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behorende bij het proefschrift
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van Leo Zwarts

1. Schol helpt scholekster.

2. Aangezien de variatie in het daadwerkelijke voedselaanbod veelal meer
wordt bepaald door de enorme variatie in de oogstbare fractie van het voed-
sel dan door de variatie in het totale hoeveelheid voedsel, is het altijd lonend
om bij onderzoek naar predator-prooi-relaties de bereikbaarheid van het

voedsel en de prooiselectie van de predator nauwkeurig te kwantificeren.

3. Ais dominante vogels minder lichaamsreserves aanleggen dan subdominan-
te vogels, is dit niet omdat het dominant zijn zoveel energie kost. maar omdat
vogels die hoog in de pikorde staan kennelijk met een kleinere energetische
noodvoorraad denken te kunnen volstaan (contra J.M. Bow ler (1994) Ardea

82: 241-248).

4. De sterfte die optreedt bij het vangen van vogels met behulp van netten ten
behoeve van wetenschappelijk onderzoek wordt ten onrechte nooit onder-
worpen aan een kritische evaluatie. Zeker wanneer het onderzoek afthankelijk
is van de terugvangst van individuele vogels moet deze mortaliteit worden

geschat.
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5. Aangezien vele van de weide- en moerasvogels die hier te lande broeden, het
grootste deel van hetjaar geconcentreerd zijn in Afrikaanse moerasgebieden,
is de toekomst van deze vogels in sterke mate afhankelijk van de gang van

zaken in deze overwinteringsgebieden.

6. Jacht heeft een negatieve effect op de omvang van een dierpopulatie omdat,
ais gevolg van de toename in de schuwheid van de bejaagde dieren, het
gebruik van hun leefgebied wordt beperkt. Dit indirecte effect is waarschijn-
lijk van veel groter belang dan het direct meetbare effect van de verhoogde

mortaliteit ais gevolg van het afschot.

7. Mensen die in de tropen leven, ervaren de natuur veelal ais een bron van
gevaren en zelden ais een plek waar het aangenaam verpozen is. Dit bemoei-
lijkt de export van de natuurbeschermingsgedachte vanuit de gematigde stre-

ken naar de tropen.

8. Het feit dat de meeste, zelfs duur uitgevoerde, rapporten worden uitgebracht
zonder dat titel en auteur op de rug worden vermeld, doet vermoeden dat het

de bedoeling is ze le bewaren in een bureaula en niet in een boekenkast.
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INTRODUCTION

That science is making progress, may clearly be il-
lustrated with the growth of our knowledge about
waders, or shorebirds, and their food supply, the
ntacrozoobenthos living in the intertidal mud and
sandriats. Forty years ago. the exciting phenomenon of
the massive wader flocks passing through the Wadden
Sea was appreciated but not quantified, nor were the
migratory pathways known in detail. Now we know
where the waders breed, where they winter and how
many millions stage in the Wadden Sea. thanks to the
many people who have been catching and counting
birds the last decades. Also the year-to-year variation
in their food supply is known, as well as the factors
causing these fluctuations, thanks to the NIOZ. in par-
ticular the perseverance ofJan Beukema who started in
1964 a biannual sampling programme of the macro-
/oobenthos in the western part of the Wadden Sea. The
annual number of scientific papers reflects this explo-
sion of our knowledge in this field of research, as visu-
alised with the frequency distribution of cited papers in
the list of references.

Do we not know enough about the Wadden Sea?
For scientists, this is an illogical question, because
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there is no limit to the sky The most profitable re-
search strategy must be a comparison between the
well-studied Wadden Sea and less-studied estuarine
systems elsewhere and. indeed, expeditions to West
Africa and elsewhere during the last 15 years, in which
many workers from the Wadden Sea took part, resulted
in the most interesting papers. Clearly, these papers
would not have been written without the knowledge
built up during many years ofresearch in the Wadden
Sea. Yet it remains of importance to continue research
in the Wadden Sea, and not only to monitor the annual
fluctuations in animal life, because several fundamen-
tal questions have still not been answered. The ques-
tion whether the population of birds using the intertidal
flats is limited by their food supply, has been a leading
question in most of the bird research in the Wadden
Sea. The tendency of 'waderologists' in the Wadden
Sea. but also elsewhere, to focus on the problem of the
carrying capacity is not surprising, because the bird
species depending on the tidal zone, have recently lost
a substantial part of their feeding area in Europe and
Asia. Does the loss of refuelling stations during migra-
tion and the decreasing surface area of their overwin-
tering grounds negatively affect the size of the bird
populations? The question is simple, but appears to be
extremely difficult to answer. Therefore, the best strat-
egy is to break down the main question into many
small, more or less answerable, questions. Most of the
papers collected in this thesis deal with these derived
questions. To what extent the solution of the isolated
questions contributes to the overall problem will help
to define the research needs ofthe coming years.

Our research has focused in detail on the relationships
between three waders. Oystercatcher. Curlew and
Knot, and their food supply. On the tidal flats along the
Frisian coast, we built hides on towers from which the
feeding birds could be observed at short distance.
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Thousands of Oystercatchers and hundreds of Curlews
were individually marked with colour rings, so we
were able to watch the same individuals for days or
months and. some birds, even for years. Around these
towers many thousands of pegs were placed to be able
to describe in detail the searching path of individual
birds and the feeding time spent per plot. For the same
plots we determined the average density in which the
different bird species foraged, the density in which the
different prey species occurred in the substrate, but
also the clay content of the substrate and the elevation.
The burying depth of the bivalves and the burrow
depth of the worms were measured in some selected
plots.

This thesis collects sixteen papers that have already
been published as separate papers in six journals or as
chapters in two books. Apart from some corrections of
small errors, they were printed without changes. The
first two papers describe the seasonal and annual vari-
ations in the food supply of the waders. The next four
papers deal with the burying depth of bivalves. Five
papers are about Oystercatchers. two about Knot, one
about Curlews and one about Oystercatchers and
Curlews. All these papers have in common that they
deal with the feeding decisions of waders and the anti-
predator behaviour of their prey. As shown below,
some matters are raised in more than one paper.

Sampling of the prey

Chapter I describes the procedures to sample the
macrozoobenthos and the way in which the biomass (g
ash-free dry weight m:) of the bivalves was deter-
mined. The samples in one of the study areas were
taken once a month during nearly ten years. The
lengths and weights of all collected prey were mea-
sured. This allowed to estimate the monthly growth for
the different year classes (Ch. II, 13 & 16). the mor-
tality (Ch. II. 16) and the somatic production (Ch. 11).
Information about the temporal and spatial variation in
biomass is given in chapter 2. 11 & 13.

Burying depth of the prey

Tlie majority of the macrozoobenthos live buried
safely beneath the surface, hence only a fraction of
these prey are accessible to waders. To measure the
fraction living within reach of the wader’s bill, during
seven years we determined the burying depth of bi-

valves and worms each fortnight (Ch. 2,4. 8. 12, 14 &
16). In most species, the seasonal and annual variation
in the accessible fraction was much larger than the
variation in the numerical density. Consequently, the
fluctuation in the prey density was much larger, if re-
stricted to the prey actually accessible to waders.

Burying depth and feeding mode

There is no seasonal variation in the burying depth of
Cockles Cerastoderma edule and Soft-shell Clams
Mya arenaria, but two other clams. Macoma balthica
and Scrobicularia plana, which use their siphon to
graze at the substrate, live close to the surface in sum-
mer and deeply buried in winter (Ch. 2. 3). The latter
two species bury in winter so deeply that they can just
reach with their siphon the surface, whereas in summer
they use a part of the siphon to graze at the surface (Ch.
5). Since Cockles and Soft-shell Clam are suspension
feeders, they use their siphon to reach the surface and
thus show no seasonal variation in burying depth.

Burying depth and prey risk

Deep-living prey have a much lower risk to be taken by
a predator than shallow ones. Why do some bivalves
risk their lives to be close to the surface? Burying
depth increases with size, because the larger bivalves
invest relatively more in their siphon weight, although
above a certain size burying depth and siphon invest-
ment levels off (Ch. 3). There is a huge variation in
burying depth for bivalves of similar size. This may be
attributed in part to variation in siphon weight (Ch. 3 &
4). Bivalves with a light siphon live nearer to the sur-
face. especially when their body reserves are low. For
deposit-feeding bivalves, the selected bury ing depth is
the compromise between two opposite tendencies: to
minimize predation risk by using the siphon to live as
deeply as possible, and to maximize the intake rate by
using the same siphon to extend the feeding radius
around their burrow on the mud surface. Apparently,
bivalves in a poor condition take more risks.

Burying depth and siphon cropping

Siphon cropping experiments (Ch. 4 & 5) revealed that
bivalves move to the surface after they have lost a part
of the siphon. Still unpublished experiments showed
that juvenile flatfish. Common Shrimps Crangon vul-
garis and juvenile Shore Crabs Carcinus maenas exert
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The remnanls of brushwood groynes demarcated 53 areas on the tidal flats along the Frisian coast From the high sea wall, we could easily count

the feeding birds in all these areas.
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WHY FISH, SHRIMPS AND CRABS FACILITATE BIRD PREDATION
ON BENTHIC BIVALVES
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Siphon nipping reduces burying depth of bivalves. A The siphon weight. B feed-

ing radius and C burying depth of Moamu 15 mm long between March and
November 1986. The solid line connects the average values outside the cxclo-
surc; the thin lines indicate the efTect ofthe exclosure which kept out siphon-mp-

ping fish, shnmps and crabs.

Baltic Tellmitis Macoma balthica can live
safely hidden in the substrate because they
are able to acquire oxygen and food by
pushing their inhalant siphon through the
mud to tile surface. The siphon may even be
stretched more, and bent horizontally, to
graze at the surface. Especially in the latter
case, the protruded siphon is an easy bite
for predators. What happens if these
siphon-nipping predators remove the tip of
the siphon very often? Does the siphon be-
come shorter, and if so. does the clam re-
duce its feeding radius on the surface and/or
does it reduce its burying depth?

To answer these questions, we used
cages of I x I m and 30 cm high. The top
and sides were covered by fine netting with
a mesh width of 1-2 mm, which was fine
enough to exclude juvenile Shore Crabs.
Common Shrimps and fish. After a fort-
night. but sometimes longer, we compared
the burying depth and siphon weights of
Macoma within the cage and in the sur-
roundings. Even within a fortnight, the
siphons became heavier, which enabled the
bivalves to increase their burying depth.
Tlie feeding radius on the surface was not
measured directly, but could be estimated,
after subtraction of the burying depth, from
the quantified relationship between siphon
weight and siphon length. As shown, also
the potential feeding radius increased after
the siphon-nipping predators were experi-
mentally removed. Siphon nipping also af-
fected (not shownl the body condition of
Macoma. Apparently, the continuous re-
growth of the siphon took place at the ex-
pense of the total body weight.
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When benthic bivalves extend their siphon
above the surface, they often lose the top of the
due lo Common

siphon siphon-nipping

Shrimps and juvenile Shore Crabs.

