlantic
rocky shores with densities of hundreds of snails per
m2 (K. Johannesson, pers. observ.). It has internal fer-
tilization and a direct development, and females raise
their embryos beyond the metamorphose stage in a
brood pouch from which miniature snails are released
directly on the shore. In addition, juvenile and adult
dispersal are restricted (1–4 m, Janson, 1983; Erland-
sson, Rolán-Alvarez & Johannesson, 1998), and island
habitats are slowly re-colonized if local populations
become extinct (Johannesson & Johannesson, 1995).
The poor dispersal promotes isolation by distance in
neutral traits. It also promotes local adaptation in
inherited traits that are under divergent selection
(Janson, 1987), and indeed most of the variation in
quantitative traits is inherited (Janson, 1982; Johan-
nesson & Johannesson, 1996). The species is strongly
polymorphic in morphological traits with ecotypes
that are characteristic of particular habitats (Reid,

1996). As a comparison, shell shape and size of a
closely related species, Littorina littorea, that has a
pelagic dispersive larva, is essentially monomorphic
over the same range of habitats (Janson, 1987; Reid,
1996). Transplant experiments of L. saxatilis reveal
divergent selection among habitats that maintain
shell size and shape differences (Janson, 1983; Rolán-
Alvarez, Johannesson & Ekendahl, 1997).

SAMPLING DESIGN

We sampled Littorina saxatilis from five islands in a
Swedish archipelago of hundreds of small islands,
most of them less than 1 km in diameter. In each
island we sampled three habitat types (Fig. 1). The
islands (Jutholmen, Burholmen, Ursholmen, Arsk-
lovet and Svangen) are 2–15 km apart and each is a
few hundred meters across. Littorina saxatilis is con-
tinuously, or almost continuously, distributed around
the shores of each island. We sampled two replicate
sites of each habitat per island; boulder shore (‘boul-
ders’), upper tidal level of exposed rocky shore (‘high
rocky’) and low-to-mean tide level of exposed rocky
shores (‘low rocky’). Each sample consisted of five ran-
domly collected individuals. The replicates were
spread over each island in order to represent the
whole island rather than a particular shore and the
same sites were sampled as in an earlier study of

Figure 1. Populations of Littorina saxatilis were sampled
from five islands in the Koster archipelago on the Swedish
west coast. On each island, replicate sites for each of three
habitat types were sampled.
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allozyme variation (see Johannesson & Tatarenkov,
1997, Table 1, for further details).

DNA POLYMORPHISM

We scored DNA variation using randomly amplified
polymorphic DNA (Williams et al., 1990), a method
that gives a random sample of the genetic variation
from  the  entire  genome.  DNA  was  extracted  using
the hexadecyltrimetyl ammonium bromide (CTAB)
method. From each snail, a few mm3 of frozen muscle
tissue from the foremost part of the foot was placed in
a 1.5 mL Eppendorf tube with 0.5 mL buffer contain-
ing 2% (w/v) CTAB, 1.4 M NaCl, 0.2% (v/v) 2-
mercaptoethanol, 20 mM EDTA and 100 mM Tris-HCl
(pH 8.0).  Fifty  micrograms  of  proteinase  K  were
added,  followed  by  incubation  at  60∞C  for  3 h.
There-after  we  added  0.5 mL  chloroform/
isoamylalcohol  (24/1, v/v) and centrifuged the tubes
for 10 min at 6000 g. The upper phase was transferred
to a new tube, mixed with 350 mL cold isopropanol and
left overnight to allow precipitation of the DNA. Cen-
trifugation was carried out as above and the pellet
dried and dissolved in 200 mL 0.1 ¥ Tris-EDTA buffer
for direct use in the polymerase chain reaction (PCR).

The 25 mL PCR amplifications contained 2 mL tem-
plate DNA, 4 mM MgCl2, 1 ¥ PCR buffer (Perkin-
Elmer), 0.8 mM dNTP mix, 1 mM primer, and 2 units
Stoffel-Taq Polymerase (Perkin-Elmer). Reactions
were carried out in an MJ Research PTC-100 ther-
mocycler with the following temperature and time set-
tings: 94∞C for 2 min; followed by 94∞C for 1 min, 36∞C
for 1 min and 72∞C for 2 min ¥ 40 cycles.

PCR products, negative controls and 100 bp ladders
were loaded on to ethidium bromide-stained 2% agar-
ose gels in 0.5 ¥ TBE buffer and electrophoresed for
3.5 h with 3.8 V cm-1. Gels were photographed under
UV-light with Kodak TMAX 400 pro b/w film. Nega-
tives were scanned for subsequent visual band scoring
in Adobe Photoshop 3.0.

