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ABSTRACT: It has been proposed that population genetic structure at the mannose-6-phosphate iso- 
merase (Mpi) locus in the barnacle Semibalanus balanoides (L.) could be due to selection by ice scour 
acting through variation in larval settlement behavior. Homogeneity of Mpi allele frequencies for bar- 
nacles within the Gulf of St. Lawrence could be maintained by a combination of selection and limited 
gene flow from populations of S. balanoides on the Atlantic coast of Canada south of the Cabot Strait. 
We sampled S. balanoides from 19 sites in Greenland and Baffin Island, the Gulf of St. Lawrence, and 
on the Atlantic coasts of Nova Scotia and New Brunswick, Canada, in order to test these hypotheses. 
Presumptive genetic variation at 2 enzyme loci, Mpi and glucose-6-phosphate isomerase (Gpi ) ,  was 
quantified by isoelectric focusing. A11 populations were in Hardy-Weinberg equilibrium, and no Link- 
age disequilibrium between loci was observed. We found significant spatial variation in allele frequen- 
cies at both loci. In particular, S. balanoides populations within the Gulf of St. Lawrence were not 
genetically homogeneous at either locus. A discontinuity in allele frequencies at both the Gpj and Mpi 
loci occurred in the vicinity of the Mirarmchi estuary, in the southern Gulf. Comparisons of allele fre- 
quencies between barnacle recruits and adults suggested this population structure may have resulted 
from selection, in the case of Mpi, possibly associated with environmental temperature. Selection by ice 
scour does not appear to affect spatial variation in allele frequencies in the Gulf of St. Lawrence. 
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INTRODUCTION 

Population genetic structure of sessile marine inver- 
tebrates can be affected by several processes, depend- 
ing upon the life history of the species in question and 
the spatial scale of observation (see Grosberg 1991 for 
review). For species with long-lived planktonic larvae, 
population structure at large spatial scales ( > l 0  to 
100 km) is a product of the interaction between selec- 
tion and present and/or historical patterns of gene flow 
(e.g. Koehn et al. 1976, 1980, Hilbish 1985, Reeb & 
Avise 1990, Karl 81 Avise 1992). 
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The acorn barnacle Sernibalanus balanoides (L.) is 
common in the intertidal zone of most rocky shores of 
the North Atlantic north of Cape Hatteras and north- 
western Spain, and also occurs on the Pacific coast 
of southern Alaska (Flowerdew 1983b, Bourget et al. 
1989). Larvae of S. balanoides are planktonic and com- 
plete development to the settlement stage in 3 to 7 wk 
(Barnes & Barnes 1958). Populations of S. balanoides 
from the northwestern Gulf of St. Lawrence (Capucins, 
Quebec, Canada) are differentiated at the mannose-6- 
phosphate isomerase (Mpi) locus from barnacles col- 
lected from Passamaquoddy Bay (St. Andrews, New 
Brunswick) on the Atlantic coast of Canada (Bourget et 
al. 1989, Martel 1990). Bourget et al. (1989) proposed 
that this population structure, as well as homogeneity 
of allele frequencies at the Mpi locus within the Gulf, 
could be maintained by selection by ice scour and 
Limited gene flow. Selection would act through inter- 

0 Inter-Research 1994 
Resale of full article not permitted 



248 Mar. Ecol. Prog. Ser. 113: 247-256, 1994 

population variation in larval settlement behavior. At 
Capucins (Gulf of St. Lawrence), cyprid larvae of S. 
balanoides settle mainly in crevices (Bourget 1988, 
Chabot & Bourget 1988), where mortality due to ice 
scour is <21%, rather than on exposed surfaces where 
mortality from this source is > 90 % (Bergeron & Bour- 
get 1986). At St. Andrews (Atlantic coast), larvae settle 
in crevices and on exposed surfaces, but prefer the 
latter (Bourget 1988, Chabot & Bourget 1988). Patterns 
of surface circulation suggested that gene flow into the 
Gulf was mainly from more northern populations along 
the Labrador and, ultimately, Greenland coasts, as 
opposed to populations from the Atlantic coast south of 
the Cabot Strait (Bourget et  al. 1989). S. balanoides on 
the northern coasts were presumed to be under similar 
selective pressures for cryptic settlement behavior as 
barnacles in the Gulf of St. Lawrence. 