Does siphon nipping also affect the predation risk
of Macoma"! The exclusion of the siphon nippers
caused an increase ofthe burying depth; in some cases
Macoma even reached the winter depth of 5 cm. The
main predator of large Macoma is the Oystercatcher.
The bill of this species is 7 to 8 cm long and since the
bird may thrust its bill entirely into the mud. one may
ask whether the observed small increase of the bury ing
depth is sufficient lo reduce the risk to be taken by
Oystercatchers Detailed observations on the depth se-
lection of Oystercatchers feeding on Macoma are still
lacking. However, there is enough indirect evidence
thai Oystercatchers ignore Macoma living at 4 to 6 cm.
because these prey, although still accessible, ate un-

profitable. due to the increase of handling time with
burying depth. Therefore. Macoma are already safe
from bird predation when they live 4 or 5 cm beneath
the surface of the mud. For the same reason. Macoma
are only a summer prey for Oy stercatchers. because
their increased winter depth makes them ttx> unattrac-
tive to feed upon. Hence, the subtle reduction of the
burying depth due to siphon grazing may increase its
value as prey and. thus, the risk to be predated. Con-
cluding. siphon nipping by fish, shrimps and crabs fa-
cilitates bird predation, or as Rudi Drent said immedi-
ately when I first showed him the graph: “Schol helpt
Scholekster" (fish helps bird).
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The macrozoobenthos sampled by a corer with a surface area of 178 cm3and 40 cm deep The core was sieved through a 1-mm mesh screen.

so heavy a grazing pressure on the siphons in spring
and early summer that the bivalves not only end up
with short siphon, but also a poor body condition (see
pag. 14-15). The prey are thus forced to live near the
surface and expose themselves to a higher risk to be
taken by birds.

Only lean prey may be accessible

Bivalves and worms living close to the surface are in a
poor condition compared to congeners ofthe same size
living more deeply. Since waders can only feed upon
bivalves that are within reach of'the bill, the intake rate
during feeding is overestimated when this is not taken
into account (Ch. 6). The degree of overestimation can
be calculated when the depth selection is known, as
well as the relationship between prey condition and
burying depth.

Surface activity of worms

Worms usually live out of reach of the bill, but they are
extremely vulnerable to predation when they come to
the surface to defecate (e.g. Lugworms Arenicola ma-
rina) or lo make feeding excursions at the surface (e.g.
Ragworms Nereis diversicolor). The tidal variation in
the feeding activity of Ragworms is described in chap-
ter 14 and the response of Curlews in chapter 15.
Curlews use two strategies when they feed on Rag-
worms. When the worms live in shallow burrows.
Curlews walk slowly, carefully searching for burrow
entrances, after which the worms are extracted from
the burrows, but when the burrow depths exceed the
bill length, by which worms can safely retreat out of
reach of the bird. Curlews walk fast to increase the en-
counter rate with worms emerging from their burrow s.
In practice. Curlews mix both strategies depending on
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the burrow depths and on the fraction of worms being
actively feeding.

Prey si/e selection by waders

Tile prey si/e selection of a bird may be predicted, as-
suming that birds probe to a certain depth and do this
at random, as shown for Oystercatcher (Ch. 8) and
Knot (Ch. 12). Comparison of the size frequency distri-
bution of the prey taken with those of the size classes
on offer, reveals that birds ignore the small size
classes. These small prey are unprofitable, i.e. the in-
take rate during handling the prey is below the average
intake rate during handling and searching combined.
By ignoring these prey, the birds enhance their intake
rate.

Ignoring prey to maximize intake rate

An experiment was set up to test whether an Oyster-
catcher feeding on bivalves buried at different depths
maximized its intake rate (Ch. 7). Shallow prev could
be handled very fast and were thus highly profitable. In
contrast, it look much time to eat prey from greater
depths. Tile prediction was that the decision to include
these prey in the diet, or to ignore them, would depend
on the intake rate. It was found that the bird, conform-
ing the prediction, took all prey within reach ofthe bill
at low prey densities, but only prey from the upper few
cm when the prey occurred at high densities. However,
the bird was able to eat more prey than the model pre-
dicted for the high prey densities. The explanation was
that the bird selectively took only the prey that could

The observation lowers on the tidal flats were strong enough to resist winds with hurricane force and storm tides, but the force of drifting ice

was too much. Hence we had to rebuilt the lowers after every severe winter.
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WHY KNOT, OYSTERCATCHER AND CURLEW FEEDING ON
SOFT-SHELL CLAMS TAKE DIFFERENT SIZE CLASSES

1979
1000

1980

1982
1983

0 20 30 40 50
length of Mya (mm)

70

A The burying depth of M\u as a function of shell size: the range of depths within

which 80% of the clams are found is indicated. The size selection of the accessible

prey are shown for Knot. Oysteaatcher and Curlew. II Decline and growth of the

year class 1979. The step-wise decrease in the population is due to the successive

predation of Shore Crabs land not Knot) in late summer 1979. Oystercutchers in au-

tumn 1980 and Curlews in the winters of 1981/1982 and 1982/1983.

The life history ofthe Soft-shell
Clam Mya arenaria may be
summarized in two simple
graphs. After an initially high
density, there is not a gradual,
but a step-wise, decrease in the
population size. These abrupt
decreases are due to specific
predators that exert a heavy pre-
dation pressure on the popula-
tion during a short time. Spat of
some months old are about five
mm long and an easy prey for
Shore Crabs and Common
Shrimps. Also Knot may feed
on them and continue to do so
during the first winter. After the
next growing season. Oyster-
catchers remove a high fraction
of the population, after which
Curlews exert a high predation
pressure on the remaining spec-
imens during the next two win-
ters.

Shore Crabs, Common
Shrimps and Knot only feed on
first year Mya. because the next
year the clams are too large to
be swallowed and/or have in-
creased their burying depth too
much to be accessible. Due to a
further increase of the burying
depth. Oystercatchers cannot
take Mya older than two years,
and Curlews clams older than
four years. Hence, the increase
of bury ing depth with shell size
explains why each predator
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Mpya invest 40% of their soft body in their siphon. This allows them lo filter food from the water and nonetheless live deeply buried.

does not take specimens larger than observed.

Why do Oystercatchers and Curlews ignore the
smaller specimens? The optimal diet model gives the
explanation. Assuming that Oystercatchers maximize
their intake rate during feeding, they have to ignore
Mya smaller than 17 mm. For the Curlews. the lower
acceptance level was calculated to be 25 mm. Both
bird species would only lower their intake rate were
these small prey included in their diet. Birds appear to
obey this profitability rule.

Concluding, the profitable, ingestible and accessi-
ble fractions of Mya may be defined for each predator.

These fractions differ between predators. This ex-
plains the timing of predation pressure by the three
bird species and the resource partitioning among these
predators. The clams have to traverse several windows
of predation during the first four years of their life, but
every time they can only survive when they bury
deeply and. thus, have a long siphon.
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Reeding waders have still lo make many decisions after they have
decided where to feed. e.g. how fast to walk, how'deep to probe their

bill into the substrate and which ofthe encountered prey to take.

be handled extremely fast, presumably prey with
slightly opened valves. This shows that waders are ver-
satile. They continuously make decisions how' to
search for prey, which of the encountered prey to take
and how to handle them. All these decisions are made
to maximize their intake rale during feeding.

Available + profitable = harvestable

Waders feeding on tidal flats encounter prey that may
be too large to be ingested or too strong to be attacked
successfully. Besides, variable fractions of the prey are
not encountered because they live out of reach of the
bill, whereas in visually hunting predators prey must
also be detected. These constraints can be used to de-
fine which prey are actually available. However, as ex-
plained above, waders may voluntarily ignore avail-
able prey thai are unprofitable. Since the acceptance
threshold of prey depends on the intake rate (Ch. 8 &
11). this constraint is not fixed. However, by using the
average intake rate the profitable fraction of the avail-
able prey may be delineated. The fractions of available

20

prey that are profitable are called harvestable. By defi-
nition, the risk of a prey to be taken by a predator is
zero when it is not harvestable. Moreover, due to the
highly variable prey fraction being inaccessible and
unprofitable, it makes more sense to relate prey choice
and intake rate of the predator to the harvestable prey
biomass (Ch. 2, 7 & 11-16; see also pag. 18-19).

Intake rate and processing rate

The intake rate during feeding was measured in Oys-
tercatchers (Ch. 8-10. 16). Knot (Ch. 12) and Curlews
(Ch. 15-16). Prey switching was described as a strat-
egy to maximize their intake rate (Ch. 11). The intake
rate depends on the density of the harvestable prey, but
also on average profitability of the prey taken. Because
large prey are more profitable than small ones, the in-
take rate increases with prey size (Ch. 9). The optimal
prey choice model assumes that the intake rate is max-
imized. but the question may be raised why Oyster-
catchers would do so, because the intake rate usually
exceeds the rale at which food can be processed.
Hence Oystercatchers are forced to slow down their in-
take rate and/or lo make more digestive pauses. This is
the reason why Oystercatchers cannot maintain their
daily energy requirements when their feeding time
would be restricted to one low water period of six
hours per day (Ch. 10).

Prey depletion

Each wader species selects certain prey species and
size classes. In no case can the diet be restricted to one
single species over a period of years. Hence, all wader
species have to take different prey species in the long
run. Is the harvestable food supply always large
enough? Waders indeed sometimes deplete their food
resources. Oystercatchers removed 80% of second
year Soft-shell Clams within some months, after
which Curlews took a high proportion of the remain-
ing clams after the next growing season (Ch. 16). Such
a high predation pressure on a year class of prey seems
to be an exception (Ch. 11). although waders will often
deplete highly profitable prey types such as thin-
shelled. shallow or large size classes.

Enhanced bird mortality at low intake rates
A local depletion of the highly profitable prey does not
affect the survival of the waders, as long as they are
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able to switch to other prey which guarantee an intake
rate high enough to get the necessary amount of food
within the restricted time the tidal feeding areas are ex-
posed. Generally speaking, the Wadden Sea offers the
waders a rich food supply. They can easily meet their
daily energy requirements by switching between prey
species and by roaming over a large arca. The winter
remains, however, a difficult period for waders in the
Wadden Sea because of the enhanced costs of living
and the lower intake rate (Ch. 2. 9, II'). That is why
most wader species leave the Wadden Sea in late sum-
mer or autumn to winter further south, but large num-
bers of Oystercatchers remain to winter in the Wadden
Sea. Many birds die in severe winters, but even in mild
winters the mortality increases when their intake rate is
low (Ch. 11).

What do we need to know about carrying
capacity?

