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ABSTRACT: Randomly amplified polymorphic DNA (RAPD) banding patterns were compared be- 
tween san~ples  of the same year class of the scallop Pecten maximus (L.) from 5 locations (beds) within 
the commercial fishing grounds around the Isle of Man (UK) Phenotypic analysis of molecular variance 
(AMOVA) indicated that s ~ g n ~ f ~ c a n t  differentiation was present betwccn these beds, although this 
accounted for only 2'1;, of total var~ation, the rem.ainder being between ~ndividuals within beds As con- 
flrlned by multivariate analyses (PCOORD and UPC;MA clustel-lng), samples from the 2 northern Isle of 
Man beds resembled each other particularly closely, as did 2 southwestern beds, while the f~f th ,  East 
Douglas, was relatively distinct. Cornpal-ison was extended to 2 samples taken outside the Irish Sea,  
from Mulroy Bay (Co. Donegal, Eire) and Plymouth (southwest England) Differentiation between the 
3 regions was significant, accounting for 7'1: of total variation in a data set with balanced regional 
representation. A Mantel test on the whole data set revealed no significant correlation of phenotypic 
distance, based on RAPD banding pattern, with geographic distance. The potential correlation was 
largely destroyed by the marked differentiation of the population in Mulroy Bay, a semi-enclosed sea 
lough, and by the unexpectedly high phenotypic similarity between the Plymouth sample and the 2 
northernmost Isle of Man samples. The RAPD data presented here p r o v ~ d e  the first evidence of popu- 
lation genetic structuring in exploited open-water stocks of this specles, since previous allozyme stud- 
les of P. maximus have indicated genetlc uniformity. Differentiat~on of the Mulroy Bay population from 
open-water stocks has been demonstrated previously in a study of mtDNA polymorphisms. 

KEY WORDS: Pecten maxlnius Pectinidae . Scallops RAPD . Population structure . G e n e t ~ c  
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INTRODUCTION 

The management of shellfish populations for contin- 
uing exploitation requires knowledge of the extents to 
which different fishing grounds are reproductively 
self-sustaining or supplied by larvae originating from 
further away. This will be influenced by the scale and 
pattern of larval dispersal, which is, however, ex- 
tremely difficult to monitor directly. One important line 
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of indirect evidence is the degree to which different 
populations are genetically divergent, reflecting the 
balance between diversifying processes such as 
genetic drift and local selection versus the homogeniz- 
ing effect of gene flow. 

The great scallop Pecten maximus (L.)  1s the subject 
of a substantial fishery off European coasts with major 
catches in the northern Irish Sea (Brand et al. 1991). 
The first-sale value of catches landed in the Isle of Man 
was E 2.4 million in 1987, but has since fallen steadily, 
reaching E 1.2 million in 1995 (R. Carswell, Isle of Man 
Government, Department of Agriculture, Fisheries and 
Forestry, pers. comm. 1996). Within their geographical 
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range, scallops occur in spatially discrete areas of 
grea.ter abundance, referred to as grounds or beds 
(Brand 1991), but there is little information about 
recruitment patterns to the P. maxirnus beds around 
the Isle of Man, and no field studies on larval distribu- 
tion have been carried out. However, variation be- 
tween beds in growth rate, size- and age-structure and 
year-class strength has been described, suggesting dif- 
ferences in recruitment (Brand 1991). Spawning of P. 
rnaximus in the Irish Sea occurs in 2 peaks, mainly in 
April-May and August-September (Mason 1958). The 
pelagic larval duration of P. maximus varies tvith water 
temperature, but is maximally over 6 wk (Beaumont & 
Barnes 1992). Over this period the larvae may poten- 
tially be transported for considerable distances but, 
alternatively, rotational currents (eddies and gyres) 
may prevent dispersal. Once juveniles have become 
recessed in the seabed, little movement occurs (Brand 
1991). 

