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ABSTRACT: Ontogenetic niche changes (migrations) are worthwhile when spatial differences that
are age or size selective exist. In the Wadden Sea, a Macoma balthica individual migrates twice; from
the primary settlement locations at the low tidal flats to the high level nursery (spring migration) and
back to the low intertidal at an age of 9 mo (winter migration). Benefits of migrationmaybe found in
differences in predation pressure between the low and high tidal flats. This studyevaluates, by
means of a model based on empirical data, under what conditions the costs of migration (increased
mortality) are traded-off against an increased reproductive output (RO) due to avoiding size-selective
predation (by shrimps, crabs, polychaetes and birds) and size-selective infection by the parasitic
trematode Parvatrema affinis. Density was modelled as a function of predation and migration mor-
tality. The RO was compared for M. balthica that did and did not migrate, and for different times of
the spring and winter migration. RO was maximised for M. balthica that settle in the high intertidal
and migrate to low tidal flats at an age of approximately 9 mo. Shrimp predation makes living on the
low tidal flats unfavourable for small M. balthica. Parasitation by P. affinis makes it beneficial for M.
balthica to leave the high tidal flats around the age of 1 yr. In conclusion, migrations of M. balthica to
and from nurseries on high tidal flats of the Wadden Sea may be seen as an adaptation to avoid
shrimp predation on the juveniles and parasite infection of the adults. Although the costs of migration

are large, fitness is increased due to the migration because it is traded off by an increased RO.
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INTRODUCTION

Nurseries, where juveniles are abundant and adults
are scarce, are found throughout the animal kingdom.
Very clear examples of differential habitat use can be
found in many metamorphosing animals, such as
insects and amphibians with an aquatic larval stage.
Many examples are also found in the marine environ-
ment. Juvenile plaice Pleuronectes platessa live on
tidal flats and in other shallow coastal areas, while
adults live in deeper waters (Wennhage & Pihl 2001).
Juvenile shore crabs Carcinus maenas live concen-
trated in the highest intertidal, whilst adults are most
abundant in the low intertidal and subtidal (Klein
Breteler 1976). As nurseries are spatially separated
from the locations where the adults live, migrations are
an inevitable consequence of nursery use.
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Change of living area by migration will be adaptive
when the benefits of the migration (the difference in
survival or energy balance between 2 areas) are larger
than the costs of the migration (energetic costs or num-
ber of animals dying due to the migration). Therefore,
the animals have to trade off the short-term costs of mi-
gration against the possible long-term benefits in terms
ofiincreased reproductive output (RO), if the costs of mi-
gration are constant. The moment in the life cycle that
is optimal to change habitat, is the moment when
growth or survival in the first habitat becomes lower
than in the second habitat (Werner & Gilliam 1984).

This study examines the adaptive value of migra-
tions and nursery use for the bivalve Macoma balthica
(L.). M. balthica is a small bivalve found in coastal
areas in temperate and arctic regions of the Northern
Hemisphere (Beukema & Meehan 1985). In the Wad-
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den Sea, the 0-group (juveniles) of this species are
mainly found on the high intertidal flats. Older animals
(1+ group, which will be called adults in this paper) are
more widespread, and are found in both the low and
high intertidal and the subtidal zones of the Wadden
Sea and the adjacent North Sea (Beukema 1993).

Since the locations where adults and juveniles live
are partly spatially separated, Macoma balthica under-
takes migrations between these locations. Juvenile M.
balthica settle in May at a size of 300 pm in the low
intertidal. Subsequently, they all migrate in the direc-
tion of the high tidal flats (compare April and August
distribution of O-group in Fig. 3 in Hiddink et al.
2002c); 50% of these animals end up in the high inter-
tidal as defined in this study (0.25 m above mean tide
level, MTL). Hiddink & Wolff (2002) sampled 57 sta-
tions on a tidal flat 21 times over the course of 2 yr to
quantify migration flows during both spring and winter
migration. Mortality is 1.5 to 2 times higher during
migration periods (Hiddink & Wolff 2002), possibly
due to fish predation on byssus drifting M. balthica
(Hiddink et al. 2002a). Due to the additional mortality
caused by the migration, the number of migrating ani-
mals is larger than the number relocating. During the
spring migration, 55% of the animals migrated (the
number that relocated from low to high plus the num-
ber disappearing and probably dying due to the risks
of the migration) between May and July. The other
45 % stayed where they were before the spring migra-
tion until December. Between December and Febru-
ary, juvenile M. balthica (5 mm) migrate back to the
low intertidal and the North Sea (Beukema & De Vlas
1989, Hiddink & Wolff 2002). During the winter migra-
tion, 73 % of the population migrated (Hiddink & Wolff
2002).