Has our research contributed to answer the question
about the carrying capacity? First, models developed
in the laboratory to predict the intake rate during feed-
ing as a function of prey density, appear to be much too
simple to describe the natural situation. Predators do
not feed in a mechanistic way. because they are versa-
tile and continuously make decisions. The optimal
prey choice model, based on the assumption that
predators maximize their intake rate, appears to be a
helpful tool to predict these decisions.

Second, the aggregation and functional responses
of predators have always been described in terms of
bird density and intake rate, respectively, in relation to
prey density. The implicit assumption is that the har-
vestable fraction is invariable, or at least not related to
prey density. This is a misleading simplification, rarely
met in nature. We were able to define which prey will
not be encountered by waders and which of the en-
countered prey will be ignored due to their low yield.
Due to these constraints, the actual food supply is
much less than the total food supply. The feeding den-
sity and intake rate of w'aders are not simply related to
the total food supply, due to the large variation in the
fraction of prey actually harvestable. Hence the bird
responses are more closely related to the harvestable
food supply. By carrying out measurements on an Oys-
tercatcher in a rather simple experimental condition,
we were able to predict encounter rate with prey, in-
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take rate and prey choice on the basis of prey charac-
teristics. When extrapolated to the field situation, re-
sults were encouraging and allow predictions of peri-
ods of shortage and therefore enhanced risks (Ch. 11).
Indeed, winters during which Oystercatchers would
suffer due to a predicted low intake rate, agreed with
periods with an enhanced mortality.

Third, our research was based on the study of indi-
viduals. When we became acquainted with them, we
became more and more aware how different they were.
Individuals feeding on the same spot could take differ-

Black-headcd Guii attempting to surprise a Curlew jusl after il
found a Ragworm, this time probably without succes. The risk that
a prey is stolen increases when waders eat large prey with long han-
dling times The kleploparasites may he congeners or other species,

usually gulls.



Worms appearing al the surface are always highly profitable prey for waders due to the short handling ume. Grey Plovers can eat large Rag-

worms in about 15 seconds.

ent prey species, and if Ihey look ihe same prey they
could handle them in a different way. These individual
differences could often be attributed to the variation in
the bill length (Ch. II. 15, 16). but the social behaviour
of individuals also differed. Curlews in the non-breed-
ing season subdivided the tidal flats into vigorously
defended feeding territories, but there were sectors of
‘no mans land' where other Curlews fed in loose
flocks. This clearly shows that to solve the problem of
carrying capacity, it is not sufficient to measure the
feeding decisions of the individual waders and the
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anti-predator behaviour of the prey. In addition, we
need detailed measurements on the social dominance,
intraspecific kleptoparasitism and interference during
feeding. All of us involved in the wader project de-
voted a great deal of effort to unravel the social be-
haviour of the birds, but so far this work has not
emerged from the unpublished student reports. To
complete the story I hope to have the opportunity to
analyse this unique material together with my com-
panion observers.
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SEASONAL VARIATION IN BODY WEIGHT
OF THE BIVALVES
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SEASONAL VARIATION IN BODY WEIGHT OF THE BIVALVES
MACOMA BALTHICA, SCROBICULARIA PLANA, MYA ARENARIA AND
CERASTODERMA EDULE IN THE DUTCH WADDEN SEA

The paper deals with the seasonal and annual variations in the weight of the soft parts of four bivalve spe-
cies, Macoma balthica. Scrobicularia plana. Mya arenaria and Cerastoderma edule from tidal flats of
the Dutch Wadden Sea. The paper reviews methodology and points to error sources. The variation in ash-
free dry weight (AFDW ) between individuals of the same size collected at the same time and place could
be attributed to age. parasitic infestation, gametogenesis, burying depth and siphon size. The allometric
relations between weight of soft parts and size are given in equations, averaged per month.

The body weight of all four bivalve species peaks in May and June at a level approximately twice
the lowest value, which occurs in November to March. The extent of this seasonal fluctuation varies,
however, from year to year. The presence of gametes explains a part of the peak weight in summer. The
winter loss of body weight is less at low temperatures, due to reduced energy expenditure when the ani-
mals are inactive. No large differences were found between the seasonal change in body weight in the
Wadden Sea and elsewhere in the temperate zone.

Introduction As part of a study on the interaction between
waders and their food supply, this paper describes the

Large seasonal variations occur in the biomass of seasonal and annual fluctuations in the flesh content of

macrozoobenthic animals living on intertidal flats in four bivalve species. Macoma balthica. Scrobicularia

the temperate zone. Taking all species together, their plana (Da Costa), Mya arenaria (L.) and Cerasto-

biomass in the Wadden Sea is twice as high in summer derma edule (L.). It is shown that the magnitude in the

as in winter (Beukema 1974). As has been well docu- seasonal variation differs between these species and

mented in the tellinid bivalve Macoma balthica (L.), from year to year. The four species contribute a major

this difference is partly due to summer recruitment, share to the total biomass of the macrozoobenthos in

but predominantly results from somatic growth in late the Wadden Sea. with exception of Scrobicularia

spring and early summer and loss of weight later in the (Beukema 1976). Scrobicularia was locally, however,

season (Lammens 1967. Beukema 1982b. Beukema & an important species, contributing one quarter to the

Desprez 1986. Beukema et al. 1985. Essink & Bos total benthic biomass (Zwarts 1988b).

1985).

Somalie growth of bivalves can be considered in

two components: an increase in shell size and an Methods

improvement in body condition, i.e. a change in flesh

weight at constant shell size. The seasonal variation in Area

body condition has important implications for preda- Animals were sampled over 11 years. 1976 to 1986. in

tors. such as wading birds Charadrii, which depend on the Dutch Wadden Sea along the mainland coasts of

the macrozoobenlhos. For them, a reduction in flesh the provinces Groningen (53°25' N, 6°20' E) and

content must be compensated by a corresponding Friesland (53°22' to 53°25' N. 5°46' to 6°M' E) (Fig.

increase in the number of prey captured if the same 1). The nine study sites were between 35 cm below

food consumption is to be maintained. and 1cm above mean sea level, corresponding to an
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Rottumeroog
Schiermonnikoog
Ameland
GRONINGEN
i STUDY SITE
| MAIN STUDY SITE
FRIESLAND | TIDAL FLATS
I0km

Kin. I. Study Mies along the mainland coast of the Dutch Wadden Sea

Seven of the nine study sites were situated in, or close to. the main study site.

average emersion lime of 35 anti 46%. respectively
(Zwarts 1988b). The clay content (particles < 2 pm)
varied between 2% and 11% and the median grain size
(excluding the fraction < 16 pm) varied between 70
and 110 pm. Most samples were taken at sites just
below mean sea level with a clay content of 4 to 6%
and a median grain size of 95 pm. The data for the
different study sites were pooled, since, in contrast to
other studies (Sutherland 1982a. Cain & Luoma 1986.
Bonsdorff & Wenne 1989. Harvey & Vincent 1989.
1990). no systematic differences in body weight were
1983). despite
pronounced site-dependent differences in the species
growth rates (Zwarts 1988b).

Concentrations of chlorophyll a in the water of

detected between the sites (Zwarts

nearby gullies, given in yearbooks of Rijkswaterstaat
(‘Kwaliteitsonderzoek in de Rijkswateren’) were used
as a measure of food supply. The sea water tem-
perature and the frequency of ice days were both
measured daily at the nearby station Holwerd (source:
«Jaarboeken der waterhoogten-: Rijkswaterstaat): ice
days are defined as days during Which ice was present
in the Wadden Sea near the sampling station.

Procedures
Core samples were sieved with a I-mm mesh sieve.
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Animals were put in sea water and transported to the
laboratory within a few hours. Samples w'ere stored at
2 to 4 °C for up to 36 hour or deep-frozen at -20 °C. if
not handled within that period.

Bivalve length was measured to the nearest mm
with vernier callipers along the anterior-posterior axis.
Shell height and width were also measured in a sub-
sample of the collected bivalves. Height was defined
as the greatest distance between the dorsal and ventral
margins of the clam. Width was taken as the greatest
distance between the two valves when the clam was
closed. Age class was determined from winter rings.
Any infestation of Macoma by the parasitic trematode
1974) was
noted. The reproductive condition was subjectively
scored by macroscopic examination of the visceral

Parvatrema affinis (Swennen & Ching

mass according to criteria given by Caddy (1967): (1)
1/4 or less. (2) 1/2. (3) 3/4 or (4) >3/4 of the digestive
gland covered by gonad tissues, or (5) absent after
spawning.

Either all individuals, or samples of animals within
10 to 20 mm-classes, were selected for weight de-
termination. Specimens > 11 mm long were immersed
briefly in boiling water to extract the flesh. Any flesh
remaining (e.g. the adductor and sometimes the
mantle edge) was cut out. The flesh was dried at 70 °C
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Table I Weight loss (** + SE) in Macoma (12 to 21 mm. n = %(l
specimens) stored in sea water at 4 °C for 0. L. 2 or 3 days after
collection. Average weight of each mm-class on day 0 is set to 100.
Subsequent changes are expressed as relative deviation on day I to
3. The differences are weakly significant according to a one-way

analysis of variance <R- = 0.23. p = 0.05, n = 26). The percentage

ash (x SE) differs significantly (RJ = 0.61. p < 0.001.
n=36).
storage pen, H! AFDW. * ash. %
0 hour 100 175 £0.5
24 hour 103.0+ 1.7 155 +0.5
48 hour 91.0+3.2 13.0+0.5
72 hour 96.7 = 3.8 13.6+0.5

for 2 to 3 days, to obtain the dry weight (DW), and
then ignited for 2 h at 550 °C to determine the ash-free
dry weight (AFDW). DW was measured either
separately in each specimen, or in grouped samples of
animals from particular mm-classes. AFDW was
usually determined in grouped size samples. Flesh and
shell were not separated in specimens < 11 nun long,
so that DW and AFDW here refer to the soft as well as
hard parts (but see next section).

Errors

Several errors may have occurred in the laboratory

work.
(O]

However, a test (Table I) showed the effect on the

AFDW to be very small and probably a consequence

Tabl«- 2. Relative difference in AFDW and average percentage ash
of Macoma (n = 188) and Scrobicularia (n = 37*)) if (I) the flesh
was cut from the shelf or (2) the flesh was taken out the shell after
being immersed for 15 s in boiling water. The daui were pooled for
four mm-classes tn Macoma and 15 mm-classes in Scrobicularia;

the mean + SE is given.

immersion Macoma Scrobicularia
AFDW. $t- ash. % AFDW. % ash.*

no 100 21.2+0.9 100 30.0+ 1.2

yes 101.8 £3.3 128+ 1.0 941 +2.6 17.6+0.7

Animals may have lost weight during storage.
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of stomach emptying, since about a quarter of the ash
disappeared. Therefore no correction was made for the
duration of the storage.

