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ABSTRACT: To study relat~onships between environmental conditions and reproductive output, nurn- 
hers and sizes of eggs produced by the intertidal bivalve Macoma balthica were determ~ned after the 
wlnters of 1995 and 1996 at 3 stations at different intertidal levels in the Dutch Wadden Sea. At all field 
stations significantly more (1.5 to 7 times) eggs were produced after the cold winter of 1996 than after 
the mild winter of 1995 when individual body masses were lower than in early 1996. At 2 statlons the 
eggs were also significantly larger in 1996. In both years, eggs were larger at  low than at high mud 
flats. Egg size was significantly positively correlated with adult body mass in the preceding summer 
(when gametogenesis takes place). Egg numbers, on the other hand, were only slgniflcantly positively 
correlated with the body mass just prior to spawning. Below a body mass of 5.6 mg ash-free dry mass 
per cm"cubic shell length), M. balthica did not produce any eggs. Above this body mass, egg numbers 
increased by about 7700 per mg ash-free dry mass at a shell length of 15 mm. 
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INTRODUCTION 

Animals first and foremost use the energy from food 
intake for maintenance of both somatic and reproduc- 
tive tissue. If a surplus of energy is available, it is used 
for growth and reproduction (Kooijman 1993). Thus, 
the reproductive output of animals will vary with 
changing environmental conditions, such as food 
availability (affecting energy gain) and temperature 
(affecting energy gain and energy expenditure). 

The bivalve Macoma balthlca (L. ) ,  a common species 
at  all intertidal heights in the Dutch Wadden Sea, 
shows differences in growth rate at  different intertidal 
levels (Beukema et al. 1977). M. balthica is a faculta- 
tive filter feeder, which means that food can be col- 
lected from the water column as well a s  from the sedi- 
ment surface (Brafield & Newel1 1961, Hummel 1985, 
61afsson 1986). Although benthic food densities are 
relatively high at high tidal levels (Cadee & Hegeman 

1977), growth rate is low, probably as a consequence of 
the shorter immersion time, allowing only short daily 
periods of filter feeding. Similar observations were 
made in M, balthica populations on the Canadian 
Atlantic East coast (Harvey & Vincent 1990, 1991). The 
effects of food availability on growth of M. balthica 
have been described in several studies (Green 1973, 
Hummel 1985, Beukema & Desprez 1986), but so far 
reports on reproductive output (i.e. egg size and egg 
numbers) have only concerned egg size measured in 
dissected gonads and total reproductive-tissue mass 
(Harvey & Vincent 1989, 1991, Harvey et  al. 1993). All 
studies, except that of Green (1973), point out that 
growth of both somatic and reproductive tissues is 
maximal at  the lower intertidal levels. Therefore, 
reproductive output would be highest at  low tidal lev- 
els (Harvey & Vincent 1991). 

Growth of Macoma balthica is restricted to a range of 
water temperatures of 4 to 16OC in spring (Beukema et 
al. 1985), with optimum growth at 10°C (De Wilde 
1975) In winter, masses decline and mass loss is more 
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rapid at high than at low temperatures (Zwarts 1991, 
Honkoop & Beukema 1997). Effects of temperature on 
gonadal development are largely unknown. Some 
studies indicate that wlnter temperatures affect 
recruitment in the subsequent summer, with higher 
winter temperatures resulting in lower recruitment 
(Beukema 1982, 1992). In several species of intertidal 
bivalves, severe winters are also followed by high 
recruitment (Kristensen 1957, Beukema 1982, 1992, 
Moller & Rosenberg 1983, Jensen 1992). Such differ- 
ences in recruitment may have been caused, at least 
partially, by lower fecundity of adult populations after 
mild than after cold winters. 

