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ABSTRACT: Population dynamics of the tellinid clam Macoma balthica (L.) w ere studied at a highly 
dynamic intertidal sandflat in the W esterschelde estuary, south-w estern Netherlands. In order to 
study tem poral developm ent of density and population structure (12 size classes from 0.3 to 20 mm), 
3 point sampling stations w ere sam pled fortnightly from M arch 1997 to M arch 1998. Within the same 
period, spatial population dynamics was studied seasonally on a spatial grid (700 x 800 m, 43 plots, 
distance betw een the plots 100 m), w hich covered a range in bedlevel height from -50  to +140 cm re l
ative to m ean tide level. Q uantitative estimations of early recruitm ent, growth, and survival plus 
migration w ere calculated from the tem poral and spatial population data. Early recruitm ent was 
highest at the higher tidal levels, w here the sedim ent contained the smallest sand grains. In that same 
area, the highest d isappearance of the juvenile M. balthica, caused by em igration and/or mortality, 
was observed. In the lower intertidal area, w here the sedim ent contained larger sand grains, the 
num ber of recruits in the successive classes increased after Size Class 2 to 3 mm. Based on further 
analysis of the population data, this increase in the num ber of recruits is concluded to have been 
mainly caused by immigration of M. balthica to the lower tidal levels. Since there seem ed to be no 
im portant immigration into the entire spatial grid population, the m igration may have been  directed 
from the higher intertidal levels towards the lower. The strong initial early-recruitm ent pattern, sup
posed to be comprised of passive processes, becam e w eaker for the successive size classes after Size 
Class 2 to 3 mm, w hich resulted in a spatial distribution of Size Class 7 to 8 mm that was neither 
related to bedlevel height nor to sand grain size. Therefore, active migration processes are suggested 
to have been  of higher im portance than passive migration processes.
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INTRODUCTION

Spatial distribution patterns of bivalves in intertidal 
areas (100 to 1000 m scale) are the result of local dif
ferences in prim ary settlem ent of pelagic larvae, m or
tality and migration. The d isappearance of marine 
bivalves used to be attributed to mortality, but nowa-
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days w e know from several field studies that m igra
tions can be quantitatively very important. M any 
observations on drifting bivalves and other benthic 
animals (e.g. Beukem a 1973, review ed by Butman 
1987), as well as mass migrations of almost entire pop
ulations, resulting in a secondary dispersion pattern, 
have been reported (e.g. Baggerm an 1953, Bayne 
1964, Beukem a 1993, Armonies 1996).

After prim ary settlem ent of the pelagic larvae, indi
viduals can re-enter the w ater column either by pas
sive resuspension or by actively leaving the sediment.
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Passive resuspension is caused by hydrodynam ic fac
tors such as w ave-action and/or high current velocity, 
and is related  to w eather conditions (e.g. Emerson & 
Grant 1991, Armonies 1992, Commito et al. 1995). 
Some bivalves actively enter the w ater column by 
secreting a long mucous th read  ('byssus thread ') which 
increases the viscous drag and the floating capacity 
(Sigurdsson et al. 1976, Yankson 1986, Sörlin 1988). 
This active behaviour may be negatively related  to the 
habitat quality of the specific location which, as we 
hypothesize, is related  to food (supply and availabil
ity), benthos density (competition, interference, d istur
bance), predators and sedim ent composition (see also 
review  by Armonies 1994a).

Once in the w ater column, the animals can be car
ried away by the tidal currents over distances of up to 
tens of kilometres by m eans of their byssus thread 
('byssus-drifting') (e.g. de Vlas 1973, Sigurdsson et al. 
1976, Lane et al. 1985, Beukem a & de Vlas 1989). After 
this passive tidal current transport, the survivors re 
settle in the sediment, either by passive deposition 
(e.g. Pratt 1953, H annan 1984), or by active habitat 
selection (e.g. M eadows & Cam pbell 1972, Woodin 
1991). Both forms of secondary settlem ent are not 
mutually exclusive and may coexist w ithin different 
spatial and tem poral scales (see review  by Butman 
1987).

The present study deals w ith the population dynam 
ics of the tellinid clam Macoma balthica (L.). After p ri
mary settlem ent of pelagic M. balthica larvae (ca 0.2 to 
0.4 pm, e.g. Thorson 1946, G ünther 1991, Armonies 
1996), the postlarvae can leave the sedim ent (actively 
or passively) and re-settle elsew here. For M. balthica, 
direct observations of byssus th read  secretion (Sig
urdsson et al. 1976, Beukem a & de Vlas 1989) and of 
entrance into the w ater column by m eans of swelling 
and protrusion of the foot (Sörlin 1988) have been 
reported. The field observations of diurnal and period
ical rhythm s in migratory activity of juvenile M. balth
ica (Armonies 1992) indicate that the clams are able to 
actively leave the sedim ent in their natural environ
m ent also.

As a facultative deposit feeder, M acoma balthica 
predom inantly grazes w ith its inhalant siphon upon 
food on the surrounding sediment. Local prim ary pro
duction and deposition of food particles on the sedi
m ent renew  the food supply. Due to their large siphon- 
action radius, individuals can interfere w ith each other 
and experience competition for food during their feed
ing activities. Levinton (1972) hypothesized that, on a 
local scale, competition is more likely in deposit-feed
ing communities than  in suspension-feeding com m uni
ties. This hypothesis was, for example, supported by 
the experim ents of Kamermans et al. (1992, see also 
Peterson & Skilleter 1994, Skilleter & Peterson 1994,

Vincent et al. 1994). Assuming that under unfavour
able conditions individuals are triggered to leave the 
sediment, density may play an im portant role in active 
migration.