We analyzed samples of Semibalanus balanoides 
from 19 sites for variation at  2 enzyme loci (including 
Mpi) in order to determine if barnacle populations 
from within the Gulf of St. Lawrence were genetically 
homogeneous, and, if any population genetic structure 
observed was consistent with gene flow into the Gulf 
from more northern regions and/or selection by ice 
scour or some correlated factor. 

MATERIALS AND METHODS 

Sample collection and processing. We sampled 
Semibalanus balanoides from 11 sites (Fig. 1) during 
1990-91, including 2 sites each in Greenland (Nuuk, 
August l ?  & 19, 1991) and Baffin Island (Iqaluit, August 
23, 1991), 3 sites in the Gulf of St. Lawrence (Capucins, 
November 20, 1990; Port Elgin, December 10, 1990; 
St. Augustin, August 1991), and 4 sites on the Atlantic 
coast of Nova Scotia and New Brunswick south of the 
Cabot Strait (St. Andrews, December 8, 1990; Queens- 
land Beach, December 11,1990; Port Morien, December 
13, 1990; Ingonish, December 14, 1990). 

Results from the 1990 Port Elgin sample suggested 
examination of additional populations within the 
southern Gulf of St. Lawrence was necessary. In 1992 
Semibalanus balanoides were sampled from 9 sites 
(Fig. 2) including Port Daniel (June 21). Port Elgin 
(June 23), Pictou (June 24), Port Hood (June 25), Cheti- 
camp (June 26), Shediac (June 2?), Shippegan (Octo- 
ber 2?), Cap Lumiere (October 28) and Burnt Church 
(November 1). We chose these sites to span 2 areas of 
strong tidal mixing (Shediac and Pictou) correspond- 
ing to locations where herring larvae are retained (Iles 
& Sinclair 1982), and 2 cyclonic eddies (Cap Lumiere 
and Port Hood; Lauzier 1965). These oceanographic 
features could potentially affect barnacle population 
structure by restricting dispersal of larvae. 

Fig. 1. Sites from which Semibalanus balanoides were col- 
lected in 1990-91. Barnacles were sampled from 2 sites at 
Nuuk and Iqaluit. At each site S. balanoides were collected 
haphazardly from the middle to lower part of the barnacle's 
intertidal distribution. Capucins and St. Andrews are the 
same locations sampled by Martel in 1988 (Bourget et al. 

1989, Martel 1990) 

At each site (except Burnt Church) cobbles or frag- 
ments of outcroppings supporting Semibalanus bal- 
anoides were collected haphazardly from the middle to 
lower part of the barnacle's intertidal distribution, and 
shipped to Universite Lava1 for processing. In the labo- 
ratory, live adult barnacles, with shell, were removed 
from the rock, frozen in liquid nitrogen, and stored at 
-70°C until homogenizing. At Burnt Church, barna- 
cles were frozen on dry ice in the field before shipping 
to the laboratory for storage and processing. The bar- 
nacle prosoma was removed from the shell, weighed, 
and homogenized in grinding buffer (8.33 m1 g-' sam- 
ple; 50 mM Tris-HC1, 1 mM MgC12, 1 mM DTT, 50% 
V/V glycerol, adjusted to pH 7.5). Homogenized sam- 
ples were stored at -20 'C until electrophoresis. 