To ensure repeatability, identical protocols for
extraction, PCR, electrophoresis and scoring were
used for all samples (Hadrys, Balick & Schierwater,
1992; Grosberg, Levitan & Cameron, 1996; Grund-
mann et al., 1997). Samples were analysed in random
order with respect to sample locality to further mini-
mize systematic errors. We furthermore checked the
repeatability of the scoring by re-running the same
individuals of several of the samples. A subsample of
individuals was scanned with several 10-mer RAPD
primers (Operon Technologies) for bright and distinct
polymorphic bands. We chose three primers (H-6, H-7
and H-14), yielding a total of nine scorable loci. Frag-
ment lengths spanned between 200 and 700 base
pairs. An absence/presence matrix was created for all
individuals and loci.

DNA DATA ANALYSES

Analysis of dominant markers such as RAPD with tra-
ditional population genetic methods requires addi-
tional assumptions about, for example, Hardy–
Weinberg equilibrium (Lynch & Milligan, 1994). To
escape from this problem, and as the purpose was to
assess relative rather than absolute amounts of
genetic variation, we used two multivariate statistical
approaches, the Mantel test and a distance tree con-
structed by neighbour-joining to resolve the genetic
structure.

The Mantel test is a method for computing correla-
tions between distance matrices (Manly, 1986). Corre-
lations are expressed with the statistic z, or its
normalized version r, that allows cross-variable com-
parisons. Statistical significance of r can be assessed
by permutations. Two matrices, A and B, are com-
pared in a two-way Mantel test, denoted A*B. A par-
tial Mantel test is used when the relationship between
two matrices (A, B) should be analysed keeping the
effect of a third matrix (C) constant; this is written
A*B|C (Manly, 1986; Fortin & Gurevitch, 1993).

Mantel tests were run with the R Package 3.0 (Vau-
dor, 1990) and 4.0d1 (Casgrain & Legendre, 1999). We
computed a Euclidean distance matrix from the RAPD
data set (GEN), and a kilometre distance matrix from
geographical positions of each site (GEO). As an alter-
native to the GEO matrix, a distance matrix describ-
ing which samples shared the same island (ISL) was
constructed such that any pair of individuals that
came from the same island was scored as 0, while
pairs not sharing the same island had the value 1. A
habitat matrix (HAB) was constructed in a similar
way with 0 for shared habitat and 1 for different hab-
itats. We used the normalized Mantel statistic r for
interpreting the results of the analysis, and signifi-
cance was assessed from 999 permutations in all runs.

Firstly, we tested whether the geographical distance
(GEO) or the discrete variable island (ISL) was corre-
lated most strongly to genetic distance (GEN). The
Mantel tests were performed according to the follow-
ing design:

GEN*GEO

GEN*ISL

GEN*GEO|HAB

GEN*ISL|HAB

The partial tests revealed whether habitat effects
were confounding the effects of geographical variables.
The variable most correlated with GEN was then kept
constant in the partial Mantel test of GEN and HAB to
achieve the strongest test of these two variables
(island proved to be the geographical variable stron-
gest correlated to genetic distance):
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GEN*HAB

GEN*HAB|ISL

Finally, the resulting Mantel statistics and signifi-
cance from GEN*HAB|ISL and GEN*ISL|HAB were
compared. The latter comparison was also made for
each locus and primer separately as a qualitative eval-
uation of their contributions to the genetic correla-
tions. Significance levels for tests of individual loci
were adjusted using the sequential Bonferroni correc-
tion (Rice, 1989).

A neighbour-joining distance tree was constructed
from the genetic distance matrix with the computer
package PHYLIP 3.57c (Felsenstein, 1995). The rela-
tive abilities of the variables habitat and island to
explain the genetic distance tree topology were
assessed in a parsimony analysis. The variable
demanding the least number of individual movements
between its different habitats or islands, respectively,
was considered as having the greatest explanatory
power. Habitat and island were entered as characters
into a two-character/149 individuals matrix, and the
three habitats and five islands were coded as categor-
ical character states. Character state changes were
parsimoniously mapped onto the distance tree using
the phylogenetic analysis computer programs PAUP
3.1.1 (Swofford, 1993) and MacClade 3.06 (Maddison
& Maddison, 1992). The respective fits of the charac-
ters on the tree were estimated with the consistency
index, ci (Kluge & Farris, 1969). The ci is calculated as
the minimum amount of change possible for the char-
acter on any tree (which equals the number of states
minus one) divided by the actual number of changes
on the tree. It is thus comparable also between char-
acters with a different number of states. ci ranges
from 0 to 1; a higher ci implies a better fit of the char-
acter to the tree. The number of changes between the
different habitats was checked as an indication of rel-
ative interhabitat contact.

We also performed a nested analysis of molecular
variance (AMOVA, Schneider, Roessli & Excoffier,
2000) to contrast the levels of genetic variation within
and among islands for each habitat type separately,
using the two replicate sample populations of each
habitat sampled in each island. Significance values
were calculated from 10 000 permutations.