Passive resuspension of Macoma balthica may m ake 
an im portant contribution to the num ber of m igrating 
individuals, as dem onstrated by the disturbance by 
strong wind conditions of the tem poral rhythms in 
drifting M. balthica (Armonies 1992). Drifter abun
dance is significantly correlated w ith w ind velocity and 
direction, w hich both exert their influence by causing 
modification of the tidal currents. Susceptibility to pas
sive resuspension is expected to be highest for recently 
settled (small) individuals, because of their limited 
burying depth  and capacity (e.g. Reading & M cGrorty 
1978, Ratcliffe et al. 1981, Zwarts & W anink 1989). 
Recently settled spat may even be easier to resuspend 
than sand grains of the same size because of their 
lower specific gravity, but this also depends on their 
ability to attach to sedim ent particles (Roegner et al.
1995).

Beukem a & de Vlas (1989) experim entally tested the 
floating capacity of Macoma balthica with byssus 
threads and found their sinking rate to be directly pro
portional to shell length and inversely proportional to 
th read  length. In the field, the same authors found 
specimens up to a size of 9 mm to be transported over 
distances up to tens of kilometres. High abundance of 
drifting M. balthica in the w estern  W adden Sea was 
observed in early spring and in w inter (Beukema 
1973), and the num bers of drifters in the northern W ad
den  Sea strongly decreased from June to October 
(Armonies 1992). In the W adden Sea, mass migrations 
of M. balthica in their first summer are directed from 
the lower towards the higher tidal levels (Armonies & 
Hellwig-Armonies 1992, Beukem a 1993, Armonies
1996). Mass migrations in the subsequent winter, w hen 
the clams are ca 7 mo old, are directed from the higher 
towards the lower tidal levels (Beukema & de Vlas 
1989, Beukem a 1993).

It is difficult to determ ine w hether secondary disper
sion patterns (on a 100 to 1000 m scale) are driven by 
passive deposition or by active habitat selection. Spa
tial distributions may correlate w ith sedim ent composi
tion, but this does not necessarily indicate active hab i
tat selection. The patterns also may be a consequence 
of the correlation betw een grain size distribution and 
current velocity (Armonies 1996). To gain more insight 
into the main factors establishing successive distribu
tion patterns, it is helpful to m ake a distinction b e 
tw een the processes of prim ary settlement: leaving the 
sedim ent (actively vs passively) and re-entrance into 
the sedim ent (actively vs passively).

We chose a highly dynamic study site, w ith a grad i
ent in bedlevel height and sand grain size distribution,
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to study the population dynamics of Macoma balthica 
on a range from low to highly dynamic locations. Con
sidering the spatial scale of our study, and based on 
other findings at the same study site (Bouma et al. 
2001), we assum ed that at this tidal sandflat the early 
recruitm ent pattern  of M. balthica is predom inantly 
ruled by passive processes (see also H annan 1984, But
m an 1987, Woodin 1991, Armonies & Hellwig-Armo- 
nies 1992). Furtherm ore, we assum ed that the same 
hydrodynam ic and sedim ent dynamic factors are in
volved in passive resuspension of the juveniles and in 
passive deposition of the drifting individuals. The 
highest early recruitm ent of M. balthica was observed 
at the highest, least dynamic, sam pling locations 
(Bouma et al. 2001). We hypothesized that an intensifi
cation of this early recruitm ent pattern  would be an 
indication for dom inance of the passive processes 
(resuspension and deposition), w hereas a flattening of 
the pattern  would indicate dom inance of the active 
processes (actively leaving and acticely selecting the 
habitat).

MATERIALS AND METHODS

Study site. The field research was carried out in the 
W esterschelde estuary (ca 300 km2), located in the 
south-w estern N etherlands (Fig. 1A). The Wester- 
schelde estuary is highly dynamic, characterized by 
high tidal am plitude (ranging from 3.8 m in the w est
ern to 5.2 m in the eastern  part), high current veloci
ties, and turbid water. An intertidal sandflat, the 'Plaat 
van Baarland' (total surface 1.8 km 2), in the m id-region 
of the estuary (51°23'N to 3°52'E) was chosen as the 
study site (Fig. 1B,C). While the south-w estern part of 
the sandflat is highly dynamic (megaripples), the 
north-eastern part is weakly dynamic and not 
im m ersed during each high tide. A channel separates 
the sandflat from saltm arsh and land. The average 
tidal am plitude is 4.5 m and the maximum depth-aver
aged current velocity is approxim ately 1 m s-1. In the 
w estern half of the sandflat 3 point-sam pling stations 
(P, Q and R) and a spatial grid (700 x 800 m, 43 plots, 
distance betw een plots 100 m) w ere set up by m eans of 
a differential Global Positioning System (dGPS) (Fig. 
1C). Bedlevel heights of Stations P, Q and R w ere 
respectively +40, +95 and +25 cm relative to m ean tide 
level, while the spatial grid covered a range from -50  
to +140 cm relative to m ean tide level. The silt content 
(<63 pm) of Stations P, Q and R was respectively 35, 20 
and 15 %, while the silt content at the spatial grid plots 
ranged from 10 to 40% (data from July 1997).

Biological sampling. Two different methods w ere 
used for the biological sampling. To capture early 
recruits of Macoma balthica (see Keogh & Downes

Fig. 1. (A) Location of the W esterschelde estuary in The 
N etherlands; (B) Location of the study site in the Wester- 
schelde estuary (51°23'N to 3°52'E); (C) Locations of the Point- 
Sampling Stations P, Q and R and the spatial grid (43 plots) at 
the study site. Bedlevel heights are indicated by various 
shadings with ranges in centim etres relative to m ean tide level

1982, Olafsson et al. 1994), sedim ent samples w ere 
taken  with a small plastic corer (0  5.5 cm) to a depth of 
3 cm. The samples w ere preserved with buffered 
(sodium tetraborate) form aldehyde (4 % final concen
tration). In the laboratory, shortly after sampling, the 
samples w ere w et-sieved on m eshes of 0.3 mm and 
1 mm, and the num bers of M. balthica in the 0.3 to mm 
m esh fraction w ere counted under a stereomicroscope 
(x40 magnification). Sedim ent samples for M. balthica 
>1 mm (i.e. macrobenthos) w ere taken  with a stainless 
steel corer (0  8 cm) to a depth of 15 cm. These samples 
w ere sieved in the field (mesh size 1 mm), and the m ac
robenthos was preserved with buffered form aldehyde 
(4 % final concentration). In the laboratory, M. balthica 
num bers w ere counted and shell lengths along the 
longest axis w ere m easured with a caliper to the n ear
est 0.5 mm.