We found cobbles supporting barnacle recruits ( <  1 
to 3 mo old) at several of the sites sampled during June 
1992. We left these recruits in place and froze the cob- 
bles in a -70°C freezer. Later, individual recruits were 
removed from the cobbles with a dissecting probe, and 
homogenized in 3.5 p1 of grinding buffer. 
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65" 60" agar. The stain for Mpi included 4.3 m1 diH,O, 9 m1 
0.5 M Tris-HC1 buffer (pH 8),  0.3 m1 50 mM D- 

500 mannose-6-phosphate, 0.18 m1 30 mM NADP, 4.2 units 
glucose-6-phosphate dehydrogenase, 30 units phos- 
phoglucose isomerase, 0.6 m1 15 mM MTT, 0.6 m1 
5 mM PMS, and 15 m1 of 2% w/v agar. Alleles were 
designated according to their distance from the cath- 
ode, with the closest band as allele 1. All samples were 
run against controls of known genotype. 

Data analysis. We tested for deviations of genotype 
frequencies from Hardy-Weinberg equilibrium, and 
for associations among alleles at  the Mpi and Gpi loci, 
using the disequilibrium coefficient approach of Weir 
(1990). Significant disequilibrium coefficients were 

450 identified using the sequentially rejective Bonferroni 
procedure (Holm 1979, Rice 1989) to correct for multi- 
ple tests. We used G-tests of independence (Sokal & 
Rohlf 1981) to test for variation in allele frequencies 

Fig. 2.  Sites (e) from which Semibalanus balanoldes were 
sampled in 1992. At each site S. balanoides were collected 
haphazardly from the middle to lower part of the barnacle's 
intertidal distribution. Capucins and St. Andrews (0) are 
locations sampled by Martel in 1988 (Bourget et al. 1989, 

Martel 1990) and resampled by us in 1990 

Electrophoresis - isoelectric focusing. We resolved 
presumptive genetic variation at 2 enzyme loci, Mpi 
(EC 5.3.1.8) and glucose-6-phosphate isomerase (Gpi, 
EC 5.3.1.9), by isoelectric focusing of polyacrylamide 
gels. The Mpi and Gpi loci are strongly polymorphic in 
Semibalanus balanoides, and allele frequencies often 
exhibit substantial geographic variation (e.g. Flower- 
dew 1983a, b, Bourget et al. 1989, Martel 1990). Gels 
were 124 X 258 X 0.3 mm, and consisted of 1.7 m1 30 % 
w/v acrylamide + 1.6 % w/v bis-acrylamide, 2 m1 50 % 
V/V glycerol, 1.7 m1 diH20, 750 p1 Pharmalyte, 30 p1 
0.5 % DTT, 7.5 1-11 TEMED, and 75 1-11 10 % ammonium 
persulfate. For Gpi, 750 p1 of pH 5-6 Pharmalyte was 
added, and for Mpi 375 p1 each of pH 2.5-5 and 
pH 5-6 Pharmalyte. For both gels DL-glutarnic acid 
(0.04 M) served as the anode electrolyte, and 0.1 M 
NaOH the cathode electrolyte. Gels were prefocused 
for 5 rnin at 5 W before application of samples. For Gpi, 
2.0 p1 of sample extract were applied at the anode; Mpi 
gels were loaded with 3.5 p1 of sample at the cathode. 
Gpi gels were focused for 10 min at 5, 10, and 15 W, 
then for 20 min at  20 W. Mpi gels were focused for 
40 rnin at  5 W, then 40 min at 10 W. Gels were stained 
following Martel (1990). For Gpi the staining solution 
was made up of 3 m1 diH20, 9 m1 0.5 M Tris-HC1 buffer 
(pH 8),  0.6 m1 0.5 M MgC12, 0.6 m1 50 mM D-fructose- 
6-phosphate, 0.3 m1 15 n1M NAD, 0.3 m130 mM NADP, 
4.2 units glucose-6-phosphate dehydrogenase, 0.6 m1 
15 mM MTT, 0.6 m1 5 mM PMS, and 15 m1 of 2% w/v 

among sites or between adults and recruits within a 
site. Confidence intervals for allele frequencies were 
calculated following Weir (1990). 

