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High levels of shared allozyme polymorphism
among strongly differentiated congeneric

clams of the genus Astarte
(Bivalvia: Mollusca)

JONATHAN P. A. GARDNER* & RAYMOND J. THOMPSON
Ocean Sciences Centre, Memorial University of Newfoundland, St. John’s, Newfoundland, Canada A1C 5S7

Biochemical genetic variation at 12 allozyme loci was examined among three sympatrically
occurring clam species (Astarte borealis, A. elliptica and A. striata: Bivalvia, Mollusca) from a
single location off the east coast of Newfoundland, Canada. Nei’s (1978) genetic distance (D)
values for pairwise comparisons between the species ranged from 0.445 (between A. borealis
and A. elliptica) to 0.530 (between A. borealis and A. striata) indicating speciation events
22.2–2.7 Myr BP. The timing of these speciation events is consistent with the proposed period
of rapid speciation among the North Atlantic bivalve fauna following a significant extinction
event (or events) 23.0 Myr BP. Allozyme variation among the three species was limited to
allele frequency differences, with no absolute (fixed) differences being observed. The absence
of diagnostic allelic differences in light of the large Nei’s D-values is most unusual. The most
plausible explanation is a form of balancing selection, whereby selection for the retention of
ancestral alleles has prevented genetic diversity from increasing among the species via drift.
Thirty of 36 exact tests for genetic differentiation were highly significant, indicating that the
three species are genetically differentiated at these loci despite the absence of fixed allelic
differences among the species. Compared with Hardy–Weinberg expectations, the allozyme
loci exhibited heterozygote deficiencies which were highly statistically significant in all but one
case. Two phenomena appear to account for the unusually large FIS values observed for all
three species: first, inbreeding resulting in part from the extremely limited dispersal capabilities
of the species, and second, a microgeographical Wahlund effect possibly operating at a scale of
only tens of metres. Despite the absence of fixed allozyme differences, multivariate analyses of
14 morphometric traits and of allozyme variation at 12 loci both provided evidence of a high
degree of genetic differentiation among the three species. Given the ability of the multivariate
analyses of the allozyme and morphological variation to distinguish among sympatric A. borea-
lis, A. elliptica and A. striata, it is suggested that the application of such analytical techniques
on a larger scale will provide answers to long-standing questions about the uncertain taxonomy
and systematics of the genus Astarte.
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Introduction

Species of the marine bivalve clam genus Astarte are
relatively widely distributed throughout the
Northern Hemisphere. Representatives of the genus
occur in the east and west of the North Atlantic

Ocean, throughout the Arctic Ocean, and from
Japan eastward along the Alaskan and Pacific Coasts
(Ockelmann, 1958; Durham & MacNeil, 1967;
Lubinsky, 1980).
Despite the widespread distribution and consider-

able ecological importance of these clams in shallow
subtidal and continental shelf soft-substrate habitats,
relatively little is known of the biology and ecology
of the genus. It has been reported that the sexes are
usually separate, that spawning occurs late in the
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year (although at any one time a significant propor-
tion of clams may have ripe gonads), and that the
eggs are large (typically 150–200 mm diameter) and
develop lecithotrophically (Ockelmann, 1958; Good-
sell et al., 1982). Ockelmann (1958, p. 79) reported
that Astarte spp. larvae are not observed in the water
column at the time of spawning because ‘the eggs
are adhesive by means of a mucous membrane . . . ’
and that a pelagic larval dispersive phase is either
very short or entirely absent. Nonplanktotrophic
larval development has subsequently been demon-
strated for A. castanea, which possesses the adhesive
encapsulated egg stage typical of the genus, and for
which it was estimated that larval dispersive
capability is of the order of centimetres only (Good-
sell et al., 1982). It has also been reported that all
species of the genus are likely to be hermaphrodites
(Ockelmann, 1958) although there is no direct
evidence confirming this suggestion.
No published data exist that describe genetic vari-

