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ABSTRACT: We studied the spatial variation in biotic variables of a M acoma balthica population. 
Systematic sam pling w as carried out over an environm entally heterogeneous intertidal bay of the 
St. Lawrence Estuary. Several biotic (density, body tissue and shell mass, reproductive effort, shell 
length and growth) and abiotic (intertidal level, sedim ent characteristics) variables w ere concur
rently analysed to quantify the part of the variance accounted for by the abiotic factors and the part 
accounted for by density (density w as also studied as an explanatory variable). Redundancy analysis 
and multiple regression w ere used. The variables exam ined w ere m apped to show the trends in their 
spatial variation. Density was highly variable, from 0 to 2700 ind. n r 2, and was mainly positively 
related to the percentage of sand in the sediment. Most biotic variables w ere spatially variable, and 
the variables accounting for most of this variation w ere shore level and density. Body tissue and shell 
mass w ere negatively affected by increasing shore level and density. Shell length decreased with 
increasing shore level and increased w ith increasing pore w ater content. Reproductive effort was 
enhanced at high density.
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INTRODUCTION

C urrent ecological theories increasingly include spa
tial patterns of distribution as an im portant com ponent 
of models (Legendre & Fortin 1989, Legendre 1993). 
The spatial distribution pattern  of a species represents 
a cumulative response of the population constituents to 
abiotic and biotic factors over time (Grant 1983, Olafs- 
son et al. 1994). While species distribution and com m u
nity organisation in intertidal rocky areas have been 
the subject of num erous studies (e.g. Connell 1961,
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M enge 1991, Archam bault & Bourget 1996), soft- 
sedim ent intertidal areas have received less attention 
from ecologists (Peterson 1991, Olafsson et al. 1994). In 
these habitats, m arine invertebrates show great varia
tions in distribution and biomass (Woodin 1974, Thrush 
et al. 1989, Snelgrove & Butman 1994, Turner et al. 
1995), which appear to be determ ined largely by ex ter
nal factors (Peterson 1991, Snelgrove & Butman 1994). 
Shore elevation (Bertness & Grosholz 1985, Peterson & 
Black 1987, Beukem a & Flach 1995), as a factor influ
encing food availability (Beukema et al. 1977, Peterson 
& Black 1987) and physiological stress (Peterson & 
Black 1988, Peterson 1991), w ater tem perature (Beu
kem a et al. 1985) and sedim ent grain size (McLusky & 
Elliott 1981, Beukem a & Flach 1995) have been re 
ported to be key variables. The latter factor has been
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shown to influence the distribution of deposit- and sus- 
pension-feeders (Rhoads & Young 1970, Levinton 
1972). Apart from abiotic factors, biological in terac
tions such as predation (Holland et al. 1980) and in 
traspecific and interspecific competition (Woodin 1974, 
Levin 1981, Beukem a & Flach 1995) also influence d is
tribution and biomass in soft-bottom intertidal popula
tions. Moreover, the intensity and the type of biological 
interactions vary w ith the feeding mode (e.g. deposit
or suspension-feeding) of the animals (Levinton 1972). 
However, the relative influence of abiotic factors and 
of biological interactions on dem ographic response 
variables (e.g. density, biomass) of soft-bottom inverte
brate communities is still not well understood.

M acoma balthica was selected in this study as a 
model species to study the influence of environm ental 
factors on dem ographic and biotic response variables. 
This bivalve is a dom inant species of tem perate and 
cold-water soft-bottom communities (Thorson 1957, 
McLusky & Elliott 1981), w here it colonises littoral and 
infralittoral zones in different regions of the Northern 
Hem isphere. Its longevity is variable: 3 yr in the N orth
ern  Baltic (Ankar 1980), 6 yr (Harvey & Vincent 1990) 
and 12 yr (Lavoie et al. 1968) in the 
St. Lawrence Estuary, and 30 yr in the 
Gulf of Finland (Segerstrâle 1960). Its 
grow th and reproduction seasons vary 
am ong regions. In the St. Lawrence 
Estuary this species grows betw een 
May and Novem ber (Harvey & Vincent 
1990) and reproduces once, approxi
mately at the end  of M ay (Harvey &
Vincent 1989). M. balthica uses both 
deposit- and suspension-feeding modes 
(Brafield & Newell 1961, Bubnova 
1972), and exhibits density-dependent 
grow th under high density in descrip
tive (Vincent at al. 1994) and experi
m ental (Olafsson 1986, Vincent et al.
1989) studies. Furtherm ore, its abun
dance in the St. Lawrence Estuary and 
its broad distribution in the Atlantic 
(Beukema & M eehan 1985) and the Pa
cific (Nichols & Thompson 1982), m ake 
it readily available and allow com par
isons of results. The main objectives of 
this study w ere to assess, at the scale 
of a bay, the spatial variability in biotic 
variables (density, biomass, reproduc
tive effort, shell length and growth), and 
exam ine their relationship to abiotic 
factors (sediment characteristics and 
immersion time) and to density. To our 
knowledge, this is the first study of this 
nature conducted on soft-sediment b i

valves to examine, over an entire bay and using an in 
tense systematic sampling, the structure of several b i
otic variables in a M. balthica population and their re la 
tionship to several environm ental factors concurrently.

