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Overexploitation and subsequent collapse of major worldwide fisheries has made it clear that marine stocks
are not inexhaustible. Unfortunately, the perception remains that marine fishes are resilient to large
population reductions, as even a commercially ‘collapsed’ stock will still consist of millions of individuals.
Coupled with this notion is the idea that fisheries can, therefore, have little effect on the genetic diversity of
stocks. We used DNA from archived otoliths collected between 1924 and 1972 together with 2002
juvenile’s tissue to estimate effective population size (INe) in plaice (Pleuronectes platessa). Ne was estimated
at 20 000 in the North Sea and 2000 in Iceland. These values are five orders of magnitude smaller than the
estimated census size for the two locations. Populations examined between 1924 and 1960 were in Hardy—
Weinberg equilibrium, whereas populations examined after approximately 1970 were not. Extensive
testing was performed to rule out genotyping artefacts and Wahlund effects. The significant heterozygote
deficiencies found from 1970 onward were attributed to inbreeding. The emergence of inbreeding between
1950 and 1970 coincides with the increase in fishing mortality after World War II. Although the biological
mechanisms remain speculative, our demonstration of inbreeding signals the need for understanding the
social and mating behaviour in commercially important fishes.
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1. INTRODUCTION
The collapse of most major fisheries in the world
emphasizes the fact that marine stocks are not inexhaus-
tible. In 2002, 75% of the world’s marine stocks were fully
exploited or overexploited (FAO, www.fao.org). Even
after the collapse of the cod and herring fisheries
(Hutchings 2000), the perception has remained that
marine stocks are fundamentally resilient because a
‘collapsed’ stock may still consist of millions of individuals.
The problem is that the census size of a population (NN)
can be vastly different from its effective population size
(Ne), that is, the number of individuals contributing to the
next generation (Frankham 1995). In marine fishes, Ne
can be several orders of magnitude smaller than N,
producing Ne: N ratios varying from 107> to 10 >
(Hauser et al. 2002; Turner ez al. 2002; Hutchinson ez al.
2003). Species with such small ratios can suffer loss of
genetic diversity under fishing pressure as has been shown
for the orange roughy (Smith er al. 1991), the red drum
(Turner er al. 2002), the New Zealand snapper (Hauser
et al. 2002) and North Sea cod (Hutchinson ez al. 2003).
Plaice is a common flatfish species inhabiting Northern

* Author for correspondence (g.hoarau@biol.rug.nl).

Received 8 September 2004 497

Accepted 28 September 2004

European coastal waters and a main target of the North
Sea beam-trawl fisheries (Rijnsdorp & Millner 1996).
North Sea catches last century increased from a stable
55000t in the first half of the century to a record
170000t in 1989, after which fisheries collapsed to
82000t in 2001 (Rijnsdorp & Millner 1996; ICES
2003). In Iceland, a 50% decline of the stock has been
observed these last 10 years (Anonymous 2003).

Two recent genetic surveys of plaice populations in the
Northern East Atlantic, based on microsatellite loci
(Hoarau er al. 2002b) and mitochondrial DNA (Hoarau
et al. 2004), revealed weak but significant genetic
differentiation consistent with large-scale homogeneity
and recent recolonization of the North Atlantic over the
past 15000 years. Significant heterozygote deficiencies
were also found in these surveys. Although heterozygote
deficiencies have been commonly observed in marine
bivalves (Zouros & Foltz 1984) and fishes (Waldman &
McKinnon 1993), most explanations have been attributed
to genotyping or sampling artefacts (Wahlund effect). If
such artefacts can be ruled out, then biological expla-
nations such as selection or inbreeding must be
considered.

Thus the objectives of the present study were to:
(i) estimate effective population size (INe) in plaice; and
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(i1) analyse the causes for heterozygote deficiencies
including the possibility of inbreeding. In order to
accomplish these objectives, we used DNA extracted
from archived otolith samples collected between 1924 and
1970, and from a time-series of juvenile cohorts collected
in 2002. Further, we rigorously evaluated microsatellite
data-quality with respect to technical artefacts associated
with genotyping and sampling.