To date, no work has been published on population 
differentiation of Pecten maxirnus within the Irlsh Sea. 
Allozyme studies of samples from 13 widely scattered 
locations in Scotland and Brittany, plus specimens 
derived from Eire, failed to reveal genetic differentia- 
tion within P. maximus stocks at 8 polymorphic loci, 
with Nei's genetic identities of 0.970 to 0.998 between 
samples (Beaumont et al. 1993). This suggests that 

Fig. 1. Pecten maximus Sample locations in the  British Isles. 
B = Bradda Inshore; C - Chicken Rock; D = East Douglas; R = 

Ramsey; T = Targets; M = Mulroy Bay; P = Plymouth 

stocks around the British Isles might be regarded as a 
panmictic unit, in keeping with the relatively long lar- 
val life of the species. However, In the same general 
areas, genetic divergence has been detected in similar 
studies of the related commercial species Aequlpecten 
opercularis (Mathers 1975, Beaumont 1982, Beaumont 
& Beveridge 1984, Lewis 1992, Lewis & Thorpe 1994), 
which has a comparable larval lifespan (Le Pennec 
1982). 

In this paper, the randomly amplified polymorphic 
DNA (RAPD) technique (Welsh & McClelland 1990, 
Williams et al. 1990) is used to assess patterns of 
genetic diversity within and between populations of 
Pecten rnaxirnus, thus giving data based on a much 
more extensive sampling of the genome than has been 
possible tvith allozyme markers. RAPD has revealed 
differentiation between populations of various species 
(e.g. Huff et al. 1993, Russell et al. 1993, Haig et al. 
1994, Peakall et al. 1995, Burrows et al. 1996, Kimber- 
ling et al. 1996, Nusser et al. 1996, Stewart & Excoffier 
1996). The method has also been applied to the pec- 
tinid Placopecten magellanicus by Patwary et al. 
(1994), who suggested it had potential for stock differ- 
entiation in scallop. In this work we aimed to use the 
RAPD technique to study the extent of stock differenti- 
ation between P. maxlmus samples from 5 commer- 
cially fished beds around the Isle of Man and to make 
comparisons with samples from 2 locations in western 
Britain outside the Irish Sea. To eliminate possible vari- 
ation between year classes with~n an area, all the Irish 
Sea samples were selected from a single year class. It 
was not possible to obtain specimens from the same 
year class for the other 2 areas sampled. 

MATERIALS AND METHODS 

Pecten maximus were obtained during October 1995 
by dredging from beds around the Isle of Man known 
commercially as Chicken Rock, Bradda Inshore, Tar- 
gets, East Douglas and Ramsey (Fig. 1). Only scallops 
which were 3 yr old, as aged from shell growth rings, 
were taken back to the laboratory. In Bigbury Bay near 
Plymouth (southwest England), 3 and 4 yr old scallops 
were dredged in 1996. All samples were kept in tanks 
in aerated, flowing seawater until required for DNA 
extraction. P. maxirnus originating as spat from Mulroy 
Bay (Co. Donegal, Eire) were obtained as 2 yr olds 
after growing on at  a scallop farm in Strangford Lough 
(N. Ireland); these were transported in a coolbox back 
to the laboratory and processed immediately. 

Total DNA extractions. Total (nuclear and mitochon- 
drial) DNA was extracted from fresh adductor muscle 
according to a protocol based on Okamura et al. (1993). 
In short, digestion w t h  Proteinase K (Biometra, Maid- 
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stone, UK) and SDS at 55°C for 3 h was followed by 
2 phenol-chloroform extractions and 1 chloroform- 
isoamyl alcohol extraction. DNA was precipitated by 
adding 2.5 volumes of absolute ethanol and 0.15 vol- 
umes of 0.3 M sodium acetate and placing the samples 
at a temperature of -75°C for 1 h. After pelleting by 
centrifugation, the sample was washed twice with 
70% ethanol, dried and re-dissolved in water. DNA 
concentration was estimated by comparison with a 
standard on an agarose gel. Individual DNA extracts 
from all populations were allocated at random to 
batches of 47 for subsequent amplification to avoid 
possible location-specific biases during PCR. 