MATERIALS AND METHODS

Study site. This study was conducted at 'Anse à 
l'O rignal' (48°21'N, 68°47'W ), a small bay on the 
south shore of the lower St. Lawrence Estuary. The site 
is characterised by a sem i-diurnal tide (max. am pli
tude: 4.6 m). The bay is approxim ately 2 km wide and 
1 km long, and becom es exposed over a distance of 
800 m at spring tide. W ater tem perature varies from 
-1.5°C in w inter to about 13°C in summer. The whole 
intertidal zone is covered by ice (max. thickness about 
1.5 m) from m id-Decem ber to the end  of M arch. The 
low-shore levels are characterised by hom ogeneous 
sandy sedim ent while high levels are more heteroge
neous and dom inated by m uddy-gravelly sediment. 
The upper zone on the eastern  side of the bay is cov
ered  by abundant Spartina sp. (see Fig. 1). The main
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Fig. 1. Anse à l'Orignal, St. Lawrence Estuary. Station locations, sediment cat
egories and interpolated contour surfaces of tidal level. The site coordinates 
and the mean values of all variables measured have been mapped. A contour 
map of tidal levels was produced by kriging, and specific symbols were 
assigned to sediment classes. Computations used the SURFER program for 

spatial analysis (Golden Software Inc. 1996)
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invertebrate species found in this bay are Macoma 
balthica, M ya arenaria, N eph tys caeca, N ereis virens, 
Littorina saxatilis, L. obtusata and Hydrobia totteni.

Sampling method and data acquisition. Sampling 
was carried out at low tide in May 1993, before repro 
duction, following a systematic sam pling grid of 99 sta
tions covering a surface area of 1.5 km2 (see Fig. 1).

Abiotic variables. We focused on intertidal level and 
sedim ent characteristics known to substantially influ
ence local variation in abundance of M acoma balthica. 
The intertidal level of each station was m easured (pre
cision to ±2 cm) using a theodolite. Values w ere cali
brated  against the low-water level given by the tide 
tables (Department of Fisheries and Oceans, Canada, 
1993). Sediment cores 2 cm in depth (the zone colonised 
by M. balthica) w ere collected with a circular corer (sur
face = 24 cm2) at each station (n = 99 samples) and stored 
in the laboratory at -20°C for later analysis of particle 
size distributions. Sedim ent composition was m easured 
by standard wet-sieving of each sample (Folk 1974) and 
expressed, following the W entworth size class, as p e r
centage of gravel (phi < -1), sand (-1 < phi < 4), silt (4 < 
phi < 8) and clay (phi > 8) content. Sedim ent category 
percentages w ere used in statistical analyses. The sedi
m ent was also classified into 6 types according to the 
dom inant size class percentages (sandy silt, silty sand, 
sand, gravely sand, silty gravel, sandy gravel) and used 
in m apping to better visualise sedim ent distribution. 
Sediment w ater and organic m atter contents w ere ob
tained by drying during 12 h, at 75°C and at 450°C re 
spectively and w eighing (Mettler PC 2000 balance, 
±0.005 mg) sedim ent samples. Sedim ent w ater and or
ganic m atter contents w ere expressed as percentages.

Biotic variables. At each station, sedim ents in 
quadrats (30 x 30 cm) w ere dug out to a depth  of 8 to 
10 cm and sieved through a 1 mm mesh. All animals 
collected w ere kept in clean estuarine w ater for 24 h to 
rid the gut of any food or sedim ent material. Samples 
w ere frozen at -80°C. Variables exam ined w ere d en 
sity, reproductive effort, flesh and shell body mass, 
total length  and shell growth. Macoma balthica was 
observed at all stations but 2. For m easurem ents of 
reproductive effort and shell grow th only, stations 
w here the num ber of individuals was too low w ere 
subm itted to a second collecting. Adult density was 
obtained by counting all individuals of M. balthica in 
each of the initial samples (n = 99 stations), expressed 
as num ber of individuals per m2. Reproductive effort 
was m easured on samples of 20 individuals randomly 
selected am ong all m ature individuals (> 6 mm accord
ing to Harvey & Vincent 1989) for each station w here 
M. balthica occurred. For each individual, visceral 
mass was separated  from the shell, and gonad m aterial 
was rem oved from the flesh mass under a dissecting 
microscope (x60). Shell, flesh and gonads w ere dried