Point-sampling. The point-sampling stations P, Q and 
R (20 x 20 m, corners m arked with thin wooden stakes) 
w ere used to study the tem poral population devel
opm ent of Macoma balthica. The density and size 
frequency distribution of M. balthica w ere monitored

channel
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fortnightly from M arch 1997 to M arch 1998. The stations 
w ere divided into 4 quadrants of 10 x 10 m and each 
quadrant was divided into 10 lines of 1 x 10 m. On each 
sampling occasion, 2 samples of early recruits and 2 
samples of M. balthica > 1 mm w ere taken  within 1 line 
per quadrant with 1 m distance betw een the samples. 
Thus, 8 replicate samples of both m ethods w ere taken  
per sampling station, yielding the total of 48 samples per 
sampling occasion: 8 (replicates) x 2 (methods) x 3 
(stations). The sampling lines w ere moved 1 position 
(1 m) betw een subsequent sampling occasions so that 
sampling in the same area only occurred after 10 
sampling occasions (ca 5 mo). The M. balthica density 
per point-sam pling station per sampling occasion per 
m ethod was calculated as the m ean of the num bers in 
the replicates and expressed as ind. m-2. Furtherm ore, 
the local populations w ere divided into 12 size classes 
(0.3 to 1 mm, 1 to 2 mm, 2 to 3 mm, ... , 9 to 10 mm, 10 to 
15 mm and 15 to 20 mm), and the densities per size class 
w ere calculated in the same way (ind. m-2).

Grid sampling. The spatial grid was used for re 
peated  m apping of the Macoma balthica population. 
Shortly after the first high densities of early recruits 
(0.3 to 1 mm m esh fraction) w ere observed in the sam 
ples from the point-sam pling stations, the 43 plots of 
the spatial grid w ere sam pled for early recruits. Early 
recruit samplings at the spatial grid w ere carried out 
on 26 May, 2 June, 9 June and 25 June 1997. At each of 
the 43 plots, 3 replicate samples w ere taken  in a north- 
to-south line, with 1 m distance betw een the samples. 
The starting point of the line was chosen at random  in 
an area of 5 x 5 m surrounding the plots and was dif

ind, m'2
size class i

i+l

size class i +1

—> time

Fig. 2. Macoma balthica. Theoretical num ber of individuals 
through time for successive size-classes (i, i + 1, ...) in a popu
lation with no exchange of individuals. Arrows indicate cen
tres of gravity of the curves (T) and Ti+1), which move in time 
with (f^! + tj)/2, w here 6 is the time every individual spent, on 
average, in Size Class i. In our data set, the areas under the 
curves of the size classes (a + b) w ere proportional to the num 
ber of recruits in the size classes (see last subsection of 'M ate

rials and methods')

ferent on each sampling date. The spatial grid was 
sam pled for M. balthica > 1 mm on 6 occasions 
throughout the period M arch 1997 to M arch 1998: on 
22 April, 28 June, 9 July, 8 October, 6 Novem ber 1997 
and 18 M arch 1998. The num ber of replicates per plot 
was inversely proportional to density, estim ated from 
the P, Q and R station samples, and was respectively 5, 
3, 3, 4, 4 and 4. The replicate samples w ere taken  in 
the same way as described for sampling of the early 
recruits. Density per plot per sampling date was calcu
lated as the m ean of the num bers in the replicates and 
expressed as ind. m-2. The plot populations w ere also 
divided into the same 12 size classes as the P, Q and R 
station populations, and densities per size class w ere 
calculated (ind. n r 2).

Measuring bedlevel height. The plots of the spatial 
grid w ere m arked with 2 thin w ooden stakes placed at 
exactly 1 m distance for m easurem ent of bedlevel 
height (Fig. 2). In M arch 1997 (T0) a pvc-tube 
(0  43 mm) was vertically driven to a depth of ca 15 cm 
into the sediment, exactly in the middle of the 2 stakes. 
The exact distance (d0) betw een the tube top and the 
sedim ent surface was m easured by probing with a thin 
iron ruler. Also, the exact bedlevel heights {h0, in cm 
relative to m ean tide level) of the tube locations w ere 
determ ined (dGPS postprocessing, accuracy 5 cm). 
Therefore, the T0-depths of the tubes in the sedim ent 
corresponded with the T0-bedlevel heights of the plots. 
At the time of the bedlevel height m easurem ent (Tx = 6 
June), which was during the main biological sampling 
period, the actual depth (dx) of the tube was deter
mined by m eans of probing with the ruler. The actual 
bedlevel height {hx) was derived by the equation hx = 
ho + (dx -  d0).