RAPD-PCR protocol. The RAPD-PCR reaction was 
performed in a total volun~e of 20 p1 consisting of 2 p1 X 

10 reaction buffer (100 mM Tris-HC1, pH 9.0; 500 mM 
KC1; 1 .0% Triton X-100; Promega Ltd, Southampton, 
UK), 0.2 mM of each deoxynucleotide triphosphate 
(dATP, dCTP, dTTP, dGTP; Sigma), 3.75 mM MgC12 
(Promega), 0.75 p M  10-mer primer (Operon Technolo- 
gies, Inc., Alameda, CA, USA), genomic DNA and 
water (molecular biology grade, BDH, Poole, UK). The 
reaction mixture was overlaid with mineral oil (Sigma, 
Poole, UK). The optimal concentration of template 
DNA was determined in preliminary trials. 

Water, mineral oil and Tris-EDTA were made up in 
1 m1 aliquots, placed on a UV transilluminator (Sigma 
T2202) (300 nm) for 10 min to degrade possible conta- 
minating DNA (UV disrupts DNA by producing 
thymine dimers) and stored at -20°C. Each aliquot was 
discarded after 1 use. Pipetting was carried out using 
sterile pipette tips and sterile Eppendorf tubes. Gloves 
were worn at  all times and every attempt was made to 
keep the working conditions sterile. Used solutions 
containing ethidium bromide were detoxified before 
disposal according to the procedure described in Sam- 
brook et al. (1989). 

The same Perkin Elmer DNA thermal cycler (model 
TC1, Perkin Elmer, Warrington, UK) was used for all 
samples. The tubes were placed at random in the PCR- 
machine and kept for 3 min at  94OC ('hot start') before 
adding 1 U of Taq DNA polymerase (Promega). Ampli- 
fication was carried out using the following pro- 
gramme (step-cycle, giving fastest available transitions 
between temperatures): 3 min denaturation at 94OC, 
30 S annealing at 36OC, 1 min 30 S elongation at 72OC, 
for 3 cycles, followed by 43 cycles with 30 S denatura- 
tion at 94"C, 30 s annealing at 36"C, 1 min 30 s elonga- 
tion at 72°C. An additional 5 min extension time was 
allowed before the samples were finally cooled to 4°C. 
A negative control, in which the template DNA solu- 
tion was replaced by water, was included with each set 
of samples. 

The PCR products were resolved by electrophoresis 
on long (20 X 28 cm) 1.4 % agarose gels (MP-agarose, 

Table 
primer 

1 RAPD (randomly amplified polymorphic DNA) 
sequences and number of bands scored per primer in 

this study 

1 Code Sequence 5' to 3' No. of bands scored I 

Boehringer-Mannheim, Lewes, UK) for 12 to 14 h at  
60 V in l x  Tris-borate-EDTA-buffer (Sigma), pH 8.3, 
containing ethidium bromide (BDH). After de-staining 
the gel for several hours in distilled water, it was pho- 
tographed with a Polaroid camera (DS34, Polaroid, St. 
Albans, UK) and monochrome negative film type 665 
(Polaroid). On enlarged reprints, polymorphic frag- 
ments were scored as present (1) or absent (0). 

In a preliminary experiment, 60 primers (Operon kits 
F, R and Y) were tested for their banding pattern on 
6 individuals from 4 locations (in duplicate samples) to 
select primers which gave easily scored, reproducible 
bands showing discrete states of presence/absence 
rather than continuous variation in intensity. Subse- 
quently, 126 individuals from 7 locations (18 per loca- 
tion) were subjected to RAPD analysis with 13 primers 
(Operon F01, F02, F04, F06, F10, R01, R03, R04, R06, 
R12, Y11, Y14, Y18, see Table 1 for sequences), from 
which 51 polynlorphic bands were scored. 