at constant tem perature of 60°C during 24 h and 
w eighed (Mettler M5SA micro-balance, ±0.001 mg). 
Reproductive effort was obtained by dividing individ
ual gonad mass by individual flesh mass (excluding 
gonad mass). Growth was m easured on additional 
samples of 25 randomly selected individuals (growth 
samples) at each station w here the num ber of individ
uals was sufficient (n = 77 stations). Shell grow th was 
estim ated for the last growth season (see Ricker 1958, 
Kaufmann 1981). For each individual, 2 m easurem ents 
(to the nearest 0.02 mm under a dissecting microscope 
w ith an ocular micrometer) w ere made: total length 
(longest distance betw een the anterior and the poste
rior m argins of the most recently deposited annual 
shell grow th mark) and length at the end  of the p re 
ceding grow ing season. In the St. Lawrence estuary, 
these are always clearly m arked by a narrow, dark 
year-ring (Lavoie et al. 1968, Vincent et al. 1987). Total 
length (Lt+1) was plotted against length  at the end  of 
the preceding grow ing season (Lt) to use the slope of 
the Ford-Walford regression Lt+1 = L„ (1 -i) + kL t 
(Ricker 1958, G reen 1979). Here, shell grow th rate (k) 
is defined as the slope of this equation, k  (= e~A), w here 
J iis  the Brody's grow th coefficient. The slope was then 
com puted from each station. In addition, last summer 
new  growth, detected  by the appearance of a thin- 
opaque white m argin of newly formed m aterial along 
the edge of the shell (Beukema et al. 1985, Harvey & 
Vincent 1990), was m easured on all individuals w hen 
observed. The num ber of individuals showing new 
grow th w ithin a given sample was expressed as a p er
centage of total num ber of individuals in the sample 
(Beukema et al. 1985). Shells of all individuals used in 
the grow th sample w ere also dried at a constant tem 
perature of 60°C for 24 h and w eighed w ith a M ettler 
M5SA m icro-balance w ith a precision of ±0.001 mg. 
All gonad dissections and m easurem ents of growth 
w ere carried out by the same person for uniformity. 
Flesh mass obtained from reproductive effort samples 
was com puted as body tissue mass (excluding gonad 
mass). Shell mass was obtained from reproductive 
effort and grow th samples, and total length  (±0.02 mm) 
was m easured on all individuals collected. Environ
m ental variables are considered as explanatory vari
ables and other variables as response variables. D en
sity is also considered as an explanatory variable in 
some cases.

Data analysis. Redundancy analysis (RDA; Rao 1964, 
W ollenberg 1977), the canonical form of principal com 
ponent analysis (see Jongm an et al. 1995) w hich com 
bines the techniques of ordination and multiple reg res
sion (see Legendre & Legendre 1998) was used to 
determ ine w hether variations in response variables 
(density, flesh and shell mass, m ean length, reproduc
tive effort, shell grow th rate [Ford's grow th coefficient]
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and % of new  growth) w ere related  to abiotic variables 
and density. Forward selection of abiotic variables 
(tidal level, organic m atter and w ater content, gravel, 
sand, silt and clay percentages) was used to obtain a 
subset of abiotic variables maximally related  to biotic 
variables (Jongman et al. 1995, Legendre & Legendre 
1998). The variable 'silt' was rem oved from the RDA to 
avoid collinearity am ong sedim ent class percentages. 
M onte Carlo perm utation tests (Fisher 1935, M anly
1997) w ere carried out to test the significance of the 
relationships. All tests w ere perform ed with 999 p e r
mutations. Only stations w ith grow th m easurem ents 
w ere considered; thus 77 samples w ere used in this 
analysis. RDA, M onte Carlo perm utation test and for
w ard selection w ere carried out w ith the CANOCO 4.0 
program  (ter Braak & Smilauer 1998).

Stepwise regressions w ere used to determ ine which 
environm ental variables best accounted for the vari
ance in the response variables (Legendre & Legendre
1998). Bivariate scatterplots of all variables w ere 
draw n to evaluate the need for da ta  transformation 
(Sokal & Rohlf 1995). Normality was tested on residu
als of the multiple regression (Shapiro-Wilk test). Vari
ables w ere transform ed w hen necessary. The variables 
selection procedure used the stepwise option from the 
STEPDISC procedure w ithin the SAS software (SAS 
Institute Inc. 1988). A significance threshold of 5 % was 
used. Only m ultivariate analyses w ere used in order to 
avoid confounding effects. The use of simple reg res
sions w ith RDA and multiple regression could at best 
lead to redundant results.

RESULTS 

Abiotic variables

Organic m atter content varied from 0 to 10.6% 
(x = 2.18%, SD = 1.40%), and w ater content from 12.3 
to 51.1 % (x = 24.40%, SD = 6.19%). M ean organic m at
ter values w ere generally greater at stations located at 
high level than  those at low tidal level. The former 
stations also presen ted  the greatest variation of w ater 
content values.

Altitude

The height of the sampling sites varied from 0 to 5.1 m 
above zero level (Fig. 1). In general, station height d e 
creased from the south to the north of the bay, w here it 
varied most. In the middle portion of the bay, station 
height approached the average value (x = 3.37 m, 
SD = 1.42 m). This portion is an area of rapid transition 
from relatively elevated to relatively low shore levels.

Sedim ent characteristics

The distribution of sedim ent types is shown in Fig. 1. 
The upper w estern  and eastern  zones w ere very h e t
erogeneous, all sedim ent classes w ere represented. 
Silty sedim ents dom inated the middle portion of the 
bay, while the eastern  part and the lowest northern 
zone w ere generally dom inated by sand.