Sediment composition. For analysis of the sedim ent 
composition, samples w ere taken  at the spatial grid 
plots on 22 April, 2 June, 4 July and 6 Novem ber 1997. 
Four subsam ples per plot w ere taken  by m eans of a 
small plastic corer (0  1 cm) to a depth  of 5 cm. The sub
samples w ere evenly distributed over the sedim ent rip
ples (ripple top, ripple trough, sheltered side and 
exposed side) and w ere pooled to form 1 sample for 
each grid plot. In the laboratory (Physical Geography, 
Utrecht) the samples w ere dried (105°C), w eighed (ny) 
and wet-sieved on a 63 pm and 2000 pm screen. The 
fractions 63 to 2000 pm (sand) and >2000 pm w ere 
dried (105°C) and w eighed (w2 and w3). The silt weight 
fraction (<63 pm, w4) was derived (wx -  w 2  -  w3), and 
the silt content (%) calculated from w4/w 2. The sand 
fraction (63 to 2000 pm) from 2 June was analyzed with 
a Coulter LS-230 laser-diffraction particle sizer. The 
m ean sand grain size and the D50 and D90 (i.e. the sand 
grain size (pm) at which respectively 50 and 90% of 
the sand grains are smaller than the mean) w ere deter
mined from the sand grain size-frequency distribution
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Calculation of population statistics. We estim ated 
the num ber of recruits in the successive size classes by 
a simplified model, based on that of Rigler & Cooley 
(1974). We started with an analysis of the population 
developm ent in time at the point sampling stations, 
since at these 3 stations the populations w ere sam pled 
fortnightly, resulting in 27 sampling occasions (x  =
1...27). The densities (n , in ind. m-2) in the successive 
size classes (i, i+ 1 , . . . )  are the result of recruitm ent into 
the size classes, mortality, migration, and growth out of 
the size classes. To estim ate the num ber of individuals 
passing through a particular size class, one must know 
the area under the curve of num bers (i.e. densities, n) 
against time ft in days) for that size class (Fig. 3), and 
the length of time an individual spends in that size 
class. In the calculation, and in further data analysis, 
the size classes from 0.3 to 1 mm until 7 to 8 mm w ere 
used, since at the end of the study period most individ
uals had not reached a size larger than 8 mm.

The area under the abundance curve for a particular 
size class {ADit 'anim al days') is estim ated by the trape
zoidal rule, and equals the num ber of recruits in that 
size class times the num ber of days spent on average 
by each individual in that size class:

AD¡ — Xx=i...2 7Í[ ftx x A) {nx+i x tx+1)] x [tx + 1 — tx ] } / 2  (1)

Size class duration (D̂ ) can be estim ated by the in ter
val betw een the centres of gravity of the abundance 
curves of 2 successive size classes. To calculate the cen
tre of gravity of a certain size class (Tft the products of 
num ber x days at the regular time intervals w ere 
summed and divided by the total num ber of individuals:

T i =  Z(i2,x (2)

The difference betw een the centers of gravity of 2 
successive size classes (Ti + 1  -  T¿) equals half the time 
spent in both size classes, so the centers of gravity of the 
curves of successive size classes will be shifted in time 
by an am ount ft + ti+1 )/2. Strictly speaking, this is only 
true if all mortality occurs in the transition betw een the 
successive size classes and not within the stages them 
selves (e.g. Manly 1977), but the error is limited unless 
mortality rates are very high and very different b e 
tw een stages. The results of these duration estimations 
for all size classes yields a series of equations:

T2 - T i = f t  + t2 )/2 ,
T3 -  T2  = f t  + t3 )/2 ,

T8 - T 7 = (t7 + t8)/2 (3)

The num ber of unknow ns is 1 more than the num ber 
of equations. Therefore, additional information has to 
be added from the pattern  of developm ent times in the 
successive size classes. In our data we observed a very

15000 A: Station P
’£^ 12000

Day No. (1997/1998) □  15-20

25000 B:Station Q
'B
-d 20000

15000

10000

Day No. (1997/1998) □  15-20

C: Station R

Day No. (1997/1998) □  15-20

Fig. 3. Macoma balthica. Population developm ent at the 
point-s amp ling stations, x-axes: time (day nos from M arch 
1997 to M arch 1998); y-axes: successive size classes (mm); 

z-axes (note different scales): density

regular shift in time of the centres of gravity of the suc
cessive size classes (see below). Based on this, we 
assum ed that the clams spent an equal length of time 
in the different size classes (Dft 

Absolute num bers of recruits in the different size 
classes w ere much less relevant to our study than re la
tive numbers, com pared over space and betw een sue-
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Fig. 4. Macoma balthica. Population development at the point- 
sampling stations, x-axes: successive size classes; y-axes: (A) cen
tres of gravity of abundance curves (day no.), (B) relative number 
of recruits (exponential scale, e.g. 1 E+04 = 10000). Calculation of 
the centers of gravity and of the relative number of recruits is 

explained in the last subsection of 'Materials and methods'

cessive classes. We w ere able to use the num ber of an i
mal days (.ADi) in each size class as a relative indication 
of the num ber of recruits into that stage (N¡), since in 
general AD¡ = N¡ x Dit and with equal D¡ values (as 
deduced from the linear increase in the centres of 
gravity) AD¡ becomes a relative m easure of only.

RESULTS 

Point sampling

Macoma balthica densities (ind. m-2) in the 12 size 
classes at the Point-Sampling Stations P, Q and R w ere 
calculated for all 27 sampling occasions (Fig. 4). At 
Sampling Station P (Fig. 4A), a steep density peak  in 
Size Class 0.3 to 1 mm of 14000 ind. m-2 was observed 
on 21 May (Day 141). At Sampling Station Q (Fig. 4B) 
2 peak  densities in Size Class 0.3 to 1 mm occurred, the 
first of 22 000 ind. m-2 on 7 May (Day 127), the second 
of 19 000 ind. m-2 on 4 June (Day 156). Peak densities 
of Size Class 0.3 to 1 mm at Sampling Station R 
(Fig. 4C) w ere considerably lower than at the other 2 
stations: 2500 and 1700 ind. m-2 on 24 April and 21 
May respectively. At all 3 stations there was a strong

decline in density betw een Size Class 0.3 to 1 mm and 
Size Class 1 to 2 mm. From 4 June onwards, densities 
in the successive size classes subsequently increased 
and decreased because of growth through the succes
sive size classes. Most M. balthica had reached a size 
betw een 5 and 8 mm on 26 August (Day 239) and vir
tually no further growth occurred during autum n and 
winter. Since at the end of the study period not all indi
viduals had grown to a size larger than 8 mm, M. balth
ica >8 mm could not be used in the population data 
analysis. From the observation of annual growth rings 
on the clams in Size Classes 10 to 15 mm and 15 to 
20 mm at Station R, it was concluded that these indi
viduals w ere not from the 1997 population. On 18 
M arch 1998 (Day 447), the total density of all size 
classes at Stations P, Q and R was respectively 800, 875 
and 275 ind. m-2, which was respectively 5.5, 4.0 and
11.0% of the densities of the highest early-recruitm ent 
peak.