Migration occurs via byssus drifting, where increased
drag on byssus threads decreases sinking rates
(Sigurdsson et al. 1976, Sorlin 1988). Sinking rates de-
pend on shell size and thread length and can be up to
5 times lower for small bivalves with a byssus thread
compared to small bivalves without (Sorlin 1988,
Beukema & De Vlas 1989). The distances that are cov-
ered during migration periods are large (up to 25 km;
Beukema & De Vlas 1989) and it is therefore unlikely
that these distances are covered by crawling animals.

A factor may stimulate nursery use if it: (1) acts in a
size or age selective way; and (2) is not homogeneously
distributed over the low and high tidal flats. Site and
size selective predation on Macoma balthica was found
for many groups of predators. Stomach content analy-
sis and size selection experiments in the laboratory
showed that epibenthic predators, like the shrimp
Crangon crangon, the crab Carcinus maenas and flat-
fish, only eat small M. balthica and are more abundant
in the low intertidal (Hiddink et al. 2002b). Exclosure

studies also showed that exclosure of epibenthic pre-
dators had a large effect on small M. balthica in the low
intertidal zone, but not in the high intertidal zone nor
on larger M. balthica (Hiddink et al. 2002b). Therefore,
the higher abundance of juvenile M. balthica in the
high intertidal zone after migration, is relatively in-
creased due to the higher predation on juvenile M.
balthica in the low intertidal zone. Caging studies and
stomach content analysis showed that the polychaetes
Arenicola marina and Nereis diversicolor can eat large
numbers of M. balthica <1 mm (Hiddink et al. 2002c).
Waders generally select for M. balthica >10 mm
(Hulcher 1982). Further, the parasite Parvatrema affinis
only infects M. balthica >9 mm in the high intertidal
zone (Hulscher 1973, Swennen & Ching 1974, Lim &
Green 1991, Edelaar et al. 2002). This trematode is
restricted to M. balthica, and uses it both as primary
and secondary host (Swennen & Ching 1974, Lauckner
1983). Its final hosts are ducks, waders and gulls that
feed on M. balthica (Lauckner 1983).

Beukema (1993) proposed the hypotheses that the
nursery use of Macoma balthica, with a spring and win-
ter migration, was an adaptation: (1) to avoid epibenthic
predation on juveniles; (2) to avoid disturbance of the
juveniles; (3) to avoid parasitation and bird predation on
the adults; and (4) to find the best growing conditions for
both adults and juveniles. Individual migrants should
trade-off a high probability of increased survival and
growth in the long term (because the migration may en-
able using predation and parasitation refuges, which
may be different for 0-group and older animals), against
the risk of reduced survival in the short term (because of
the losses caused by the migration).

The aim of this study is to test the general hypothesis
that nursery use of Macoma balthica is adaptive. For
ecach of the hypotheses proposed by Beukema (1993;
see above), | examined whether nursery use of M.
balthica increases fitness. Moreover, I assessed whether
the observed timing of the migration to and from the
nurseries maximises fitness. These hypotheses were
tested by construction of a model that calculates fit-
ness for M. balthica for different migration strategies
(whether or not to migrate and the timing of migra-
tions) as a function of migration risk, predation pres-
sure by different predators and the parasite infection
rate. Finally, the model was used to examine if M.
balthica can improve survival by timely migrations
between low and high tidal flats.

METHODS

Model construction strategy and general model
structure. The expected lifetime reproductive output
(RO) of an individual organism is given by multiplica-
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tion of a survival term until adulthood times the per
capita RO of animals reaching adulthood times the sur-
vival term of the adult animal. This can be described by:

RO = §Jiemy <saj *PORO]

where the first subscript of the survival probability, s,
refers to the life stage (j: juveniles; a: adult) and the
second subscript refers to the environment (i: low tidal
flat; j: high tidal flat); my is the survival probability of
the migration from environment i to j; PCROj is the per
capita RO in environment j. It is assumed that only
juvenile animals can migrate.

A migration from Environment 1to 2 (after primary
settlement in Environment 1) upon maturing will be
worthwhile if m¢ 2+sa,2+PCR02 > sal *PCROIr other-
wise staying will be the optimal strategy. In this study,
it was assumed that PCRCh = PCRO02 and that migra-
tion mortality does not depend on the time of migra-
tion. Therefore, whether a migration is worthwhile
depends on survival in the 2 environments and the
magnitude of the migration mortality.

The survival in an environment (sy) depends on the
number of predators, the number of prey, the functional
response of the predator, the size of the prey and the size
selection of the predators. The number of predators and
the size of Macoma balthica change throughout the year.

This study examines the interaction of Macoma
balthica growth with predator consumption rates at
the low and high tidal flats and therefore, an evalua-
tion of the above-described inequality is complicated.
For this purpose, an age-structured model was con-
structed that calculates the density of a M. balthica
year class, per 1 mm length-category, from Age-0
(April of their first year) for a period of 5 yr. M. balthica
grow from one length class to the next and density is a
function of mortality by predation and migrations only.
All M. balthica live either on the low or on the high
tidal flats during a time step (1 mo). They can migrate
to the other location in the next month.