RESULTS 

Isoelectric focusing revealed 4 alleles at each locus, 2 
common and 2 rare. To ensure that all expected cell 
frequencies were > 5  (Sokal & Rohlf 1981), rare alleles 
were pooled with alleles of the closest mobility before 
analysis of frequencies by G-test. All populations were 
in Hardy-Weinberg equilibrium at both loci, and there 
was no evidence of significant linkage disequilibrium 
between the loci. Banding patterns were consistent 
with previously reported (Murphy et al. 1990) quater- 
nary structures for GP1 and MPI. 

As 2 common alleles accounted for 93 to 100% of all 
alleles observed at both loci, population structure 
could be described by frequencies of 1 common allele 
at each locus. Our discussion of spatial variation 
focuses on the common alleles Gpi3 and Mpi2. 

Population genetic structure - 1990-91 samples 

We observed significant variation in allele frequen- 
cies at both loci among the 11 sites sampled in 1990-91 
(Table 1; Gpi: G = 101.72, df = 10, p < 0.0001; Mpi: 
C = 96.62, df = 10, p 0.0001). The 4 far north samples 
at  Nuuk and Iqaluit, and 2 samples from the northern 
Gulf of St. Lawrence (Capucins and St. Augustin), 
exhibited low (0.191 to 0.273) frequencies of MpiZ 
(Table 1, Fig. 3). Frequencies of this allele on the 
Atlantic coast were higher, ranging from 0.395 at 
Queensland Beach to 0.472 at Ingonish. Allele fre- 
quencies at Port Elgin, in the southern Gulf of St. 
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Table 1. Semibalanus balanoides. Allele frequencies at the Gpi and Mpi loci for barnacles collected in 1990-91 and 1992. Alleles 
were labeled according to their distance from the cathode, with the closest band as allele 1. 95% confidence intervals for each 

frequency are given in parentheses. n: sample sizes for the Gpi and Mpi loci, respectively 

Site n Gpi ' Gpi2 Gpi3 Mpi '  pi' Mpi3 

1990-91 samples 
Nuuk E 96,90 

Nuuk P 

Iqaluit E 

Iqaluit P 

Saint Augustin 97, 90 

Capucins 

Port Eigin 92, 77 0.522 
(0.454-0.589) 

Ingonish 91,89 0.615 
(0.551-0.680) 

Port Morien 91. 79 0.632 
(0.564-0.700) 

Queensland 95, 86 0.653 
Beach (0.587-0.718) 

Saint Andrews 91, 85 0.006 0.791 
(0.000-0.016) (0.728-0.854) 

1992 samples 
Port Daniel 

Shippegan 

Burnt Church 

Cap Lumiere 

Shediac 

Port Elgin 

Pictou 

Port Hood 

Cheticamp 

Lawrence, differed strongly from the other Gulf 
samples. At this location the frequency of Mpi2 (0.539) 
was higher than that observed at Capucins and St. 
Augustin, and comparable to values for the Atlantic 
coast sites 

Geographic variation in allele frequencies at the Gpi 
locus was complex. Gpi3 decreased in frequency from 
the far north sites to the northwestern Gulf of St. 

Lawrence at Capucins, increased between Capucins 
and Port Elgin to values similar to those found in 
Greenland and Baffin Island samples, then decreased 
again moving out of the Gulf and south along the 
Atlantic coast of Nova Scotia and New Brunswick 
(Table 1, Fig. 3).  As with Mpi2, frequency of Gpi3 
at Port Elgin differed from that of the other 2 Gulf 
locations. 
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Gulf of St. Lawrence A Atlantic Coast, New Brunswick 

O Near Arctic and Nova Scotia 

Fig. 3. Semibalanus balanoldes. Geographic variation in 
frequencies of Gpi3 and MpiZ for barnacles collected in 1990- 
91 Error bars represent 95% confidence intervals for fre- 
quencies at each site. Variation at both loci was significant 

(Gpi: G = 101.72, p < 0.0001; Mpi: G = 96. 62, p < 0.0001) 

Population genetic structure - 
southern Gulf of St. Lawrence 

The results from Port Elgin suggested that Semibal- 
anus balanoides populations within the Gulf of St. 
Lawrence were not genetically homogeneous at either 
of the loci. In 1992 we sampled barnacles at additional 
sites in the southern Gulf (Fig. 2) in order to determine 
if the allele frequencies seen at Port Elgin were char- 
acteristic of this portion of the Gulf of St. Lawrence, 
and if any population structure observed corresponded 
to oceanographic features which could affect larval 
dispersal (see 'Sample collection and processing' 
above). 