ation for any Astarte species. The unusually limited
dispersal capability of the genus provides an oppor-
tunity to examine population genetic structure and
to determine how this is influenced by extremely low
numbers of migrants per generation. The present
paper focuses on A. borealis (Schumacher 1817), A.
elliptica (Brown 1827) and A. striata (Leach 1819)
(designations based upon descriptions provided by
Lubinsky, 1980) which occur sympatrically off the
east coast of Newfoundland, Atlantic Canada. Allo-
zyme genetic variation at 12 loci among the three
co-occurring clam species is analysed and the
species-specific population genetic structure of each
is determined. The degree of genetic distinctness
among the three sympatric species is tested, and the
evolutionary relationships investigated. Finally, the
utility of multivariate analyses of both allozyme and

morphometric data is assessed as a means of
addressing the uncertain taxonomy of the genus
(Ockelmann, 1958; Lubinsky, 1980).

Materials and methods

Study site and sample collection

Specimens were collected on 14 December 1993
using a dredge with a heavy outer nylon bag lining
which covered an inner lining composed of two
layers of nylon mesh, each of 10 mm mesh size. This
permitted individual clams as small as 8 mm shell
length to be collected. Two 10-minute tows were
made in 2170–180 m of water at a station located
east of St. John’s, Newfoundland (47°33p N, 52°36p
W). All specimens were placed in individually
labelled bins before being returned to the Ocean
Sciences Centre. The clams were sorted by species
according to descriptions provided by Lubinsky
(1980), placed in labelled bags, and stored at µ70°C
for subsequent analysis.

Allozyme variation

Horizontal starch gel electrophoresis was carried out
on digestive gland tissue dissected from each clam.
This tissue was homogenized with an equal volume
of distilled water and one drop of 0.4% Triton X100
detergent before being centrifuged. The clear super-
natant was used as the enzyme source. The Tris-
maleate gel buffer system of Koehn et al. (1984) was
used for all assays. A 1% solution of agar was added
to each stain and the mixture was poured over the
cut gel, to form an overlay. Nine systems yielding 12
loci were assayed (Table 1). When multiple loci were
observed, the slowest migrating locus was designated

Table 1 The 12 allozyme loci surveyed for genetic variation among Astarte
borealis, A. elliptica and A. striata

Enzyme Locus EC number

Isocitrate dehydrogenase Idh-1 & Idh-2 1.1.1.42
Leucyl alanine peptidase La 3.4.11.1
Leucyl aminopeptidase Lap 3.4.11.1
Leucyl b naphthylamide peptidase LbN 3.4.11.1
Leucyl glycine peptidase Lg 3.4.11.1
Leucyl glycyl glycine peptidase Lgg 3.4.11.1
Malate dehydrogenase Mdh-1 & Mdh-2 1.1.1.37
Phosphoglucoisomerase Pgi 5.3.1.9
Phosphoglucomutase Pgm-1 & Pgm-2 5.4.2.2
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1, e.g. Pgm-1 refers to the slowest Pgm locus. The
slowest migrating allele at each locus was designated
1, (e.g. Lap1) with subsequent faster migratory
alleles receiving subsequent numeric designations.
Cross-comparisons were made among gels and
among species to ensure scoring accuracy.
Analyses of the allozyme data were carried out as

follows. The software package GENEPOP version 1.2
(Raymond & Rousset, 1995) was employed to test
for species differentiation (a test of independence
between locus-specific allele frequencies and species
designation). This test therefore provides a ‘fine
scale’ test of species differentiation by comparing
genetic differences on a locus-by-locus basis.
Conformity to Hardy–Weinberg expectations was
determined using an exact test employing the
Markov chain method at each locus for each of the
three species. Expected numbers of heterozygotes
and homozygotes were computed using Levene’s
correction (Raymond & Rousset, 1995). Gene
frequencies and FIS estimates were calculated for
each allele according to Weir & Cockerham (1984).
Following the recommendations of Raymond &
Rousset (1995) the standard error (SE) estimates for
all calculations were kept to R0.01. Nei’s (1978)
genetic identity (I) and genetic distance (D) values
were calculated for pairwise comparisons of the
three species to provide an estimate of their genetic
relatedness. Finally, the software package SAS (SAS
Institute Inc., 1987) was employed to analyse the
allozyme data by Principal Components Analysis
(PCA). This procedure provides a ‘large scale’ test
of genetic differentiation among the species because
it considers information from all allozyme loci at the
same time, and therefore contrasts with the
previously described ‘fine scale’ test of independence
between locus-specific allele frequencies and species
designation. For every individual in the PCA, each
allele at each locus was coded as zero (absent), one
(present in the heterozygous condition) or two
(present in the homozygous condition). PCA was
carried out to determine whether the degree of
genetic differentiation was sufficient to permit
correct assignment of any randomly chosen clam to
its species designation. If this were possible, then the
three clam species should be represented by three
relatively discrete clusters of points when principal
component one (PC1) is plotted against PC2. To
test further this assumption, nonparametric analysis
of variance (ANOVA) of ranked PC1 values was
carried out (all values were ranked because
nonranked data were not normally distributed), and
mean rank PC1 values were compared among the
three clam species. If the ANOVA probability value