(2) Immersion in boiling water may have dissolved
flesh. This effect also appeared to be negligibly small,
even when the immersion time was 15 s (Table 2).
Immersion halved the percentage ash. partly because
salt dissolved but mainly because of the loss of sand
particles. The immersion time was kept as short as
possible and the flesh removed as soon as the shells
started to gape. No correction was made for this,
possibly very small, loss of AFDW

(3) The AFDW of bivalves < 11 mm long could not
be compared directly with that of the larger bivalves.
When the shells of small bivalves are ignited, organic
material in the hard parts (viz. conchine) disappears
along with water tightly bound in the shell. To
determine how large an error this introduced, samples
of shells were cleaned by placing them in a solution of
collagenase at 37 °C for 24 h. so that all the flesh could
be easily removed. The AFDW of the shells, bound
water inclusive, was low (Fig. 2); 2.6% of the DW of
the shell in Macoma. 1.9% in Scrobicularia (no spat).
2.9% m Mya and 2.2% in Cerastoderma. These values
are in agreement with data of Hibbert (1976).
Beukema (1980. 1982a). Kleef er al (1982). and
Goulletquer & Wolowicz (1989). Nonetheless, the
contribution of the shell itselfto the total AFDW of the
shell and flesh together varied between 15% and 40%.
It was greatest in Cerastoderma in winter, when the
DW of the shell was 14 to 15 times that of the flesh. It
was least in Macoma in summer when the DW of the
shell was still 5 times that of the flesh. In view of this
large contribution made by the AFDW of the shell.
Fig. 2 was used to estimate how much should be sub-
tracted from the total AFDW on those occasions when
soft and hard parts of bivalves had not been separated.
this being usually the bivalves < 11 mm long.

(4) The DW was determined for all size classes, but
sometimes the ash content was not measured. The
percentage ash appeared independent of size but
varied seasonally (Figs. 3 and 4). The average per-
centage ash content per month was used to convert
DW into AFDW on those occasions when samples had
not been ignited. A similar seasonal variation in ash
content was found in Macoma by Beukema & de
Bruin (1977). but it occurred at a lower level, probably
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Catching und weighing waden., building hides, sampling the food supply, measuring shell lengths and observing birds from the hide: it had all

in common that it was team work.
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o Cerastoderma edule

0 Macoma halthu a
mg-0 00095mm3 n

* Mya arenaria
11ig«0.0035mm?2 «

a Strobtculana plana
ma«0 0002233

0.05-

001
20

Fir. 2- AFDW of the shell as a (unction of size in Cerastoderma
(n = 1351), Mamma 1In = 703). Mya (n = 308) and Scrobicularia
(n = 158). The allometric functions refer to bivalves < 20 mm. The
correlations are high: r > 0.99. except for Scrobicularia (r = 0.98).
Despite this, the relationships appear to deviate from linearity since

they arc concave.

because they stored the animals in running sea water
at a temperature of 5 to 10 “C.

Analysis

The mean AFDW was determined for each mm size
class on each sampling date. The regressions of
In(weight) on In(size) were calculated for each
sampling date (Table 3). The average number of ani-
mals sampled per size class varied between 5 in Mya
and 43 in Macoma.

The variation in AFDW within each mm-class
determined the number of specimens needed to reach
a 95% probability that the standard error lay within
5% of the mean (Table 4). This variation was very
small in Cerastoderma, so only 3 specimens were
needed. But in the more variable Scrobicularia, the
sample size must be six limes larger, which is one of
the reasons of the relatively poor correlation in the
allometric equations in this species (Table 3).
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Table 3. Overview of (he daui collected on the relation between
In(AFDW') and In(length):

performed (formulae), the average correlation (r), the average

number of regression analyses
number of mm-classes used tn). the average number of specimens
weighed (X) and the average range (mm) over which (he regressions

were calculated.

species Sformulae r n x mnfte
Macoma 262 9915 12.7 549 7-21
Scrobicularia 185 9464 8.1 137 28-42
Mva 228 9900 14.9 68 17-67
CerasUnlemia 139 9846 10.7 224 9-29
90
86
o>
cu
S 82 M arenaria
M balthica
j I I I 1 I i ' i SN
J F M A M ] 1] A S O N D
Fig. 3. Seasonal variation in ash coulent <t ST) of bivalves 5 11

mm. including (he shell One-way analyses of variance show (hat
season has a highly significant effect on the ash content: Macoma
(R- = 0.28. p < 0.001, n = 1205). Scrobicularia (R- = 0.74.
p < 0.02. n = 18). Mya (R-' = 0.07, p < 0,001. n = 170) and
Cerastoderma (R-=0.26.p < 0.001.n=421).
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Table 4. Variation in AFDW o fthree bivalve species when all specimens were weighed and separately cremated; month: month of sampling;

n: number ofmm-classes; x: number at specimens: R5D. standan)deviation as percentage o fthe average weigbr + SE; x needed; sample <«e

in order to reach a SE which is 5% of the mean.

species month n
Macoma M1 33
Scrobicularia 1-11 139
Cerasiotlcmui 8 30
M hilllti«! U153
M inmurw i,219
22
22
20

C.rdulr i:177

Fig. 4. Seasonal variation In ash content 1+ SE) of the soft parts of
bivalves > 11 mm. One-way analyses of variance show that season
has a highly significant effect on the ash content; Macoma
[R- = 0.05. p < 0.00!. n = 44%0). Scrobicularia (R-> = 0.12.
p < 0.001. n=6970). Mla (R* = 0.07, p < 0.001. n = 5891 ) and
Cerastoderma (R2=10,20.p <0.001. n = 1359).
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X RSD x needed
188 15.80 £0.84 11.38 £ 1.36
996 15.00 £ 1.23 1856 £ 1.49
228 8.78 + 0.45 332+ 1.74

Results

Variation in body tteight ttifhitt a size class

Six factors were examined to explain the variation
between individuals, collected from the same spot, at
the same lime and belonging to the same size class: (1)
shell dimensions. (2) age. (3) stage of gametogenesLs
and spawning. (4) burying depth. (5) incidence of
parasites and (6) siphon weight.

(11 The correlations between shell length and both
height and width were very high (Table 5), and the
data agreed closely with other studies on Macoma
(Lammens 1967. Bachelet 1980. Beukema & Meehan
1985), on Mya (Munch-Pctcrsen 1973, Newell &
Hidu 1982) and Cerastoderma (Kristensen 1957,
Hancock 1967. Chambers & Milne 1979). The
variability in the ratio of shell length to height or shell
length to width, expressed as relative standard
deviation (RSD) was very small (Table 5). When
species were compared, the RSD was not related to the
variation in body weight (Table 4). Furthermore, in a
stepwise multiple regression, neither height nor w'idtb
added significantly to the variation in AFDW already
explained by length, because ofthehigh correlations

between thethree shell dimensions. Therefore,

variations in  shell dimensionsdonot account for
variation in body weight.

(2) When animals of the same size but different age
were compared, the younger year classes were lighter
as already described for Cerastoderma by Hibbert
(1976). The difference is best illustrated by Macoma.
where size and year classes overlapped (Fig. 5).

(3) Tlie presence of gametes in summer added
about 20% to the body weight in Macoma (de Wilde
& Berghuis 1978. Beukemaet al. 1985) and
Scrobicularia (this paper).

(4) Bivalves living at greater depths in the substrate
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Table 5. TI« length of the shell as a function of the height and width: a is intercept (+ SE), b is slope 1= SEI, RSD is the standard deviation

as a percentage of die mean and calculated as follows: RSD was determined for the ratio height/length and width/length, separately per size

class and then averaged because the ralio depended on the size. All specimens were collected alive iii ilte main study site.

species b

Macoma - height 1.265 £0.005
Scrobicularia mheight 1.188 £0.008
Mya - height 1.63240.007
Cerastoderma - height 1.209 + 0.IXM

Macoma - width 1.895 £0.(115

Scrobicularia - width 2870 +0.027
Mvu - width 2.617 £0.016
Cerastoderma - width 1-274 £ 0.123

were in bellor condition than those shallowly buried
(Zwarts 1986). This différence was substantial in
Scrobicularia and Macoma, but small in Mya and
Cerastoderma (Zwarts & Wanink 1991 ).

(5) Macoma infested by Panatrema were, on

40
35
30
cn
U-
tig. 5, AFDW of the soft parts of Macoma 13 mm long during

1986, divided into three year classes In= 2941 The average weights
of third- and fourth-year aninuis arc. respectively. 1.12 and 1.16

times the weight Of second year specimens.

a r n RSD. %

-0.134 £0.059 0.995 621 3.09
1.746 £0.185 0.993 347 2.80

0.077 £0.139 0.9*17 348 3.74
-0.640 + 0.085 0.998 425 2.74
2.574 £0.101 0.980 621 6.87
3.180 £0.254 0.985 347 4.26
1.622 +£0.182 0.995 348 5.46

1457 +£0.008 0.994 415 4.77
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average, including the additional weight of the para-
sites, 15% heavier than uninfested specimens, though
the difference was greater in spring and summer than
in autumn (Fig. 6).

(6)
weight (Zwarts 1986, Zwarts & Wanink 1989). Siphon
weight depends on the frequency with which the
shellfish aie cropped (de Vlas 1985) and this affects
the weight the animal (Trevallion 1971, Hodgson
1982a, Zw'ails 1986). Cropping by flatfish, crabs and
shrimps is highest in summer (de Vlas 1985) and so
may explain why body weight in Scrobicularia varied
more in late summer than in winter (Fig. 7). The
greater summer variation may also be attributed to
variable rates of gametogenesis and spawning, neither
of which was completely synchronised. The ex-
pectation was that the same factors would cause a
larger variation during the summer in the body weight
of Macoma, but no significant seasonal trends in the
variation of body weight were found.

Allometric relations

Tlie slope of the regression of In(weight) on In(length)

should remain constant if the relative variation in body

weight is equal in all size classes. In such cases, the

intercept can be used as a condition index to describe

in all size classes. The
significantly between

the common fluctuations
slopes, differed
months (Tables 6 to 8). except in Scrobicularia, in

however,

which only a small range of size classes was availahle
anyway (Table 5). The overall regression for Sctvbicu-

Body weight appeared to he related to sipho
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60
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20

68

Fig. 6. AFDW |+ SE) of Ule soft paru of Macoma 15 mm long
during 1986. with a distinction made between umnfesled and those
that were infested by the tremalode Parvatrema affinis. The SE of
the uninfested individuals was always less than 0.5 mg and so could
not be indicated. The percentages along the lower border indicate
die degree of infestation of the population A two-way analysis of
variance reveals that month and infection explain a significant pan

of the variance (R- = 0.32 and 0 04. respectively)- Since the

interaction term is also significant, the differences in weight
between the infested and uninfected animals are not equal for each

month: n = 2726.

loria calculated from 45 equations for which r > 0.99.
with slope and intercept + SE. is:

In(mg) = 2.900 £+ 0.089 Infmm) - 5.044 + 0.322.