Gpi and Mpi showed significant geographic varia- 
tion in allele frequencies within the southern Gulf 
(Table 1; Gpi: G = 44.56, df = 8, p < 0.0001; Mpi: G = 

64.79, df = 8, p < 0.0001). Allele frequencies at both 
loci clearly divided the samples into 2 groups (Fig. 4). 
One group, comprising samples from Port Daniel, 
Shippegan, and Burnt Church, was characterized by 
low (0.239 to 0.309) frequencies of Gpi3 and Mpi2 
(Table l ) ,  similar to barnacles collected in 1990-91 
from Capucins and St. Augustin. At all other sites fre- 
quencies of Gpi3 and Mpi2 were higher (0.392 to 0.495; 
Table l), comparable to values obtained for Port Elgin 
in 1990-91. The discontinuity in allele frequencies 
occurred over a distance of 50 to 100 km in the vicinity 
of the Miramichi estuary. Populations of Semibalanus 

+kf 0 1990-91 1992 Samples Samples 

I ' I ' I ' I ' I ' I '  

Frequency - Mpi Allele 2 

Fig. 4 .  Semibalanus balanoides. Geographic variation in fre- 
quencies of  pi^ and MpiZ for barnacles collected from the 
Gulf of St. Lawrence in 1990-91 and 1992. Error bars repre- 
sent 95% confidence intervals for frequencies at each site. In 
1992 variation at both loci was significant (Gpi: G = 44.56, 

p < 0.0001; Mpi: G =  64.79, p < 0.0001) 

balanoides north and west of the estuary had low fre- 
quencies of Gpi3 and MpiZ; south and east of the estu- 
ary frequency of these alleles increased (Fig. 5). 

Comparisons between recruits and adults 

We found large numbers of barnacle recruits at 4 
locations in the southern Gulf of St. Lawrence, includ- 
ing 1 site (Port Daniel) northwest of the Miramichi 
estuary, and 3 sites (Shediac, Port Elgin, Pictou) south- 
east of the estuary. Allele frequencies at the Gpi locus 
did not differ significantly between recruits and adults 
at any of these sites. Gpi3 frequencies in recruits were 
low at Port Daniel and increased southeast of the 
Miramichi (Table 2, Fig. 5). Allele frequencies at the 
Mpi locus were similar in recruits and adults for sam- 
ples from Port Daniel, Port Elgin and Pictou (Fig. 5). At 
Shediac, however, allele frequencies differed between 
these age classes ( G  = 5.572, df = 1, p I 0.018). Fre- 
quency of Mpi2 in recruits from Shediac was lower 
than in adults, and intermediate between values 
observed for Semibalanus balanoides from the north- 
western and southern Gulf (Table 2, Fig. 5). 

DISCUSSION 

Bourget et al. (1989, see also Martel 1990) observed 
significant variation at the Mpi locus between popula- 
tions of Semibalanus balanoides from the northwest- 
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Fig. 5. Semibalanus balanoides. Change in frequency of 
(A) Gpi3, and (B) Mpi2 with distance, starting with Port Daniel 
at 0 km, for barnacles collected from the southern Gulf of 
St. Lawrence during 1992. Distances were estimated from 
1 :500000 scale maps as straight line distance between sites. 
Error bars represent 95% confidence intervals for allele 

frequencies 

ern Gulf of St. Lawrence and the Atlantic coast of New 
Brunswick, and proposed that this differentiation 
could be due to selection by ice scour acting through 
settlement behavior. Furthermore, it was suggested 
that selection, combined with strong gene flow from 
barnacle populations to the north and limited dispersal 
of larvae into the Gulf from S. balanoides populations 
south of the Cabot Strait, could maintain genetic 
homogeneity at the Mpi locus among barnacle popula- 
tions within the Gulf (Bourget et al. 1989). Our analysis 
clearly demonstrates that S. balanoides populations 
within the Gulf of St. Lawrence are not genetically 
homogeneous, and suggests that the processes gener- 
ating spatial variation are probably not associated with 
selection by ice scour. 