Biotic variables

Density

Density ranged from 0 ind. n r 2 at Stns 11 and 26, to 
2700 ind. n r 2 at Stn 32. Density averaged 835 ind. n r 2 
over the 99 stations (Fig. 2a). High values w ere ob
served near the m ean and low-w at er levels, while low 
density values w ere observed at the upper levels 
w here stations with gravelly sedim ents or Spartina sp. 
w ere num erous. Densities w ere also more variable in 
the middle of the bay.

Body tissue and shell mass

The average body tissue mass per station ranged 
from 1.76 m g (Stn 27) to 19.12 mg (Stn 98) (x = 
7.07 mg), while shell mass ranged from 25.96 mg 
(Stn 27) to 266.53 mg (Stn 98) (x = 110.33 mg) 
(Fig. 2b,c). Body tissue and shell mass showed similar 
distributions, w ith g reater variability in the middle 
zone (where the shore level and sedim ent w ere h e t
erogeneous) and higher mass in the northern zone 
(low level and sandy sediment). Stations w ith high 
density values appeared  to show low body tissue mass 
and shell mass and vice versa (e.g. Stns 1 and 32) (see 
subsection 'Influence of density and abiotic variables 
on response variables' for detailed analysis).

Index of reproductive effort

The m ean index of reproductive effort (individual 
gonad:flesh mass ratio) did not vary much com pared to 
the other variables (Fig. 2d). The m ean gonad: flesh 
mass ratio ranged from 0.26 at Stn 17 to 1.54 at Stn 50 
(x = 0.93). G reatest variation was observed in the upper 
and the middle parts of the bay, w here the extrem e 
values w ere reached. There was no apparent relation
ship betw een  index of reproductive effort and environ
m ental variables. However, stations w ith high density 
values exhibited a high gonad:flesh mass ratio, e.g. 
Stns 50 and 63. This relationship w as more evident in 
the middle part of the bay. The most hom ogeneous dis-
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(a) Density 0 ind.m-2 2700 ind.m-2
(b) Body tissue mass 1.76 mg —> 19.12 mg
(c) Shell mass 25.96 mg —> 266.53 mg
(d) Reproductive effort 0.26 —> 1.54
(e) Length 6.81 mm —> 13.83 mm
(f) Shell growth 0.54 —> 1.07
(g)N ew  growth 0% —> 76%

Fig. 2. Macoma balthica. Distribution patterns of response variables in  the population at Anse-à-1'Orignal. Symbol size is linearly 
proportional to the variable value (see Fig. 1 legend  for detailed method). M ean (± SD) values were: (a) density 835.02 (ind. r r r2) 
(±610.48); (b) body tissue mass 7.07 m g (±3.59); (c) shell mass 110.33 m g (±58.21); (d) reproductive effort (gonad:flesh mass ratio) 
0.93 (±0.25); (e) leng th  10.10 mm (±1.52); (f) shell growth (Ford's grow th coefficient k) 0.85 (± 0.10); (g) new  growth

(% individuals), 18.33 %(±18.50). Station positions as in  Fig. 1

tribution of the index w as observed in the w estern 
middle part, w hich was also characterised by high 
variability in both sedim ent and height. Hence, the 
variable w hich would probably be related to reproduc
tive effort is density (see below subsection 'Influence of 
environm ental variables on response variables').

Shell length

M ean shell length ranged  from 6.81 to 13.83 mm 
(x = 10.10 mm) and showed large variations in the m id
dle and upper parts of the bay (max: 13.83 mm at Stn 1; 
min: 6.81 mm at Stn 23). In general, in the lower zone,
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values w ere uniformly high (Fig. 2e). Length distribu
tion followed that of body tissue and shell mass, and 
was roughly inverse to density distribution. High val
ues also appeared  to be related to sandy sedim ents 
(see later subsection).

Shell growth and percentage of individuals exhibiting 
new  growth

Shell growth rate (Ford's growth coefficient) ranged 
from 0.54 at Stn 36 to 1.07 at Stn 23. The extrem e val
ues w ere reached in the middle and the upper parts, 
w here some variability was observed (Fig. 2f), but 
generally, relatively hom ogeneous values w ere ob
served across the whole area.

The percentage of individuals exhibiting new 
growth ranged from 0 (at 27% of the stations) to 76% 
at Stn 88 (x = 18.33%; Fig. 2g). No spatial trend could 
be detected.