The centres of gravity (7]) of the abundance curves in 
Fig. 4 (see also earlier subsection 'Calculation of popu
lation statistics') w ere plotted against the successive 
size classes, yielding an almost straight line for all 3 
sampling stations (Fig. 5A). Fig. 5 indicates that the 
clams spent an equal time in each size class. This con
clusion justified the procedure of using relative num 
bers of recruits only, and is also an indication for linear 
growth. The relative num ber of recruits in the succes
sive size classes (see earlier subsection 'Calculation of 
population statistics') was then plotted against the suc
cessive size classes (Fig. 5B). At all 3 stations, the h igh
est num ber of recruits occurred in the first size class 
(0.3 to 1 mm), and the num ber of recruits in the second 
size class (1 to 2 mm) was considerably lower. The 
strongest decrease betw een these 2 size classes was 
found at Station R, in the lowest intertidal region. The 
relative num ber of recruits in the Size Classes 1 to 
2 mm until 5 to 6 mm slightly decreased at Station Q, 
w hereas at Station P, and (even more obvious) at Sta
tion R the relative num ber of recruits in the successive 
size classes increased. In a closed population (i.e. with 
no exchange of individuals) theoretically the highest 
num ber of recruits enters the smallest size class, 
w hereafter (due to mortality) the num bers of recruits in 
the successive size classes decrease with increasing 
size class. Thus, a closed population may have been 
present at Station Q (although from our data we cannot 
separate mortality from emigration), and, the increases 
in the relative num ber of recruits at the Stations P and 
R are not likely to have been caused by spatial differ
ences in mortality. Therefore, we consider the increase 
in the relative num ber of recruits at the Stations P and 
R as an im portant indication for immigration. After Size 
Class 5 to 6 mm the num ber of recruits at all 3 stations 
again decreased.
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Fig. 5. Macoma balthica. D istribution (ind. 
m“2) on the spatial grid. (A) Size Class 0.3 
to 1 mm (average density of the 4 sam 
pling occasions in May and June 1997); 
(B) densities of clams (all size classes) on 
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Spatial grid

A steep gradient in Macoma balthica densities in the 
smallest size class (0.3 to 1 mm) was found on the spa
tial grid, with densities strongly increasing from south
west to north-east. The average densities on the 4 
early-recruitm ent sampling occasions ranged from a 
minimum of 800 ind. m-2 in the south-west to a m axi
mum of 49000 ind. m-2 in the north-east (Fig. 6A; 
details in Bouma et al. 2001). The strong spatial early- 
recruitm ent pattern  flattened out in M arch 1998, 
w hen densities varied betw een 50 and 1250 ind. m-2 
(Fig. 6B). Not only did the average early recruitm ent 
minimum equal 1.6% of the maximum and the final 
early recruitm ent minimum 4.0% of the maximum, but 
the spatial distribution of the densities was also much 
more homogeneous.

Since the 43 plots of the spatial grid w ere sam pled 10 
times throughout the period M arch 1997 to M arch

1998, it was possible to construct abundance curves of 
density per size class in time (comparable with Fig. 4). 
Since we concluded from the data of the point-sam 
pling stations that the clams spent an equal am ount of 
time in the successive size classes, we assum ed that 
the area under the spatial grid abundance curves, like 
the area under the point-sam pling station abundance 
curves, was proportional to the num ber of recruits in 
the successive size classes. A spatial overview of local 
population developm ent at the separate grid plots is 
possible w hen the relative num ber of recruits per size 
class is plotted against the successive size classes 
(Fig. 7). The plots in the south-west consistently 
showed an increase in the relative num ber of recruits 
from Size Class 1 to 2 mm to Size Class 5 to 6 mm. 
Since in a population with no exchange of individuals 
the num ber of recruits theoretically decreases in suc
cessive size classes due to mortality alone, the ob
served increase in the relative num ber of recruits is an

—  6000000

size classes (mm)

Macoma balthica

Fig. 6 . Macoma balthica. Local 
population developm ent in the 
spatial grid plots, x-axes: suc
cessive size classes (0.3-1 mm, 
1-2 mm ... 7 -8  mm); y-axes; 
relative num ber of recruits; 
length of all y-axes is 6 x IO6 

(animal days) South
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43 plots of the spatial grid summed

0 .3-1 1-2 2-3 3-4 4-5 5-6 6-7 7-8
Size classes (mm)

Fig. 7. Macoma balthica. The sum of the relative num ber of 
recruits (y-axis) per size class (x-axis) in the 43 plots of the 

spatial grid

obvious indication for immigration (secondary settle
ment) of M acoma balthica in this area. However, w ith
out direct evidence that the clams are m igrating (e.g. 
from m ark and recapture or plankton-collection stud
ies), local differences in mortality cannot completely 
be discarded (see 'Discussion').

We assum ed that totalling the relative num ber of 
recruits of all 43 plots per size class provided a rep re
sentative subsam ple of the Macoma balthica popula
tion on the spatial grid. The plot of the total relative 
num ber of recruits per size class versus the successive 
size classes in Fig. 8 shows no im portant increases. 
This is consistent with but not proof of a closed popula

tion. Comparison of direct and independent estim ates 
of mortality rate with the rate of decrease of the re la
tive num ber of recruits in the successive size classes 
would be necessary to reach final conclusions on the 
rate of immigration into the grid area. It was not possi
ble to derive these estim ates from our data base.