The objectives of this study were to estimate the 
reproductive output (in terms of egg size and egg 
numbers) of Macoma balthica populations living at 
different intertidal levels in the Dutch Wadden Sea 
and to relate these outputs to immersion times and to 
water temperatures during winter. Size and numbers 
of released eggs were estimated at various field sta- 
tions after 2 winters with different characters, the mild 
winter of 1994-1995 and the cold winter of 1995-1996. 
As shown in Honkoop & Beukema (1997), body mass 
of A4. balthica prior to spawning can be influenced by 
manipulation of immersion time and water tempera- 
ture during the preceding months. Thus, the body 
mass values of the various studied populations of M. 
balthica differed in a predictable way: high at low 
levels and in 1996, low at high levels and in 1995. 
Reproductive output could thus be related to the con- 
sistently differing body mass values of adult M. balth- 
ica, both collected in the field and obtained from 
experimentally manipulated groups (Honkoop & Van 
de  Meer 1997). 

MATERIALS AND METHODS 

Macoma balthica. Field observations on egg num- 
bers and egg sizes in Macoma balthica were made at 3 
stations (Stn A: low, Stn B: intermediate, and Stn C: 
high) in the intertidal zone at Balgzand, a tidal-flat 
area in the westernmost part of the Dutch Wadden 
Sea. As in earlier studies, body mass values at a stan- 
dard shell length tended to increase with decreasing 
tidal level. Exact locations and some environmental 
properties of the stations are described in an earlier 
paper (Honkoop & Beukema 1997). 

At the end of March (in 1995 and 1996), immediately 
before spawning at a water temperature of 7 to 9"C, 
about 500 Macorna balthica, ranging from 13 to 18 mm, 
were collected at each of the 3 stations. Per site, the 
body mass index (BMI, mg cm-3), defined as ash-free 
dry mass divided by cubic shell length, was deter- 
mined directly after collection in 25 unparasitized indi- 

viduals. BM1 values were also determined in August 
1994 and August 1995 as part of a long-term data 
series (J. J. Beukema & R. Dekker pers. comm.). 

Spawning. Directly after collection in March, all 
specimens, except those we used to determine the 
BMI, were placed in small buckets filled with sediment 
and allowed to burrow. The buckets were placed in a 
refrigerator at 4°C. The next morning, 100 Macoma 
balthica from each station were individually placed in 
100 cm3 beakers filled with aerated seawater with a 
temperature of 12°C. After 30 min this water was 
replaced by fresh aerated 12°C seawater. Then, mostly 
within 10 min, spawning began; usually males first. 
Over 4 h the water was changed every 45 min. After a 
few hours of this treatment no further specimens could 
be induced to spawn. Therefore, experiments were ter- 
minated after 4 h and all M. balthica were replaced by 
fresh individuals and the procedure started again. This 
procedure was repeated until enough material had 
been collected to estimate egg size and egg numbers 
with sufficient precision. 

Egg diameters and egg numbers. Freshly spawned 
eggs were multiform because the eggs in the gonads 
were tightly clumped together. Within 30 min after 
release, the shape of most of the eggs had changed to 
a round or only slightly aspherical shape. After 30 min, 
a few hundred of the eggs of each female were 
removed with a capillary pipette, placed on a flat 
microscopic slide and photographed twice. IS0 100 
colour slides were used with a Zeiss M-35 camera fit- 
ted to a Zeiss stereo microscope at 63x magnification. 
The eggs were all returned to the remainder of the 
clutch from which they had been removed. 

From the eggs of each female, 2 dia positive slides 
were made. These slides were projected on a transpar- 
ent screen with the slide projector placed at a fixed dis- 
tance. Opposite the projector and at the backside of 
the screen the longest and shortest axes of 30 sharply 
focused eggs per female were measured with a Mitu- 
toy0 CD-15D digital calliper to the nearest 0.01 mm. 
Using a Mitutoyo DP-1 HS digimatic Mini Processor as 
interface, the calliper was connected to a computer 
which stored all measurements directly. Egg size was 
defined as the mean of the lengths along the longest 
and shortest axes. 

After the females finished spawning, generally 
within 1 h after spawning had begun, all eggs were re- 
moved with a Finn pipette to a known volume, 40% for- 
malin was added to a final concentration of 4 % and the 
thus preserved eggs were stored until counting. After 
stirring, a known aliquot, containing 100 to 200 eggs, 
was placed on a grid and eggs were counted under a 
stereo microscope. For each female this was repeated at 
least 5 times. From these counts, the total number of 
eggs spawned by each female was calculated. 
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Each female that had spawned was numbered, and 
for a period of 2 to 3 wk these females were forced to 
release all their eggs; they were stored each night at  
4°C and each morning the females were subjected to a 
new temperature shock when they were placed in 
12°C seawater, after w h ~ c h  the water was changed 
several times a day. After 2 to 3 wk, the shells were 
opened and gonads were checked to see whether they 
were empty (or only a few residual eggs were left). 
Only the cumulative egg counts from (nearly) empty 
animals were used to calculate mean egg product~on. 

