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Summary

Allozyme-associated heterosis has been repeatedly observed in marine bivalves, but its genetic

origin remains debatable. A simple explanation is direct overdominance at the enzyme loci scored.

An alternative is associative overdominance due to partial inbreeding, affecting the whole genome.

The two hypotheses yield different predictions concerning (i) locus-specific effects, (ii) the

relationship between heterozygosity and the variance in fitness, and (iii) the expected form of the

relationship between the multilocus genotype and mean fitness. The relationship between

heterozygosity and growth, a component of fitness, is here analysed in Spisula o�alis (1669

individuals, 9 loci), using statistical models designed to test these predictions. In contrast to most

other bivalves, S. o�alis shells display clear annual growth lines allowing accurate quantification of

individual age and growth. Our results show (i) that there is no evidence for locus-specific effects,

(ii) that the variance in growth decreases significantly when heterozygosity increases, and (iii) that

growth is better predicted by a genetic variable optimized for inbreeding than by a variable

optimized for overdominance. In addition, the heterozygosity–growth relationship displays a

significant variation among annual cohorts, being more pronounced in young cohorts. Although

the need to pool alleles and the occurrence of null alleles may limit the efficiency of some of the

models used (especially for result (iii)), our results suggest that the heterozygosity–growth

relationship is due to inbreeding effects.

1. Introduction

Positive correlations between allozyme heterozygosity

and fitness traits have frequently been reported in

natural populations of various organisms, especially

marine molluscs (Mitton & Grant, 1984; Zouros,

1987). However, no consensus has emerged about the

origin of these correlations (Zouros & Foltz, 1987).

Allozymes themselves may determine fitness differ-

ences (direct overdominance), or may reflect hetero-

zygosity at other loci (associative overdominance

sensu Ohta, 1971). Effects of allozyme loci are difficult

to distinguish from those of closely linked loci in

gametic disequilibrium (Smouse, 1986; Houle, 1994),

but they differ markedly from inbreeding or ‘general ’
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effects (David et al., 1995). Indeed, when hetero-

zygosity correlations are generated through partial

inbreeding, allozyme loci act as mere markers of the

inbreeding level, i.e. their heterozygosity reflects inter-

individual variations in genomic heterozygosity (Ohta

& Cockerham, 1974).

The hypothesis of direct overdominance may be

evaluated by comparing observed relationships with

theoretical expectations. These were first given by

Smouse (1986), who derived the ‘adaptive distance’

model (hereafter referred to as the AD model)

explicitly designed to fit overdominance at multiple

loci. The good fit of this model was subsequently

interpreted as evidence for overdominance in Pinus

trees (Bush et al., 1987). However, Houle (1994),

reanalysing Smouse’s model in the one-locus case,

showed that such results were actually expected under

inbreeding as well. This shows that no conclusion can

be drawn by testing the predictions derived from one

hypothesis only. Predictions must be derived from

both hypotheses (inbreeding and overdominance).
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Table 1. Predictions for the relationship between heterozygosity and

fitness, based on the hypotheses of o�erdominance and inbreeding

Hypothesis Overdominance Inbreeding

1. Locus-specific effects Present Absent
2. Relationship between

heterozygosity and
variance of the fitness
trait

None Negative

3. Best linear predictor
of the fitness trait

Adaptive distances γ (relative inbreeding
level)

Only divergent predictions are useful to distinguish

between the alternatives, and should be used to build

appropriate statistical tests. David (1997), following

this line of reasoning, extended the analysis of Smouse

(1986) and Houle (1994), and derived three predictions

(summarized in Table 1).

Prediction (i). Allozyme loci are expected to affect

fitness differentially (Koehn et al., 1988) under

overdominance, whereas all loci tend to reflect the

same underlying parameter (genomic heterozygosity

or inbreeding level) under inbreeding. Therefore loci

should have significantly different contributions to the

heterozygosity–growth relationship under the former,

but not the latter, hypothesis. It might be argued that,

under the inbreeding hypothesis, variation in the

linked load among neutral markers mimics differences

in selection intensity. However, this mainly holds in

small populations, where linkage disequilibrium

occurs as a consequence of sampling effects. In large

populations, the correlation between heterozygosities

of markers and selected genes (i.e. the identity

disequilibrium) is not greatly affected by linkage, at

most by a factor 2 with complete linkage (Weir &

Cockerham, 1973). Under the overdominance hy-

pothesis, larger differences are expected. For example,

some loci may be involved in crucial metabolic

pathways that determine the fitness trait (usually

growth), whereas other loci are irrelevant. This

approach was followed by Koehn et al. (1988), who

argued for overdominance on the basis of a cor-

respondence between the contribution of specific

enzyme loci to the heterozygosity–size relationship

and their metabolic importance, in the bivalve Mulinia

lateralis. However, no statistical test was provided to

show that these contributions were significantly

unequal and consistent across different samples.