Both the slopes and the intercepts for Macoma
reached a minimum in early spring and a maximum in
late summer. The slopes and intercepts for Mya and
Cerastoderma were low in May-June and remained
high in autumn and winter. Essink (1978) found
differences in the value of the slope of Cerastoderma
between the years, but no seasonal variation.

The body weight of all species was low in February
and March and high in May and June (Fig. 8). The
seasonal variation in body weight of Mya and
Cerastoderma was 1.5 times larger in the smaller size
classes than in the larger ones. This large difference
did not occur in Macoma, in which the small animals

35

30

ti-

ng. 7. The relative standard deviation (RSD; standard deviation as
percentage of the mean + SE) of die AFDW of the soft parts of
Scrobicularia during the course of the year. The one-way analysis
0.30.
p <0.00l.n= 139). The RSD was calculated over 139 si/e classes

of variance shows that the RSD differs per month <R =

for which the AFDW was known in at least 5 individual specimens

which were collected on the same date and the same spot.

Table 6. Mat anui. Average slope (b = SE) and average intercept (a
+ SE) per month of the regression Intmg AFDW of the soft parts)
against In (inm length L Regressions are selected for which r > 0.99.
The slopes differ significantly per month (RJ=0.28. p < 0.0001 ). as
well as the intercepts (R- = 0.27. p < 0.0001).

month b a n
1 2.702 + 0.095 -3.984 £0.167 3
2 2.673 + 0.092 -3.830 £ 0.220 8
3 2.510 + 0.044 -3.421 £0.109 9
4 2593 +0.060 -3.490 £0.167 16
S 2.765 + 0.068 -3.672 £0.186 26
6 3.120£0.091 -4.667 + 0.255 15
7 3.098 + 0.087 -4.706 £0.218 18
8 3.063 + 0.054 -4.759 £0.143 36
9 3.104 £0.079 -4.839 +0.218 18

10 2914 £ 0074 -4.373 £0.183 10

11 2.992 + 0.096 -4.740 + 0.276 19
12 2.836 £0.127 -4.297 + 0.294 8

average 2.919 £0.027 -4.335 + 0.073 187
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Table 7. Mpya. Average slope (b + SE) and average intcrcepl (a +
SE) per month of the regression Intmg AFDW of the soft parts!
against Intmm length). Regressions are selected for which r > 0.99.
The slopes differ significantly per month (RJ=0.22,p< 0.0001), as
well as the intercepts (R- =0.31.p < 0.0001).

mouth h a n
t 3*351 £0.073 -6.610 + 0.324 4
2 3.382 +£0.061 -6.825 £0.215 10
3 3.270£0.058 -6.342 £0.228 11
4 3.056 £ 0.086 -5.514 £0.244 17
5 2.996 +0.039 -4.955 £0.148 18
6 3.110 £0.085 -5.358 £ 0.345 13
7 3.258 £0.043 -5.988 £0.131 17
8 3.153+£0.041 -5.793 £0.122 31
9 3.344 +0.048 -6.439 £0.195 24
10 3.224 £ 0.050 -6.046 £0.214 9

11 3.192 £0.033 -6.058 +£0.109 15
12 3.330 £ 0.060 -6.539 £0.231 7

average 3199 +£0.019 -5.932 + 0.069 176

Table 8. Cerastoderma. Average slope (b + SE) and average

intercept (a £ SE) per month of the regression Intmg AFDW of the
soft parts) against Intmm length). Regressions are selected for
which r>0.99. The slopes differ significantly per month (R: = 0.32.
p = 0.002). as well as the intercepts (R?=0.40. p < 0.0001 ).

month b a n
1 3.014 +£0.228 -4.747 £ 0.627 3
2 3.390 £ 0.057 -5.943 £0.181 3
3 3.480 + 0.235 -6.263 £ 0.768 4
4 3.137 £0.160 -4.933 £ 0.576 4
5 2.886 £0.122 -3.957 £ 0.449 8
6 2.969 £ 0.027 -4.004 +0.046 3
7 3.128 £0.098 -4.644 + 0.334 4
8 2.974 £ 0.094 -4.429 + 0.252 21
9 3.063 £ 0.085 -4.620 +£ 0.224 13
10 3.259+0.173 -4.276 £ 0.527 6
11 3.414 £0.140 -5.804 £ 0.435 7
12 3.659 £0.147 -6.699 + 0.436 8
average 3.157 £0046 -4.977 £0.145 84
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were in a relatively good condition in January to May.
compared to the larger ones. The reverse applied in
June to October.

Seasonal and annual weight variation

The seasonal weight variations during the last eight
years of the study period of the size class at the mid-
point of the regressions (Table 3) are shown in Fig. 9.
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100

140

S 120-
14 7mg

100
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J F M A M ] O N D
Fig. 8. Seasonal variation of AFDW of the soft parts in three size
classes of Macoma. Scrobicularia. Mya and Cerastoderma. The
average annual weight has been set to 100 and the monthly weighLs
are given as percentage deviation: the inset displays the absolute

values. See Tables 6 to 8 for the numbers of cases per month.
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Fig. 9. Fluctuation in AFDW of the soft parts of Macoma 115 mini. Scrobicularia (35 mm). Mya (30 mm) and Cerastoderma (20 mm) during
a period of 7.5 years. For more than one sampling date per month, the average weight is given. The lower panels show the variation in

cbforaphyU a concentration (mg dm 'l in nearby guiiics. die average sea water temperature (°C) and the frequency ofice days. All lines, except
sea water temperature, arc drawn by eye.
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Table 9. Correlations between body condition of four bivalve species sea water temperature and chlorophyll a concentrations; same data as

given in Fig. 9. All correlations are highly significant (p < 0,(101): n is given between brackets.

Scrobicularia Mya
Macoma 0.59(78) 0.74 (90)
Scrobicularia 0.59(78)
Mxa
Cerastoderma
temperature

This figure aiso shows the concentration of chloro-
phyll @ in the surface water in the gullies -a measure of
the available food supply- and monthly mean sea
water temperatures. With all data pooled, significantly
positive correlations between the body weight of the
four species and both sea water temperatures and
chlorophyll a concentrations were found (Table 9).

Weight variation in winter

Body weights were low in mild winters but remained
relatively high when winter temperatures were low
(Fig. 9). To investigate this further, a selection was
made of measurements of body weights taken during
adjacent months in the period November to February.
The changes in body weight, relative to the preceding
month, appeared to be independent of food supply, but
higher sea water temperature had a significant nega-
tive effect on body weight in three of the four species
(Fig. 10). The slopes did not change when finid supply
was entered into the multiple regressions. The rela-
tionships shown in Fig. IO, suggest that winter is a
starving period during which the decrease of body
weight depends on the temperature-related cost of
living.

Weight variation and gametogenesis

Seasonal variations in body weight during summer
have been attributed to the development and spawning
of gametes (e.g. Hughes 1970b). The contribution of
gonads to total body weight can be estimated from the
individual weights of animals at different reproductive
stages. Figure 11 shows that Scrobicularia 35 mm
long with few or no gametes -either before the start of
the gametogenesis or after spawning- weighed about
200 mg. whereas individuals with gametes had a body
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Cerastoderma temperature chlorophylla
0.69 166) 0.48(91) 0.47 (68)
0.56(54) 0.59(79) 0.39 (59)
0.65(65) 0.48 (91) 0.48 (69)

0.54 (67) 0.52 (50)
0.44 (70)

weight of about 250 mg. On this basis the increment in
body mass due to seasonal development of the gonads
works out at about 20%. similar to the figure
mentioned earlier for Macoma. However, the presence
of gametes did not explain the whole variation in body
weight between May and August. Them was still a
significant seasonal variation in body weight for
Thus the
decrease of body weight after June appears to have

specimens with equal gamete scores.
been independent of the development or loss of the
gametes.

The effects of season and gamete development
11). Nonetheless,
there was a remarkable difference between the sum-
mers of 1981 and 1982 (Fig. 9). The relatively high
body weight in 1981 can be attributed to game-

were similar over two years (Fig.

togenesis. In June and July 1981. 98% of the indivi-
duals reached gamete stage 3 or 4. whereas in 1982
this was only true for 45%.

In conclusion, reproductive tissue explains only a
part of the enhanced summer weight of Scrobicularia,
whereas the differences between summers can be
attributed to the variation in the amount of gametes
produced.

Discussion

Weight change, growth and spawning

The body weight in Macoma in the Wadden Sea is at
its highest in May and June (Beukema & vie Bruin
1977, Beukema et al. 1985. Beukema & Desprez
1986. this paper: Figs. 5. 8. 9) and Cerastoderma.
Scrobicularia and Mya reach maximum condition in
the same months (Figs. 7. 8). In NW. Europe, this is
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Fig. 10. Relative monthly change« in AFDW (% ) as a function of
the average sea water temperature (luting that same month in (top lo
bottom) Macoma (15 mm|. Scrobicularia (35 mm). Mya (30 mm)
and Cerastoderma (20 mm) These data are also given in Fig 9 and

refer to the winter period (November-February )
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the period during which shell growth is also greatest in
Munmui (Beukema & de Bruin 1977. Beukema et iii,
1985. Beukema & Desprez 1986. Desprez el al. 1986).
in Scrobicularia (Wanink & Zwarts unpubl.). Mya
(Essink & Bos 1985) and Cerastoderma (Kristensen
1957. Hancock & Franklin 1972. Ankar 198(1. Essink
& Bos 1985. Desprez et ul. 1986). All species thus ap-
pear to be in a good condition during the main grow-
ing season. Indeed, in a comparison between years,
length increment and body weight at the end of the
growing season in Macoma were found to be closely
correlated (Beukema e/ ul. 1985).

The weight of the gametes relative to the total body
weight in Macoma was estimated at 24% in the
laboratory (de Wilde & Berghuis 1978). at 15 and 30%
in the field in different years in the same place
(Beukema ef al. 1985) and al 7 and 27% in two dif-
ferent sites in the same year (Harvey & Vincent 1989).
It would be expected that spawning should produce a
clear-cut reduction in body weight, but this weight loss
is difficult to delect because it occurs around [ May,
when the growth rate is also at its maximum (Beu-
kema et ul. 1985).

In Scrobicularia. spawning takes place in early

300
250
\%
§ 200
<
150
L.
A
Ufr II. Variation in AFDW of Scrobicularia (35 mm) in May-

August 1981 (left) and 1982 (right), given separately for individuals
al a different «tage of development of the gametes: in (I) < 1/4 and
in (IV) > 3/4 of the digestive gland was covered by gonad tissues,
while II and III are intermediate classes: (V) refers to individuals
after spawning The results of two-way analyses of variance are
given: the effect of the factors (month and gonad) is highly

significant, as well as the interaction between both factors.
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lig. 12. Relation between highest annual body weight of Macoma
in the eastern part of the Dutch Wadden Sea (Fig. 9) and the annual
weight increment of a 7-mm specimen in the western Wadden Sea
Idaia from Beukema & Cadiie 1991). The years concerned are

indicated.