RESULTS 

Spatial and temporal differences in body mass 

Mean body mass values of the 3 groups of Macoma 
balthica as observed in March, just prior to spawning, 
are listed in Table 1 along with the mean values 
observed in the same populations in the preceding 
August. After the cold winter of 1995-1996, with a 
mean Januaq-h,larch water temperature of -O.l°C 
(measured daily in the nearby Marsd~ep inlet), the 
body mass at all 3 stations was higher and the mass 
loss smaller than after the mild winter of 1994-1995. 
which had a mean January-March water temperature 
of 5.1°C. Two factors contributed to the higher body 
mass prior to spawning In 1996. The first was the 
higher initial body mass value (August value) and the 
second was the lower loss of body mass during autumn 
and winter During the mild 1994-1995 autumn-winter 
period, more (3.8 to 6.9 mg cm-" of the initial body 

mass was lost than during the cold 1995-1996 autumn- 
winter period (2.6 to 5.5 mg cm-3). 

The order of BM1 values at  the 3 stations was similar 
in August in the 2 years, which is consistent with the 
long-term observations (J .  J .  Beukema pers. comm.).  
After the winter of 1994-1995, BM1 values were also 
highest at  the station lowest in the intertidal area 
(Stn A), and lowest at the station highest in the inter- 
tidal area (Stn C)  The BM1 of Stn B, at an intermediate 
intert~dal level, was Intermediate. Rankings after the 
cold winter of 1995-1996, however, were d~fferent,  
with an  exceptionally high body mass value at  Stn C, at  
the higher intertidal level. The other stations showed 
lower BM1 values, of which the BM1 of Stn A was again 
higher than that at Stn B. 

The loss of body mass during the autumn-winter 
periods differed per station. Mass losses were rela- 
tively high at the 2 lower stations (A and B) and low at  
the h ~ g h e r  tidal-level station (C). 

Spatial and temporal differences in egg sizes 

The mean size of the produced eggs differed 
between stations. In both years, the largest eggs were 
produced at  Stn A, the lowest station. The smallest 
eggs were produced at Stn C ,  the station at  the highest 
intertidal level. At the intermediate tidal level (Stn B) ,  
the eggs had an  intermediate d~amete r  (Fig. 1).  These 
differences were h~gh ly  signif~cant (ANOVA, F, ,,,,,,, = 
21.8, p 0.001). The differences in size between the 
2 years were also significant (ANOVA, F, = 6.5, 
p < 0.05); eggs produced at  Stns B and C were larger 

Stn Tidal level BM1 Aug BM1 Mar BM1 loss 

1994-1995 
A -20 14 4 7.8 6.6 
B 0 13.8 6.9 6.9 
C + 30 10.0 6.2 3.8 
Mean 12.7 7.0 5.8 

1995-1996 
A -20 16.1 10.6 5.5 
B 0 15 3 9.9 5.4 
C +30 15.0 12 4 2.6 

Mean 15.5 11.0 4.5 

110- 
Table 1 Macoma balthica Successive mean values of body 
mass index (BMI) of M. balthica a s  observed at  each of 3 field 
stations in August (i .e.  8 mo before spawning) and in March 
just prior to spawning in 2 years (1994-1995 and 1995/1996). 
Mass loss (my cm-') is the proportion of mass loss between - 
August and March. BM1 (mg cm-') is ash-free dry mass E, 
divided by cubic shell length. Each mean value was deter- 

a, 
$ 105- 

m ~ n e d  from at least 25 specimens. Tidal level (cm) is shown m m .  
relative to mean tidal level 