Abiotic factors influencing biotic variables

The results of the redundancy analyses for the biotic 
variables constrained by the abiotic variables w ere 
used to generate an ordination biplot (Fig. 3). To avoid 
multicollinearity betw een abiotic variables, the vari
able 'silt' was rem oved from the model. Thus, 3 of the 
4 sedim ent variables w ere used in the analysis. Since 
6 explanatory variables (abiotic factors) w ere used, 
the first 6 axes w ere canonical. The percentage of 
total variance explained by the analysis was 31.5, with 
Axis 1 alone accounting for 25 % of the total variance
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Fig. 3. Macoma balthica. Redundancy analysis ordination 
biplot of biotic and abiotic variables

(p <0.001). Correlations of the explanatory variables 
with the axes suggest that Axis 1 represented  the shore 
level axis (Table 1). Axis 2, a pore w ater axis (pore 
w ater was the variable correlating most to this axis), 
accounted for only 4%  of the total variance (Table 1). 
In RDA, a positive correlation is expressed by re la
tively long vectors roughly pointing in the same direc
tion and a negative correlation is indicated by arrows 
pointing in opposite directions. Perpendicular arrows 
indicate that there is no correlation. The biplot (Fig. 3) 
shows that m ean shell length and mass and body tissue 
showed the greatest variations and differed from den 
sity and reproductive effort in their response to abiotic 
variables. M ean shell length and mass, and body tissue 
mass w ere negatively affected by shore level and p er
centage clay and gravel. In contrast, sand and pore 
w ater influenced positively m ean shell length and 
mass, and body tissue. The position of the density vec
tor suggests that this variable was mainly under the 
positive influence of sand and the negative influence 
of pore water. The proportion of individuals showing 
new  growth, shell growth rate and reproductive effort 
did not contribute much to Axes 1 and 2 and therefore 
w ere only weakly related to abiotic variables.

Influence of environmental variables on 
response variables

Of the total variation in response variables (body tissue 
and shell mass, m ean length, shell growth, % of individ
uals exhibiting new  growth and reproductive effort) 
12% (p < 0.001) w ere explained by Axis 1 and thus by 
density, since it is the single explanatory variable (Fig. 4). 
Fig. 4 also shows that both body tissue mass and m ean 
total length are reduced w hen density increases. Shell 
mass was also negatively affected by density, but less 
strongly than body tissue and m ean shell length. Repro
ductive effort was positively affected by density and, 
finally, shell growth and percentage of individuals ex
hibiting new  growth did not contribute to Axes 1 and 2 
and therefore the variance of these response variables 
was likely not accounted for by density.

Results of the multiple regression of selected biotic 
variables on abiotic variables and density are shown in 
Table 2. Only variables retained by the stepwise proce
dure are presented. Percentage of sand alone ac
counted for the greatest fraction (20 %) of total variance 
in density, while silt, shore level and % gravel ex
plained together 18% (8, 4 and 6% respectively) of the 
variance (Table 2a). Density increased with increasing 
sand, silt and gravel, but decreased with increasing 
shore level. Shore level, density and pore w ater influ
enced body mass variation (Table 2b). Shore level and 
density w ere the most im portant variables affecting
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body tissue mass. Together these variables accounted 
for 47% of the variance in body tissue mass (25 and 
22 % respectively) while pore w ater accounted for 10 % 
of the total variance in body tissue mass Shore level 
alone accounted for 51 % of the total variance in shell 
mass (Table 2c), while density and pore w ater content 
together accounted for 16% (11 and 5% respectively). 
Shell mass decreased with increasing shore level and 
density, and increased with increasing pore w ater con
tent (Table 2c). Only 1 variable significantly accounted 
for reproductive effort. Indeed, 11% of the total vari
ance in reproductive effort was accounted for by 
density, and reproductive effort increased w hen den 
sity increased (Table 2d). Shore level and pore w ater 
accounted for 49% of the total variance in m ean shell 
length, and density only a further 7 % (Table 2e). Both

Table 1. Results of redundancy analysis using abiotic vari
ables as explanatory variables. Significance values of the 
two canonical axes and of all canonical axes are p = 0.001, 
estim ated by M onte Carlo test after 999 perm utations

Axis 1 Axis 2

Correlations of abiotic variables with first 2 axes
Level 0.55 0.34
W ater -0.33 0.44
Organic m atter 0.07 0.16
Gravel 0.29 0.05
Sand -0.28 -0.37
Clay 0.31 0.37

Eigenvalues9 0.25 0.04
Proportion of the variation of 

explained by the abiotic variables
the biotic variables

Shell mass 
Mean length 

Body tissue mass

* \

Axis 2 

1

-0.5

-0.5

N ew  growth 

Growth rate

Density 
 ►» A xis 1

*
Reproductive effort

Response variables — — ► 
Explanatory variable ►

Fig. 4. Macoma balthica. Redundancy analysis ordination 
biplot of biotic response variables and density as explanatory 

variable.

level and density had a negative effect on m ean shell 
length, while w ater content had a positive effect. Fi
nally, none of the variables introduced in the analyses 
significantly accounted for shell growth rate (Ford's 
growth coefficient) nor for percentage individuals 
showing new  growth. This could be due to the low vari
ation exhibited by the slope and by the num ber of zero 
values in new  growth variable.