Frequencies of Mpi2 in the 4 samples of barnacles 
from the far north (Nuuk, Iqaluit) resembled frequen- 
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cies in populations from the northern and western Gulf 
of St. Lawrence (St. Augustin, Capucins, Port Daniel, 
Shippegan, Burnt Church) and were lower than Mpi2 
frequencies observed on the Atlantic coast of Nova 
Scotia and New Brunswick (Table 1, Fig. 3).  These 
data are  consistent with the hypotheses posed in 
Bourget et  al. (1989). Samples collected at  Port Elgin in 
1990 and throughout the Northumberland Strait in 
1992, however, point to the existence in the southern 
Gulf of large populations of Sernibalanus balanoides 
with elevated Mpi2 frequencies more characteristic of 
samples from the Atlantic coast south of Cabot Strait 
(Table 1, Figs. 3 & 4). This result suggests: (1) selection 
by ice scour or some related factor does not cause the 
observed population structure at  the Mpi locus, (2) 
selection by ice scour is spatially and/or temporally 
variable within the Gulf of St. Lawrence, or (3) the 
occurrence of dispersal of larvae, and subsequent gene 
flow, from southern Atlantic barnacle populations into 
the Gulf (Bourget & Holm in press). 

Several markers (and ideally, several classes of 
markers; Karl & Avise 1992) are usually necessary to 
deduce the relative contributions of gene flow and 
selection to population genetic structure. Data for the 
Gpi locus are ambiguous as to gene flow between the 
Gulf of St. Lawrence and either far northern or Atlantic 
coast Sernibalanus balanoides populations. If gene 
flow between far northern and Gulf populations was 
high, as proposed by Bourget et al. (1989), and varia- 
tion a t  the Gpi locus neutral, then no differences in 
allele frequencies among samples from these locations 
should have been observed. Instead, we found a 
decrease in the frequency of Gpi3 from the far north 
sites to the northwestern Gulf, a n  increase in fre- 
quency of this allele in the southern Gulf, and a 
decrease in Gpi" moving out of the Gulf south to St. 
Andrews on the Atlantic coast of New Brunswick 
(Table 1,  Fig. 3). 

We observed abrupt changes in allele frequencies at  
both the Gpi and Mpi loci over a distance of 50 to 
100 km in the region of the Mirarnichi estuary (Table 1, 
Figs. 4 & 5).  The location of this discontinuity corre- 
sponded to a cyclonic eddy at  the entrance to the 
Northumberland Strait (Lauzier 1965) which could 
have restricted larval dispersal (and consequently, 
reduced gene flow) between the western and southern 
Gulf. We compared allele frequencies in Semibalanus 
balanoides recruits ( < 3  mo old) with frequencies in 
adults in order to make a preliminary determination of 
the importance of gene flow and selection in producing 
the discontinuity. 

Circulation of surface waters in the Gulf of St. 
Lawrence is counterclockwise; in the southern Gulf 
flow is from the northwest to southeast (Koutitonsky & 