A B C 
Station 

23 46 

1 34 

20 1 40 

Fig 1. Macoma balthica. Mean diameter (+SE) of eggs  pro- 
duced at  the 3 different Balgzand stations: A (low), B (inter- 
mediate), and C ( h ~ g h )  In 1995 (.) and 1996 ( A ) .  Numbers 
above error bars indlcate the number of females from each of 

which the diameter of 30 eggs  was measured 
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BM1 (mglcm3) in August BM1 (mglcm3) ~n March 

Fig. 2.  Macoma balthica. Relationship between egg size after 
spawning in Apnl a n d  body mass index (RMI) in (A) the pre- 
ceding August and (B) March just prior to spawning; and, the 
relationship between number of eggs produced in April and 
BM1 in (C) the preceding August and ( D )  March just prior to 
spawning. Egg numbers are corrected for M. balthica of 
standardized shell length (15 mm). BM1 is ash-free dry mass 

divided by cubic shell length 

after the cold winter of 1996 than after the mild winter 
of 1995. Interaction between site and year was not sig- 
nificant (ANOVA, F, = 1.1, p > 0.1).  

The relationships between mean egg size and BM1 
values 8 mo prior to spawning (August) and just prior 
to spawning (March) are shown in Fig. 2A, B. The 
regression between egg size and BM1 was closer for 
the BM1 values of the preceding August (R2 = 0.71, p < 
0.05; Fig. 2A) than for the BM1 values observed just 
prior to spawning (R2 = 0.16, p > 0.1; Fig. 2B). 

Spatial and temporal differences in egg numbers 

An allometric relationship between the number of 
eggs produced per individual female and the shell 
length of the female may be assumed, which after log- 
transformation looks in its most general form like this: 

log(n,,) = IP + a, + P, + (uP1,,1 + 

[Y + 61 + Q, + (W)IJI X log(lij,) + (1) 

where Z,u, = X,p, = zl$i = z,cp, = 0, Z,(ap),j = C,($cp)ij = 0 
for each j, ~ j ( a ~ ) i j  = E,((~cp)~, = 0 for each i, and nvk is the 
number of produced eggs at site i, in year j ,  by female 
k, p is the common intercept, a ,  is the site deviation in 
intercept, 0, is the year deviation in intercept, is 
an interaction term, y is the common slope, $;is the site 

Table 2.  Homogeneity-of-slopes test of the relationsh~p 
between egg production versus shell length among sites 
and years and test of the hypothesis that the common slope 

equals 3. ns: p > 0.05 

Model 

Different slopes 4 .Of34 
Common slopes 4.479 < l  ns 
Slope = 3 7 0 4.499 

deviation in slope, 9, is the year deviation in slope, 
(Qcp),, is an interaction term, E , ] ~  is the error term, and I,, 
is the shell length at site 1, in year j, of female k. The 
sign~ficance of the $, cp, and (Qcp) terms was tested first. 
The so-called homogeneity-of-slopes test revealed that 
the terms were not significantly different from zero. 
Thus, the slopes of shell length versus egg production 
at the 3 sampling sites in the 2 years could be replaced 
by a common slope y (Table 2), leading to the following 
simplified model: 

The estimated common slope of y = 2.906 was not s ~ g -  
nificantly different from the value of y = 3 (Table 2) .  
This results in the further simplified model: 

where 10g(c,~) = 10g(n,,~) - 3 X 10g(l,,~) or cl,/, = nijk X 

(lijk)-3, thus representing the number of eggs per unit of 
shell volume. 

Analysis of variance revealed that site, year and the 
interaction between site and year all contributed sig- 
nificantly (p  < 0.05) to the variation of log(c,,,). More 
eggs were produced in 1996 than in 1995, but the 
orders of egg number per site differed between 1995 
(A > B > C) and 1996 (C > A > B) (Table 3). Although 
the size ranges of the selected animals were similar in 
the 6 groups, the mean shell length of 1 group of 
females (Stn C in 1995) was significantly smaller (p < 
0.05) (Table 3).  Therefore, it made sense to recalculate 
the egg numbers for a iClacoma balthica with a stan- 
dardized shell length; the back-transformed estimate 
of log(cvk) was multiplied by 153 to obtain an estimate 
of egg numbers produced by a M. balthica with a 
standardized shell length of 15 mm (last column of 
Table 3). 