Data analysis. Because of the restrictions and 
assumptions involved (reviewed by Grosberg et al. 
1996, see also Lynch & Milligan 1994, Allegrucci et al. 
1995, Dean & Arnold 1996, Stewart & Excoffier 1996), 
we did not attempt to perform explicitly-genetic analy- 
sis based on the estimation of allele frequencies from 
RAPD data. In particular, in the absence of pedigree- 
structured data, it was not possible to confirm that the 
presence and absence of each band reflected a bi- 
allelic system with Mendelian segregation. Nor was it 
feasible to affirm that genotype frequencies conformed 
to Hardy-Weinberg expectations. Accordingly, an 
alternative approach was adopted (cf. Bardakci & 
Skibinski 1994, Allegrucci et al. 1995, Todd et al. 1997) 
in which the RAPD data were subjected to analyses 
based directly on patterns of phenotypic expression 
(band presence/absence). 
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A matrix of squared Euclidean phenotypic distances 
between individuals tvas computed from the RAPD 
data using NTSYS-pc (Rohlf 1993) including only those 
117 individuals for which complete banding informa- 
tion was available. Analyses of molecular variance 
(AMOVA, version 1.55; Excoffier et al. 1992) were per- 
formed on this matrix, following Huff et al. (1993), to 
partition variation of phenotypic patterns between 
locations (samples) and regions. In each analysis, 1000 
random permutations of the data matrix were carried 
out to assess the significance of the variance compo- 
nents and of pairwise phisT values between samples. 
Note that phisT values from this type of AMOVA are 
only approximate (Stetvart & Excoffier 1996). 

A hierarchical AMOVA was performed on the 117 
individuals, treating the Isle of Man, Mulroy Bay and 
Plymouth as 3 separate regions. However, the data set 
used in this analysis is numerically dominated by the 5 
Isle of Man locations, the other 2 regions each being 
represented by a sample from a single location. To 
obtain a clearer indication of the relative contribution 
of variation between regions, a second partitioning of 
variance was undertaken with a single sample of com- 
parable size in each of the 3 regions. This involved 
reducing the Isle of Man representation to include only 
the first 3 individuals from each of the 5 locations, 
treated here as a single sample (n = 15). 

A matrix of (unsquared) Euclidean phenotypic dis- 
tances between locations was calculated (NTSYS-pc) 
from band frequencies in the samples, including all 
126 individu.als in the analysis. Relationships between 
locations were then summarized in principal coordi- 
nates (PCOORD) and UPGMA cluster analyses (both 
NTSYS-pc). A PCOORD of the 126 individuals sepa- 
rately was also carried out on a similarity matrix using 
the index of Dice (also Nei & Li 1979) (NTSYS-pc). The 
possible correlation of phenotypic distance and geo- 
graphic distance was investigated by a Mantel test 
(Sokal & Rohlf 1995) using l000 permutations to assess 
the significance of the test statistic (NTSYS-pc). Geo- 
graphic distance between locations by sea was esti- 
mated from charts as the shortest series of straight 
lines around headlands. Heterogeneity of frequencies 
of RAPD band presence/absence between localities 
was tested with a 7 X 2 Nass' Contingency x2 on each 
band. 

RESULTS 

Of the 60 primers tested for their banding patterns in 
the preliminary trials, 13, which gave reliable and 
easily scorable polymorphic bands, were chosen for 
detailed study. In most PCR runs, the control sample 
did not show any amplification products. On a few 

occasions a diffuse band of small molecular weight 
appeared in the control, but it was never of the same 
size as the scored bands. The size range of the scored 
bands was between 0.35 and 1.5 kb. 

Repeat analyses (with duplicate DNA extractions 
and PCRs, repeats of both stages being carried out 
on different days) of a large number of samples 
(285 PCRs) confirmed in all cases the reproducibility 
and identity of the scored bands. In a few repeat PCRs 
differences occurred at extreme band sizes (<0.2 and 
> 3 kb), but these sizes were already excluded from the 
analysis (see above). 