2. MATERIALS AND METHODS
(a) Sampling
Juvenile cohorts of young-of-the-year plaice were collected
from two nursery grounds at Balgzand in the Dutch Wadden
Sea (52°53/'-52°59' N, 4°48'-4°55' E) and at Alftanes on the
west coast of Iceland (64°06' N, 22°02’ W). These two
populations are genetically isolated (Hoarau et al. 20026,
2004) and thus represent two independent samples. Biweekly
sampling was performed in both areas during the settlement
season of juvenile plaice using the same type of beam trawl
(5 mm mesh). Sampling (referred to as Week 1) began on 26
February 2002 at Balgzand and 22 June 2002 at Alftanes.
Samples collected from weeks 1, 3, 7 and 9 in the North Sea
and weeks 1, 5, 7 and 11 off Iceland were designated as
cohorts (see Electronic Appendix, table S1). Sampling from
week 9 in the North Sea was divided into two sub-samples
(designated cohorts 4 and 5) based on individual size
differences (see Electronic Appendix, table S1). A total of
477 individuals were immediately preserved in 70% ethanol
and total length measured to the nearest millimetre. Fertilized
eggs (n=064), designated cohort 0, were collected in January
2002 in the southern North Sea using a single haul of high-
speed plankton net called a gulf torpedo (Zijlstra 1970).
Otolith samples from Iceland (1924, 1948 and 1972) and
the North Sea (1950 and 1970) were obtained from the
HAFRO (Reykjavik, Iceland) and RIVO (IJmuiden, The
Netherlands) fisheries institutes, respectively.

(b) DNA extraction
DNA was extracted from juveniles using a CTAB protocol for
muscle tissue (Hoarau et al. 2002b) and from eggs using the
following Chelex protocol. Eggs were air dried, incubated at
55°C in 50 ul of a 6% Chelex 100 (BioRad) solution
containing 1.2 U proteinase K (Promega) for 2 h, followed
by 100 °C for 10 min. Samples were centrifuged (2 min at
20 000g) and the crude DNA supernatant used for PCR.
Historical DNA was extracted from the dry tissues
surrounding the otolith (Hutchinson et al. 1999) in a
laboratory where no previous DNA-work had ever been
conducted. DNA-free pipettes and filter tips were also used to
avoid contamination. Negative controls were used at every
step from extraction to genotyping. Extracted DNA was of
good quality with an overall amplification failure of only
1.4%, a level comparable to DNA extracted from muscle
tissue.

(c) Genotyping

Eight microsatellite loci (see Electronic Appendix, table S1)
were used (Watts er al. 1999; Hoarau ez al. 2002a,b). Details
of PCR conditions are reported elsewhere (Hoarau, er al.
2002a,b). Genotyping was performed on an ABI377 (Applied
Biosystems), using internal lane standards and the software
GENESCAN to determine allele sizes.
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The possibility of genotyping artefacts was examined in
several ways. First, a set of homozygous individuals was re-
amplified for each of the eight loci under relaxed annealing
temperatures (4 °Clower) toverifythatadditionalalleleshadnot
been missed. Second, the expected frequency of null alleles (r;
Brookfield 1996, eq. 4) was used to calculate the expected
frequency of null homozygotes (+*). Expected counts were then
compared with observed counts in the dataset. If the observed
werelessthantheexpected,itwasconcludedthatnullalleleswere
notafactor. Third, we used MiCROCHECKER (Van Oosterhout ez
al. 2004) to test for stuttering and large allele drop-out. These
tests are based on the size distribution of the genotypes. Fourth,
we redesigned new primers for loci, PLL142 and PL167
(PL142newF: 5-GCCTCATTTTCACACTGTTACC-3/,
PL142newR: 5'-GGGCAATTACTTGAGATGAAAAAG-
3’, PL167newF: 5'-GGGAATACACCAGACAAAATG-3/,
PL167newR: 5'-GCACATGTCAAGCTGCAGTCCC-3').
These two loci were chosen because of their higher level of
stuttering. All homozygotes were re-scored using these new
primer pairs and compared against results from the original
primers as a further test.

(d) Genetic diversity and departures from
Havrdy-Weinberg equilibrium

Observed and wunbiased expected heterozygosity
(He; Nei 1978) were computed for each locus individually
and as a multilocus estimate for each of the cohorts. Single and
multilocus Fig were estimated using Weir and Cockerham’s f
(Weir & Cockerham 1984) and significance was tested using
2000 permutations. Heterogeneity of heterozygote deficiency
among loci was tested according to Gafney er al. (1990). All of
the computations were performed using GENETIX 4.04
(Belkhir ez al. 2003). Sequential Bonferroni corrections (Rice
1989) for multiple comparisons were applied where necessary.