Prediction (ii). Under inbreeding, the mean fitness

of a given genotype at marker (enzymatic) loci

depends on the proportion of inbred individuals

among individuals bearing this genotype. As inbred in-

dividuals are less fit than outbred ones, homozygous

genotypes, among which the proportion of inbred

individuals is relatively high, should have both a lower

mean fitness and a higher variance in fitness than

heterozygous ones, which contain fewer inbred indivi-

duals. We therefore expect, under inbreeding, a

negative relationship between heterozygosity and the

variance of the fitness trait, paralleled by the positive

relationship with the trait mean. In contrast, fitness is

supposed to be homogeneous within a given genotype

under overdominance: the mean fitness depends on

marker heterozygosity, but not the variance.

Prediction (iii). When inbreeding is low (even if a

reliable estimate of inbreeding is not available), it is

possible to compute an index (hereafter referred to as

γ) representative of the expected proportion of inbred

individuals, for each multilocus genotype. Under

inbreeding, γ is the best possible linear predictor of

fitness, whereas under overdominance the best possible

linear predictors of fitness are the adaptive distances

(Smouse 1986). In the one-locus case, the adaptive

distance and γ are linearly related, and are equally

good predictors of fitness (Houle, 1994). Therefore

comparison of the models cannot discriminate be-

tween local and general hypotheses. However, with

several loci, γ is no longer a linear function of the

adaptive distances, and the two models are no longer

equivalent (David, 1997). Under overdominance, a

linear model based on the adaptive distances (the AD

model) will explain significantly more variance than a

model based on γ, while the reverse is expected under

inbreeding.

Evaluating the above predictions involves the use of

complex linear models, and requires (a) a large sample

size and (b) an accurate quantification of fitness-

related traits for each individual (Houle, 1994).

Growth rate is a suitable fitness index, usually inferred

from body size in bivalves (e.g. Gaffney et al., 1990).

However, as the age of field-grown individuals is

generally unknown, this procedure confounds growth

and survival effects (Zouros & Foltz, 1987). In the

present study, this pitfall is avoided because the

bivalve studied, Spisula o�alis, displays annual shell

lines, which allow age determination and the quantifi-

cation of individual growth history using a few

parameters. A previous study (David et al., 1995)

showed that the parameter t
"/#

, the age at which an

individual reaches half its maximum size, was nega-

tively correlated with heterozygosity at seven allozyme

loci in a sample of 239 individuals. We now extend

this study to nine loci and 1669 individuals, from

different annual cohorts and sites. This large sample is

https://doi.org/10.1017/S0016672397002978 Published online by Cambridge University Press

https://doi.org/10.1017/S0016672397002978


Allozyme heterosis in bi�al�es 217

used to test the three predictions above, in order to

evaluate the competing hypotheses of overdominance

and inbreeding. In addition, our dataset allows tests

of the consistency of the heterozygosity–growth

correlation in space (across sites) and time (across

cohorts), in contrast to previous studies on marine

molluscs.

2. Material and methods

Individuals of S. o�alis were dredged in 1993, 1994

and 1995 in three sites (A, B, C) in the Gle!nans

archipelago (France). These sites are very close to

each other (distance between two sites about 1 km)

and ecologically very similar. They consist of shallow

subtidal sandflats 2–10 m deep with no seagrass, and

all three sites are protected from oceanic swell by

numerous surrounding rocks and islands. All indivi-

duals were genetically analysed at nine polymorphic

enzyme loci using starch gel electrophoresis. Electro-

phoretic procedures are described in David et al.

(1995) for AAT, EST, GAL, IDH, LAP, PGI and

PGM. PGD and LAP2 were run on Tris-citrate pH 8±0
gels using muscle and digestive gland extracts re-

spectively, and stained as described in Pasteur et al.

(1988). Gene diversity (H
e
, using Levene’s correction

for finite samples), Weir & Cockerham (1984)’s

estimator of F
is

( f ), and exact tests for Hardy–Wein-

berg equilibrium were computed for each locus using

the software Genepop 2.0 (Raymond & Rousset,

1995).