All parameter values, predator densities and Macoma
balthica settling density were derived empirically from
field and laboratory studies (Hiddink & Wolff 2002,
Hiddink et al. 2002a,b,c). Field studies were carried out
at the tidal flats of the Groninger Wad in the Dutch
Wadden Sea from 1998 to 2001, and data from all 4 years
were used to construct the model. The model was parti-
tioned in low (below 0.25 m 'Nieuw Amsterdams Peil',
NAP, Dutch ordinance level, close to mean tidal level)
and high (above 0.25 m NAP) tidal flats, which had dif-
ferent predator densities and predation rates. For factors
that were not studied on the Groninger Wad (e.g. para-
site infection rates and oystercatcher feeding biology),
literature values were used from tidal flat areas as close
as possible and always in the Wadden Sea (see else-
where in 'Methods' for the literature sources used).

Fitness measure. Fitness was defined as the total RO
of the population during 5 yr. In the model, every
Macoma balthica shows the same behaviour and
therefore, the RO is likewise an individual fitness mea-
sure. M. balthica generally starts reproducing at Age-
2 (Beukema et al. 2001). Few M. balthica reach an age
of more than 5 yr in the field (Van der Meer et al. 2001)
and for practical reasons, RO was calculated only for
these 5 yr. RO was calculated from the number of M.
balthica uninfected by the trematode parasite Parva-
trema affinis, alive in March for the 4 reproductive
years; as fecundity correlates linearly with age and
biomass (Beukema et al. 2001), this number was multi-
plied by the age of the M. balthica.

Description of the model. Growth: Length data from
the field were used to fit growth rates for the model. As
these lengths are changed by size-selective predation,
this probably leads to an overestimation of growth rates
for small Macoma balthica and therefore, to an under-
estimation of predation rates. Unfortunately, not
enough growth data for M. balthica in the absence of
size-selecting predators (exclosure studies) were avail-
able to fit a growth curve that is unbiased by size selec-
tion. Nevertheless, Hiddink et al. (2002b) found no
significant differences between treatments with and
without epibenthic predators in the length of 0-group
and 1+ group M. balthica over 2 to 3 mo experiments.
Growth rates on the low and high tidal flats were as-
sumed to be equal for the same reason and because no
substantial differences in length growth were found be-
tween low and high tidal flats on the Groninger Wad.

In the model, Macoma balthica grew from size class
to size class according to a seasonalised Von Berta-
lanffy growth curve with K = 0.75 and L= 17.5 mm,
both derived from a Ford-Walford-plot (King 1995) of
length data from the Groninger Wad. Monthly growth
rates were adjusted by a constant (which can be inter-
preted as the result of food availability and tempera-
ture, and followed a seasonal cycle with maximum
growth rates in April and May and no growth in
December and January), to generate the observed sea-
sonal growth; 0-group M. balthica grow from April to
October, while 1+ group animals show high growth
rates from April to July. This factor was adjusted per
month to fit the Von Bertalanffy growth curve that was
generated by the model, to lengths of the 1998 year
class on the Groninger Wad.

Preliminary tests of the model showed that size
selection by high densities of epibenthic predators
could increase mean shell length of the population by
maximally 1 mm at a length of 14 mm. This deviation is
smaller than between-year differences in the field
(Van der Meer et al. 2001). In the model, Macoma
balthica settled in April at Age-0 in the 0.5 mm length
class at a density of 10000 nr2(Hiddink & Wolff 2002).
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Predation: Predators considered in this study were
the brown shrimp Crangon crangon L.r 0-group and
older (1+ group) shore crabs Carcinus maenas (L.)rthe
ragworm Nereis diversicolor (Miller), the lugworm
Arenicola marina (L.) and the oystercatcher Haemato-
pus ostralegus L.

Predator densities: Densities of shrimps, crabs and
polychaetes were determined on the tidal flats of the
Groninger Wad between 1998 and 2001 (Hiddink et al.
2002b,c). All densities were calculated separately for
the low and high tidal flats (Fig. 1). Average densities
per month were used, with missing data being linearly
interpolated. In the model, equal predator densities
were used for each of the 5 yr examined.

Densities of oystercatchers Haematopus ostralegus
foraging on the tidal flats were calculated from high
tide counts by De Jong & Koks (1999), a method justi-
fied by Yates & Goss-Custard (1991). H. ostralegus
roosting at the saltmarsh at high tide were assumed to
forage in an area of 20 km2at low tide, which includes
7 km2 of my study area. Spatial distribution of waders
is primarily governed by food abundance in the high
intertidal, but is limited by emersion time in the low
intertidal (Wolff et al. 1975). For reasons of simplicity,
the predation pressure on Macoma balthica by H.
ostralegus on the low and high tidal flats was assumed
to be proportional to the exposure time (ratio low to
high =3.1:9.8 h per tidal cycle).