In general, there was extensive variation in RAPD 
banding pattern even between individuals originating 
from the same location, and no location-specific 
marker was found. Each individual possessed a unique 
overall RAPD phenotype. Initial contingency x2 tests 
on band frequencies at the 7 locations gave significant 
values for 14 of the 51 individual RAPD bands, but only 
3 bands showed significantly heterogeneous frequen- 
cies after adjustment of the table-wide error rate to 
0.05 using the sequential Bonferroni procedure (Dunn- 
Sidak method, Sokal & Rohlf 1995) 

The nested AMOVA of 117 individuals (Table 2) 
indicated that a high percentage of total phenotypic 
variance arose among i.ndividuals within locations, 
with small but significant variation between regions as 
well as between locations within regions (this last cat- 
egory arising exclusively from the 5 samples in the Isle 
of Man region). As expected, the second analysis, with 
Isle of Man specimens reduced to a single regional 
sample, indicated a higher proportion of total variance, 
7 .24 %, between the regions. 

After correction for multiple comparisons (Bonfer- 
roni procedure, ~ u n n - S i d a k  method, Sokal & Rohlf 
1995), pairwise between-population variance (phi,,) 
(Table 3) showed significant values between Bradda 
Inshore and Ramsey and between all Isle of Man loca- 
tions and Mulroy Bay. Plymouth differed significantly 
from all Isle of Man locations, except for Ramsey and 
Targets. The similarity between Bradda Inshore and 
Chicken Rock was indicated by a very low phisT value, 
with the second-lowest figure being between Ramsey 
and Targets. 

Plotting the first 3 axes of the PCOORD analysis 
based on band frequencies at all 7 locations revealed a 
grouping consisting of the 5 Isle of Man locations, with 
the samples from Plymouth and Mulroy Bay separating 
on both axes 1 and 2 (Fig. 2A). Within the Isle of Man 
cluster, the southern locations Chicken Rock and 
Bradda Inshore were close together, as were the north- 
ern beds Ramsey and Targets, while East Douglas was 
distinct on the third axis. The UPGMA dendrogram, 
also based on band frequencies at locations (Fig. 2B), 
showed the same grouping: the first cluster consisting 
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Fig. 2. Pecten maxinius. (A) Plot of 7 locations on the first 3 axes of prin- 
clpal coordinates analysis based on Euclidean distances from frequen- ----- ---_- cies of 51 RAPD bands. (B) UPGMA dendrogram based on same data.  ---__ b.----: Abbreviations of locations as  in legend to Fig 1 

Table 2. Pecten maximus. Nested analysls of molecular val-iance (AMOVA) for 117 individuals from 7 locatlons, uslng 51  RAPD 
markers Locations were grouped into 3 reglons: (1) Bradda Inshore, Chicken Rock, East Douglas, Ramsey and Targets; (2) Mul- 
roy Bay; (3) Plymouth Analyses were  also performed on a reduced data set with the Isle of Man region represented by a single 
sample of 15 ~ndividuals.  df = degrees of freedom; SSD = sums of squared deviations; MSD = means of squared deviations; 
p-value - probability of more extreme random variance component, estimated by permutatlonal analysis of data matrix; na = 

not applicable 

Souice of vanation d f SSD MSD Valiance % of total p-value 
component valiance 

- P 

All reglons, nested analysis 
Among reglons 2 44 43 22 21 0 41 4 40 0 033 
Among locat~ons wlthln reglons (Isle of Man region only) 4 48 68 12 17 0 19 2 03 0 002 
Among lndlviduals w l t h ~ n  locat~ons 110 974 32 8 86 8 86  93 57 <O 001 

All regions, Isle of Man specimens reduced to single sample of 15 individuals 
Among reglons 2 38 40 19 20 0 68 7 2 4  <0001 
Among indlvlduals w l t h ~ n  locations/reglons 43 376 56 8 7 5  8 7 5  92 76 na 

of Bradda Inshore and Chicken Rock, and the second less distant froin the Isle of Man locations than Mulroy 
cluster of Ramsey and Targets. East Douglas clustered Bay, which was the most divergent. A PCOORD of all 
last of the Isle of Man locations. Plymouth appeared 126 individuals (not shown) showed loose grouping of 

individuals from geographically proxi- 
mate locations. Because of the large num- 