(e) Estimating Ne

Variance effective population sizes (INe) were estimated using
a likelihood-based temporal method developed by Wang
(2001). The variance effective population size is the size of
an ideal population (i.e. one with no selection, random
mating and a Poisson-distributed reproductive success) that
has the same properties with respect to allele frequency
variance (genetic drift) as the actual population. A maximum-
likelihood approach is superior to those based on F-statistics
because it can use more of the information in the data, that is,
the presence of many low-frequencies alleles, which are
typical for microsatellite loci. The accuracy of the Ne estimate
increases with the number of alleles, the sample size and the
interval of sampling (Wang 2001). We used the software MNE
1.0 (Wang 2001) with four points in time for the Iceland
samples (i.e. 1924, 1948, 1972 and 2002) and three points in
time for the North Sea samples (i.e. 1950, 1970 and 2002).
We used a generation time of 7.7 years (Rijnsdorp 1993) and
we used 828 individuals, 6 loci and 353 alleles.

(f) Cohort differentiation

Population differentiation among juvenile cohorts was
analysed with Wright’s Fst (Wright 1969) using Weir and
Cockerham’s estimator, § (Weir & Cockerham 1984). Global
Fst was used to detect differentiation among cohorts within
each nursery. Significance of all § estimates was tested using
2000 permutations.
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(g) Wahlund effect

Tests for Wahlund effects among juvenile cohorts were
performed using ParTITIONML (Belkhir & Bonhomme 2002).
The method searches for the best way to partition the samples
into two (or more) panmictic clusters and provides the
likelihood for such a partition. Significance was tested using
permutations (Castric et al. 2002). In order to test if the
partition into two clusters was more likely than no subdivision,
we generated the null distribution of the likelihood in 100
panmictic pseudo-samples and compared them with the
observed likelihood. The panmictic pseudo-samples were
generated by permuting the monolocus genotypes (Belkhir &
Bonhomme 2002) using all cohorts within one nursery.

(h) Testing for inbreeding
We tested for inbreeding by comparing the distribution of
individual multi-locus heterozygosity (MLH; number of
heterozygous loci per individual) with the expected distri-
bution under random mating (Castric ez al. 2002). Inbred
individuals are expected to be more homozygous over all loci,
leading to lower MLH values than expected and a shift in the
distribution towards lower MLH values. The expected MLH
distribution (MLH,y,) was generated by permutation, 1000
pseudo-samples were generated by permuting alleles and the
difference between the observed (MLH,,) and expected
(MLH,,;) frequencies was computed for each MLH class. A
homozygote excess was computed: (MLHgps— MLHy,,)/
MLH,,,. Significance was tested by comparing the mean
observed MLH with the means of the 1000 pseudo-samples.
We also performed a simulation in order to test what level of
inbreeding would be required to obtain the MLH_ distri-
bution, given the allele frequencies. We used the following
formula for each locus: H=3p?(1—F)+F where H is the
proportion of homozygotes, p; the frequency for allele i and F
the inbreeding coefficient (Hedrick 2000). In this manner we
generated the MLH distribution given a specified F. The
simulated distribution was then compared with the MLH
distribution to determine the best fit of F.

(1) Relatedness

Relatedness was estimated by the pairwise identity coefficient
(I; Mathieu ez al. 1990) using IDENTIX (Belkhir ez al. 2002).
Identity was used because it has a smaller variance as
compared with other estimators of relatedness (Belkhir ez al.
2002). The mean and the variance of I were estimated for
each cohort and compared with their expected distribution
under the null hypothesis of no relatedness. These expected
distributions were generated by permutation of genotypes
(n=1000). Sequential Bonferroni corrections (Rice 1989) for
multiple comparisons were applied where necessary.

() Selection against heterozygotes

Selection against heterozygotes was tested by plotting the
multilocus Fig against the mean body-size found in each
cohort. If selection was a factor, we predicted an increase in
the heterozygote deficiency with size, which can serve as a
proxy for age.

3. RESULTS

(a) Potential artefacts
All microsatellite loci were extensively tested for geno-
typing artefacts (see Electronic Appendix, table S2) that

Proc. R. Soc. B (2005)

might produce null alleles. An amplification test using
relaxed annealing temperatures for all loci did not
decrease the number of observed homozygotes. Following
Brookfield’s eq. 4 (NXr%), the expected number of null
homozygotes (Npui exp=12) was greater than the actual
number observed (N obs =4), in six of the eight loci (see
Electronic Appendix, table S2), allowing us to reject the
possibility of nulls. For loci PL06 and PL09, null alleles
could not be rejected and these loci were subsequently
eliminated from further analyses. No evidence for large
allele drop-out was found for any of the loci. All loci
displayed clean signals with minimal stuttering (see
Electronic Appendix, figure S1). Post-PCR treatment
with T4-polymerase (Ginot et al. 1996) of the original
primers as well as reamplification with the new primers
confirmed earlier results, i.e. no change in the observed
number of homozygotes. We therefore concluded that
genotyping artefacts could not explain the departure from
Hardy-Weinberg equilibrium (HWE) observed in our
dataset.