Functional response: The relation between the den-
sity of Macoma balthica in the suitable size range and
predator consumption was described by a functional
response (FR) that was fitted with a regression through
empirical data. Whenever possible, separate FRs were
fitted for low and high tidal flat predators. The FRs
fitted had a Holling Type I (y = ax), Holling Type II
(y = ax/[1 + fox]) or Holling Type III (y = a/[l +
exp{-fo(x - ¢)}]) shape, where y is predator consump-
tion (prey per predator per month), x = M. balthica
density (nnr2)and a, oand c are parameters (Holling
1965). The Holling-type curve that showed the best
fit with empirical data was selected for the final FR.

The deposit-feeding polychaetes probably feed on
Macoma balthica spat in numbers proportional to the
amount of sediment they process. Therefore, and be-
cause field observations showed considerable scatter,
a linear relation (Type I) between M. balthica density
and intake rate was assumed (Fig. 1). The parameter
value a (# M. balthica eaten worm-1 mo-1 M. balthica-1
m-2) was calculated from the average number of M.
balthica per examined stomach of Nereis diversicolor
and Arenicola marina and the gut through-put time
(Hiddink et al. 2002c). M. balthica consumption as a
function of density was never measured for Haema-
topus ostralegus. From available data on intake rates
and densities of M. balthica (Hulscher 1982, Buns-

koeke et al. 1996, B. J. Ens pers. comm.), a Type II FR
curve was constructed. The effect of temperature on
predation rates of predators was ignored, because
knowledge on the relation between temperature and
predation rates is scarce for most predators. Further-
more, the short yearly predation period of most pre-
dators on M. balthica would result in only minor effects
of temperature on predation rates.

Size selection: For each predator species, a size
selection factor between 0 and 1 was assigned per
Macoma balthica length category, based on laboratory
size-selection experiments (Hiddink et al. 2002b),
stomach content analysis (Hiddink et al. 2002b,c) and
on literature values for Haematopus ostralegus
(Hulscher 1982). The maximum selection value was set
at 1; a O-selection value indicates that the size class
was rejected, a 1 indicates strong preference for this
size class.

Calculation of consumption: The number of con-
sumed Macoma balthica per predator and per time
step (1 mo) was calculated from the overlap of the size
distribution of the M. balthica population and the size-
selection factors, M. balthica density and the FR. First,
densities per size class were multiplied with the selec-
tion factors to calculate a total density that is corrected
for the size selection: the density perceived by the
predator. From this density, the number of consumed
M. balthica was calculated from the FR. This number
was partitioned over the different M. balthica size
classes according to the density x size-selection ratios.

Parasite infestation: On tidal flats in the Dutch Wad-
den Sea, Parvatrema affinis only occurs in the high in-
tertidal and only in Macoma balthica larger than 9 mm.
More than 30% of the large M. balthica on high tidal
flats may be infected (Hulscher 1973, Swennen & Ching
1974). Because infection increase rates per month were
needed for the calculations, lengths were recalculated
to ages, using the Von Bertalanffy growth curve. The
slope of the parasite incidence against age (in months)
was used as the monthly parasite increase rate (1.03 %,
R2=0.76), for M. balthica above 9 mm (the intersection
with the x-axis) on the high tidal flats. In the model, in-
fected bivalves cannot lose their infection and suffer no
additional mortality; however, they can be eaten by
predators. As M. balthica cannot reproduce due to
parasitic castration (Lauckner 1983, Pekkarinen 1987),
the animals are dead from a fitness point of view.

Migration mortality. Migrations are dangerous for
Macoma balthica because predation during pelagic
drifting is higher than when staying buried (Hiddink et
al. 2002a). From a field study, the additional mortality
due to the spring and winter migrations was estimated at
13 and 24 %, respectively; assuming that the whole pop-
ulation drifted and that only a fraction of the animals
really relocated (Hiddink & Wolff 2002). In the model
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Fig. 1. Functional responses (FRs), density and size selection of all predators. Note the different x-axis scaling for the Haematopus
ostralegus FR. For Crangon crangon and Carcinus maenas 0 and 1+ groups, a different FR was used for the low and high tidal flats
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calculations for each migration at any time of the
year, from low to high tidal flats, the M. balthica
suffer the additional spring migration mortality,
while for migrations from high to low, they suffer
the additional winter migration mortality.

As the energetic costs of forming a byssus
thread are very small (Hiddink et al. 2002a),
these costs were not incorporated in this study.
Although Macoma balthica probably cannot
forage during migrations, possibly leading to
depletion of energy reserves, this process was
not considered important.