Table 3.  Pecten maximus. Matrlx of estimates of pairwise between-popula- ber of individuals the plot is difficult to 
tion vanance ( ~ 1 1 1 ~ ~ )  from AMOVA of RAPD phenotypes. Significance levels, i n t e r ~ r e t  excerst when beina rotated on a 

d 

estimated from permutational analysis, a re  the probablllty that a random screen 
phisT value 1s greater than the observed value, and are  corrected for multi- 
ple cornpallsons uslng the Bonferronl procedure "p  < 0 01 Abbreviations A Mantel test showed no significant 

of locations as ~n legend to Fig 1 correlation between phenotypic and geo- 
graphic distances (p  = 0.092). Notable 

I 

significantly heterogeneous frequencies 

B C D R T M 

C 0.0001 
D 0.0148 0.0312 
R 0.0330" 0.0191 0.0200 
T 0.0266 0.0149 0.0258 0.0103 
M 0.0798" 0.0922" 0.0782" 0.0708" 0.0820" 
P 0.0705" 0.0477 0.0696" 0.0263 0.0337 0.0930" 

from the scatter plot (Fig. 3) is the relative 
phenotypic distinctiveness of the Mulroy 
Bay sample and the fact that the Ply- 
mouth specimens are as similar to those 
from Ramsey and Targets as are  some of 
the Isle of Man samples to each other. 

Certain individual RAPD bands with 
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Fig. 3. Pecten maximus. Scatter plot of phenotypic (Euclidean) distances between locations, based on frequencies of 51 RAPD 
bands, versus corresponding geographical d~stances .  Abbrevidtions of locations as in legend to Fig. 1; IoM: Isle of Man 
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clearly contributed disproportionally to the above sim- 
ilarities and differences between localities (Table 4 ) .  

geographic distance (km) 

Table 4. Some RAPD bands contributing to main geographical trends. RAPD bands show significantly heteroge- 
Abbreviations of locations as in legend to Fig 1 Significance levels are  neous frequencies between locations, 
from Nass' Contingency xZ calculated for all 7 locations (i.e. not for specific 
trend identified, and before Bonferroni correction); ' p  < 0.05; "p < 0.01; gether, these observations constitute the 

"'p < 0.001 first demonstration of genetic differentia- 
tion between open-water populations of P. 

DISCUSSION 

Trend RAPD bands 

D different from B, C, R, T F01-2', F02-l"', F04-2"'. R04-3' 

P relatively similar to R and T Y 14-3" 

M different from rest F02-1"' (except D),  F02-2'. F02-4", 
F04-3", R04-2' 

P different from rest F02-2' (except C ) ,  R12-2" 

The different statistical approaches adopted here 
generally point to similar conclusions. Variance compo- 
nents and pairwise phisT values from AMOVA both in- 
dicate significant differentiation between regions and 
even between Isle of Man beds of Pecten maximus. 
while the multivariate analyses (PCOORD, UPGMA 
clustering) assist interpretation of this differentiation In 
terms of specific geographical trends. Some individual 

maximus. Specimens derived from Mulroy 
Bay were previously found to be distinct 
from other British populations in PCR- 
based RFLP (restriction fragment length 
polymorphism) analyses of mtDNA (Wild- 
ing et al. 1997). 