A temporal Wahlund effect could also be rejected for all
juvenile cohorts (p=>0.11) as none of the PartrrionML
log-likelihood values departed from the null distribution
of a homogeneous population (data not shown).

(b) Genetic differentiation

No genetic differentiation was detected among 2002
cohorts from the same location (Balgzand: §=0.0021,
p»=0.06; Alftanes: §=0.0018, p=0.14). Between Iceland
and the North Sea there was a significant differentiation
stable over time (1950s: §=0.0201, p<0.001; 1970s:
6=0.0233, p<0.001; 2002: #=0.0207, p<0.001).

(c) Genetic diversity

Genetic variation was moderate to high with 5-40 alleles
per locus per cohort, and H. ranged from 0.3182 to
0.9678 (see Electronic Appendix, table S1). Icelandic
samples were less diverse than North Sea samples. There
was no evidence for a loss of genetic diversity (H.) at either
location (figure 1) throughout the twentieth century. Once
corrected for sample size, there was also no evidence for a
loss of allelic diversity (data not shown).

(d) Effective population size

The maximum likelihood estimated Ne for Iceland was
1733 individuals (1063; 3598 at 95% CI) and for the
North Sea 19 535 individuals (3435; 70 000 at 95% CI).
Adult (>3 years old) census sizes (IN) were estimated to be
~108 for Iceland (J Palsson, Icelandic Fisheries, personal
communication) and ~10° for the North Sea (ICES
2003). The Ne: N ratios for both populations were
similar, at approximately 2X10°.

(e) Temporal departures from HWE and
inbreeding

In 2002, the frequency of low MLH classes was higher
than expected under random mating at both locations
(p<0.001; figure 2). Consequently, individuals were more
homozygous over all six loci than expected under random
mating, indicative of inbreeding. The same analysis
performed on each cohort separately (data not shown)
showed a significant shift towards low MLH classes as well
(»<0.004). Inbreeding was also found in North Sea and
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Figure 1. Temporal changes in genetic diversity H. (dashed line) and inbreeding (solid line). Open circles: n.s., filled circles:
significant at p<0.001. Inbreeding is defined as the excess of homozygotes (MLH s — MLHy,)/MLHyp).
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Figure 2. Distribution of (MLHy,s—MLH,,) frequencies (loci PLO6 and PL09 excluded). (a) all cohorts from Balgzand

(Dutch Wadden Sea), (b) all cohorts from Alftanes (Iceland).

Icelandic populations from 1970s (p <0.001; figure 1). In
sharp contrast, the individual MLH distributions did not
differ significantly from those expected under random
mating in either the North Sea or Icelandic populations in
assays from samples taken <1950 (figure 1). Homogeneity
of heterozygote deficiency among the six loci could not be
rejected (x*=54.9, d.f.=59), further supporting
inbreeding. In other words, there was strong evidence
that inbreeding developed between 1950 and 1970.
Simulations for Iceland and North Sea 2002 populations
yielded an F of, respectively, 0.13 and 0.09. Such F values
are on the order of half-sib matings.

(f) Relatedness

Relatedness is a prerequisite for inbreeding. Evidence for
relatedness was found in 2 of the 10 juvenile cohorts, i.e.
cohort 3 at Balgzand (mean I/=0.2040, p<0.05) and
cohort 1 at Alftanes (mean I=0.1229, p<0.05). Related-
ness was also found in adult samples taken from two
spawning grounds, that is, Terschellinger Bank, North Sea
(I=0.2102, p<0.05) and central Irish Sea (I=0.1459,
$<0.05). The data used for this calculation were taken
from Hoarau er al. (2002b).