Table 2. Results of stepwise procedure. Only variables re 
tained by the stepwise procedure are presented. All variables 

left in the model are significant at the 0.05 level

(a) Density as dependent variable. Density square root- 
transformed, sand and silt expressed as inverse 
(1/sand, 1/silt), gravel ln-transform ed (Ingravel) (inter
cept = 53.72; R2 for model = 0.3804)

1/sand 1/silt level lngravel

Partial r2 
Probability 
Regression 

coefficients

0.2009 0.0763 
0.0001 0.0020 

-799.49 -18.66

0.0426
0.0065
-0.03

0.0605
0.0032

0.74

(b) Body tissue mass as dependent variable (intercept = 
9.67; r2 for model = 0.5771)

Level Density Water

Partial r2 
Probability 
Regression 

coefficients

0.2476 0.2249 
0.0001 0.0001 
-0.02 -0.00

0.1046
0.0001

0.20

(c) Shell mass as dependent variable (intercept 
r2 for model = 0.6629)

= 191.06;

Level Density Water

Partial r2 
Probability 
Regression 

coefficients

0.5064 0.1084 
0.0001 0.0001 
-0.34 -0.03

0.0481
0.0004

2.23

(d) Ratio gonad mass to flesh mass (reproductive effort) as 
dependent variable (intercept = 0.81; r2 for model = 
0.1081)

Density

Partial r2 
Probability 
Regression 

coefficient

0.1081 
0.0010 
+ 0.00

(e) M ean shell length as dependent variable (intercept = 
10.43; r2 for model = 0.5612)

Level W ater Density

Partial r2 
Probability 
Regression 

coefficients

0.2389 0.2528 
0.0001 0.0001 
-0.01 0.11

0.0695
0.0002
-0.00
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DISCUSSION 

Tidal level and sediment characteristics

Tidal level and sedim ent characteristics w ere very 
heterogeneous, and sedim ent type distribution was 
similar to that previously observed at Anse à l'Orignal' 
by Harvey & Vincent (1991), and Vincent et al. (1994).

Density

In our study, M acoma balthica density varied highly 
(Fig. 2a), as observed elsew here (McErlean 1964, 
Newell 1965, M yren & Pella 1977, McLusky & Elliott 
1981, M üller-Haeckel & M üller 1982, Cranford et al. 
1985). The density values observed w ere inside the 
large range of values (0 to 4000 ind. n r 2) previously 
observed in the St. Lawrence Estuary (Vincent et al. 
1987, 1989, 1994, H arvey & Vincent 1989, 1990, 1991, 
Harvey et al. 1993), and w ere com parable to or higher 
than the maximum values previously observed by Vin
cent et al. (1989, 1994) at Anse à l'Orignal. Density 
exhibited the largest variation at m ean tidal level, 
w here the highest values w ere found. This was also 
observed by Vincent et al. (1989, 1994) at Anse à 
l'Orignal, and by Beukem a et al. (1977), Reading 
(1979), McLusky & Elliott (1981) on the eastern  Atlantic 
coasts. However, some authors showed that the h igh
est densities w ere located in the upper parts of the 
intertidal area (in the St. Lawrence Estuary: at Baie des 
Roses by Vincent et al. 1987 and H arvey & Vincent 
1990 and at various locations by Harvey & Vincent 
1991; in Hudson Bay: G reen 1973; in the Bay of Fundy: 
Risk & Moffat 1977, Cranford et al. 1985; along the 
European coasts: Ratcliffe et al. 1981). In our study, the 
variation in density is principally related  to sedim ent 
type, as seen in the redundancy analysis and multiple 
regressions (Fig. 3, Table 2a). Density relates positively 
to sand content, less to silt and gravel content, and 
negatively to tidal level and pore w ater content. 
Indeed, distribution m aps confirm that density follows 
sedim ent type distribution more than tidal level 
(Figs. 1 & 2a). High densities at low tidal levels w ere 
observed in sandy sediment, while the high variability 
observed in the middle of the bay is probably related  to 
sedim ent type variability. However low densities at the 
upper levels could also be linked to the presence of 
Spartina sp. In agreem ent w ith our results, Reading 
(1979) indicated the preference of M. balthica for 
sandy sediments, while Newell (1965), Tunnicliffe & 
Risk (1977), McLusky & Elliott (1981) and Olafsson
(1986) observed highest densities of M. balthica in fine 
sediments. M yren & Pella (1977) and Vincent et al.
(1987) related  the distribution of M. balthica to tidal

level, but Vincent et al. (1994) did not find any re la 
tionship betw een  density and abiotic variables. These 
differences am ong authors could be related  to differ
ences in sam pling coverage, particularly in the upper 
part of the intertidal, and by the fact that sedim ent type 
was sometimes not considered. M. balthica distribution 
has also been  related  to the organic m atter content of 
the sedim ent (Newell 1965, Bubnova 1972, McLusky & 
Elliott 1981, M adsen & Jensen  1987) and by sediment 
w ater content (Turk et al. 1980). In our study, RDA and 
multiple regression did not reveal any influence of 
organic m atter content on density distribution (Fig. 3, 
Table 2a). Besides these various abiotic factors, sedi
ment bacteria (Tunnicliffe & Risk 1977), salinity 
(M üller-Haeckel & M üller 1982), sedim ent stability 
(Cranford et al. 1985), mortality (Lammens 1967, 
Cranford et al. 1985), predation, parasitism  (Beukema
1993), and larval settlem ent (Cranford et al. 1985, 
Armonies & Hellwig-Armonies 1992, Beukem a 1993) 
could also affect adult distribution patterns.