was significant (Ps0.05) the Ryan–Einot–Gabriel–
Welsch multiple range test (which controls the type
I error rate and does not require equal samples
sizes) was employed to identify the location of signi-
ficant differences among the mean rank PC1 values
of the three species.

Morphometric variation

Shells were assigned to one of three species (A.
borealis, A. elliptica or A. striata) based upon shell
descriptions provided by Lubinsky (1980). Fourteen
morphometric traits, including shell length, were
measured for each clam to the nearest 0.1 mm with
either calipers or a stereomicroscope fitted with an
ocular eyepiece (Fig. 1). Measurement error using
these techniques does not contribute significantly to
trait variation (Gardner, 1995). Values for each of
the 13 morphometric characters were
log10-transformed before being divided by
log10-transformed shell length to correct for size-
dependent variation. Principal components analysis
of these data was carried out using the SAS software
package (SAS Institute Inc., 1987). The data were
examined to determine whether the morphometric
characters could be employed to identify each of the
three clam species, in which case they would be
represented as three relatively distinct clusters of
points. Multivariate analysis of variance (MANOVA)
of the 13 log10-transformed and length-standardized
traits was carried out to determine if significant
differences in the dependent variables (morphomet-
ric traits) could be explained by variation in the
independent variables (species designation). The
Ryan–Einot–Gabriel–Welsch multiple range test
was employed to identify the location of significant
differences in mean trait values among the three
species for each univariate ANOVA. After correction
for multiple testing (Rice, 1989), species-specific
log10-transformed length-standardized values for
morphometric traits were normally distributed and
independent of each other in almost all cases.

Results

Allozyme variation

At most loci, the genetic variation among the three
species was represented as differences in allele
frequencies, the magnitude of which varied from
locus to locus depending upon the species-pair
under consideration (Table 2). The only mono-
morphic locus (defined here as exhibiting only one
allele) was Idh-2 for A. elliptica: all other loci for all
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three species were polymorphic. The slightly lower
numbers of A. elliptica and A. striata alleles per locus
are probably attributable to their smaller sample
sizes compared with A. borealis. Ten species-specific
alleles (five for A. borealis, three for A. elliptica and
two for A. striata) at seven different loci were
observed. Seven of these 10 alleles may be
considered to be rare in that they occurred at
frequencies R0.05.
Exact tests of genetic differentiation indicate that

despite the absence of fixed allelic differences at any
of the 12 loci among the three species, most of the
loci were significantly genetically differentiated
between pairwise combinations of the three species.
After correction for multiple testing (Rice, 1989), 30
of 36 test results provided evidence of significant
genetic differentiation between species-pairs (for all
significant pairwise combinations PR0.00315).
Nonsignificant differences occurred between A.
borealis and A. elliptica for Idh-2, Mdh-1 and Pgm-1,
between A. borealis and A. striata for Pgm-2, and
between A. elliptica and A. striata for Mdh-2 and
Pgm-2.
For each species, exact tests of the conformity of

genotype frequencies at each locus to Hardy–Wein-
berg expectations indicate that all 35 polymorphic
loci (i.e. all loci excluding Idh-2, which is fixed for A.
elliptica) exhibited deficits of heterozygotes
(Table 3). Tablewide correction for multiple testing
(Rice, 1989) indicated that all results with the sole
exception of Pgm-1 for A. striata were significant. FIS