This demonstration of differentiation is 
in contrast to the failure of allozyme stud- 
ies to reveal genetic heterogeneity in 

Pecten maximus over extensive geographical ranges 
(Beaumont et al. 1993). The greater number of genetic 
polymorphisms available from RAPD analysis as used 
in this study may have been crucial in revealing differ- 
entiation. However, RAPD markers may also be inher- 
ently more likely than allozyme loci to show geograph- 
ical differentiation, reflecting a more representative 
sampling of overall genomic variation. Possible rea- 
sons for the apparently enhanced resolution of RAPD 
include the fact that many RAPD bands derive from 
non-coding parts of the genome, and are consequently 
unconstrained by balancing selection, and the ability 
of the technique to detect 'silent' substitutions within 
coding regions (Aagaard et al. 1995, Allegrucci et al. 
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1995). (With allozyme studies, silent substitutions are 
undetectable and only of the order of 30% of other 
substitutions are thought to be detected; see e.g. 
Thorpe 1982, Hoelzel 1992.) A n.umber of previous 
studies have reported a greater degree of differentia- 
tion between individuals and populations with RAPD 
markers when compared with allozymes (reviewed by 
Peakall et al. 1995). 

The population differentiation reported in this paper, 
although statistically significant, is uniformly low, as 
suggested by the phiST values. The modest level of 
genetic differentiation between Isle of Man locations 
may reflect local exchange and/or the occasional gen- 
eral influx of larvae from populations located far away 
from the Isle of Man: a few individuals transported by 
water currents from further afield could have a strong 
influence in preventing more distinct genetic differen- 
tiation between locations. 

We can only speculate about potential sources for 
long-distance recruitment because the pattern of 
current systems in the Irish Sea is far from clear, and 
currents are highly variable, depending on weather 
conditions (Prestidge & Taylor 1995). In the model pro- 
posed by Ramster & Hill (1969), the main current 
around the Isle of Man approaches from the south, 
suggesting a possible supply of larvae from the exten- 
sive fishing grounds to south of the island or even from 
Anglesey or Cardlgan Bay (Macleod et al. 1985, Mur- 
phy 1986, Duggan 1987). On the other hand, a more 
recent computer simulation of currents carried out by 
Backhaus & Hainbucher (1987) suggested that condi- 
tions can change, especially during summer, which is 
the main spawning-time in Pecten maximus and there- 
fore relevant to larval dispersal. Contrary to previous 
models, this simulation indicates that in June and July 
a general southward flow occurs, which could trans- 
port larvae from the north and may act, together with 
the southwest Irish Sea front that is established at this 
time (Pingree & Griffiths 1978), as a barrier to larval 
transport from the south. Further studies including 
specimens from potential source populations to the 
north and south are required to elucidate the broader 
affinities of Isle of Man scallop stocks. 

Several other studies have detected population dif- 
ferentiation using AMOVA of RAPD data. Nusser et al. 
(1996) found significant variances between popula- 
tions of the rail Rallus longirostris in southern Califor- 
nia (48 individuals, 4 populations). Huff et al. (1993) 
and Peakall et al. (1995), applying AMOVA to 48 indi- 
viduals (Buchloe dactyloides) of 4 populations, origi- 
nating from 2 regions, revealed highly significant dif- 
ferences between populations and regions. Similarly, 
47 individuals (Grevillea scapigera) showed significant 
variation between 7 locations (Rosetto et al. 1995). Lev- 
els of variation (of a similar magnitude to those of the 

present study) of 3.7% among and 92.4% between 
populations led Haig et al. (1994) to the conclusion 
that population differentiation exists in red-cockaded 
woodpeckers Picoides borealis from the southeastern 
USA (101 individuals from 14 populations). 

Allozyme studies (Beaumont 1982, Lewis 1992, 
Lewis & Thorpe 1994) revealed geographical differen- 
tiation in the queen scallop Aequipecten opercularis in 
the same region as the present study on Pecten max- 
imus. Thus, despite each having a prolonged larval 
lifespan of several weeks (Le Pennec 1982), both pec- 
tinid species are now known to have population 
genetic structuring around the British Isles, including 
minor differentiation between relatively closely lo- 
cated Isle of Man fishing grounds. This suggests that 
some mechanism of larval retention close to the source 
population may restrict local genetic exchange. Of the 
various possibilities, there is some relevant information 
concerning two: larval retention in eddies and gyres, 
and vertical migration. 