RESULTS

Input

Fig. 2. Macoma balthica. Density over time (+95% confidence interval)
for the 1998 and 1999 year classes at the Groninger Wad as calculated

The data used as input for the model are sum-
marised in Fig. 1 and Table 1. Some of the FR
curves showed a rather poor fit with the field
data, especially those for the polychaetes and
crabs. Predation rates of Crangon crangon and Carci-
nus maenas on the low tidal flats were higher than
those at the high flats at equal Macoma balthica den-
sity because individuals were bigger and immersion
times were longer (Fig. 1). For 1+ C. maenas;no data to
fit a FR were available, therefore the 0-group FR was
also used for the 1+ group.

Fit of the model to empirical data

The model underestimated the mortality in the field by
a factor of 2 (Fig. 2). Especially in the period September
to January at Age-0, the model predicted a constant pop-
ulation size (no mortality), while mortality in the field
was high. Clearly, some factors causing mortality were
not included in the model. Since mortality of Macoma
balthica at the Groninger Wad could not completely be
explained, the model is only useful for testing hypothe-
ses for factors that have been included in the model.

100000

Model
1998 year class
1999 year class

10000-

0 1 2 3
Age (years)

by the model

Fitness as a function of migration date in the model
Survival from month to month

From the model, the survival from one month to the
next (Fig. 3) was calculated. Below Age-1, survival of
Macoma balthica is much lower than above Age-1.
Survival is highest in the high intertidal before Age-1
and is higher in the low intertidal after Age-1.

Fitness as a function of migration date for the 'winter'
migration from high to low tidal flats

In Fig. 4, the cost of migration is incorporated in cal-
culations of reproductive output for different moments
of migration from the high to the low tidal flats ('winter'
migration), assuming primary settlement on the high
intertidal. The time for migration that results in the
highest RO lies before Age-1, at an age of about 9 mo.

Table 1. Shape (Holling Type L II or Il), parameter values and fit of the regression of the functional responses for all predators.
The functional response (FR) describes the relation between Macoma balthica density (n m-2) and number of M balthica
consumed per predator per month

Species Tidal level FR type
Crangon crangon Low II
Crangon crangon High it
Carcinus maenas 0 and 1+ groups Low I
Carcinus maenas 0 and 1+ groups High I
Haematopus ostralegus Both I
Arenicola marina Both I

Nereis diversicolor Both 1

R2 n a b c
0.65 8 0.301 0.001
0.72 4 130 0.002 10926
0.28 4 0.250 0.0015
0.08 6 0.108 0.0015
0.37 24 650 0.016
0.01 8 0.00526
0.21 7 0.00047
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Age
Fig. 3. Macoma balthica. Survival (ratio next month to current

month, minus parasite-infected M. balthica) at low and high
tidal flats from the model calculations, without migration

This coincides with the moment at which the winter
migration was observed in the field.

All factors included in the model were varied be-
tween 0 (species or process not present in model) and
200% of the observed value. If the shape of the curve
that describes the RO as a function of migration date-

60000

50000-
40000-
30000-

20000-

. 10000-

0 1 2 3 4 5
Migration age (years)

Fig. 4. Macoma balthica. Reproductive output of a population,
calculated by the model, for M. balthica migrating from the
high to the low tidal flats ('winter' migration) at different ages.
The first and last point on the time axis represent 'always
low' and 'always high' and therefore, no migration. From the
model, the highest reproductive output is found for migration
from the high to the low tidal flats that lies around Age-1
(which is also the age at which the winter migration was
observed). The saw teeth in the curve are caused by the mor-
tality caused by the migration (see Fig. 5G). As in the model,
76 % of the population survives the winter migration; in the
short term, the population size is reduced by 24 % by the
migration. Therefore, when migrating before the evaluation
moments (March, reproduction), the population size is re-
duced as compared with migration directly after reproduction

changes upon altering the input factor, this factor
affects the migration moment that results in the high-
est RO. If, however, only the level and not the shape of
the curve changes, the factor does affect the final RO,
but not the optimal moment to migrate.

Only the abundance of shrimps, migration risk, growth
rate and parasite infection rates affected the shape of the
curves to an extent that the best moment to migrate
changed (Fig. 5). Ifthere are no shrimps (0 %), the high-
est RO is reached when Macoma balthica immediately
migrates to the low intertidal after settlement, while
when there are many shrimps (>25 % of observed den-
sity), a migration to the low intertidal within the first 5 mo
would decrease the RO (Fig. 5D). If there were no para-
sites, leaving the high tidal flats would decrease RO, but
if parasite infection rates become above 80 % of the cal-
culated field value, a migration from the high to the low
tidal flats after reaching Age-1 increases RO (Fig. 51). If
the migration risk is too high (less than 70 % survival dur-
ing migration), the migration does not increase the RO of
the population. If migration survival is higher, the opti-
mal moment to migrate will be determined by shrimps
and parasites around Age-1 (Fig. 5G). Finally, in popu-
lations with a Lwsmaller than 14 mm, migrations will not
optimise the RO (Fig. 5SH). Other predators like Nereis
diversicolorand Carcinus maenas 0-group have a large
effect on the RO, but not on migration moment giving the
highest RO (Fig. 5B.E). Arenicola marina, 1+ group C.
maenas and Haematopus ostralegus have only a small
effect on the RO (Fig. 5A,C,F).