values for all three species were consistently very
large across all loci (mean ¹SD of 0.624¹0.272 for
A. borealis, 0.678¹0.276 for A. elliptica, and
0.687¹0.247 for A. striata). In all three species, the
Idh-1, Idh-2 and Mdh-2 loci were actually or very
nearly completely homozygous (excluding the Idh-2
locus which is absent in A. elliptica). Observed
heterozygosity (Ho) values ranged from 0.000 to
0.549 (mean ¹SD of 0.258¹0.193) for A. borealis,
0.000–0.543 (0.194¹0.173) for A. elliptica, and
0.000–0.552 (0.220¹0.179) for A. striata.
Nei’s (1978) I and D-values between species-pairs

are presented in Table 4. The D-values ranged from
0.445 to 0.530 and indicated that the most geneti-
cally differentiated species-pair was A. borealis and
A. striata, whereas the most genetically similar pair
was A. borealis and A. elliptica. The three D-values
were relatively similar, however, and indicate that all
three pairwise species combinations are approxi-
mately equally related.
PCA of the allozyme data revealed the existence

of three discrete (nonoverlapping) clusters of points
when the second principal component (PC2) was
plotted as a function of PC1 (Fig. 2). Clusters were
consistent with the species designations according to
Lubinsky (1980). PC1 explained 29% of the total
variance in the data set, and 50% of the variance
was explained by the first 12 principal components.
Nonparametric analysis of variance (ANOVA) indi-
cated that each species was significantly different
from each of the others in mean rank PC1 values

Fig. 1 Fourteen shell traits measured
for each individual clam in Astarte:
(A, distance between pallial line and
anterior shell margin; B, height of
anterior adductor muscle scar; C,
width of anterior adductor muscle
scar; D, width of cardinal tooth; E,
distance between cardinal tooth and
pallial line; F, distance between
ventral margin of anterior adductor
muscle scar and ventral margin of
posterior adductor muscle scar; G,
height of posterior adductor muscle
scar; H, width of posterior adductor
muscle scar; I, distance between
pallial line and ventral shell margin;
J, shell height; K, shell width; L, shell
length; M, distance between cardinal
tooth and posterior margin of
escutcheon; N, distance between
cardinal tooth and anterior end of
escutcheon).
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(Table 5). The ANOVA model explained 260% of
the variance in the data set (R2 = 0.586).

Morphometric variation

PCA of the morphometric data revealed three rela-
tively discrete, but slightly overlapping, clusters when
PC2 was plotted as a function of PC1 (Fig. 3). Clus-
ters were consistent with the species designations
according to Lubinsky (1980). PC1 explained 250%
of the variance in the data set, the first five principal
components explained 284%, and the first 10
principal components explained a97% of the vari-
ance. MANOVA revealed the existence of highly signi-
ficant differences among species for variation in all
morphometric traits (Table 6). After correction for
multiple testing (Rice, 1989) significant variation was
also observed among the three species for 12 of the
13 traits (Ps0.0013 in all cases). Species-specific
differences explained from 10% to 81% of the varia-
tion in each individual trait. Only differences in
log10-transformed length-standardized shell height
were not significant.

Table 2 Allele frequencies at 12 allozyme loci for Astarte
borealis, A. elliptica and A. striata

Locus Allele A. borealis A. elliptica A. striata

Idh-1 1 0.025 0.161 0.793
2 0.201 0.355 0.207
3 0.398 0.452 0.000
4 0.350 0.032 0.000
5 0.025 0.000 0.000
n 157 31 29

Idh-2 1 0.994 1.000 0.086
2 0.006 0.000 0.621
3 0.000 0.000 0.293
n 170 35 29

La 1 0.514 0.183 0.293
2 0.121 0.300 0.207
3 0.241 0.467 0.259
4 0.118 0.050 0.121
5 0.006 0.000 0.121
n 174 30 29

Lap 1 0.049 0.000 0.000
2 0.161 0.057 0.069
3 0.368 0.171 0.017
4 0.259 0.000 0.138
5 0.115 0.043 0.345
6 0.037 0.086 0.172
7 0.011 0.643 0.259
n 174 35 29