Individuals aged 5 yr or more were used, as a

minimum of five shell lines are required to ensure an

accurate estimation of growth parameters. A few

individuals with unclear growth lines were discarded.

Distances from the umbo to all shell lines were

measured on right valves using an image analyser, and

used to determine for each individual the parameters

of the Von Bertalanffy growth model :

L(t)¯L
max

[exp [®t[log
e
(2)}t

"/#
],

where L(t) is the size at age t, L
max

is the maximum

size, and t
"/#

is the age at size L
max

}2 (for the

computation of these parameters from shell line

measures see David et al., 1995). We focus here on the

parameter t
"/#

, which was previously reported to be

negatively correlated with heterozygosity in S. o�alis,

reflecting a positive relationship between heterozygo-

sity and growth (David et al., 1995).

The basic model used to describe the relationship

between heterozygosity and growth is a regression of

t
"/#

on the number of heterozygous loci (multiple-

locus heterozygosity or MLH ) :

t
"/#

¯αMLH­β­ε, (1)

where α and β are respectively the slope and intercept

of the regression, and ε the error term. In order to take

into account differences in locus-specific effects on

growth, MLH can be decomposed into single-locus

heterozygosities (SLH
i
, scoring 1 for a heterozygote,

0 for a homozygote, at locus i), yielding a multiple-

regression model with L predictor variables (L being

the number of loci) :

t
"/#

¯α
"
SLH

"
­α

#
SLH

#
­…­α

L
SLH

L
­β­ε. (2)

It is also possible to account for fitness differences

between different homozygous genotypes at a given

locus, as such differences are expected under both

overdominance and inbreeding (Houle, 1994). The

adaptive distance (AD) model has been designed to

account for this variation at diallelic loci. Its predictor

variables are the single-locus adaptive distances

(SAD
i
), whereby appropriate values are assigned to

the three possible genotypes in order to predict

relative fitnesses at equilibrium under overdominant

selection (SAD
i
¯1}p

i
, 1}(1®p

i
) and 0 for genotypes

A
i
A

i
, B

i
B

i
and A

i
B

i
respectively, where p

i
is the

frequency of allele A
i
; Smouse, 1986). The equation

for the SAD model is similar to (2), with SAD
i
instead

of SLH
i
. Note that adaptive distances are by

construction expected to be negatively related to the

fitness trait, when heterozygosity is positively so

(Smouse, 1986). Just as the SLH
i

values may be

summed to produce MLH, SAD
i

values sum to a

multilocus adaptive distance (MAD) that can be used

in a simple regression (equation (1) with MAD instead

of MLH ). The SAD and MAD models are designed

for diallelic loci and adaptive distances cannot be

computed for multiple alleles, as given equilibrium

allele frequencies do not correspond to a unique set of

genotypic relative fitnesses when more than two alleles

are present (Smouse, 1986). However, the model is

still valid when composite alleles (several different

alleles pooled into a single class) are used. We therefore

pooled all alleles but the most frequent (A) into a

composite allele (B) for each locus, as recommended

by Smouse (1986). The four regression models (MLH,

SLH, MAD, SAD) were computed for the dependent

variable t
"/#

. To assess the effect of allele pooling, we

computed the SLH and MLH models both with and

without pooling.

According to prediction (i), locus-specific effects are

expected under overdominance but not under in-

breeding. This can be tested by comparing the

explained variances of univariate versus multivariate

models (David, 1997). The multivariate models (SLH,

SAD) allow variation in locus-specific effects whereas

the corresponding univariate models (MLH, MAD

respectively) do not. Therefore, if there are locus-

specific effects, the variance of the fitness trait

explained by multivariate models should be signifi-

cantly larger than the variance explained by univariate

models. As the MLH and MAD models are indeed

simplifications of the SLH and SAD models re-

spectively, the extra variances explained by the latter

two models were tested using F-tests (Crawley, 1993).