Body tissue mass and shell mass

The relationship of body tissue and shell mass with 
both density and tidal level has been  dem onstrated by 
multiple regression and redundancy analyses (Figs. 3 
& 4, Table 2b,c) which highlight also the positive effect 
of pore w ater content on these variables.

In bivalves, a decrease in somatic production is a 
common response to unfavourable conditions (Thomp
son 1979, Kautsky 1982, M acDonald & Thompson 
1985). Food depletion has been identified as the most 
im portant factor affecting body mass. This factor is 
linked to both immersion duration (Chambers & Milne 
1975, Griffiths 1981b, Harvey & Vincent 1989, 1991, 
Franz 1993, 1997) and high density (Peterson 1982, 
Jensen  1993).

Intraspecific competition effects are comparable to im 
mersion time effects on body tissue mass, w hereas, 
according to Peterson (1982) and Jensen  (1993), the la t
ter factor showed more influence on body tissue mass. In 
contrast to the observations of Franz (1993), who found 
that tidal level had more effect on flesh mass than on 
shell mass, our observations show that tidal level is by far 
the most im portant variable affecting shell mass, sug
gesting that shell mass is mostly under long-term  influ
ence of tidal level, while body tissue mass is apparently 
m ore 'plastic' and may vary as a function of factors 
exhibiting short- and long-term  variations (here density 
and tidal level). However, the results from various stud
ies are not easy to compare, since flesh values presented 
in num erous studies included gonad mass, or some 
studies exam ined few effects (e.g. local density linked to 
shore level or to sedim ent characteristics).
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Index of reproductive effort

The gonad:flesh mass ratio (hereafter called 'rep ro
ductive effort') was greater in the middle intertidal 
zone, but was more variable in the upper intertidal, 
w here the extrem e values w ere observed (Figs. 1 & 
2d). However, reproductive effort varied little com 
pared  to other variables. Com pared to values 
observed by Harvey & Vincent (1989) at Baie des 
Roses, close to Anse à l'O rignal (from a ratio of 0.27 
at the lower level to 0.07 at the upper level), and 
with com parable environm ental characteristics, the 
values observed in our study w ere very high (from 
0.26 to 1.54 for the whole area). Indeed, the low val
ues observed at high levels w ere either equal to or 
g reater than the highest values observed at low lev
els by Harvey & Vincent (1989). However, their low 
results may be related  to a low variation in reproduc
tive effort (gonad:flesh mass ratio), w hich they exam 
ined for only 1 shell size class (8.5 mm) and at only 2 
tidal levels. In our study, reproductive effort broadly 
followed density distribution (Fig. 2a,d), i.e. stations 
w ith high density exhibit a high reproductive effort, 
except in the upper intertidal zone w here the re la 
tionship was less evident. Indeed, statistical analyses 
revealed a positive relationship betw een reproduc
tive effort and density (Figs. 3 & 4, Table 2d). In 
some invertebrates, increased reproductive effort has 
been shown in response to stressful conditions, p a r
ticularly low food availability (sea urchins: Thompson 
1982; bivalves: Bayne et al. 1978, 1983, Griffiths 
1981a,b, Thompson 1984, M acDonald & Thompson 
1986, Franz 1997).

In our study, density negatively affected body tis
sue mass and gonad mass (r = -0.24, p <0.005). 
M acoma balthica individuals at high density allocate 
less energy to m aintain flesh than gonad. Enhanced 
reproductive effort has already been related  to age 
and size structure variability. This variability was 
observed by Vincent et al. (1987) and Harvey & Vin
cent (1990) at Baie des Roses. With increasing age 
and size, there is a shift in the allocation of available 
energy from somatic and shell grow th to gam ete pro
duction (Thompson 1979, 1984, Kautsky 1982, Vin
cent et al. 1989, Harvey & Vincent 1991, Harvey et 
al. 1993). However, in our study, reproductive effort 
was not positively linked to shell size. Indeed, the 
relationship was negative and very w eak (r = -0.23, 
p <0.05). Thus, only age could have a possible influ
ence on reproductive effort. The spatial distribution 
pattern  also suggests a link betw een  reproductive 
effort and tidal level (Figs. 1 & 2d), but no statisti
cally significant relationship was observed in our 
study. However, H arvey & Vincent (1989) showed a 
negative effect of tidal level w hen they used gonad

mass. We have also observed a negative relationship 
betw een tidal level and gonad mass (r = -0.54, 
p <0.001), while there was no relationship with 
reproductive effort. However, the results of H arvey & 
Vincent (1989, 1991) showed that at high densities in 
the upper tidal levels, the larger individuals d is
played low sexual production, no shell growth, and a 
flesh mass loss, w hich could result in increasing 
reproductive effort if the latter w ere expressed as 
gonad:flesh mass ratio. Comparison am ong studies 
dealing w ith reproductive effort should be m ade with 
caution, since varying ways of estim ating reproduc
tive effort (e.g. relative versus absolute gonad pro
duction), and individual sizes exam ined may lead to 
apparently divergent results.