LbN 1 0.118 0.000 0.000
2 0.532 0.000 0.034
3 0.274 0.000 0.397
4 0.065 0.129 0.534
5 0.012 0.871 0.034
n 170 35 29

Lg 1 0.217 0.044 0.000
2 0.434 0.118 0.293
3 0.139 0.309 0.431
4 0.142 0.353 0.241
5 0.069 0.176 0.034
n 173 34 29

Lgg 1 0.157 0.000 0.017
2 0.451 0.000 0.034
3 0.270 0.000 0.155
4 0.108 0.000 0.431
5 0.015 0.714 0.362
6 0.000 0.271 0.000
7 0.000 0.014 0.000
n 172 35 29

Mdh-1 1 0.049 0.043 0.017
2 0.069 0.129 0.310
3 0.489 0.457 0.259
4 0.256 0.129 0.241
5 0.092 0.129 0.000
6 0.006 0.000 0.000
7 0.040 0.114 0.172
n 174 35 29

Table 2 Continued

Locus Allele A. borealis A. elliptica A. striata

Mdh-2 1 0.034 0.229 0.103
2 0.733 0.486 0.397
3 0.089 0.029 0.121
4 0.000 0.000 0.034
5 0.000 0.029 0.000
6 0.144 0.229 0.345
n 174 35 29

Pgi 1 0.014 0.000 0.276
2 0.397 0.014 0.431
3 0.117 0.100 0.103
4 0.211 0.229 0.121
5 0.146 0.271 0.052
6 0.097 0.214 0.017
7 0.017 0.171 0.000
n 175 35 29

Pgm-1 1 0.063 0.059 0.397
2 0.264 0.485 0.431
3 0.503 0.338 0.172
4 0.161 0.118 0.000
5 0.009 0.000 0.000
n 174 34 29

Pgm-2 1 0.109 0.045 0.156
2 0.497 0.394 0.469
3 0.340 0.288 0.188
4 0.054 0.273 0.188
n 169 33 16

n, number of individuals.
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Discussion

From the equation t=5Å106D it is possible to esti-
mate the time of divergence between species-pairs
(Nei, 1987). For A. borealis and A. elliptica this is
2.25 Myr, for A. borealis and A. striata 2.65 Myr, and
for A. elliptica and A. striata 2.45 Myr. The similarity
of these estimates suggests that the three species
arose at much the same time from an ancestral stock
or from the oldest of the three species, which is
likely to be A. borealis (Lubinsky, 1980). The timing
of this multiple speciation event as derived from the
allozyme data is consistent with biogeographical
knowledge. Durham & MacNeil (1967) and Vermeij
(1991) indicate that the genus Astarte is of North
Atlantic origin with a fossil record extending back to
the Oligocene (225–35 Myr BP). Briggs (1995)
notes that at about 3.0 Myr BP most of the boreal
species of the cold-temperate Arctic Ocean fauna

were eliminated by a major cooling event and the
modern fauna began to develop. The effects of this
cooling event were also felt much further south, in
the Atlantic Ocean, in the southern North Sea, and
in the Mediterranean (Raffi et al., 1986; Stanley,
1986). These major extinction events set the stage
for the evolution of a new boreal (cold-temperate)
North Atlantic fauna. The biochemical genetics data
for this genus are therefore consistent with the
hypothesis that the period immediately following the
major extinction episode for bivalve species through
most the northern Atlantic Ocean was followed by a
period of rapid speciation. The most plausible
explanation for this burst of speciation is the ability
of surviving genera/species to take advantage of
newly vacant niches.
The absence of diagnostic alleles among three

sympatrically occurring congeneric bivalve species
which exhibit large genetic distances has not
previously been reported. There are three possible
explanations. First, the shared alleles might result
from interspecific hybridization (be it ongoing or an
historical episode). Such hybridization would need
to result in extensive introgression to erode species-
specific allelic differences, whilst, at the same time,
maintaining significant allele frequency differences
among the respective genomes. However, the three
species are distantly related (see Nei’s D and
I-values, Table 4) which reduces the likelihood of
hybridization, and the PCA plot of the allozyme