Augusl (Fig. 11). There are two cohorts each year in
southern areas (Hughes 1972. Bachelet 1981, Worrall
ei al. 1983, Essink er al 1991). Spawning causes a
20*% reduction of body weight and occurs in a period
11). The
species improves its body condition during September
and even October (Fig. 8).

In contrast, a seasonal decrease in body weight as
a consequence of spawning was not found in either
Mya or Cerastoderma (Fig. 8). The reason is that, just
like Macoma, but nol in Scrobicularia. spawning

during which animals lose weight (Fig.

occurs during the growing season: in June for Mya
(Munch-Petersen 1973) and in May-Junc for Ceras-
toderma (Baggerman 1953, Boyden 1971, Kingston
1974, Newell & Bayne 1980, Yankson 1986).

Annual differences

Beukema & Cadée (1991) showed that the year-to-
year variability in weight gain, and other parameters of
growth rale, in Macoma depend on the food supply,
i.e. the abundance of diatoms during the spring
months. The annual weight gain measured in the
western part of the Dutch Wadden Sea (Beukema &
Cadée 1991) and the annual variation in the peak
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condition, measured 100 km to the east (Fig. 9).
appear to be highly correlated (Fig. 12). This suggests
that there is a similar common pattem of annual
for (he
maerozoobenthos over vast areas (see Figs. 4, 7 and 9
in de Jonge & Essink 1991).

fluctuations in the feeding conditions

Regional differences

Figures 13-16 summarize the available measurement
on body weight of the four species from elsewhere,
and compares them with the data from the study sites
in the eastern part of the Dutch Wadden Sea. Since the
seasonal trends and annual variations in Macoma on
Balgzand, I(JOkm to the west, closely resemble those
from our study sites (Beukema & de Bruin 1977,
Beukema ef a/. 1985, Beukema & Desprez 1986), they
are not presented to avoid cluttering Fig. 13. Several
conversions had to be done in order to make the
different data sets comparable: see legends to Figs. 13-
Ib. In general, the seasonal variations in the Wadden
Sea and elsewhere did not differ (very) much: the
summer peak was about as high, and the winter weight
was about 40 to 50% below the summer weight. There
were, however, some interesting differences.

The summer peak in Macoma, reached in May and
June in the Wadden Sea (Fig. 13). occurred a month
later in the Baltic Sea. (Pekkarinen 1983. Bonsdorff &
Wenne 1989) and Nova Scotia. Canada (Cranford et
al. 1985), but a month or two earlier in S. France
(Bachelet 1980). The low weight in the French
population during the summer, and the subsequent
increase in body weight in September, has been
attributed to the occurrence of two spawning periods
(Bachelet 1980, see Harvey & Vincent 1989 for a
review). A detailed analysis of the regional variation in
the improvement of the condition in spring has been
given by Beukema & Desprez (1986).

The seasonal variation in body weight of
Scrobicularia in S. England (Bryan & Hummerstone
1978, Boates & Goss-Custard 1989) and the Wadden
Sea is similar (Fig. 14). though Scrobicularia retain a
remarkable high winter weight in N. Wales (Hughes
1970b). The great variation in the body weight in SW.
France can partly be attributed to systematic
differences in sites studied (Bachelet 1979. 1981).

Tlie seasonal variation of Mya in the Wadden Sea
was similar to that recorded elsewhere (Munch-
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Fig. 13. Seasonal variation in the AFDW of
the soft parts of Munmui (15 mm) in seven
studies compared with the results obtained at
the study sites in the eastern pan of the Dutch
W'udden Seu (dark: monthly ranee between 25
and 75 percentiles: light; ranges hetween ID-
25 en 75-90 percentiles). Other studies: (1)
Bonsdorffi Wenne 11989>; ibey give DW for
specimens 13 mm long: percentages ash front
Fig. 4 are used to estimate AFDW', these
values are multiplied by 1.52 to obtain AFDW
of individuals 15 mm long (Table ft). (2)
Pekkurinen (1983): condition indes of DW is
given: these are converted to weights, after
which the percentage ash given in her paper
are used to estimate AFDW. (3) Madsen &
Jensen (1987): they present the condition
index of AFDW. which is transformed into the
weight of an animal of 15 mm. (4) Chambers
& Milne (1975a): they relate DW to shell
height: their relation between shell height and
length is used to calculate DW of bivalves 15
mm long: pereentage ash. given in Fig. 4, is
used to estimate AFDW (5) Goss-Custard ft
al. 11977a). (6) Bachelet (1980). (7) Beukema
& Desprer (1986).

Fig. 14. Seasonal variation in the AFDW of
the soft parts of Scrobicularia (35 mm) in five
studies, compared with the eastern part of the
Dutch Wadden Sea (dark: monthly range
between 25 and 75 percentiles: light: ranges
between 10-25 and 75-90 percentiles). Other
studies: (I) Hughes (1970b); he presents DW
as a function of sire: percentage ash. given in
his Table 2. is used to calculate AFDW. (2)
Bryan & Hummersume (1978). (3) Worrall </
al. (1983); weights of a standard animal 30
mm long are multiplied by 157 to obtain
AFDW ofindividuals 35 mm long (this paper».
(4) Boatcs & Goss-Custard (1989). (5)
Bachelet (1979, 1981).
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Fig. 15. Seasonal variation in the AFDW oi
the soli parts of Mya (30 mm) in six studies,
compared with the eastern part of the Dutch
Wadden Sea (dark: monthly range between 25
and 75 percentiles: light: ranges between ID-
25 cn 75-90 percentiles). Other studies: (I)
Winlher & Gray (19851 present DW:
percentage ash from Fig. 4 is used to estimate
AFDW. (2) Médller & Rosenberg (1983)
determined AFDW for specimens shell
inclusive; 18 mg is subtracted to allow for the
AFDW of the shell (Fig. 2). (3) Munch-
Feterson (1973) gives fresh weight: AFDW is
assumed to be 17.6'? of fresh weight (own
data). (4) Emerson el al. (1988); (hey present
DW: percentage ash from Fig 4 is used to
eslimate AFDW. (5) Edwards & Huebner
(1977). (6) Warwick & Price (1975).

Fig. 16. Seasonal variation in the AFDW of
the soft parts of Cerastoderma (20 mm) in
eight studies, compared with the eastern part
ofthe Dutch Wadden Sea (dark: monthly range
between 25 and 75 percentiles; light: ranges
between 10-25 cn 75-90 percentiles). Other
studies: (1) Miiller & Rosenberg (1983); they
determined AFDW for specimens including
ihc shell; 27 mg is subtracted to allow for the
AFDW of the shell (Fig. 2). (2) Goss-Custard
el al. (1977a). (3) Sutherland (1982a 1982¢).
(4) Jones (1979); DW is given for specimens
25 mm long; these arc divided by two to obtain
DW of individuaLs 20 mm long, after which
percentages ash from Fig. 4 are used to
estimate AFDW. (5) Newell & Bayne 11980)
give DW: percentages ash from Fig. 4 are used
to estimate AFDW : since they relate AFDW to
shell height. Table 5 is used to convert thLx to
shell length. (6) Warwick & Price (1975); (7)
Hibbert (1976). (8) Hancock & Franklin
(1972): they give DW; percentages ash from
Fig. 4 are used to estimate AFDW.
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In winter, all wader species have lo eat more pres to compensate for the poor condition of their prey: Bar-tailed Godwit (left). Redshank (right).

Grey Plover (bottom).
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Petersen 1973. Warwick & Price 1975. Moller &
Rosenberg 1983. Winther & Gray 1985. Emerson et
ul. 1988), although the summer weights in Mas-
sachusetts (Edward & Huebner 1977) were lower (Fig.
15). There was also a reasonable similarity in the
seasonal the body weight of
Cerastoderma in Sweden (Moéller & Rosenberg 1983),
E. England (Goss-Custard et al. 1977a), S. England
and Wales (Hancock & Franklin 1972. Warwick &
Price 1975, Hibhert 1976. Jones 1979, Sutherland
1982a. 1982c) and the Wadden Sea (Fig. 16).

variations in

Weight change and scope for growth

If the negative relation between winter temperature
and change in body weight (Fig.
phenomenon, very low body weights are to be ex-

10) is a general

pected in southern areas during winter. The average
winter sea water temperature is close to 0 “C in SW.
Sweden (Moller & Rosenberg 1983), 2-4 "C in the
Wadden Sea, 6-7 °C in Wales, Ireland and France and
14 °C in Portugal (Hughes 1972. Bachelet 1980.
Desprez et al. 1991). Despite this large variation, there
is no evidence, however, of a latitudinal variation in
change in body weights during winter (Figs. 13-16).
The annual variations in the weights of the soft
parts of the bivalves depend on the energy budget, and
thus on the balance of total energy intake and energy
demands. The
consumption and thus the available food supply, while

intake rate depends on the food

the energy demands depend primarily on ambient
temperature. The decrease in body weight of Macoma
in mid summer can be explained by the decline in food
supply at a time when energy demands reach a peak
because of the high temperatures (Beukema e/ ul
1985. Hummel 1985c). The weight reduction in July
may be as great as 20% in years when the sea water
temperature is between 18 and 20 °C. but with July
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temperatures of 15 or 16 “C. Macoma are able to
maintain their body weight (Beukema et al. 1985).
Laboratory experiments (Hummel 1985b) confirm
in body weight depends on a
combination of temperature and food supply. The

that a change

apparent absence of a latitudinal variation in winter
weight (Figs. 13 to 16) would suggest that the higher
costs of living in the more southern areas are offset by
a higher food intake (and food supply) during winter.

Implications for birds

Winter is a difficult period for waders. Firstly, the
fraction of prey which is accessible to them is (much)
lower than in the summer (Zwarts & Wanink 1989).
The fraction of large Scrobicularia accessible for
Oystercatcher Haematopus ostralegus is 40% in
summer but nearly 0% in winter (Zwarts & Wanink
1989 and 1991 ). Secondly, they have to eat more prey
to compensate for the poor condition of the prey. The
data summarized in this paper show that waders have
to find 1.5 to 2 times more prey in winter than in
summer to maintain the same level of daily food
consumption. For Scrobicularia, it has been shown
that the seasonal variation in the weights of the prey
actually accessible to Oystercatchers is even larger,
because prey within reach of the bill has less-ihan-
1991).