RESULTS

DNA was successfully extracted from all but one of the
150 individuals. Island (ISL, defining isolation as ‘0’
for snails from the same island and ‘1’ for snails of dif-
ferent islands) was significantly correlated to genetic
distance (see below), whereas geographical distance
among islands (GEO) showed a non-significant ten-
dency (two way test, r = 0.021, P = 0.066; partial test,

r = 0.022, P = 0.055). We therefore used ISL as the
matrix indicating isolation in the following analyses.

With all loci included, there was low but significant
correlation between genetic distance and habitat in
the two-way Mantel test (r = 0.076, P = 0.001) as well
as the partial test (r = 0.077, P = 0.001, Table 1) where
genetic correlation with island was kept constant. Sur-
prisingly, genetic distance correlated less with island,
though it was still significant in both tests (two-way
r = 0.034, P = 0.002 and partial r = 0.035, P = 0.003,
Table 1). The partial Mantel tests of individual loci,
however, showed that a few loci only were significantly
correlated with either habitat or island. The correla-
tion between locus H7-4 and habitat was about one
order of magnitude higher than for any other locus-
variable combination. A partial Mantel test including
all loci except H7-4 gave a significant correlation
between genetic distance and island (r = 0.022,
P = 0.016), but not between genetic distance and hab-
itat (r = 0.0134, P = 0.075, Table 1). Thus RAPD vari-
ation among populations was both generated by
stochastic (isolation effects) and deterministic (habitat
effects) processes, and in particular the variation at
one of the nine loci (H7-4) was strongly habitat
related.

Table 1. Partial Mantel tests of the importance of habitat
(boulders, high rocky shore and low rocky shore) and iso-
lation (island effect) in generating genetic variation in nine
RAPD loci among populations of Littorina saxatilis. The
test GEN*HAB|ISL estimates correlations between a
matrix of genetic distances (GEN) and a matrix of habitat
differences (HAB) keeping the effect of isolation on differ-
ent islands (ISL) constant. The test GEN*ISL|HAB esti-
mates correlations between matrices of genetic distance
and isolation keeping effects of habitat constant. Probabil-
ity values for the correlations significant after Bonferroni
correction (a = 0.0057) are in bold

Locus

GEN*HAB|ISL
‘Habitat effect’

GEN*ISL|HAB
‘Island effect’

r P r P

H6-1 0.0009 0.342 -0.0054 0.345
H6-2 0.0171 0.042 0.0064 0.166
H7-1 0.0282 0.024 0.0064 0.207
H7-2 -0.0042 0.377 0.0113 0.108
H7-3 0.0030 0.256 0.0100 0.134
H7-4 0.1792 0.001 0.0318 0.012
H14-1 0.0039 0.121 0.0031 0.151
H14-2 -0.0083 0.121 0.0476 0.004
H14-3 0.0077 0.153 -0.0081 0.178
All 0.0765 0.001 0.0352 0.003
All except H7-4 0.0134 0.075 0.0217 0.016
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The neighbour-joining tree analysis of the genetic
distances revealed a consistency index for the parsi-
moniously mapped habitat changes of 0.034, and for
the island changes of 0.047. Thus, in contrast to the
Mantel test this analysis showed island isolation to be
somewhat more important than habitat heterogeneity
to  explain  the  intraspecific  phylogeny,  despite  the
H7-4 locus being included. The number of changes
between habitats were, regardless of direction, boul-
ders to high rocks 19; high rocks to low rocks 23; and
boulders to low rocks 16. This suggests a closer genetic
relationship between boulders and low rocks than
between high and low rocks, although the latter two
habitat types were adjacent on the islands.

Genetic variation at different levels for each habitat
(within populations, between populations within
islands, among islands) analysed with AMOVA
showed no consistent pattern across habitat type
(Table 2). Thus, for example, differentiation among
islands was only found in the high rocky habitat, while
part of the variation in the boulder habitats was
between samples within islands. The low rocky habi-
tat did not show significant variation at any of these
levels (Table 2).

DISCUSSION

In the study area, Littorina saxatilis is distributed
over more than a hundred small islands (1–100 m
across). Dispersal among islands without a pelagic
larva is occasional but not as infrequent as might be
expected. Indeed, an assessment of recolonization rate
following a toxic algal bloom that completely wiped
out populations of small, intertidal islands indicated
that 3% of the islands were recolonized per year, on
average (Johannesson & Johannesson, 1995). If recol-
onization takes place through dispersal of single fer-

tilized females, as has been suggested (Johannesson,
1988), dispersal among islands is probably in the
range of Nm ª 1 or less. Allozyme differentiation
among populations of L. saxatilis over islands of the
same area suggested Nm to be in the range of 1–2 indi-
viduals per generation (Janson, 1987; Johannesson &
Tatarenkov, 1997). The significant genetic differentia-
tion among islands (Mantel’s test, P = 0.003) in the
nine RAPD loci of this study supports the conclusion of
an overall isolation by distance effect among island
populations, supporting the results obtained from the
allozyme experiment.