Significant F-values would therefore indicate locus-

https://doi.org/10.1017/S0016672397002978 Published online by Cambridge University Press

https://doi.org/10.1017/S0016672397002978


P. Da�id et al. 218

Table 2. Locus-specific parameters for the sample studied

Locus Na He f p (HW) b (SLH ) b (SAD)

PGI 7 0±114 0±015 0±669 ®0±032 ®0±007
PGM 11 0±222 0±098 0±000 ®0±042 0±000
LAP 12 0±590 0±093 0±000 ®0±066 0±013
AAT 9 0±347 0±021 0±500 0±014 ®0±005
IDH 8 0±461 ®0±008 0±429 ®0±123** 0±053*
EST 3 0±469 ®0±127 0±000 ®0±054 0±035
GAL 9 0±696 0±118 0±000 ®0±047 0±008
PGD 11 0±405 0±003 0±708 ®0±110* 0±002
LAP2 7 0±620 0±030 0±007 0±012 0±005

Na, number of alleles ; He, expected heterozygosity after Levene’s correction for
finite samples ; f, Weir & Cockerham’s (1984) estimator of F

is
; p (HW), the

significance of departure from Hardy–Weinberg genotypic proportions (exact
test). Bold characters denote significant (! 0±05) P values. b (SLH ) and b (SAD),
the partial regression coefficients from the multiple regression of t

"/#
on SLH and

SAD respectively.
*P! 0±05; **P! 0±01.

specific effects. These tests were performed for both

adaptive distance (MAD, SAD) and heterozygosity

(MLH, SLH ) models, because adaptive distances are

theoretically more refined predictors of relative fitness,

although pooling alleles entails a loss of information

compared with simple heterozygosity counts.

According to prediction (ii), a negative relationship

between heterozygosity and variance in the fitness

trait is expected only under the inbreeding hypothesis.

This would result in a decrease of the squared residuals

of the heterozygosity–trait regression when heterozy-

gosity increases. We therefore regressed the log-

transformed squared residuals of the t
"/#

}MLH

regression on MLH values. We also performed the

same test using MAD instead of MLH values (see

previous paragraph). Under inbreeding, we expect a

negative and a positive slope for the tests using MLH

and MAD, respectively.

Prediction (iii) states that a variable representing

the expected inbreeding level of a genotype should

predict fitness better than the adaptive distances when

inbreeding effects are involved. The computation of

such a variable is derived as follows. Under inbreeding,

the mean fitness is a negative linear function of z, the

expected proportion of inbred individuals within the

multilocus genotype considered (David, 1997). In

partly inbred populations,

z¯γs}(1®s­sγ), (3)

s being the inbreeding rate and γ the ratio of the

expected frequency of the genotype considered among

inbred over that among outbred individuals. z is

proportional to γ when s is small, and γ is then

equivalent to z as a linear predictor of mean fitness.

However, γ can be computed without knowledge of s.

Under partial selfing, and neglecting recurrent in-

breeding, γ can be computed as [1­1}2(1®p
i
)}p

i
] for

genotype A
i
A

i
, p

i
being the estimated frequency of

allele A
i
, and 1}2 for any heterozygous genotype.

Assuming linkage equilibrium among loci, single-

locus γ values can be multiplied to give the multilocus

γ. As S. o�alis is dioecious, selfing does not occur.

However, limited inbreeding through other kinds of

correlated matings is possible, and could generate

inbreeding levels equivalent to that of very small s

values. The regression of t
"/#

on γ was computed with

and without pooling alleles, as only the pooled version

could be compared with the AD model. Moreover, the

distribution of γ comprised a small number of

unexpectedly high values (see Section 3). As linear

regressions are very sensitive to outliers for the

independent variable, the computations were per-

formed both with and without these individuals.

To test the consistency of the relationship between

heterozygosity and growth, the sample was subdivided

into cohorts (i.e. all individuals born the same year),

sites, or both. A given cohort in a given site will be

referred too here as a ‘group’. We tested the linear

model t
"/#

¯α
S
­β MLH­η

S
MLH, where α

S
is the

effect of S, the subdivision of the sample considered

(site, cohort, or group), β is the linear effect of MLH,

and the η
S

MLH term represents the variation of the

linear effect of MLH among subdivisions. The

significance of each term of the model was tested using

standard model simplification procedures (Crawley,

1993).