Egg numbers in relation to body mass 

The estimated egg numbers of standardized Ma- 
coma balthica of 15 mm shell length (Table 3) were 
plotted against BM1 values of both the preceding sum- 
mer (August) and just prior to spawning (March) 



Honkoop & van der Meer: Reproductive output of 1\4acoma balthica 159 

Table 3. Macoma balthjca. Number (n)  and mean shell length ~ O O O O O  

of empty-spawned females and the actual mean (2 SD) num- 
bers of eggs produced and mean (2 SD) egg production recal- 
culated for a standardized M balthica of 15 mm shell length 80000 

at each of the 3 sites (A, B, and C) in 1995 and in 1996. The & 
mean shell length was similar between sites and years (p  > D 

0.1), except for the smaller value at Stn C ~n 1995 5 60000 

Stn n Shell 
length 
(mm) 

1995 
A 7 17.0 2 1.0 
B 12 16.7 2 1.7 
C 14 14.3 * 2.1 

1996 

Numbers of eggs produced 
Real Standard 

observations M. balthica 

(Fig. 2C, D). In contrast to the observed relation of BM1 
versus egg size (Fig. 2A, B), egg numbers were more 
closely related to the March BM1 values (R2 = 0.96, p 
0.01; Fig. 2D) than to the preceding August BM1 values 
(R2 = 0.58, p > 0.05; Fig. 2C). The best linear fit for the 
field data (n = 6) of the relation between the egg num- 
ber of a 15 mm M, balthica and its BM1 just prior to 
spawning was 

Fig. 3. Macoma balthica. h4ean egg number produced by a 
standardized M balthica (with a shell length of 15 mm) in 
relation to body mass (BMI) values measured just prior to 
spawning. Origin of data: experimental data obtained in 1994 
(m) and 1995 (o) by IIonkoop & Van der Meer (1997), and 
field-collected data in 1995 ( 0 )  and 1996 (0). BM1 is ash-free 
dry mass divided by cubic shell length (mg cm-3). Line re- 
presents the best hnear fit: egg number = 7739 X BM1 - 43314 

not significantly different between field and experi- 
ment data (Table 4). The common slope was signifi- 
cantly different from zero. The intercepts were again 
not significantly different between the field and labo- 
ratory collected data. So the regression lines for the 

(4 
field and the experiments were sufficiently similar 

egg number = 5858 X BM1 - 28 087 
(F, [2.221 = 0.5, p > 0.05) to calculate a single fit (R' = 

By manipulation of temperature and tidal level, several 0.54, p < 0.001): 
groups of M. balthica with different BM1 values prior to 
spawning were obtained experimentally (Honkoop & 

egg number = 7739 X BM1 - 43314 (6) 

Beukema 1997, Honkoop & Van der Meer 1997). Using This equation predicts that if the BM1 is smaller than 
egg numbers and BM1 values of these M. balthica 43314/7739 =5.6,  no eggs are produced, whereas 7739 
(after recalculation to a standardized shell length of eggs are produced per BM1 unit above the value of 5.6. 
15 mm) the best linear fit (R2 = 0.46, p < 0.01) for the All data points, as well as the line defined by Eq. (6), 
experimental data (n = 20) was are shown in Fig. 3. 

egg number = 8721 X BM1 - 52818 (5) 

A homogeneity-of-slopes test showed that the 2 slopes 
for the relation between egg number and BM1 were 

DISCUSSION 

Stimulation of spawning 

Table 4. Analysis of variance for the effects of body mass 
(BMIj and type of data (field or experimentally collected) on 

Under natural conditions, the trigger initiating 

egg number, and interaction between BM1 and data type is be a rise in seawater tempera- 
(common slope). ns: p > 0.05 ture (Caddy 1967, De Wilde & Berghuis 1976). We imi- 

Source of SS df MS F-ratio p 
variation ( X  10Y) ( X  log) 