Table 3 Observed heterozygosity (Ho), expected heterozygosity (He) and FIS values with associated significance levels for
each of 12 allozyme loci among Astarte borealis, A. elliptica and A. striata

A· borealis A· elliptica A· striata

Locus Ho He FIS Ho He FIS Ho He FIS

Idh-1 0.006 0.680 +0.991*** 0.000 0.655 +1.000*** 0.000 0.334 +1.000***
Idh-2 0.000 s0.001 +1.000** 0.000 0.000 — 0.103 0.531 +0.808***
La 0.437 0.651 +0.329*** 0.133 0.667 +0.803*** 0.345 0.790 +0.567***
Lap 0.425 0.757 +0.439*** 0.543 0.551 +0.018* 0.379 0.772 +0.514***
LbN 0.347 0.625 +0.446*** 0.086 0.229 +0.626** 0.138 0.566 +0.759***
Lg 0.162 0.723 +0.777*** 0.176 0.744 +0.766*** 0.034 0.679 +0.950***
Lgg 0.448 0.690 +0.351*** 0.086 0.423 +0.799*** 0.241 0.669 +0.643***
Mdh-1 0.155 0.680 +0.773*** 0.147 0.737 +0.770*** 0.241 0.762 +0.687***
Mdh-2 0.029 0.434 +0.934*** 0.057 0.669 +0.916*** 0.034 0.710 +0.952***
Pgi 0.549 0.755 +0.274*** 0.457 0.800 +0.432*** 0.552 0.721 +0.239*
Pgm-1 0.368 0.649 +0.434*** 0.324 0.641 +0.500** 0.448 0.638 +0.301NS
Pgm-2 0.166 0.624 +0.735*** 0.121 0.697 +0.828*** 0.125 0.706 +0.828***

FIS, positive FIS values indicate an excess of homozygotes compared with expectations (FIS is calculated according to Weir
& Cockerham (1984)).
Ho, observed heterozygosity.
FIS significant at *Ps0.05, **Ps0.001, ***Ps0.0001 (all values calculated after tablewide correction for multiple testing
(Rice, 1989)).

Table 4 Nei’s I (above diagonal) and D (below diagonal)
values calculated for pairwise species comparisons
between Astarte borealis, A. elliptica and A. striata

Species A. borealis A. elliptica A. striata

A. borealis — 0.64 0.59
A. elliptica 0.45 — 0.61
A. striata 0.53 0.49 —
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data (Fig. 2) is inconsistent with the suggestion of
extensive hybridization. Three clearly defined
species-specific clusters of points are apparent with
no evidence of the genetic intermediacy (identifiable
as individual points intermediate between the
species-specific clusters of points) which one expects
in the event of hybridization. Other explanations
(see later) seem much more plausible, and for the
above reasons we do not favour the hybridization
hypothesis. The second possible explanation is one
of retained ancestral polymorphism. The three
Astarte species might exhibit considerable allelic
similarity as a result of their descent from a common
ancestor which was characterized by such allelic
diversity. However, it is unlikely that three species
which are so distantly related would retain the

observed degree of ancestral polymorphism under a
neutral-drift scenario. Such a situation would be
expected to increase genetic differences among the
species rather than to preserve them, and ultimately
to result in the establishment of absolute ( = diag-
nostic) differences among the species. This,
however, has not happened. The third possible
explanation involves a form of balancing selection at
each locus. The considerable genetic similarity
among the three species in terms of shared alleles
may have arisen as a result of selection within each
species for the same alleles across all loci (at least,
across those loci sampled). Balancing selection
therefore prevents or reduces the establishment of
increased genetic divergence, and might occur
among newly established sibling species which

Table 5 Analysis of variance table of mean rank PC1 values (with Ryan–Einot–
Gabriel–Welsch multiple range test) derived from the principal components
analysis of allozyme data among Astarte borealis, A. elliptica and A. striata

Multiple range test
ANOVA

Mean rank REGWQ
F-value Probability of PC1 N Species grouping

167.4 0.0001 224.0 29 A. striata A
191.5 35 A. elliptica B
88.5 175 A. borealis C

N, number of individuals.
REGWQ grouping, Ryan–Einot–Gabriel–Welsch multiple range test result:
species with differing alphanumeric designations are significantly different in
their mean rank PC1 values.