The heterogeneous environment of the snails
imposes divergent selection for a range of morpholog-
ical, behavioural and physiological traits (Janson,
1983; Janson & Ward, 1984; Sundell, 1985; Johannes-
son & Johannesson, 1996; Sokolova et al., 2000) and it
seems possible that DNA polymorphisms will be
partly generated by linkage to selected loci. Indeed,
the habitat gave an overall effect on the DNA varia-
tion that was stronger than the island effect. However,
the separate loci contributed much more evenly to the
island effect than to the habitat effect (r variances
0.0003 and 0.0034, respectively). This suggests the
island effect to be a consequence of random genetic
drift, while the habitat effect is due to a few of the
RAPD loci being linked to loci under divergent selec-
tion, or, less probably, that they are targets of selec-
tion. In the study by Wilding et al. (2001), removing
those 5% of the AFLP loci that were linked to type of
habitat of the snails, the variation in the remaining
loci clearly reflected isolation by distance. Similarly, in
this study, removal of the H7-4 locus yields a non-
significant habitat effect while the island effect
remains significant (Table 1).

Allozyme variation also reveals both an effect of
habitat and an effect of island isolation (Johannesson

Table 2. Analysis of molecular variation in populations of the three habitats. The genetic variation is decomposed into
three hierarchal levels, within-populations, between-populations-within-islands and among-islands. Significant probabil-
ities are in bold 

Source d.f. Variance component % of variation P

Boulder habitats
Among islands 4 -0.084 -5.0 0.78
Between populations within islands 5 0.263 15.6 0.0064
Within populations 39 1.51 89.4

High rocky shore habitats
Among islands 4 0.177 8.6 0.025

Between populations within islands 5 -0.032 -1.6 0.60
Within populations 40 1.90 92.9

Low rocky shore habitats
Among islands 4 0.032 1.7 0.32
Between populations within islands 5 -0.002 -0.1 0.45
Within populations 40 1.89 98.4
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& Tatarenkov, 1997). Out of eight highly polymorphic
allozyme loci, seven showed differentiation owing to
island isolation, while the variation in six also showed
significant effects of habitat. In a similar way as for
the DNA loci, two allozyme loci, Aat and Pgm-2,
showed a much stronger habitat effect than the
remaining loci.

The poor dispersal of both juveniles and adults of
L. saxatilis suggests that genetic substructuring
might also occur between replicate samples of the
same habitat and island. For allozymes such differen-
tiation was present only in one of the eight loci anal-
ysed (Aat, see GSHI of table 2 in Johannesson &
Tatarenkov, 1997). This study revealed significant dif-
ferentiation between replicate samples of boulder
habitats, while not between replicate samples of low
and high rocky shores (Table 2). Thus, overall, we
have no strong evidence for within-island and within-
habitat variation at this spatial scale and indeed, the
bulk of the variation (89–98%) is among individuals
within populations. A plausible explanation seems to
be that there is stabilizing selection among sites of
similar habitats and that gene flow among sites of
the same island is high enough to prevent significant
effects of drift, although this conclusion is prelimi-
nary as the AMOVA indicate substantial differences
in spatial structure among the three habitats
(Table 2). The habitats showed different patterns of
variation with low rocky shores showing no substruc-
turing at all, indicating gene flow over the entire geo-
graphical scale studied. On the other hand, high
rocky populations differed significantly between
islands suggesting high rocky shore populations
being more isolated than low rocky shore populations,
which might be true if the main mechanism of dis-
persal among islands is by rafting. More intriguing is
that boulder samples seem to be structured at a
within-island level, but not between islands. It
appears to be impossible to explain these results by
any relevant mechanism of gene flow and we are
inclined to believe that this suggests the presence of
an additional structuring factor not accounted for by
our study design.

Geographic distance was slightly less important in
generating genetic differences among populations but
this correlation showed a tendency in the same direc-
tion as the island separation. Perhaps a wider range of
geographical distances than the ones used in this
study would have produced a significant isolation by
distance effect similar to what is found for allozyme
differentiation over a scale of 1–300 km in Swedish
populations of this species (Janson, 1987).

The results of this study show that not only
allozyme  variation,  but  also  nuclear  DNA  variation,
in populations of Littorina saxatilis is genetically sub-
structured owing both to isolation and to habitat het-

erogeneity over a spatial scale of kilometres. What was
surprising was that over this scale, habitat heteroge-
neity has an effect on population substructure of the
same magnitude as island isolation; however island
isolation is quite effective owing to the lack of a pelagic
spreading stage.
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