Type 0.107 1 0.107 0.7 ns 
BM1 3.740 1 3.740 24.7 <0.001 
Type X BM1 0.137 1 0.137 0.9 ns 
Error 3.790 25 0 152 

tated this trigger using a temperature shock to adult 
animals collected in the field every week in early 
spnng. Our specimens could be stimulated to spawn 
their eggs only during the 1 or 2 wk before natural 
spawning took place in the field. Although De Wilde & 
Berghuis (1976) report a relatively early success in ini- 
tiating spawning in the lab, we did not (or hardly did 
so) succeed in making Macoma balthica spawn more 
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than 2 wk before natural spawning took place. This 
was also reported by Caddy (1967), who only suc- 
ceeded in initiating spawning during the period of 
natural spawning. Therefore, it seems reasonable to 
suppose that spawning, initiated by means of a tem- 
perature shock, is only successful if animals are ripe 
and that 'artificially' spawned eggs show their mature 
size. 

Field observations 

After the mild winter of 1994-1995, body mass val- 
ues at the 3 stations varied in the expected way, 
longer immersion times being linked with higher 
body mass values. This relationship has been shown 
earlier by Beukema et al. (1977) on the basis of field 
measurements and by Honkoop & Beukema (1997) on 
the basis of experimentally collected data. In the latter 
publication it is also argued that (facultative) deposit 
feeders such as Macoma balthica can reduce part of 
their winter loss of body mass by the intake of detritus 
and/or benthic diatoms, which are present in winter, 
particularly at higher intertidal levels. Accordingly, 
both in the August 1994 to March 1995 period and in 
the August 1995 to March 1996 period, losses of body 
mass were lowest at the station (Stn C) that is situated 
highest in the intertidal area (Table 1 ) .  Due to the dif- 
ferent characters of the 2 winters (the first was mild, 
the second was cold), i.e. because of the lower meta- 
bolic costs at lower temperatures, the loss of body 
mass was lower at all stations during the cold winter 
(1995-1996) than it was during the mild winter (1994- 
1995). Bayne & Widdows (1978) argued that higher 
water temperatures cause a more negative scope for 
growth in the marine mussel Mytilus edulis. A lower 
loss of body mass at (artificially) lowered water tem- 
peratures during winter was indeed observed in M. 
edulis and also in 2 other bivalves, M. balthica and 
Cerastoderma edule (L.), by Honkoop & Beukema 
(1997). It is therefore reasonable to suppose that dif- 
ferences in loss of body mass during the 2 winters 
were directly caused by differences in temperature. 
There is no evidence that feeding conditions are bet- 
ter in cold than in mild winters. Growth rates in M. 
balthica are primarily governed by diatom concentra- 
tions (Beukema & Cadee 1991) and in winter these 
are not related to temperatures (G. C. Cadee pers. 
comm.). The higher August BM1 values in 1995 (as 
compared to 1994) were probably caused by better 
feeding conditions during the spring-summer growing 
season and contributed strongly to the relatively high 
BM1 at all 3 stations after the winter of 1995-1996 (as 
compared to the values observed after the winter of 
1994-1995): a large part of the differences observed 

between years in March BM1 (4.0 mg cm-3) already 
existed in the preceding August (2.8 mg cm-3). 

Egg size at the 3 stations differed significantly 
(Fig. 1).  Though the difference between the diameter 
of the smallest and largest eggs amounted to only 
about 8 % ,  it equals a considerable difference in egg 
volume (about 21%). In accordance with the better 
feeding conditions (longer daily foraging times), 
higher growth rates, and higher body masses at the 
lower tidal levels (Beukema et al. 1977), eggs were 
largest at the lowest intertidal station. A more direct 
relationship between egg size and food availability 
was found in Canadian Macoma balthica populations, 
with somatic growth rates being higher and eggs being 
larger in areas where the chlorophyll content of the 
sediment was higher (Harvey et al. 1993). 