Fig. 2 Principal component 2 (PC2)
as a function of principal component
1 (PC1) for allozyme variation in
Astarte (+ Astarte borealis; n A. ellip-
tica; O A. striata).
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exhibit considerable genetic similarity immediately
after the speciation event(s). The true cause of the
absence of fixed allelic differences among the three
species might, of course, result from two or more of
the above explanations. Further examination of

other allozyme loci, of mitochondrial DNA, of other
populations, or of different species within the genus
should help to resolve the problem.
Tests of conformity to Hardy–Weinberg expecta-

tions indicate that all loci (except Pgm-1 of A.

Table 6 Multivariate analysis of variance (MANOVA) of variation in 13 morphometric traits as a function of species

Numerator Denominator Significance
Statistic Value F d.f. d.f. (P)

Wilks’s Lambda 0.021 48.6 26 216 0.0001
Pillai’s Trace 1.571 30.7 26 218 0.0001
Hotelling–Lawley Trace 18.148 74.7 26 214 0.0001
Roy’s Greatest Root 16.456 138.0 13 109 0.0001

Univariate ANOVAs

Trait F-value Significance (P) R2 REGWQ

A 61.73 0.0001 0.507 BaE=S
B 65.18 0.0001 0.521 E=BaS
C 59.86 0.0001 0.499 B=EaS
D 18.81 0.0001 0.239 EaBaS
E 50.02 0.0001 0.455 BaEaS
F 42.80 0.0001 0.416 BaEaS
G 47.32 0.0001 0.440 E=BaS
H 108.60 0.0001 0.644 E=BaS
I 74.84 0.0001 0.555 BaEaS
J 0.59 0.5579 0.010 E=B=S
K 259.28 0.0001 0.812 SaBaE
M 29.31 0.0001 0.328 EaS=B
N 7.05 0.0013 0.105 EaS=B

Trait, length-standardized log10-transformed trait (see Fig. 1 for trait designations). REGWQ, Ryan–Einot–Gabriel–
Welsch multiple range test for species-specific differences in mean trait value (B, Astarte borealis; E, A. elliptica; S, A.
striata).

Fig. 3 Principal component 2 (PC2)
as a function of principal component
1 (PC1) for morphometric variation
in Astarte (+ Astarte borealis; n A.
elliptica; s A. striata).
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striata) of all three species exhibit significant hetero-
zygote deficiencies. Such findings are in agreement
with a large body of literature which indicates that
marine bivalve populations are usually characterized
by heterozygote deficiencies (reviewed by Zouros,
1987; Zouros & Foltz, 1987). However, the magni-
tude of the species-specific heterozygote deficiencies
at each locus and their occurrence at so many loci at
the same time is unusual. Based upon knowledge of
the reproductive biology of the genus Astarte and the
nature of the habitat from which it was collected,
two separate factors are most likely to have contri-
buted to the very high FIS values across all loci. The
first factor is the mode of reproduction of the genus
(refer to details in the Introduction) which results in
an extremely low dispersal capability (Goodsell et
al., 1982), coupled with the possibility of hermaphro-
ditism (Ockelmann, 1958). Inbreeding, most prob-
ably via self-fertilization, will result in significant
deficits of heterozygote genotypes. It is also likely to
result in a population genetic structure that contains
a number of individuals with identical composite
multilocus genotypes. Inbreeding, resulting from
small population size and the absence of migrants
between populations, will result in very high FIS

values across all loci, but will not tend to result in a
population genetic structure containing many indi-
viduals with the same composite multiple genotypes.
Examination of the data set indicates that for all
three species every single multilocus composite
genotype was unique (n=175 for A. borealis, n=35
for A. elliptica and n=29 for A. striata), indicating
that selfing as an explanation for the high FIS values
is unlikely, whereas biparental inbreeding is much
more likely. Whether one or more of the species is
hermaphroditic, and how this would contribute to
population genetic structure, remains to be
established.
A second factor contributing to the very high FIS