We investigated w hether the spatial recruitm ent 
patterns in the successive size classes w ere related to 
bedlevel height and/or sedim ent composition. Table 1 
shows Pearson product-m om ent correlation coeffi
cients, whith significant probability levels indicated 
by asterisks. The spatial pattern  of the relative num 
ber of recruits in the size classes from 0.3 to 1 mm to 
5 to 6 mm was clearly positively related to bedlevel 
height (data from 6 June 1997). The relationship 
betw een Size Class 6 to 7 mm and bedlevel height 
was much weaker, and the relationship with bedlevel 
height was absent for Size Class 7 to 8 mm. As 
dem onstrated by Figs 9 & 10, the relationship with 
bedlevel height becomes slightly stronger from Size 
Class 0.3 to 1 mm to Size Class 2 to 3 mm, slightly 
w eaker from Size Class 2 to 3 mm to Size Class 4 to 
5 mm, and shows a steep decrease from Size Class 4 
to 5 mm to Size Class 7 to 8 mm. The major change in 
the distribution pattern  thus occurred in the size 
classes from 4 to 8 mm.

The spatial recruitm ent patterns in all size classes up 
to 5 -6  mm w ere significantly negatively correlated 
with the sand grain size variables D50, D90 and m ean 
sand grain size (data from 2 June 1997), w hereas no 
relationship with sand grain size existed for Size 
Classes 6 to 7 mm and 7 to 8 mm (Table 1). Pearson 
product-m om ent correlation coefficients for the suc-

Table 1. Macoma balthica. Pearson product-m om ent correlation coefficients of the relative num ber of recruits in the successive
size classes as a function. *p < 0.05, **p < 0.01, ***p < 0.001

0.3-1 mm 1-2 mm 2-3  mm
Size Class 

3 -4  mm 4 -5  mm 5 -6  mm 6 -7  mm 7 -8  mm

Bedlevel height 
6 Jun, n = 43

0.67*" 0.75*** 0.78*** 0.73*** 0.69*** 0.55*** 0.30* 0.11

D50 grain size 
2 Jun, n = 43

-0.45** -0.38* -0.53*** -0.55*** -0.52*** -0.42** -0.27 0.01

Dqo grain size 
2 Jun, n = 43

-0.48** -0.40** -0.52*** -0.53*** -0.45** -0.31* -0.18 -0.06

M ean grain size 
2 Jun, n = 43

-0.45** -0.38* -0.53*** -0.56*** -0.53*** -0.43** -0.29 - 0.01

Silt content 
22 Apr, n = 43

- 0.10 -0.19 - 0.12 - 0.10 - 0.01 - 0.01 0.11 -0.08

Silt content 
2 Jun, n = 43

- 0.11 -0.13 -0.06 - 0.01 0.11 0.20 0.23 - 0.00

Silt content 
4 Jul, n = 43

-0.18 -0.18 -0.14 - 0.10 0.02 0.12 0.16 0.07

Silt content 
6 Nov, n = 41

-0.13 -0.14 -0.07 0.10 0.20 0.15 -0.05 -0.19
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Fig. 8. Macoma balthica. Scatterplots of bedlevel height (cm relative to m ean tide level) (x-axes) and relative num ber of recruits 
per size class (0.3-1 mm, 1-2 mm, 2 -3  mm ...7 -8  mm) (y-axes: note different scales) in the 43 plots of the spatial grid

cessive size classes revealed a pattern  which is differ
ent from the correlation coefficients for bedlevel height 
(Fig. 10). The relationship with sand grain size vari
ables decreased slightly from Size Class 0.3 to 1 mm to 
Size Class 1 to 2 mm, slightly increased from Size Class 
1 to 2 mm to Size Class 3 to 4 mm, slightly decreased 
again from Size Class 3 to 4 mm to Size Class 4 to 5 mm 
and, as for the relationship with bedlevel height,

steeply decreased from Size Class 4 to 5 mm to Size 
Class 7 to 8 mm. None of the recruitm ent patterns in 
the successive size classes was significantly correlated 
with the silt content of the sedim ent (data from 
22 April, 2 June, 4 July and 6 Novem ber 1997; Table 1). 
Bedlevel height and the sand grain size variables w ere 
significantly negatively related. The correlation coeffi
cients of bedlevel height with D50, the D90 and the
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Fig. 9. Pearson product-m om ent correlation coefficients of bedlevel 
height, D50, Dgo and m ean of the sand grain size-distribution (7-axis), 
w ith the relative num ber of recruits in the successive size classes 
(x-axis) (D 5 0 , Dg0 = sand grain size at which 50 and 90% of grains, 

respectively, are smaller than the mean)

m ean of the sand grain size distribution w ere -0.30, 
-0.43 and -0.33 respectively (n = 43, p < 0.05). There 
was no significant correlation betw een bedlevel height 
and silt content.

In short, the main results from the spatial grid data 
are: (1) the spatial distribution of Macoma balthica 
from 0.3 to 6 mm in size was positively related to 
bedlevel height and negatively related to sand grain 
size-distribution; (2) the distribution pattern  in relation 
to bedlevel height and sand grain size started to 
w eaken after 3 to 4 mm; (3) after 4 mm, a major change 
in the distribution pattern  occurred resulting in a dis
tribution of M. balthica of 7 to 8 mm that was related 
neither to bedlevel height nor to sand grain size; and 
(4) silt content was not related to the spatial distribu
tion of M. balthica in anysize class.
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Fig. 10. Macoma balthica. Between-plot variability (ind. m-2) 
at the 9 grid sampling occasions after spatfall had begun. First 
sam pling occasion was on 26 May 1997 (Day No. 146) and last 
on 18 M arch 1998 (Day No. 442). Variability was calculated as 
1/43 X (n -  navg), w here n = density per plot, navg = average 

density of all 43 plots

DISCUSSION

The early-recruitm ent pattern  of M acoma  
balthica (0.3 to 1 mm m esh fraction) was posi
tively related to bedlevel height and negatively 
related to sand grain size. Quantitatively, we 
underestim ated the early settlem ent densities, 
since we used this m esh fraction as the smallest 
size class w hereas M. balthica is known to settle 
also at a size of <0.3 mm (Günther 1991, 
Armonies & Hellwig-Armonies 1992, Armonies
1996). Furtherm ore, the postlarvae in the 0.3 to 1 
mm m esh fraction may already have redistrib
uted after initial settlem ent (Armonies 1994a). 
We have described early recruitm ent of M. balth
ica and related factors (hydrodynamics and sedi
m ent dynamics) at the same study site in detail in 
another paper (Bouma et al. 2001).