Recently, Hill et al. (1996), using free-drifting, 
satellite-tracked buoys, documented a cyclonic, near- 
surface gyre present only in spring and summer above 
the deep western basin of the Irish Sea. They suggested 
that the gyre acts as a retention system for the larvae of 
the burrowing decapod crustacean Nephrops norvegi- 
cus living in the seabed of that area. Larval entrainment 
over the Pecten maxlmus beds in the subsidiary north- 
ern gyre of this system could explaln the affinity of the 
Chicken Rock and Bradda Inshore beds. In the eastern 
Irish Sea local water-body retention times can extend to 
many months (Heaps & Jones 1977). A small tidal circu- 
lation system in Douglas Bay (Aldridge & Davies 1993) 
might retain larvae in this area and contribute to the 
relative dissimilarity of the East Douglas population to 
all other Isle of Man populations. 

Larvae of the related Placopecten magellanicus are 
known to undertake small amplitude vertical migra- 
tions (Tremblay & Sinclair 1990), possibly in response 
to light (Kaartvedt et al. 1987, Silva & O'Dor 1988), 
pressure (Cragg 1980) or temperature (Tremblay & 
Sinclair 1990). Recently, Manuel et al. (1996) showed 
that veligers obtained from different hydrographic 
regimes exhibited significantly different vertical 
migration patterns and depth distribution, which could 
assist retention over or return to adult beds. This 
behavioural difference could be due to selection for 
different behaviours in different populations (Manuel 
et al. 1996). If Pecten maximus larvae show similar 
behaviour they might conceivably remain in their local 
area by diurnal vertical migration between water 
layers moving in opposite directions. This hydro- 
graphic feature has been reported to occur particularly 
to the east of the Isle of Man, where gyres flow in oppo- 
site directions at different depths (Heaps & Jones 



170 Mar Ecol Prog Ser 162: 163-171, 1998 

1977) .  P. maximus spat smaller than 500 pm seem to 
have the ability to actively alter their sinking rate. The 
exact mechanisms used are uncertain; suggestions are 
that the secretion of byssus threads or extension of the 
foot could allow spat to vary their rate of descent 
(Beaumont & Barnes 1992) .  

In addition to the molecular findings presented here, 
other evidence for genetic differentiation in Pecten 
maximus populations includes the persistent differ- 
ences in reproductive cycles observed following trans- 
plantation of animals from different geographical 
areas (Mackie & Ansell 1993). The occurrence of 
genetic differentiation raises the possibility that some 
exploited beds are partly or largely self-recruiting, and 
are thus potentially susceptible to recruitment over- 
fishing, with important implications for fishery man- 
agement. The slow and incomplete recovery of the 
fished-out Cardigan Ray (Wales) stock may be an 
example of recruitment overfishing of a self-recruiting 
population (Darby & Durance 1989). The genetic diver- 
gence reported here is also of potential significance for 
the choice of brood stock in hatcheries supplying spat 
for commercial ongrowing (or for enhancement of wild 
stocks) and may also be relevant to the management of 
commercial collection of wild spat for similar purposes. 
As pointed out by Letvis & Thorpe (1994), self-recruit- 
ing populations may become adapted to local condi- 
tions, resulting in reduced fitness when transplanted to 
other areas. 

Although the present results suggest that the sam- 
ples studied cannot be regarded as part of a panmictic 
unit, they do little to define the pattern of realized gene 
flow, which could, depending on weather and cur- 
rents, differ from year to year. The study of genetic dif- 
ferent~ation between, as well as within, year classes 
might yield important information on the structure of 
recruitment processes and indicate whether the 
genetic differentiation between Isle of Man fishing 
grounds is temporally stable or resembles the pattern 
of 'chaotic genetic patchiness' discussed by Johnson & 
Black (1982) and Hedgecock (1994). The application of 
molecular analyses to a time-series of samples from the 
same localities may thus be regarded as a priority. 
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