Starting density (=density at settlement) has an effect
on the RO at different migration dates (Fig. 5J). At very
high settlement densities (>59 000 nr?2), the RO output
will be highest when Macoma balthica does not migrate
after primary settlement in the low intertidal (migration
from high to low at Age-0); at lower densities, the RO is
maximal when migrating around the age of 1 yr.

Fitness as a function of migration date for the
'spring' migration from low to high tidal flats

The optimal moment of migration from low to high
tidal flats was only affected by shrimp abundance
(Fig. 6). Normal and high shrimp abundances make it
necessary to leave the low intertidal as soon as pos-
sible. At low shrimp abundances, the best strategy is to
always stay in the low intertidal (migration from low to
high as late as possible). At normal shrimp abun-
dances, predation by shrimps in the low intertidal is so
strong that the Macoma balthica population almost
dies out when it stays in the low intertidal. Therefore,
parasite infection rates, migration mortality and all
other factors did not affect the fact that leaving the low
intertidal as soon as possible maximises RO.
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Fig. 5. Macoma balthica. Reproductive output over 5 yr of a population (initial density 10 000 m 2, except [J]), as a function of

migration age (migration from high to low tidal flats), for different predation, parasite infection and migration mortality rates. All

values are given as a percentage of estimated field value, except for migration survival (% survival, field value 76 %) and growth

rate, where the L,,is given (field value 17.5 mm). The first and last point on the time axis represent 'always low' and 'always high'
and therefore, no migration

Nursery use and the best strategy

The above sections analysed the effect of spring and
winter migration date separately; here, the effect of
both migrations on the RO are analysed together. The
strategy that maximises RO of Macoma balthica is an
immediate settlement at the high tidal flats and a
migration back to the low tidal flats in January of their
first winter (Fig. 7). The RO of bivalves that initially
settle in the low intertidal (54 x 103), as was observed in
the Wadden Sea (Hiddink & Wolff 2002), is lower than
that of those that initially settle in the high intertidal
(63 x 103).

DISCUSSION

An important conclusion of this study is that the
model cannot fully explain mortality as observed on
the Groninger Wad. This can be due to an underesti-
mation of the predation pressure of one or more of the
included predators, or due to not including other
important factors in the analysis. The underestimation
of mortality can probably be explained from an under-
estimation of epibenthic predator densities, omission of
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0 1 2 3 4

Migration age (years)

Fig. 6. Macoma balthica. Reproductive output as a function of

migration age (migration from low to high tidal flats) in the

model, for different values of Crangon crangon predation

pressure (100% is observed field density). The first and last

point on the time axis represent 'always high' and 'always
low' and therefore, no migration

shelduck predation and other Macoma balthica eating
waders from the model, or mortality caused by Parva-
trema affinis and other parasites. Of these, shelduck
predation and parasite-induced death are best estab-
lished by studies. Shelducks eat M. balthica (Goethe
1961, Olney 1965, Poutsma 1969) and are common on
the tidal flats of Groninger Wad from September to
November (1000 to 7000 at high tide roosts; De Jong
& Koks 1999). The shelduck was not included in the
model because data on the functional response are not
available. In the model calculations, it was assumed
that no extra mortality was caused by the parasites.
This assumption is probably not right because:
(1) heavy infestation by trematode cercariaec and meta-
cercariae causes damage to host tissues (Lauckner
1983); and (2) P. affinis causes M. balthica to create
crawling tracks (Swennen & Ching 1974), which in
turn may increase shorebird predation (but see
Mouritsen 1997, Edelaar et al. 2002). This will have led
to an underestimation of infection and mortality rates,

Reproductive
output
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Fig. 7. Macoma balthica. Contour plot of reproductive output

(RO) as a function of spring and winter migration date. The

highest RO is found after settlement in the high intertidal

(age = 0 mo) and a subsequent migration to the low tidal flat
in January of their first winter
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so the effect of P. affinis on M. balthica fitness will
probably even be larger. The assumptions that juve-
nile M. balthica is not infected by P. affinis (or is it just
not visible?) and that animals in the low intertidal zone
are not infected were important in this study and
should be studied further.