Shell length

The maximum shell length of Macoma balthica 
observed in various regions of the w estern  North 
Atlantic coasts (McErlean 1964: 32 mm; Gilbert 1973: 
26 mm; Commito 1982: 25 mm) or of the eastern  
North Atlantic coasts (Evans & Tallmark 1977: 
24 mm; Reading 1979: 23 mm; Bachelet 1980: 19 mm) 
shows a w ide range of values. In the St. Lawrence 
Estuary, Lavoie et al. (1968) observed smaller m axi
mum values than ours (-13 mm), while Vincent et 
al. (1987) and Harvey & Vincent (1990), observed 
com parable values (-18 mm).

The greatest variability in m ean length distribution 
was observed in the middle zone of the bay, and 
roughly followed body tissue and shell mass distribu
tions (Figs. 2b,c,e). Pore-water content and tidal level 
w ere the main factors affecting shell length (Fig. 3, 
Table 2e). The negative effect of tidal level on length 
has been  previously recorded for M acoma balthica 
(Reading 1979, Vincent et al. 1987, 1989, 1994, Harvey 
& Vincent 1990, W anink & Zwarts 1993) and other 
bivalves (Griffiths 1981b, Jensen  1993). In our study, 
local density (as an explanatory variable) added lit
tle explanation to shore level effects (Figs. 3 & 4, 
Table 2e), but in several studies strong effects of d en 
sity on shell length of M. balthica (Vincent et al. 1989,
1994) and other bivalves (Peterson & Andre 1980, 
Peterson 1982, Peterson & Black 1987, Jensen  1993) 
w ere observed, w ith an intensified influence w hen 
shore height increased (Vincent et al. 1989).

The m ean shell length distribution pattern  ob
served in our study could be explained by a positive 
effect of pore w ater content, possibly through its 
tem perature buffering capacity, or by a greater num 
ber of young individuals in the upper intertidal, as 
observed by Harvey & Vincent (1990) at Baie des 
Roses.
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Shell growth

In our study, shell grow th (Ford's grow th coefficient) 
could not be related  to any explanatory variable ex 
amined. Shell grow th of M acoma balthica has been 
shown, however, to be related  negatively to density 
(Olafsson 1986, Vincent et al. 1989, 1994), and posi
tively to immersion time (Beukema et al. 1977, Vincent 
et al. 1987, 1989, 1994, Harvey & Vincent 1990).

The proportion of individuals exhibiting new  growth 
could not be related  to any variable exam ined. Harvey 
& Vincent (1990) and H arvey et al. (1993) related  the 
higher percentage of individuals w ith newly grown 
m aterial observed at the upper level, to an earlier 
beginning of growth, possibly induced by optimal 
sedim ent tem peratures (between 4 and 16°C) during 
spring.

In our study, population density w as not affected by 
the same abiotic variables as individual variables, i.e. 
reproductive effort, body tissue mass, shell mass and 
length. Contrary to previous studies in the same area 
(Vincent et al. 1987, 1994), our results showed a re la 
tionship betw een  population density and sediment. 
Sediment is generally related  to hydrodynamics. Post- 
larval settlem ent has also been  shown to be related 
to sedim ent (see Butman 1987, Armonies & Hellwig- 
Harmonies 1992, Ahn et al. 1993). This suggests that 
sedim ent controls the spatial distribution pattern  of 
adults through post-larval settlem ent and/or survival, 
but this was not exam ined in our study. However, spa
tial distribution could also be affected by the redistrib
ution of juveniles (Beukema 1993, Armonies 1996) and 
by the migration and the mortality of adults (affected 
for exam ple by ice scour and sedim ent instability: 
Cranford et al. 1985). Furtherm ore, in our study, a 
great fraction of the variance in adult density was 
unaccounted for, suggesting that complex processes or 
factors other than those exam ined here are implicated 
in the spatial density structure. Tidal level and density 
w ere the most im portant factors affecting biotic vari
ables, w ith density accounting for a great part of the 
variance of all the variables. In agreem ent w ith many 
studies, shell mass and shell length w ere the most 
environm ent-dependent (tidal level and pore water) of 
the response variables m easured while, in contrast to 
w hat is generally observed, reproductive effort was 
clearly density-dependent. Different parts of the bay 
showed different patterns of response of biotic vari
ables to environm ental factors, the lower parts of the 
bay being the most productive area, i.e. individuals in 
these parts exhibited elevated mass (in shell and body) 
and length even in high density situation. This sug
gests that the effects of density varied w ith the carry
ing capacity of the habitat, i.e. the effects w ere less 
strong in sites w here the immersion rate was high

(more time for feeding or greater qantity or quality of 
food) an/or w hen Macoma balthica used  a suspension 
feeding mode (in exposed sandy areas; Olafsson 1986). 
M aps and multivariate analyses (used here w ith sev
eral environm ental and biotic variables) suggested 
spatial variation in the interactions betw een these vari
ables, and complexity of population regulation pro
cesses.
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