(g) Selection

The relationship between multilocus Fis and mean fish
size within each juvenile cohort (mm) appears to decrease
with age (figure 3). Although suggestive of selection
against homozygotes, the trend is not significant.
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4. DISCUSSION

While it is hard to imagine how inbreeding could be a
factor when plaice populations in the North Sea are
estimated at 10° adults, we will argue that moderately low
Ne in combination with social behaviour and fishing on
the spawning grounds during seasonal spawning aggrega-
tions may make plaice exceptionally vulnerable to poten-
tial inbreeding when exploitation is strong.

(a) Low effective population size

Ne is estimated to be as low as 2000 individuals in Iceland
and 20 000 in the North Sea. The Ne : N ratios for both
populations are similar at approximately 2X10°>.
Although this ratio is very small, it is within the range
found for other marine fishes with a similar life history
(Hauser et al. 2002; Turner et al. 2002; Hutchinson ez al.
2003). Low Ne : N ratios thus appear to be common in
marine fishes characterized by type III survivorship
curves, i.e. high fecundity and high juvenile mortality.
Female fecundity in plaice is estimated at 20 000-600 000
eggs per female (Rijnsdorp 1991), which is offset by high
levels of daily mortality for eggs of up to 20% (Rijnsdorp &
Jaworski 1990) and of juveniles up to 4% (Van der Veer
et al. 1990). Both of these factors may produce high vari-
ance in individual reproductive success and, subsequently,
to large discrepancies between Ne and N (Hedgecock
1994). Sexual dimorphism in maturation and growth of
plaice makes males more vulnerable to fishing mortality,
thus producing a skewed sex ratio towards females
(Rijnsdorp 1994) that would further reduce Ne.
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Figure 3. Changes in multilocus Fis (loci PLL06 and PL09
excluded) with mean fish size within a cohort (mm). Filled
circle, Balgzand (Dutch Wadden Sea); open square,
Alftanes (Iceland); dotted line, Balgzand; dashed line,
Alftanes; solid line, all. None of the trends is significant.

From a theoretical standpoint, however, Ne estimates
of thousands of individuals would still be far too large for
the effects of genetic drift, loss of variability and
inbreeding to play a significant role under the assumption
of random mating. But what if there is cryptic social
structure and mating is not random?

(b) Social structure and mating behaviour

Previous generalizations about the apparent lack of social
structure in type III commercial species have been
challenged by a study which showed direct evidence for
such structure in two other temperate species of Pleur-
onectes, P yokohamae and P herzensteini (Gomelyuk &
Shchetkov 1999). On the spawning grounds, aggregations
of plaice males are visited by gravid females (Rijnsdorp
1989). Courting behaviour of plaice (Forster 1953) and
flounder (Stoner ez al. 1999) involves circling and ventral
pairing. Recent observations of non-commercial flatfish
species also indicate strong territoriality and complex
mating behaviours including the possibility of female
choice (Stoner et al. 1999; Carvalho et al. 2003). For
plaice, sex-specific behaviour has been hypothesized to
explain the greater catchability of spawning males
(Solmundsson ez al. 2003)—another possible factor that
could reduce Ne. If it turns out that female choice is an
important factor in plaice mating, then anything that
disrupts this process could have strong effects on fertiliza-
tion success and population fitness for the local
aggregation.

Indirect evidence for group living in plaice is at least
suggested from our finding of kin structure (relatedness)
among juvenile plaice in 2 of the 10 cohorts sampled, as
well as among adults sampled on feeding and spawning
grounds. The results from our simulations imply mating
between related individuals, at the half-sib level (F~ 1/8).
Although direct observational evidence in plaice may be
technically difficult to get, there is already enough
evidence available for flatfish to conclude that some
form of subtle social structure is maintained. Kin structure
has also been found in several other fishes including perch
(Gerlach et al. 2001), rainbowfish (Arnold 2000) and
tilapia (Pouyaud ez al. 1999); the latter also revealed
inbreeding.
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Fidelity of plaice to their spawning grounds is well-
documented (De Veen 1978; Hunter ez al. 2003), but how
do plaice know how to find their spawning ground given
that spawning larvae are quickly advected from their
offshore natal site? One possibility would be through larval
attachment (natal philopatry), which would promote
strong population differentiation. This can be rejected,
however, because recent genetic studies on plaice indicate
that spawning populations are only weakly differentiated
and strongly connected by gene flow (Hoarau ez al. 20025,
2004). A second possibility suggested by Arnold &
Metcalfe (1995) is that immature fish accompany mature
fish to the spawning ground in order to learn the location,
and to associate some feature of the mature spawning fish
(e.g. pheromone) with physical features of the seabed.
Learning behaviour of this type is considered to be the
most plausible explanation in herring (reviewed in Corten
2002), a species that shares many life history traits with
plaice. We hypothesize that if groups of related plaice stay
together from the juvenile stage, then individuals will learn
the same migrating route and share the same spawning
ground, ultimately leading to an extended family
structure.