values appears to be the Wahlund effect. Potentially
this can involve the pooling of subpopulations such
as cohorts which are characterized by different allele
frequencies (population subdivision on a temporal
scale), or might involve the pooling of geographical
subpopulations which are characterized by differing
allele frequencies (spatial population subdivision).
The data support the existence of some form of
intraspecific Wahlund effect, because the usual
pattern of locus-specific response as a result of the
Wahlund effect is for loci to exhibit different
degrees of heterozygote deficiency according to the
magnitude of the differences in allele frequencies
between subpopulations at each locus (Richardson et
al., 1986). This was indeed observed for all three

species (FIS values ranged from 0.274 to 1.000 for A.
borealis, from 0.018 to 1.000 for A. elliptica, and
from 0.239 to 1.000 for A. striata) and therefore the
Wahlund effect appears to be a significant factor in
contributing to the observed heterozygote deficien-
cies. As a simple test of cohort population
subdivision (genotypic heterogeneity among
different age classes) the data for each species were
divided into two subsets based upon shell size (clam
size and age are assumed to be strongly positively
correlated) to give species-specific allozyme informa-
tion for small (presumptive young) and large
(presumptive old) clams (data for this test are not
formally presented). Tests of genotypic differentia-
tion at each locus were carried out between small
and large clams for each of the three species. After
species-specific correction for multiple testing (Rice,
1989), the Pgm-2 locus of A. borealis and the Pgi
locus of A. elliptica were observed to exhibit signifi-
cant genotypic differentiation: all other loci
exhibited genotypic homogeneity for all three
species. From this somewhat crude test there is no
evidence of presumptive age-dependent genotypic
differentiation for any of the species. Any further
testing of cohort population subdivision will require
detailed information about the age structure of each
species, which is presently not available. It therefore
appears that a small-scale spatial Wahlund effect is
in operation, and that clams from different popula-
tions, perhaps only a few metres apart, were pooled
during each 10 min trawl sample. It remains to be
established on what geographical scale population
differentiation exists, but given the very low disper-
sal capability of the genus (Goodsell et al., 1982) it
may be of the order of tens of centimetres to a
maximum of a few metres, coincident with the scale
of suitable habitat type (sand/mud) among boulder/
cobble outcrops.
There is confusion regarding the taxonomic and

systematic relationships of members of the genus
Astarte (Ockelmann, 1958; Lubinsky, 1980). Despite
the absence of absolute allelic differences at the loci
examined, exact tests of genetic differentiation indi-
cate that all but six of 36 locus comparisons are
significantly differentiated between species-pairs.
However, because the 12 loci surveyed constitute
such a small portion of the genome of each species
it is possible that further examination of allozyme
variation will identify one or more loci which do
exhibit fixed allelic differences among these species.
Estimates of Nei’s I and D-values (Nei, 1978) also
indicate that the three taxa are sufficiently differen-
tiated to be considered as separate species. For
example, Hoagland (1984) has suggested that
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D-values of E0.3 among marine molluscs are suffi-
cient to regard the taxa as distinct species. Such an
estimate is consistent with other published D-values
between ‘good’ species (e.g. Ayala, 1975; Nei, 1987).
In other cases of questionable taxonomy and uncer-
tain systematic affinity, morphometric and/or allo-
zyme variation have been successfully analysed by
multivariate statistical techniques to permit the
identification of co-occurring and even hybridizing
species (reviewed by Gardner, 1997). In the present
study, PCA of allozyme and morphometric data both
indicate that three separate species coexist. The
PCA of the allozyme data differentiates the three
species more clearly than the PCA of the morpho-
metric data (i.e. the three clusters of species-specific
points were more distinct in the former analysis)
which probably reflects the greater utility of genetic
data over morphometric data for species discrimina-
tion, as observed by other authors (e.g. McDonald et
al., 1991; Gardner, 1996). These analyses strongly
indicate that the three Astarte species maintain a
high degree of genetic distinctness, and should be
regarded as distinct or ‘good’ species (as suggested
by Lubinsky, 1980), despite the fact that there are
no absolute (fixed) differences in allele distributions
among them. Further genetic and morphometric
analyses of specimens from other locations through-
out the wide range of this genus are required before
a clearer understanding of the taxonomy and evolu-
tionary relationships among its species can be
gained.
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