3. Results

Genetic parameters are given in Table 2. The nine loci

scored showed high levels of genetic polymorphism,

as revealed by their numbers of alleles (often 10 or

more) and gene diversities (around 0±5). Allele fre-

quencies are given in the Appendix. At four of the nine

loci (PGM, LAP, GAL, LAP2), significant departures

from Hardy–Weinberg expectations were associated

with heterozygote deficiencies ( f" 0), whereas one

significant heterozygote excess was detected (EST ).
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Fig. 1. (a) Relationship between multiple-locus
heterozygosity (MLH ) and the growth parameter t

"/#
in

Spisula o�alis. Data are presented as means and
confidence intervals (95%). The number of individuals in
each class is indicated above each point. Classes 0 and 1

were pooled because they displayed very large confidence
intervals, due to relatively low sample size and large
variance in t

"/#
. (b) Relationship between MLH and

within-class standard deviations of t
"/#

. Same conventions
and sample sizes as in (a). (c) Among-cohort variation of
β, the standardized regression coefficient of the MLH–t

"/#
regression line. The correlation between β and birth time
(continuous line) is significant (r#¯ 0±9539, d.f.¯ 4, P¯
0±004). cohorts 1984 and 1985 were not taken into
account as they contained only one and five individuals
respectively. Sample sizes were 45, 471, 521, 404 and 222
individuals for cohorts 1986 to 1990 respectively.

Table 3. Analysis of �ariance for �arious regression

models on the dependent �ariable t
"/#

Model F d.f. P

MLH 11±51 1 ; 1667 0±0007
MLH

PO
7±07 1 ; 1667 0±0050

SLH 2±25 9;1659 0±0170
SLH

PO
1±63 9; 1659 0±1004

MAD
PO

2±27 1 ; 1667 0±1322
SAD

PO
1±00 9; 1659 0±4399

The subscript PO was added when alleles were pooled
before computation (see text). d.f., degrees of freedom. Bold
characters denote significant (! 0±05) P values. Slopes of the
univariate regressions are ®0±053, ®0±044 and 0±011 for
MLH, MLH

PO
and MAD

PO
models respectively.

t
"/#

was negatively dependent on MLH (P¯ 0±0007;

Fig. 1a), indicating a positive relationship between

heterozygosity and growth. The results of the different

models are given in Table 3. The MLH and SLH

models were highly significant whereas the MAD and

SAD were not (P" 0±05). The partial regression

coefficients are given in Table 2 for the multivariate

models SAD and SLH. These coefficients represent

the contributions of individual loci to the observed

relationship. They were not correlated with f, the

amount of heterozygote deficiency at the same loci

(F
("

±
()

¯ 0±14, P¯ 0±72). Locus-specific effects were not

significant, either using adaptive distances (compari-

son between MAD and SAD models : F
(),"'&*)

¯ 0±84,

P¯ 0±56) or using heterozygosities (comparison be-

tween MLH and SLH : F
(),"'&*)

¯1±09, P¯ 0±37,

without pooling alleles).

The variance of t
"/#

decreased with increasing MLH,

as illustrated in Fig. 1b. Indeed, the log-transformed

squared residuals or the MLH model were strongly

negatively dependent on MLH (slope ¯®0±28, F
("

±
"''()

¯ 53±72, P!10−'). When MAD was used instead of

MLH, the dependence was significantly positive (slope

¯ 0±11, F
("

±
"''()

¯18±59, P¯ 0±00002).

Regression models using γ and MAD as predictors

of t
"/#

can be compared when alleles are pooled before

computing γ. This comparison is given in Table 4. A

few individuals (1±7% of the total sample, or 22

individuals) displayed unexpectedly large γ values

(10!γ%181) and may have disproportionate effects

on the regression. When these individuals were

removed, the regression of t
"/#

on γ was highly

significant, in contrast to the non-significant regression

on adaptive distances (Table 4). The variance ex-

plained by γ and MAD together was significantly

larger than the variance explained by MAD alone

(Table 4). In other words, the inclusion of γ as a

predictor variable significantly increases the goodness

of fit of the model, although γ and MAD are positively

correlated (r¯ 0±613, n¯1669, P!10−', alleles

pooled for both variables). However, the regressions

were not significant when the 1±3% individuals with

the largest γ values were included (Table 4).
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Table 4. Comparison of the regressions of t
"/#

on the predictor �ariables γ and MAD

γ MAD MAD­γa

Predictor Slope F (d.f.) P Slope F (d.f.) P F (d.f.) P

All individuals 0±014 3±4 (1, 1667) 0±066 0±011 2±27 (1, 1667) 0±132 1±37 (1, 1666) 0±243
γ!10 only 0±063 14±9 (1, 1645) 0±0001 0±012 2±59 (1, 1645) 0±107 15±5 (1, 1644) 0±00008

Alleles were pooled into two classes prior to analysis, and the models were computed including and excluding individuals with
very large γ values (1±3% individuals, cf. Section 3). Significant probabilities are in bold type. d.f., degrees of freedom.
a Tests of the significance of the γ term in the bivariate model (t

"/#
¯α(MAD)­β(γ)­δ­ε) relative to the univariate MAD

model (t
"/#

¯α(MAD)­β­ε) using a model simplification procedure (Crawley, 1993).