The apparent contradiction of simultaneously finding
small-scale genetic heterogeneity and large-scale genetic
homogeneity (Hoarau ez al. 20025, 2004) can, on the one
hand, be explained by plaice homing behaviour. In
Iceland, site fidelity has been shown to be high, with
between 72 and 94% of the females returning repeatedly
to the same spawning sites (Solmundsson et al. in
preparation). On the other hand, an ‘unfaithfulness’ of
6-28% of the individuals is also strong enough to
homogenize allelic frequencies among spawning grounds.
The two observations are, therefore, not mutually
exclusive.

(c) Effects of heavy fishing pressure

The emergence of inbreeding in the North Sea coincides
with the introduction of the beam trawl in the beginning of
the 1960s. Although plaice has been heavily exploited for a
century, the past fishing activities targeted juveniles and
young adults. Expansions of the fishery after World War II
and the introduction of more powerful vessels led to a
greater focus on fishing mature individuals on the
spawning grounds in winter. If, as we hypothesize,
kinship-based social structure is associated with the
spawning grounds, then fishing-mediated reductions in
spawning aggregations in combination with fishing-
mediated disruptions of behaviour during the mating
season may force non-random mating to occur.

The effect of increased fishing could be direct, by
reducing the size of the spawning aggregations, and/or
indirectly, by disrupting courtship behaviours that are
necessary for successful mating. The effects of noise and
vibration from fishing gear have been shown to affect
mating in several fish species, including cod, which use
squeaks and grunts to locate, warn and attract one another
(reviewed in Rowe & Hutchings 2003). It is estimated that
the entire North Sea bottom is trawled at least four times
per year (Rijnsdorp er al. 1998). During the spawning
season such a stress could readily disturb social behaviour.

Since fisheries activities account for 80% of plaice
mortality (Rijnsdorp & Millner 1996), the rise of
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inbreeding after the 1970s is most probably related to the
threefold increase in landings of plaice over the last 50
years. The potential for inbreeding may be inherent in the
life history of plaice, but is only likely to become an issue
under severe exploitation.

(d) Genetic diversity through the twentieth century
No decline in genetic diversity (H.) was detected in either
the Icelandic or North Sea plaice populations (figure 1).
Loss of genetic diversity has, however, been recorded for
New Zealand snapper and North Sea cod populations
(Hauser et al. 2002; Hutchinson ez al. 2003), where
effective populations sizes are one to two orders of
magnitude smaller than plaice. All three species have
been commercially important from the onset of the
industrialization of the fisheries in the mid-1800s, with
cod having suffered the highest fishing mortality. Theor-
etically, a Ne of 50 is all that is required to maintain short
term genetic diversity, and a Ne of 500 individuals to
maintain longer-term stability (Van Dyke 2003). For
plaice, Ne is still sufficiently large to maintain diversity.
However, this conclusion should be treated with caution
as a very recent bottleneck would not have yet led to a
detectable reduction of diversity.

(e) Potential consequences of inbreeding

The consequences of inbreeding are potentially severe,
leading to population decline and possible extinction
(Saccheri er al. 1998). As inbreeding in plaice is less
than five generations old, inbreeding depression or
reduced fitness of inbred individuals could be a result
(Charlesworth & Charlesworth 1987). The effects of
inbreeding depression are expected to be most severe just
after the onset of inbreeding notably as deleterious
recessive alleles are not yet purged by selection. The
negative, albeit non-significant, trend line between Fig
and size (figure 1) suggests that inbreeding depression
may be occurring in juvenile plaice.

5. CONCLUSION

Effective population sizes in plaice are small and have
provided evidence for the emergence of inbreeding
between 1950 and 1970. Although the biological mech-
anism underlying the observed results remains specula-
tive, the emergence of inbreeding coincides with the
development of industrial scale fishing on the spawning
grounds in the 1960s. As long as spawning aggregations
remain large, inbreeding will remain unlikely; but if
effective population sizes are also reduced, directly
and/or as a consequence of behavioural disruptions, then
inbreeding may develop. Although we cannot prove that
industrial-scale fishing has caused the observed inbreed-
ing, under the precautionary principle, we recommend
that fishing on the spawning grounds be restricted.
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