Thirdly, the energy demands of waders increase when

average body weight (Zwarts & Wanink

wind forces increase and temperatures decrease: the
daily food consumption of an Oystercatcher increases
by 40-50%. from 30-35 to 45-50 g AFDW. as the
ambient temperature drops front 10to 0 “C (Kersten &
Piersnta 1987). The effect of severe winter conditions
on the energy demands of the birds themselves is thus
not fully compensated by the better body condition of
the prey that results from low temperatures (Fig. 10).
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FOOD SUPPLY HARVESTABLE BY WADERS

HOW THE FOOD SUPPLY HARVESTABLE BY WADERS IN DE
WADDEN SEA DEPENDS ON THE VARIATION IN ENERGY DENSITY,
BODY WEIGHT, BIOMASS, BIJRYING DEPTH AND BEHAVIOUR OF
TIDAL-FLAT INVERTEBRATES

For several reasons, waders in the Wadden Sea face a large seasonal and annual variation in their food
supply. Observations on a tidal flat in the Dutch Wadden Sea have shown that:

- (1) The average energy density of ten invertebrate prey species varies between 21 and 23 kJ g-1
AFDW. In Scrobicularia plana and Mya arenaria, but not Macoma balthica. the energy density is 10%
lower in winter than in summer.

- (2) Depending on the species, the body weights of prey of similar size are 30 to 60% lower in winter
than in summer.

- (3) The year-to-year fluctuation in standing crop biomass is larger in some species than in others, the
difference depending mainly on the frequency of successful recruitment. The overall biomass of the
macrobenthos in winter is half of that in summer, but the timing of the peak biomass differs per species.

- (4) The burying depth varies per species: Cerastoderma edule live just beneath the surface, while
Macoma. Scrobicularia. Mya. Arenicola marina and Nereis diversicolor bury more deeply and the
majority of these prey live out of reach of the bird’s bill. In all six species, burying depth increases with
size. There is no seasonal variation in depth of Cerastoderma and Mya. but the four other species live at
most shallow depth in early summer and most deeply in mid winter. Burying depths in winter vary from
year to year, but are unrelated to temperature. Neither has temperature any effect on depth within
months. For Knot Calidris canutus feeding on Macoma, the fluctuation in the accessible fraction was the
main source of variation in the biomass of prey that is actually harvestable, i.e. the biomass of prey of
suitable size that is accessible.

Accordingly, the paper reviews the available data on the temporal variations in accessibility,
detectability, ingestibility, digestibility and profitability of prey for waders. Only a small part of the prey
is harvestable since many accessible prey are ignored because of their low profitability, while many
profitable prey are inaccessible. The profitability of prey depends on their size and weight but also on
their depth in the mud. since handling time increases with burying depth. A simple biomechanical rule
explains why the handling time of small prey increases with bill length and why large, long-billed
waders ignore a disproportionately larger part of the small prey. The fraction detectable for visually
feeding waders is usually very low. especially when the temperature of the substrate is below 3 to 6 “C.
Waders vary their prey choice over the year in response to the changes in the availability and profitability
of their different prey species. The food supply harvestable by waders is much lower in winter than in
summer. For waders wintering in the Wadden Sea. the fixxl supply may be characterized as
unpredictable and usually meagre. Waders wintering in NW. Europe are concentrated in coastal sites
where the average surface temperature is above 3 °C. This probably cannot be explained by a greater
burying depth, and only partly by a lower body condition, of prey in colder areas. Yet the harvestable
fraction is lower in colder sites, especially for sight-feeding waders, as invertebrates are less active at low
temperatures. However, the lower energetic cost of living and reduced chances of the prey being covered
by ice may also contribute to the waders’ preference for warmer sites.
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Introduction

This paper describes the seasonal and annual variation
in the food supply of birds foraging on the intertidal
flats in the Wadden Sea. A quantitative analysis of
actual food supplies demands not only a description of
the fluctuations in energy density, body condition and
total biomass of the several potential prey species
present, but also an investigation of the variations in
the fraction ofthe prey that is available as well as prof-
itable to the birds. Large prey are usually profitable
(i.e. energetically worth consuming) but not available
(i.e. detectable, accessible and ingestible). On the other
hand, small prey are often readily available but are
rejected because of their low profitability. Prey that are
harvestable. defined as profitable as well as available,
often comprise only a small fraction of the total
biomass of prey present. In Knot Calidris cafiaras, a
wading bird specializing on eating hard-shelled prey.
89% of the prey biomass consisted of animals that
were too large or too small or lived too deeply to be
taken (Zwarts & Blomert 1992. Zwarts et ul. 1992).

Fluctuations in the harvestable food supply have to
be measured precisely before answers can be given to
questions such as: why do diet and intake rate in
waders vary seasonally? why do waders leave the
Wadden Sea to winter further south? Indeed, this kind
of information is essential for any study of the
relationship between predators and their food supply.
It may also help us to explain how predators coexist,
since it clarifies the degree to which there is overlap in
the harvestable food supply exploited by different
species (Zwarts & Wanink 1984).

Several aspects of the seasonal and annual variation
in the food supply of shorebirds have already been
described. Unique series of measurements are availa-
ble on the year-to-year variation in the biomass of
benthic prey in the Wadden Sea (Beukema et al. 1993).
There is little seasonal variation in the energy density
per g AFDW of tidal invertebrates (Beukema & de
Bruin 1977. Chambers & Milne 1979). Beukema
(1974) showed that in winter the biomass of all macro-
benthic animals combined is about half of that in
summer. This difference is mainly due to a decrease in
the flesh content of individual prey (Hancock &
Franklin 1972. Beukema & de Bruin 1977, Chambers
& Milne 1979. Zwarts 1991 ). Seasonal variation in the
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burying depth of benthic animals has been studied by
Reading & McGrorty (1978). Zwarts & Wanink
(1989) and Zwarts & Esselink (1989).

This paper presents additional data from the
Wadden Sea on seasonal and annual variations in (1)
the energy density. (2) flesh weight of prey of constant
size. (3) total biomass, and (4) burying depth of shore
bird prey. Taken together, these components comprise
the main sources of variation in the harvestable food
supply of the birds. We conclude that (1) the variation
in the accessible fraction may be larger than the
fluctuation in the total biomass of the prey actually
present. (2) the extent of the seasonal variation in the
flesh weight and in the accessible fraction differs
greatly between prey species. (3) the food supply
harvestable by waders is much lower in winter than in
summer, and, therefore the most-studied shorebird.
Oystercatcher Haematopus ostralegus, achieves a
higher intake rate in summer than in winter. (4) low
mud temperature in winter reduces the detectable prey
fraction, but probably has no effect on the burying
depth and body condition of the prey, and (5) large
waders ignore a disproportionately large portion of the
smaller, unprofitable prey.
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Methods

The study sites were situated on a tidal flat in the
eastern part of the Dutch Wadden Sea, along the
mainland coast of the province Friesland t5.V25'N.
6W4'E), and have been described before by Zwarts
(1991 )and Zwarts et al. (1992). The sites were situated
just below mean sea level. Macrozoobenthos was
sampled monthly in site N. while depth measurements
were usually made in the nearby site D (Fig. I of
Zwarts et al. 1992). The substrate in both sites was
soft, averaging 5 to 6% clay (fraction <2 pm).

Seventy-three or 292 sediment cores (15 cm 0. 40
cm deep) were taken in site N almost every month
from 1980 to 1986. and more infrequently between
1977 and 1979. The cores were sieved through a I-mm
mesh screen. The animals were taken to the laboratory
to measure their length, dry weight and ash-free dry
weight (AFDW) according to methods given by
Zwarts (1991). The length of Ragworms. Nereis
illversicolor. was defined as the maximum length of a
worm creeping along a ruler in sea water (Esselink &
Zwarts 1989). The length of broken worms was
estimated from the relation between width of the tenth
segment and the length of intact worms (Esselink &
Zwarts 1989). The length of Lugworms Arenicola
marina referred only to the body without tail,
measured as the worm suspended for some seconds by
the head in a pair of forceps.

The depth measurements were collected at low
tide, once or twice a month over the seven-year period
1980 to 1986. We used a corer (0 15 cm) that was
pushed 40 c¢cm into the mud. The extracted core was
laid down on a table and broken open. The burying
depth of the bivalves was defined as the distance
between the mud surface and the upper edge of the
shell. The burrow depth of Nereis and Arenicola
equalled the distance between the surface and the
deepest point of their U- or J-shaped burrow. The
methods are described more fully elsewhere (Zwarts
1986. Esselink & Zwarts 1989, Zwarts & Wanink
1989). The collected animals were taken to the
laboratory to determine length and AFDW of each
individual.

The energy density of the well-dried flesh was
measured with a Parr-1665 adiabatic calorimeter. All
determinations were done in duplicate or triplicate for
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each sample. The energy density is given per g AFDW:
ash content was determined by furnace ashing at 550
”"C. A correction was made for the endothermie
reaction during the combustion of the Shore Crab
Carcinus maenas (Paine 1966). since half of its dry
weight consisted of CaCO,

Sea water temperature was measured daily by
Rijkswaterstaat at 8 a.m. at the nearby station of
Holwerd. SPSS (Norusis 1988) was used for all
statistical analyses.

Results

Seasonal variation in energy density

Zoobenthos biomass is usually measured in terms of
ash-free dry weight (AFDW). Predator consumption is
often expressed the same way. the implicit assumption
being that prey weight reflects food value and that the
energy density does not differ between prey species or
seasons. Enough data were available in three species to
check for any seasonal variation in the energy density
of flesh. No significant difference was found in the
tellinid bivalve Macoma balthica according to a one-
way analysis of variance (R: - 0.04. p =0.79. n = 60).
Energy density, however, varied seasonally in another
tellinid bivalve. Scrobicularia plana, and in the Soft-
1). Both
species reached lowest values in March and highest in
May or June. This trend was evident within each year
of sampling, even though the energy density of
Scrobicularia also varied between the years (Zwarts &
Wanink 1991). These seasonal differences were
significant (see Fig. 1). but they amounted to not more
than 2 kJ. or 10%.