Table 5. Linear models of the effect of MLH and population subdi�ision into cohorts, sites or both (groups), on

t
"/#

Subdivision
S effect MLH effect Interaction S¬MLH

S F d.f. P F d.f. P F d.f. P

Group 44±85 14;1653 !10−6 11±30 1 ; 1652 0±0008 5±69 14;1638 !10−6

Cohort 122±62 5; 1662 !10−6 5±82 1 ; 1661 0±0159 8±59 5;1656 !10−6

Site 11±07 2;1665 0±0047 11±07 1 ; 1664 0±0009 0±76 2;1662 0±4659

F-tests were performed using model simplification by subtracting successively the interaction term (η
S
MLH ), the MLH main

effect (β MLH term) and the effect of the ‘subdivision’ factor (α
S

term) from the total model. The associated degrees of
freedom (d.f.) and probabilities (P) are given. One individual was discarded from the dataset as it was the only representative
of its cohort (1984). Bold characters denote significant P values.

The regression of t
"/#

on γ was also performed

without pooling alleles, and was significant when

outlier (γ"10) individuals were excluded (slope¯
0±064, F

("
±
"'!()

¯14±71, P¯ 0±0001) and non-significant

when they were included (F
("

±
"''')

¯ 0±05, P¯ 0±82).

Another way to reduce the effect of large γ values,

instead of removing them, is to use the log-trans-

formation. In this case the regression was significantly

positive when all individuals were considered (slope¯
0±071, F

("
±
"''')

¯ 5±76, P¯ 0±016).

The sample considered contained six different

cohorts (1985–90) collected at three sites. However,

the number of groups (a group being a given cohort in

a given site) was only 15, as some cohorts were absent

from some sites. t
"/#

displayed some significant

variation among groups, cohorts or sites, and the

MLH main effect was always significant (Table 5).

The effect of MLH was significantly variable among

groups or cohorts, though not among sites, indicating

that the heterozygosity–growth correlation is cohort-

dependent. Indeed, the MLH–t
"/#

regression was

increasingly negative within younger cohorts (P¯
0±004, Fig. 1c).

4. Discussion

The negative relationship observed between MLH

and t
"/#

confirms previous results in S. o�alis (David et

al., 1995) and is consistent with numerous reports of

positive correlations between allozyme heterozygosity

and growth or size in bivalves (review in Zouros,

1987). Although significant, the variance explained by

MLH and other genetic variables is small (of the order

of 1%). This order of magnitude is similar to that

found in previous bivalve studies (Zouros et al., 1980;

Diehl & Koehn, 1985; Gaffney et al., 1990). The

statistical power needed to deal with such low signals

is provided here by both an age-independent growth

index and a large sample size.

t
"/#

and adaptive distances are expected to be

positively correlated under a variety of hypotheses

(Houle, 1994). However, neither the multivariate nor

the univariate AD models were significant. A first

explanation could be that growth (as represented by

t
"/#

) is not correlated with fitness, violating a basic

assumption of the model. However, growth and size

have been successfully used as fitness traits for decades

in various organisms (see Mitton & Grant, 1984; Bush

et al., 1987; Zouros & Foltz, 1987). In bivalves,

growth is important both as a way to escape from size-

dependent predation (Paine, 1976; Seed & Brown,

1978) and also because reproductive parameters are

size-dependent rather than age-dependent (Nakaoka,

1994). Allele pooling might reduce the power of AD

models. The SLH model is indeed significant only

without pooling (Table 2). Unfortunately, a multi-

allelic adaptive distance is not feasible (Smouse, 1986).

We now examine the predictions mentioned in the

Section 1.

According to prediction (i), locus-specific effects are

expected under overdominance only. They were not

observed as the SAD model does not explain
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significantly more variance than does the MAD model.

Although the usefulness of this test is limited by allele

pooling, this restriction does not apply to the MLH

and SLH models, for which locus-specific effects were

not detected either, although both models were

individually significant. Although the power may be

low, as the explained variance is small, our data

therefore provide no support for overdominance. This

contrasts with previous results on Mulinia lateralis

(Koehn et al., 1988), in which metabolically important

loci (glycolytic or protein catabolic enzymes) had the

largest effects on size, although the significance of

these differences was not tested.