The relationship of spatial distribution of the 
relative num ber of recruits to bedlevel height becam e 
slightly more m arked betw een Size Class 0.3 to 1 mm 
and Size Class 2 to 3 mm, w hereas its relationship to 
sand grain size decreased slightly from Size Class 0.3 
to 1 mm to Size Class 1 to 2 mm and increased slightly 
from Size Class 1 to 2 mm to Size Class 3 to 4 mm. 
While most early recruits (0.3 to 1 mm) settled in the 
highest, least dynamic area, even more slightly larger 
individuals w ere found in the same area, and less in 
the lower, more dynamic part of the grid. This in ten
sification of the distribution pattern  may have been 
caused by upw ards transport of the early recruits, initi
ated by passive resuspension or by actively leaving the 
sedim ent (see below), or by spatial differences in p re 
dation pressure or other causes of mortality. The high 
overall decline in abundance of the smallest recruits 
supports the im portance of mortality to these smallest 
size classes. Predation pressure on juvenile m acro
fauna is assum ed to be higher in the lower intertidal 
than in the higher intertidal, because feeding time of 
m acrofaunal predators (shrimps, crabs, infauna) and 
fishes is directly and positively related to inundation 
time (Reise 1985). Therefore, the intensification of the 
early recruit distribution pattern  supports the im por
tance of predation to the smallest size classes, since 
initial density was already lower at the lower tidal lev
els. Unfortunately, we did not directly study the mor
tality of juveniles (e.g. by counting empty shells), and 
no direct estim ates of mortality rate are available.

The relationship betw een distribution pattern  and 
bedlevel height and sand grain size started to w eaken 
for Macoma balthica in the 3 to 4 mm size class. After 
4 mm, a major change in the distribution pattern  
occurred, resulting in a distribution pattern for 7 to 8 mm 
individuals that was related neither to bedlevel height 
nor to sand grain size. Analysis of the population data
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indicates that the flattening of the strong early-recruit
m ent pattern  was at least partly caused by immigration 
of 3 to 6 mm sized M. balthica into the lower intertidal 
part of the spatial grid, w here the sedim ent contains 
the largest sand grains. Besides migration, local differ
ences in mortality may have contributed to the 
changes in the distribution pattern. The m ain p red a
tors of 3 to 8 mm sized M. balthica are w ading birds, 
since these clams are too large for ingestion by macro- 
faunal predators. However, in a population with no 
exchange of individuals, no increase in the num ber of 
recruits in the larger size classes could have occurred. 
Theoretically, in a closed population the num ber of 
recruits in the successive size classes would decrease, 
due to mortality alone. Therefore, we consider m igra
tion to have had  a considerably more im portant role in 
the change in the distribution pattern  than mortality. 
However, since direct observations of m igrating indi
viduals are lacking and no information on the im por
tance of other factors such as predation are available, 
these conclusions rem ain speculative.

H ydrography is believed to be a major determ inant 
for early spat distribution (e.g. Eckm an 1983, Armonies 
1992, Commito et al. 1995, G ünther 1996). Therefore, 
early settlem ent should occur in an optimal area and 
the intensity of m igrations be small. However, an area 
suitable for early recruits is not necessarily suitable for 
older individuals. After migration, M acoma balthica, 
are generally more evenly distributed than the initial 
early recruits. This was also the case at our study site, 
although autum n abundance (i.e. spatial density distri
bution on 6 November) was still h igher at the higher 
intertidal levels. On the other hand, adult distribution 
may also be strongly patterned, and may even be the 
reverse of the initial early recruitm ent pattern  
(Armonies & Hellwig-Armonies 1992, Armonies 1996). 
These authors described highest early recruitm ent in 
the lower intertidal levels, followed by higher autum n 
abundance in the higher intertidal. The difference 
betw een the population dynamics of M. balthica at our 
study site and theirs (northern W adden Sea) is 
reflected in the betw een-plot variability in Fig. 10. 
While the betw een-plot variability in our study site d e 
creased until M arch of the following year, Armonies & 
Hellwig-Armonies (1992) observed an initial decrease, 
followed by an increase in betw een-site variability in 
October.

Taking the total relative num ber of recruits in all 43 
plots as a representative subsam ple of the Macoma 
balthica population on the spatial grid, there seems to 
have been  no im portant immigration from outside the 
grid area. However, direct and independent estim ates 
of mortality rate would be needed  to reach final con
clusions on the rate of immigration into the grid area. If 
there was no immigration into the grid area, the immi

gration of mainly 3 to 6 mm sized M. balthica into the 
lower intertidal must have been  the result of em igra
tion from the higher intertidal. In such a case, the 
m igration direction in relation to bedlevel height 
would be different from the summer m igration of M. 
balthica in the w estern and northern W adden Sea 
(Armonies & Hellwig-Armonies 1992, Beukema 1993, 
Armonies 1996), w hich is directed towards the higher 
intertidal. In the W adden Sea, the grown spat moves in 
the subsequent w inter towards the middle and lower 
intertidal zones, w here most adults live (Beukema
1993). Earlier studies in the w estern  W adden Sea 
(Beukema 1973, Beukem a & de Vlas 1989) reported 
m igration of M. balthica from the higher towards the 
lower tidal levels, referring to a range from intertidal 
flats ('high') to the subtidal in the North Sea ('low'). 
M igration of mainly 3 to 6 mm sized M. balthica 
towards the spatial grid area, w here the sedim ent con
tained relatively large sand grains, would be in ag ree 
m ent w ith the summer m igration direction in the W ad
den  Sea.