Since mortality of Macoma balthica at the Groninger
Wad could not completely be explained, the model is
useful for testing the hypotheses related to factors that
have been included in the model only. It is difficult to
say how including the additional mortality causing
agents in the model would affect the conclusions of this
study, because the direction of the effect heavily
depends on the spatial distribution and size selection
of the process, predator or parasite causing the mortal-
ity. If the underestimation of mortality is caused by an
underestimation of the abundance and/or intake rates
of all predators that were already included, the bene-
fits of migration would increase. Nevertheless, tests
with my current model led to acceptation or rejection
of hypotheses as to why M. balthica migrates on the
tidal flats of the Wadden Sea without explaining all
mortality on the tidal flats. Future studies may eluci-
date what the other mortality causing factors and
whether these factors affect the benefits of migrations
for M. balthica.

The model calculations showed that the Beukema's
(1993) hypothesis that migrations are an adaptation to
avoid bird predation can be rejected because in the
model, the presence or absence of oystercatchers did
not have an effect on the profitability of migration. The
hypotheses that nursery use and migrations are adap-
tive because they help to avoid epibenthic predation
onjuveniles and parasitation on the adults could not be
rejected because both epibenthic predation by Cran-
gon crangon and parasitation by Parvatrema affinis
made it profitable to use nurseries for Macoma balthica
at their natural densities. Therefore, it may be con-
cluded that the spring and winter migrations of M.
balthica serve as adaptations to avoid shrimp preda-
tion on spat and parasitation on large M. balthica. By
leaving the low intertidal soon after settlement, M.
balthica can increase the survival of small spat be-
cause shrimps are less abundant in the high intertidal.
After M. balthica has outgrown the size range that is
eaten by shrimps, it enters the size class that is vulner-
able for infestation (and parasitic castration) by the
parasitic trematode P. affinis, that is most common in
the high intertidal. In the long run, the high mortality
during the migration is outweighed by the increased
RO of longer living, non-infested animals. Although
other predators do affect the RO of M. balthica, they do
not have an effect on which migration strategy yields
the highest RO. The model shows that the spring
migration will be beneficial even if the mortality

caused by the spring migration is very high (less than
10% survival). The winter migration is only worth-
while when migration causes an additional mortality
smaller than 30%.

Thus, taking the risks of the migration increases fit-
ness, because the migration risk is traded off against
an increased RO. The cost is paid by the fraction of
Macoma balthica that die/disappear during migration,
while the survivors receive the benefits. Fig. 4 shows
that the differences in RO between migrating and non-
migrating M. balthica only become apparent after 2 yr.
It can therefore be predicted, also in accordance
with life-history theory, that animals with a short life-
expectancy (or with a higher predation risk during
migration) should not migrate. This may explain the
large remaining variation in the field, with some
0-group living in the low intertidal and many adult M.
balthica living on the high tidal flats. Nevertheless, if
the fitness of the majority of M. balthica is increased by
the migration, the evolution of migration behaviour
may be expected.

The hypotheses of Beukema (1993) that nursery use
of Macoma balthica and the associated migrations are
an adaptation to avoid disturbance of the juveniles and
to find the best growing conditions for both adults and
juveniles were not tested in this study.

Beukema (1993) showed that after mild winters with
many shrimps and poor Macoma balthica recruitment,
0-group M. balthica was concentrated in the high inter-
tidal, while after cold winters with few shrimps, the
majority of the abundant O-group lived around mean
tidal level. This shows that in years with few shrimps,
spat can live at lower tidal levels (Beukema et al. 1998)
and the spring migration is less obligate. This illustrates
the importance of shrimps for nursery use of M. balthica.
The change in distribution from the low to the high
intertidal zone in spring can at least partly be explained
by a migration (Hiddink & Wolff2002), but the above ob-
servation suggests that it can also be explained by direct
effects of shrimps on low tidal levels (either predation or
induced migration due to the presence of shrimps). The
migratory behaviour may also explain why M. balthica is
one of the most common macrozoobenthic species of the
Wadden Sea. The use of a shrimp refuge by juveniles
effectively prevents the complete recruitment failure so
frequently observed in certain years in other bivalve
species in the Wadden Sea (Beukema 1993).

From experiments and observations in Hiddink et al.
(2002b) and the (dependent) analysis in the current
paper, a higher mortality of 0-group Macoma balthica
in the low intertidal and a higher mortality of 1+ group
M. balthica in the high intertidal would be expected.
In fact, this is the reason why migrations increase the
RO of migrating M. balthica and therefore of vital im-
portance for my conclusions. Beukema (1993) showed
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that mortality for 1+ group M. balthica was higher in
the high intertidal. For 0-group M. balthica, mortality
of the 1998 year class on the Groninger Wad was not
significantly different between the low and high tidal
flats (comparison of regression lines, p = 0.83, analysis
of data from Hiddink & Wolff, 2002); however, for the
1999 year class, it was (p = 0.03; low tidal flats 0.035 d 1
> high tidal flats 0.005 d_1, analysis of data from Hid-
dink et al. 2002b). Therefore, there also seems to be
some empirical evidence for differential mortality
between the low and high tidal flats for both 0- and 1+
group M. balthica.