According to prediction (ii), a positive (or negative)

relationship between the variance of the fitness trait

and heterozygosity (or adaptive distance) is expected

under inbreeding effects. Such a relationship has

already been detected in Crassostrea �irginica (Zouros

et al., 1980). In S. o�alis, it is attested by highly

significant regressions with MLH and MAD residuals

(Fig. 1b). This reflects the occurrence of more

individuals with high t
"/#

in homozygous classes,

rather than a shift of the whole distribution of t
"/#

.

This is predicted under inbreeding, as individuals with

high t
"/#

may be unfit inbred individuals. Alternatively,

the increased variance may reflect developmental

instability resulting directly from enzyme homozygo-

sity. This view has been supported in several species

by negative relationships between heterozygosity and

fluctuating asymmetry or morphological variance

(review in Mitton & Grant, 1984; Palmer & Strobeck,

1986). However, numerous null results have been

reported (e.g. Handford, 1980), and additive genetic

effects and}or inbreeding may explain the results as

well as developmental stability (Chakraborty, 1987).

If we assume that enzymic loci directly influence

growth, two independent hypotheses are required to

explain the effects of heterozygosity on mean and

variance of t
"/#

, whereas both are expected conse-

quences of partial inbreeding.

Prediction (iii) states that, under inbreeding, the

expected inbreeding level of a genotype (estimated by

γ) should be a better predictor of t
"/#

than is the

adaptive distance (MAD). Our evidence is only

suggestive on this point. γ and MAD seem to be

equally poor predictors of t
"/#

, as both regressions are

non-significant. However, a few outliers with very

large γ values bias the whole regression. When they

are excluded, the regression on γ, but not on MAD, is

significantly positive, as expected under inbreeding.

The extra variance explained by the model with both

γ and MAD compared with MAD only is significant,

indicating that γ indeed improves the predictive

accuracy. This is not due to allele pooling, as this

result was obtained whether alleles were pooled to

compute γ or not. The very large γ values observed

are unexpected, indicating highly improbable geno-

types (unless extensive inbreeding is assumed), i.e.

genotypes homozygous at most loci and}or for rare

alleles. Some of these apparent homozygotes could be

heterozygotes with a null allele. Indeed, important

frequencies of null alleles have been detected in

bivalves and may generate heterozygote deficiencies

(Foltz, 1986; Gaffney, 1994). Such deficiencies are

present in our sample (Table 2), though quite

inconsistent across loci, as in previous bivalve studies

(see Gaffney et al., 1990). They cannot be generated

by inbreeding (David et al., 1997), and null alleles are

a plausible origin. In contrast with the results of

Gaffney et al. (1990), heterozygote deficiencies are not

correlated with the contributions of loci to the

heterozygosity–growth relationship. Overall, although

our analysis of the relationship between t
"/#

and γ

does not yield a clear-cut result, it is suggestive of

inbreeding effects, partially obscured by null alleles.

The consistency of heterozygosity–growth correla-

tions across various conspecific samples has never

been tested, although Gaffney (1990) pointed to the

lack of repeatability of heterozygosity–viability corre-

lations in Mytilus edulis. The heterozygosity–growth

correlation in S. o�alis varies across cohorts, though

not across sites (Table 5). This may originate in

environmental and}or genetical variation among

cohorts. We now discuss these two hypotheses.

Regardless of their genetic origin, heterozygosity–

growth relationships have indeed been suggested to

vary with laboratory-induced (Audo & Diehl, 1995)

or natural (Borsa et al., 1992) levels of environmental

stress. However, additional assumptions are required

for this hypothesis to account for our data. First, the

main temporal pattern is a significant increase in the

heterozygosity–growth correlation in young cohorts

(Fig. 1c). This is not consistent with small, random

environmental variation, and can be explained only if

we assume long-term, directional change in environ-

mental quality. Second, as there is no site¬MLH

interaction, environmental variation among sites has

to be negligible compared with temporal variation.

This seems unlikely as (a) the significant main effect of

site on t
"/#

suggests that detectable spatial variations

indeed occur, and (b) cohorts n and n­1 at a given

site have shared a common environmental history for

all their life (5 yr or more) except the first year (when

cohort n settled and cohort n­1 was absent), leaving

little room for differential effects on successive cohorts.