We recognize that spatial differences in mortality 
may have contributed to the change in the distribution 
pattern  of mainly 4 to 8 mm sized M acoma balthica, 
although from analysis of the population data  we are 
convinced that migration played the major role. T here
fore, we focus the rest of the discussion on migration 
aspects. As described in the 'Introduction', the early 
recruits can re-enter the w ater column either by pas
sive resuspension or by actively leaving the sediment 
by m eans of a byssus thread. After passive transport 
w ith the tidal currents, they can re-settle elsewhere, 
either by passive deposition or by active habitat selec
tion. The active and passive forms of re-entrance into 
the w ater column and of secondary settlem ent are not 
mutually exclusive and may coexist w ithin different 
spatial and tem poral scales. We hypothesized that 
intensification of the early recruitm ent pattern  would 
indicate dom inance of the passive migration processes, 
w hereas flattening of the pattern  would indicate dom 
inance of the active migration processes.

Since the major change in the distribution pattern  of 
Macoma balthica caused a flattening of the early 
recruitm ent pattern, m igration of ca 3 to 6 mm sized 
clams was most likely dom inated by active instead of 
passive migration processes. M igration of bivalves by 
m eans of byssus th read  production has been  exam ined 
in several previous laboratory and field studies (e.g. 
Baggerm an 1953, Bayne 1964, Sigurdsson et al. 1976, 
Lane et al. 1985, Yankson 1986). For M. balthica, 
th read  lengths of up to 100 times the shell length for 
2 mm sized individuals and up to 30 times the shell 
length for 9 mm sized individuals w ere reported  by 
Beukem a & de Vlas (1989). The production of byssus 
threads may be related to environm ental conditions, as
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for exam ple conspecific density and/or w ater current 
velocity (Sörlin 1988, Armonies 1994b). If the ca 3 to 
6 mm sized M. balthica indeed m igrated from the 
higher towards the lower part of the spatial grid, this 
would be a m igration from a high-density towards a 
low-density area, similar to that of M. balthica in the 
W adden Sea field studies m entioned above. Density- 
dependent grow th of M. balthica has been  detected  in 
the field (Vincent et al. 1989, 1994), and intraspecific 
competition of M. balthica has been dem onstrated in 
experim ental studies (e.g. Kamermans et al. 1992). At 
the end  of July in the present study, density in the 
higher plots was ca 14000 ind. n r 2, and therefore com 
petition for food and interference during deposit-feed
ing activities is likely to have occurred (e.g. Peterson & 
Skilleter 1994, Skilleter & Peterson 1994, Vincent et al.
1994). High conspecific abundance may have induced 
the migration, and active leaving of the sedim ent may 
have been  density-dependent-regulated, especially 
w hen food was in a short supply. Unfortunately, no 
additional da ta  on microphytobenthos densities or 
about the nutritional value of the fine deposits are 
available for our study site.

If active m igration aspects w ere dominant, and the 
drifting ca 3 to 6 mm sized clams actively selected 
their habitat for secondary settlem ent, possibilities for 
growth, reproduction and survival should be better at 
the lower tidal levels. The actual selectivity during 
secondary settlem ent may not have been  for sedim ent 
composition or food supply, but for locations w ith low 
conspecific density, w here grow th possibilities might 
be better because of less competition for food and less 
interference during deposit-feeding activities. Byssus- 
thread floating or floating by m eans of protrusion of 
the foot (Sörlin 1988) may be a w ay to find a suitable 
habitat, although drifting individuals would still 
depend  on hydrodynamic conditions. That the lower 
tidal zone may be advantageous for growth, can be 
argued on the ground of the filter-feeding possibilities 
it affords, since M acoma balthica is a facultative 
deposit-feeder. In the lower intertidal the clams are 
assum ed to bury deeper and to filter-feed more fre
quently than  in the higher intertidal (Levinton 1991). 
For filter-feeders, the lower intertidal probably is 
more profitable for growth, because of longer inunda
tion time (e.g. Vincent et al. 1989, 1994), higher cur
rent velocities (e.g. Olafsson 1986, Nowell et al. 1989) 
and higher density of suspended food particles (Lin & 
Hines 1994). Better grow th of adult M. balthica in the 
lower intertidal was observed in the w estern  W adden 
Sea (Beukema 1993) and in other intertidal areas (e.g. 
Vincent et al. 1989, 1994, Harvey et al. 1993). On the 
other hand, the higher intertidal could be more 
advantageous for the deposit-feeding M. balthica 
because of its better light conditions for the grow th of

microphytobenthos, and its lower current velocities, 
causing enhanced deposition of food particles on the 
sedim ent (Peterson & Skilleter 1994). Several field 
studies support the concept of better grow th of M. 
balthica in the higher intertidal (e.g. G reen 1973, 
Bachelet 1980, Armonies & Hellwig-Armonies 1992). 
At our study site we observed no spatial differences in 
length of M. balthica at the end of the growing season.

Because the strong early-recruitm ent pattern, 
formed by passive processes (Bouma et al. 2001), was 
flattened out in autumn, w e consider passive processes 
to have played a minor role in the changes in distribu
tion pattern. Passive resuspension as the dom inant 
process of re-entrance into the w ater column would 
have resulted in the strongest decrease in densities in 
the most dynamic, lower intertidal area, which was not 
the case. Since hydrography is supposed to determ ine 
w hether early recruits settle onshore or offshore, it 
may also influence the direction of succeeding m igra
tions. However, it is uncertain which pattern  would 
arise from passive deposition of the w ater column 
drifters. Deposition is the result of sinking, turbulent 
mixing and the success of settlem ent once the sedi
m ent is hit. The sinking velocity of secondary settlers is 
dependent on body size and length of the byssus 
th read  (Beukema & de Vlas 1989).

The cause of migration may vary betw een study 
areas, as well as temporarily w ithin the same area. 
Each individual requires a suitable range of environ
m ental conditions and there will be no single cause of 
migration. In agreem ent with Armonies (1994a), the 
results of our study suggest that active behaviour of 
migrating m acrofauna may overcom pensate the con
straints of hydrography. W hereas we expected that at 
this highly dynamic study site passive m igration would 
be higher than  active migration, even on this highly 
dynamic intertidal sandflat active migration seems to 
be of great im portance to the population dynamics of 
Macoma balthica.
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