The last section of 'Results' shows that the migration
strategy as observed on the Groninger Wad (Hiddink &
Wolff 2002) and other parts of the Wadden Sea
(Armonies & Hellwig-Armonies 1992, Beukema 1993)
(settlement low, spring migration to high tidal flat, win-
ter migration to low tidal flats) resulted in a lower RO
than primary settlement in the high intertidal (and there-
fore, without spring migration). Hence, the observed mi-
gration strategy may not maximise fitness. While pri-
mary settlement of Macoma balthica is found primarily
in the low intertidal in the sheltered Wadden Sea
(Giinther 1991, Armonies 1996, Hiddink & Wolff 2002),
settlement was highest in the high intertidal in the highly
dynamic Westerschelde estuary (Bouma et al. 2001).
Bouma et al. (2001) explain this pattern by showing that
the location of primary M. balthica settlement is gov-
erned by local hydrodynamic conditions, implying that
this location is not 'chosen' by M. balthica. Therefore,
initial settlement in the low intertidal cannot be part of
an adaptive strategy. However, given initial settlement
in the low intertidal, the spring migration increases
reproductive output and, hence, is adaptive.

Other explanations for the observed distribution and
migration patterns of Macoma balthica are possible,
such as differences in growth between low and high
tidal flats, density dependent growth and migration as
a proximate reaction to adverse circumstances, like
freezing or predator/parasite presence. As M. balthica
winter migration is triggered by low water tempera-
tures (Sorlin 1988, Hiddink & Wolff 2002), it may be
argued that downward migration serves as a mecha-
nism to avoid low temperatures in winter instead as an
adaptive strategy to avoid parasites, as temperatures
are lower in the high intertidal in winter. However, as
M. balthica appears not to be sensitive to the winter
temperatures encountered in the Wadden Sea (Ibing &
Theede 1975, Bourget 1983, Giinther & Niesel 1999),
avoiding low temperatures does not seem a probable
reason for the winter migration of M. balthica in the
Wadden Sea. An analysis of proximate reactions on
adverse circumstances, like low temperatures, as the
reason for migration would require a very different
modelling approach. In the analysis, possible differ-

ences in growth between the low and high tidal flats
were ignored, including the possibility of density
dependent growth (Olafsson 1986, Kamermans et al.
1992, Skilleter & Peterson 1994, Vincent et al. 1994,
Azouzi et al. 2002). Observations of density dependent
growth of 0-group M. balthica on tidal flats have to be
interpreted with care anyhow, as the combination of
low densities and large M. balthica (and vice versa)
may also be the result of a heavy selective predation of
shrimps and other epibenthic predators on small M.
balthica. Available evidence suggests that growth
rates for older M. balthica are higher on low tidal flats,
and higher forjuveniles on high tidal flats (Armonies &
Hellwig-Armonies 1992, Beukema 1993), which would
increase the benefits of the winter migration. However,
without good information about growth rates of juve-
niles and adults on the low and high tidal flats as well
as the density dependence of this growth, it is difficult
to say something meaningful about the effect of den-
sity dependence on the adaptive value of migration.

This study tested the adaptive value of the differing
distribution of Macoma balthica age groups on the
tidal flats of the Wadden Sea, but M. balthica also
occurs in the subtidal Wadden and North Sea. The
absence of 0-group M. balthica from the subtidal as
well as the winter migration to the North Sea (Hiddink
& Wolff 2002) may be explained in the same way
(migration mortality, shrimp predation, parasite infes-
tation) as on tidal flats. Although the polychaete Nereis
diversicolor, which eats much spat, is rare in the sub-
tidal zone (Hiddink et al. 2002c), the predation pres-
sure by shrimps is probably even higher than on the
tidal flats because shrimps are larger and more abun-
dant (Boddeke 1996, Hostens 2000). Thus, the subtidal
zone is probably a hostile environment for small M.
balthica, while the absence of P. affinis makes the sub-
tidal zone attractive for adults. Therefore, on a larger
scale, the same processes may be important for migra-
tion as on a tidal flat scale.

On an even larger scale, Macoma balthica also oc-
curs in locations where no intertidal nurseries exist,
e.g. in the Baltic Sea. Here, M. balthica does not under-
take any migrations as the predator Crangon crangon
is not present (Bonsdorff et al. 1993). Fig. 5J shows that
only at very high settlement densities (>30000 nr2)
will some M. balthica survive in the low intertidal (due
to swamping of C. crangon) and that at densities
>60000 nr2, staying in the high intertidal does not
increase fitness. Extremely high settlement densities of
300 000 nr2do occur in the subtidal Baltic Sea (Bons-
dorff et al. 1993) and reasoning that the abundance of
shrimps in the subtidal zone of the Baltic is not much
higher than in the low intertidal zone of the Wadden
Sea, may explain why some M. balthica survive in the
Baltic without using intertidal refuges.
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