Alternatively, the observed variations in MLH

effects may originate in differences in the genetic

background. Heterozygosity–growth correlations

generated by associative overdominance depend on

the number of segregating deleterious alleles, which

may vary among cohorts for two non-exclusive

reasons: (a) cohorts come from different gene pools,

and (b) the genetic load decreases with age, being

purged by natural selection. The former is supported

by significant among-cohort population structure in

S. o�alis (David et al., 1997). The latter is supported

by more pronounced effects of MLH on t
"/#

in

younger cohorts (Fig. 1c). On the whole, the observed
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pattern allows us to reject the simplest hypothesis of

overdominance with a consistent fitness associated

with each allozyme genotype. A more sophisticated

version of the overdominance hypothesis may include

context-dependent selection coefficients (Gillespie &

Turelli, 1989), and cannot be excluded. However, this

hypothesis is difficult – or impossible – to falsify in

natural populations, and we believe that our results

are more parsimoniously explained by associative

overdominance.

The comparison of observed heterozygosity–growth

relationships with theoretical expectations is a valu-

able tool for inferring the underlying mechanisms.

Two restrictions limit the use of such models. First,

pooling alleles entails a loss of information. This is of

special concern as (a) allozymes in bivalves are very

polymorphic (e.g. Gaffney et al., 1990; David et al.,

1995), and (b) a promising approach involves the use

of DNA markers (Pogson & Zouros, 1994), such as

microsatellites, with potentially numerous alleles. The

model using γ is a first step to avoid this problem as

multiallelic loci can be dealt with. Second, all models

are sensitive to null alleles, observed at both allozymes

(Gaffney, 1994) and DNA markers (Hare et al., 1996)

in bivalves. The AD or γ models, penalizing homo-

zygosity for rare alleles, are especially affected because

apparent rare homozygotes may often be null hetero-

zygotes. These restrictions mainly apply to prediction

(iii).

For tests (i) and (ii), our data fit the predictions of

the inbreeding hypothesis better than those of over-

dominance. The results of test (iii) are, with the above-

mentioned restrictions, also suggestive of inbreeding

effects. The patterns of variation across sites and

cohorts are consistent with associative overdomin-

ance, although environment-dependent direct effects

of enzymatic loci cannot be excluded. The inbreeding

hypothesis, predicting most observed patterns, is the

most parsimonious. Partial inbreeding has never been

documented in marine bivalves, and cannot account

for the observed heterozygote deficiencies (cf. Gaffney

et al., 1990; this study). These deficiencies, whatever

their cause, are large enough to mask the potential

effects of low inbreeding, which therefore cannot be

excluded. Selfing could occur sporadically in her-

maphroditic bivalves such as scallops, but biparental

inbreeding due to local settlement of related larvae

would be a better candidate for most bivalves. The

tenuous growth–heterozygosity relationship (about

1% explained variance) could rely on a rather low

proportion of inbred individuals (say, of the order of

0±01), provided that they actually suffer from in-

breeding depression. Controlled crosses generally

revealed severe inbreeding depression in marine

bivalves (e.g. Ibarra et al., 1995), as expected for any

species with naturally low inbreeding levels (Charles-

worth & Charlesworth, 1987). More research is needed

to identify how low inbreeding could appear in

natural populations of bivalves, and to what extent

our results are representative of allozyme-associated

heterosis in these organisms.

Appendix. Allele frequencies in the sample studied

Allele frequencies are given in order of increasing

electrophoretic mobilities ; alleles are separated by

slashes (}).

PGI.

0±0030}0±0420}0±0009}0±9400}0±0009}0±0126}0±0006.

PGM.

0±0009}0±0003}0±0003}0±0399}0±0027}0±8789}0±0051}
0±0618}0±0087}0±0012}0±0003.

LAP.

0±0006}0±0027}0±0111}0±0252}0±0564}0±0045}0±2743}
0±0021}0±5740}0±0024}0±0405}0±0063.

AAT.

0±0003}0±0123}0±0009}0±7836}0±0027}0±0006}0±1981}
0±0003}0±0012.

IDH.

0±0006}0±0015}0±0003}0±3309}0±0003}0±6553}0±0027}
0±0084.

EST. 0±3741}0±0003}0±6256.

GAL.

0±0033}0±0150}0±0426}0±2488}0±0531}0±4739}0±0707}
0±0878}0±0048.

PGD.

0±0045}0±0003}0±0384}0±0045}0±7581}0±0003}0±0698}
0±0003}0±1199}0±0036}0±0003.

LAP2.

0±0081}0±0917}0±0003}0±3546}0±4937}0±0501}0±0015.
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