Bugden 1991). Under these conditions larvae from the 

northwestern Gulf, characterized by lower frequencies 
of Gpi3 and Mpi2, should be transported into the 
Northumberland Strait. If dispersal were restricted, 
larvae from northwestern Semibalanus balanoides 
populations would not be transported into the southern 
Gulf, and allele frequencies in samples of newly set- 
tled barnacles, recruits, and adults would be  similar. If 
dispersal were not restricted and  selection produced 
the observed population genetic structure, frequencies 
of Gpi3 and I\4pi2 in newly settled larvae and (depend- 
ing on the timing of the selection event) recruits would 
be expected to be  lower than in adults. Allele frequen- 
cies a t  the Gpi locus did not differ between recruits 
and adults for any of the 4 sites at  which recruits were 
collected (Fig. 5A), suggesting either reduced gene 
flow and subsequent genetic drift, or selection on Gpi 
alleles during the planktonic phase of the life cycle or 
within 3 mo of settlement, caused the observed popu- 
lation structure. At the Mpi locus, however, recruits 
and adults differed in allele frequencies at Shediac, 
approximately 100 km southeast of the Miramichi estu- 
ary (Fig. 5B). Recruits at  this site exhibited frequencies 
of Mpi2 between those observed in S. balanoides 
populations from the northwestern and southern Gulf 
of St. Lawrence, while frequencies in adult barnacles 
were representative of the southern Gulf. This result 
suggests that larvae from the northwestern Gulf dis- 
perse into the southern Gulf across the discontinuity in 
allele frequencies, and that differentiation at the 2 loci 
within the Gulf is due  to selection, either directly on 
the loci or on loci in linkage disequilibrium with Cpi or 
Mpi. The timing of selection, and therefore probably 
also the agent generating selective pressures, differs 
for the 2 loci. 

We stress that these conclusions should be  regarded 
as preliminary, a s  they a re  based on a single significant 
comparison of measurements taken on individuals 
from different cohorts. Other processes may have gen- 
erated the patterns we observed. For example, disper- 
sal of larvae from the northwestern to southern Gulf 
may be  temporally variable, but generally restricted. 
Our observations may represent a n  unusual case of 
transport of larvae between populations that have 
diverged by genetic drift. Quantification of changes in 
Gpi and Mpi allele frequencies with time in several 
cohorts of newly settled barnacles, replicated over 
multiple years, is necessary to test the selection 
hypothesis. 

To summarize, Semibalanus balanoides populations 
within the Gulf of St. Lawrence are not genetically 
homogeneous, and population structure at  both the 
A4pi and Gpi loci appears to be the result of selection. 
Additionally, within the southern Gulf high frequen- 
cies of  pi' are  maintained relative to northern and  
western barnacle populations. Selection by ice scour 
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would have been expected to maintain low frequen- 
cies of this allele (Bourget et al. 1989). As both loci 
apparently are under selection, no conclusions as to 
the relative importance of gene flow in this system can 
be drawn. 

Population genetic structure and environmental 
factors 

Associations between spatial variation in environ- 
mental factors and allele frequencies suggest potential 
causes of selection at enzyme loci. Population structure 
at  the Gpi and Mpi loci has been related to character- 
istics of the environment in a number of species. Tem- 
perature appears to be an important agent of selection 
at the Gpi locus in sea anemones (Hoffmann 1981b), 
mussels (Hall 1985), amphipods (Patarnello & Battaglia 
1992), and fish (Van Beneden & Powers 1989), and the 
kinetic properties of different allelic forms of GP1 vary 
with temperature (Hoffmann 1981a, Hall 1985, Van 
Beneden & Powers 1989, Zamer & Hoffmann 1989). 
Shihab & Heath (1987) found that selection for Gpi 
genotypes in a freshwater isopod was correlated with 
low oxygen concentration. McDonald (1987, 1991) 
associated population structure at  the Mpi locus with 
exposure in 3 species of intertidal amphipods. 