In contrast to egg sizes (which were better correlated 
with August BM1 values), egg numbers were signifi- 
cantly correlated with March BM1 values (Fig. 2D). 
Final egg numbers to be spawned will be determined 
by both formation and resorption processes. Lack of 
food prior to the spawning period may be an important 
factor stimulating resorption. Resorption of gametes 
during gametogenesis, at  relatively high water tem- 
peratures and in the absence of food, has been re- 
ported in the bivalves Mytilus edulis (Bayne et al. 1978, 
1982, Pipe 1987) and Mya arenaria (Coe & Turner 
1938), but not yet in Macoma balthica, although in this 
species similar processes were reported in the period 
immediately after spawning (Caddy 1967, Gilbert 
1978). Though no data appear to be available, resorp- 
tion processes are plausible also in M. balthica. At 
European coasts at temperate latitudes, most M. balth- 
ica females have already been found to possess mature 
gonads a few months before spawning (Caddy 1967, 
Lammens 1967, Chambers & Milne 1975, Madsen & 
Jensen 1987, Bonsdorff & Wenne 1989), although some 
other authors have reported this phase to be reached 
only just before spawning (De Wilde & Berghuis 1976, 
Gilbert 1978). Therefore, it is possible that eggs are 
resorbed during winter when food availability is low. 
As the annual minima of body mass values in M. balth- 
jca are found in February-March (Beukema & De Bruin 
1977), such resorption would continue until March, 
when food concentrations and M. balthica body mass 
rise again (Cadee 1978, Beukema & Cadee 1996). In 
this way, a close correlation can arise between egg 
numbers and March BM1 values. 

Shell-length and body-mass related reproductive 
output 

After testing the homogeneity of slopes between 
shell length and number of eggs produced, it was 
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found that a significant relation existed between pro- 
duced egg number and the third power of shell length. 
This provides a tool to recalculate egg number to apply 
to female Macoma balthica individuals with a stan- 
dardized shell length of 15 mm and to compare fecun- 
dities between groups with different mean shell 
lengths. In this way it was possible to compare experi- 
mentally collected data (Honkoop & Van der Meer 
1997) with the field-collected data described in the 
present paper (Fig. 3).  

To find evidence that immersion time and winter 
temperature can indeed influence egg numbers, 
experiments were performed in which immersion time 
and water temperature durlng the winter period were 
manipulated. In groups of Macoma balthica, body 
mass was measured prior to spawning (Honkoop & 
Beukema 1997) and egg  numbers were estimated 
(Honkoop & Van der Meer 1997). The combination of 
these results with the field-collected data described in 
the present paper showed a causal relationship 
between both immersion time and water temperature 
and egg numbers. Thus both environmental factors 
controlled the fecundity of M. balthica populations and 
their effects were exerted via influences on body mass. 
The highly significant relation between BM1 prior to 
spawning and produced egg numbers (Table 4, 
Fig. 2D) provides a tool to predict egg number on the 
basis of the easily measurable BMI. This could make it 
possible to study relationships between egg produc- 
tion at  the population level and subsequent recruit- 
ment. No eggs were produced if the BM1 value became 
smaller than 5.6 (Fig. 3), indicating that this is a critical 
value, below which survival apparently becomes more 
important than the production of offspring. 

that egg size could not be influenced by manipulation 
of water temperature and immersion time during 
autumn and winter. This explains why the correlation 
between egg  size and March BM1 values was low 
(Fig. 2B). 

Reproductive output consists of 2 components, egg  
size and egg number According to Smith & Fretwell 
(1974), Roff (1992) and Stearns (1992), a trade-off 
between size and number exists and is lineage depen- 
dent. Within populations of the same species this 
trade-off is not always clear (Stearns 1992). This seems 
to be the case in Macoma balthica, where fewer and 
also smaller eggs were produced under relatively 
unfavourable conditions (short immersion times, low 
food availability, h ~ g h  energy demand).  However, 
there are  some examples that this trade-off also holds 
in some other bivalve species. In 2 field populations of 
Mytilus edulis, one with a poor and one with a rich 
food supply during the period of gametogenesis, egg  
sizes were similar but the group without food produced 
fewer eggs (Bayne & Worral 1980, Bayne et al. 1983). 
However, under stressful conditions M. edulis can also 
produce smaller eggs (Bayne et  al. 1978). In the giant 
scallop Placopecten magellanicus food shortage re- 
sulted in low numbers of eggs of normal size (Barber e t  
al. 1988) Thus, if food becomes limited, the latter 2 
bivalve species generally decrease their fecundity (i.e. 
egg number), whereas egg size remains unchanged. 
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