Using reciprocal transplants, Bertness & Gaines 
(1993) showed that recruits of Sernibalanus balanoides 
in Narragansett Bay (Rhode Island, USA) were under 
selection by temperature stress. In our barnacle 
samples there is no obvious relationship between pop- 
ulation structure at the Gpi locus and environmental 
temperature. Surface water temperatures in the south- 
ern Gulf of St. Lawrence are higher than in other 
regions of the Gulf during much of the year, but espe- 
cially in the summer (Bousfield & Thomas 1975, Petrie 
1990, Koutitonsky & Bugden 1991), and the southern 
Gulf supports marine invertebrate species characteris- 
tic of the Atlantic coast from Cape Cod south (Bousfield 
& Thomas 1975). S. balanoides populations from the 
southern Gulf of St. Lawrence, however, show allele 
frequencies at the Gpi locus similar to populations 
from the far north (Nuuk, Iqaluit; Table l), where tem- 
peratures are presumably much lower. Geographic 
variation at the Mpi locus may be consistent with 
selection by environmental temperature. Our samples 
can be divided into 2 groups on the basis of frequency 
of the Mpi2 allele (Bourget & Holm in press). A 'north- 
ern' group, associated with cooler water temperatures 
and including barnacles from the far north sites and 
northern and western Gulf, is characterized by low (0.2 
to 0.3) frequencies of Mpi2. A 'southern' group, includ- 
ing barnacles from the southern Gulf of St. Lawrence 
and Atlantic coasts of Nova Scotia and New Bruns- 

wick, is associated with warmer water temperatures 
and shows higher frequencies of Mpi2 (0.4 to 0.5). 

Although the Burnt Church site occurs well within 
the region of higher surface water temperatures in the 
southern Gulf, the Semibalanus balanoides sample 
from this location exhibited low frequencies of Mpi2 
(0.272) representative of the 'northern' group. This 
could be an effect of gene flow between 'northern' and 
'southern' barnacle populations. Asymmetrical (i.e. 
directional) gene flow can cause shifts in the position of 
allele frequency clines, in the direction of the gene 
flow (see Endler 1977 for review). Surface circulation 
in the Gulf of St. Lawrence (see above) should trans- 
port larvae from 'northern' populations of S. bal- 
anoides in the northwestern Gulf into the warmer 
waters of the southern Gulf, resulting in asymmetrical 
gene flow and shifting the discontinuity in Mpi allele 
frequencies into the region of higher water tempera- 
tures. 

Population genetic structure and geographic races of 
Semibalanus balanoides 

Crisp (1964, 1968) observed differences between 
European and North American populations of Serni- 
balanus balanoides in the median date of fertilization 
and the development rate of embryos. These differ- 
ences persisted in barnacles transplanted from Massa- 
chusetts to Wales (Crisp 1964) and from Wales to New- 
foundland (Crisp 1968), suggesting the variation had a 
genetic component. On the basis of this evidence, 
Crisp (1964) proposed the existence of North American 
and European races of S. balanoides. Flowerdew 
(1983a, b) supported the division of S. balanoides into 
Pacific, North American (including Iceland), and Euro- 
pean races, citing variation at the Gpi and Mpi loci. 

Our analysis suggests that division of Semibalanus 
balanoides into races based on allele frequencies at the 
Gpi and Mpi loci is not correct. The range of allele fre- 
quencies we observed at both loci within the Gulf of St. 
Lawrence (and, in the southern Gulf, across a distance 
of 50 to 100 km) spans the range reported by Flow- 
erdew (1983a, b) for barnacle populations from 
Europe, Canada, and the United States (Fig. 6A, B). 
This comparison does not require that our Cpi3 and 
Mpi2 are the same alleles as Flowerdew's (1983a, b) 
GpilS2 and MpilOO; we are comparing only the range in 
frequencies found for the common alleles. There is no 
reason to expect that geographic variation in a quanti- 
tative character such as (presumably) development 
rate should correspond to variation in allele frequen- 
cies at  enzyme loci (e.g. Lewontin 1984). While differ- 
ences in reproductive biology and development may 
indicate the existence of physiological races of S. bal- 
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Fig. 6. Semlbalanus balanoldes. Geographic vanation in 
allele frequencies at the Gpi and Mpi loci (A) Barnacles col- 
lected from the Gulf of St Lawrence in 1990-92, and (B) bar- 
nacle samples analyzed by Flowerdew (1983a, b ) .  Error bars 

in (A) represent 95 % confidence interval 

anoides at continental (>l000 km) spatial scales, our 
results from the Gulf of St. Lawrence strongly suggest 
that variation at  the Gpi and Mpi loci is under the influ- 
ence of processes acting over much smaller spatial 
scales. 
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