Although previous studies had found no seasonal
variation in the energy density of all three species
(Macoma: Gilbert 1973, Beukema & de Bruin 1977.
Chambers & Milne 1979: Scrobicularia: Hughes
1970b and Mya: Edwards & Huebner 1977. Winther &
Gray 1985). a seasonal variation in energy density

shell Clam, or Gaper. Mya arenaria (Fig.

might be expected. Starvation in winter and spawning
in summer lead to changes in the
composition of the body (e.g. Ansell & Trevallion
1967. Beukema & de Bruin 1977. Pieters et al. 1980,
Pekkarinen 1983. Dare & Edwards 1975. de Vooys
1975. Mayes & Howie 1985). Gametes alone may add

biochemical
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Mytilus edulis
Nephtys hombergii
Nereis diversicolor

Cerastoderma edule
Arenicola manna
Macoma balthica

Scrobiculana plana
Mya arenaria
Crangon crangon

Carcinus maenas
m

20 21 22 23 24
energy content (kJ g 1 AFDW)

Fig. 2. Average energy cternity (kJ g 1IAFDW =+ SE) of ten inver-
tebrates: number of measurements are indicated. According to a
one-way analysis of variance, the species differ significantly:
R:=0.05,p=0.027.n=423).

at least 20% to the body weight (e.g. de Wilde &
Berghuis 1978. Zwarts 1991 ). so a difference between
the energy value of gametes and other flesh would
affect the energy density of the entire animal.
However, de Wilde & Berghuis (1978) found that
gamete production in Macoma would raise the energy
density of females and lower it for males, since the
energy density of eggs was 24.7 kJ g 1and of sperm
18.9 kJ g 3 kJ above and below the average energy
value of Macoma flesh, respectively. At the population
level, it is thus unlikely that gametogenesis would
cause the energy value of an average Macoma to vary
50 : 50. On the other hand, the study of de Wilde &
Berghuis (1978) shows how food value may vary
between individua) prey and that predators may be
able to increase their rate of energy intake by selecting
female prey (see e.g. Szaniawska 1984 for Common
Shrimp Crangon crangon. Zwarts & Blomert 1990 for
Fiddler Crab Uca tangeri).

There were also significant differences in the
energy densities of ten tidal invertebrates considered
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(Fig. 2). Although the worm species had. on average, a
higher energy density than the bivalves, the highest
energy density was found in (he Common Mussel
Mpytilus edulis. Chambers & Milne (1979) found that,
in the Vthan estuary. E. Scotland, (he average energy
density differed between Mytilus (22.2 kJ g 1AFDW).
Nereis (21.8 kJ g "), (he Edible Cockle Cerastoderma
edule (20.6 U g ') and Macoma (20.0 kJ g'). The
species ranked in exactly the same order as in Fig. 2.
but the values were in all cases below those found in
our study area.

In most other studies, estimates of energy density
are similar to those we found. Using conversion factors
for fat. glycogen and protein. Dare & Edwards ( 1975)
arrived at an average energy density for Mytilus 0£23.3
kl g very close to the value given in Fig. 2. The
energy density measured by Bayne & Worrall ( 1980)
was slightly higher (24 kJ g ' assuming that ash-
content was 10%). but Heppleston (1971) found a
slightly lower value: 22.6 kJ g '. The average value we
found for Macoma is halfway between those given by
Chambers & Milne (1979) (20.0 kJ g ') and Beukema
& de Bruin (1977) (22.9 kJ g ). The published values
for other bivalves are also similar to ours. Thus.
Swennen (1976) found 21.7 kJ g 1for Cerastoderma.
Hughes (1970b) 21.4 kJ g  for Scrobicularia, and
Edw'ards & Huebner (1977) and Winther & Gray
(1985) found 20.8 and 21.7 kJ g L respectively, for
Mpya.

Although a correction of 0.3 kJ g 1was made for
the endothermie reaction of CaCO, (see Methods), the
energy density of Can inus was low. This might be due
to the low energy density of the organic component of
the skeleton (Zwarts & Blomert 1990). This ex-
planation is strengthened by Klein Breteler (1975)
who found an energy density of 23 kJ g 1in moulting
Caninus with little skeletal material. The presence of
the skeleton probably also depresses the energy
density of the amphipod Corophium volutator where,
according to Chambers & Milne (1979) and Boates &
Smith 71979), respectively, the energy density is only
19.90r20.2y gr'.

As fat has a higher energy density than proteins and
carbohydrates, species differences in biochemical
composition, as well as the amount of skeleton present,
would be expected to cause species differences in
energy density. The energy density of Corophium is
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less than that of bivalves, partly because its fat content
is only 1.7% (Napolitano & Ackman 1989) compared
with around 10% in bivalves Tellina tenuis (Ansell &
Trevallion 1967). Mytilus (Dare & Edwards 1975) and
Macoma (Beukema & de Bruin 1977). Fat content also
varies regionally within a species: for example, the fat
content of Matanui in the Baltic Sea is twice as high as
in the Wadden Sea (Pekkarinen 1983). Such a regional
variation in fai content may explain why the energy
density of marine invertebrates from the northern
region is, on average, higher than those from more
southern shores. Thus Wacasey & Atkinson (1987)
found a grand mean of 22.7 kJ g 1 for many in-
vertebrate species from the Canadian Arctic. Brey e/
al. (1988) arrived at a mean of 23 kJ g Ifor in-
vertebrates from the Baltic Sea. In contrast, this study
found a mean of 21.8 kJ g 1for the Wadden Sea. while
Dauvin & Joncourt (1989) found a value of only 20.5
kJ g ' in cite English Channel.

In conclusion, the seasonal, regional and species
variation in the energy density of estuarine in-
vertebrates is not very large but. at 10%. might be
enough to explain a diet shift of predators which might
otherwise be difficult to understand if (he sim-
plification is accepted that prey weight is assumed to
be equivalent to food value. But as will be shown in the
next section, the variation in flesh weight of prey of
constant size is much larger and thus likely to be
ecologically more important.

Seasonal variation in body weight at the same
length
The seasonal and annual variations in the condition of

the four most important bivalve species in our study
1991):
Mat anui. Scrobicularia, Mya and Cerastoderma of
similar size contained, in May and June, 1.7 to 2.1

area have already been described (Zwarts

times as much flesh as in February and March. This
section therefore deals only with the seasonal variation
in the flesh weight of other benthic species. All
available weight measurements were combined and
the average weight per cm (in worms) and mm (in
bivalves) size class calculated. The common regres-
sion between weight and body length was calculated
for these average weights (Table 1). The slope of the
weight-size regression differed seasonally in Mytilus
as also found by Bayne & Worrall (1980), Craey-
meersch ef al. (1986) and Cayford & Goss-Custard
(1990). The regression equation for Can inus closely
resembled that already published by Klein Breteler
(1975). The equation for Corophium was similar to
that given by Birklund (1977). but the predicted
weights were somewhat below those given by Boates
& Smith (1979) and Moller & Rosenberg (1982) and
somewhat above those of Goss-Custard (1977a) and
Hawkins <1985). A comparison was not possible in the
worm species in view of the lack ofstandardisation in
the measurement of body size. Weight measurements
were expressed as deviations from the mean for each
size class predicted by the regressions in Table I.

The average monthly deviations from the long-term
mean, set to 1(X>, are shown in Fig. 3. The seasonal
variations in Mytilus were very large compared with
those recorded in the four bivalve species mentioned
above. The change in condition is given separately for
two size classes, since larger Mussels reach their peak

Tabic I. Exponential relationship between body weight (AFDW of the flesh land body size (shell length or worm length, but carapace width in

Carcinus maenas), a and b arc Ute intercept and slope, respectively, of die regression; Immg AFDW) against Intmm. but cm in the worm

species L The regressions were calculated for the mean weights ofk size class, weighted for sample size (n). The dala are from 10-12 years and

all seasons, but Corophium volutator were only collected in summer.

species a b
Mpytilus edulis -4.5% 2.840
Nephtys hombergii -0.183 2.017
Nereis diversicolor 0.898 2208
Arenictdamarina +1.198 2.334
Carcinus maenas -2.925 2.871
Conipltium volutator -52144 2.800
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T n k range
0.995 10756 67 2-75 mm
0.%2 263 14 2-12cm
0.996 3586 22 1-13cm
0.992 1831 13 I-13cm
0.998 772 49 2-60 mm
0994 526 9 2-10 mm
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Fig. 3. Average seasonal variation in the body condition of Mytilus
edulis, given separately for small and larger Mussels, and three
worm species: small samples (< 10 animals) in parentheses. The
average AFDW per size class, predicted by the regressions given in
Table I, were sei to I(XI and all weight measurements were
expressed as percentage deviation and averaged per month: n is total
number of individuals weighed. The trends also are shown for two
separate years in Nereis diversicolor to show the year-to-year

variation in body condition.
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condition later in the year (Fig. 3; Dare 1975. Dare &
Edwards 1975). A decrease in the body weight of
Mussels in the Wadden Sea after late summer has
already been observed by Everards (1973) and Pieters
el ul. (1979). In contrast. Cracymeersch e/ al. (1986)
found the lowest body condition in June and the
highest in winter in Mussels from the Eastern Scheldt
(SW. Netherlands). A great weight loss in May or June
due to spawning, and a weight recovery after that, was
also noted for Mussels on the British Isles (Baird 1966.
Dare 1975. Dare & Edwards 1975. Bayne & Worrall
1980. Cayford & Goss-Custard 1990). The geo
graphical variation in winter condition will be dis-
cussed later.

At first sight, there seemed to be little seasonal
variation in the body condition of Nereis (Fig. 3).
However, when the data for different years were
considered separately, (shown for two years in Fig. 3),
large fluctuations emerged. Moreover, the seasonal
timing of the peak and base weights varied between
years by one or two months: the body condition was
usually low in March or April, high in June or July and
again low in July to November. Mettam (1979) found
low body weights in winter, and to a lesser extent also
in May. As spawning occurs when the temperature in
spring rises above 6 °C (Bartels-Hartege & Zeeck
1990). the annual variations in the timing of the de-
crease in body condition in spring may reflect annual
variations in the timing of gamete release associated
with temperature. This may also explain the geo-
graphical variation in timing in the loss of condition
which in southern England seems to be in March and
April (Dales 1951. Olive & Garwood 1981 ). compared
with April and May in the Wadden Sea (Essink e/ al.
1985) and May in southern Sweden (Moller 1985).

In accordance with de Wilde & Berghuis (1979Db).
Arenicola reached a low condition in late winter and
again in late summer, following a peak in condition in
June (Fig. 3). Beukema & de Vlas 11979) showed that
large worms (common in sand but rare in muddy areas
as our study area) reached their peak weight later in the
season. Gamete release occurs in August to November
(Faike & Berghuis 1979. de Wilde & Berghuis 1979b).
which probably explains the low body weight in
autumn.

As in Nereis and Arenicola, the seasonal variation
in condition was relatively small in Nephtys hombergii
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(Fig. 3). Peak condition was reached in June, while the
fxx>rest condition occurred in late winter and again in
July, possibly due to emission of oocytes. The timing
of spawning differs geographically (Smidt 1951.
Kirkegaard 1978, Oyenekan 1986. Malhivat-Lallier &
CazatlX 1991). Olive et at. (1985) also found that the
pattern of seasonal change in body condition varied
annually. When spawning occurred, the body weight
was high in April and very low in June, due to the
discharge of gametes. In contrast, in a year with
spawning failure, the body weight in spring remained
low.

No seasonal variation was found in the weight of
Caninus. Possible seasonal changes in the condition
of Corophium could not be explored since this species
was only collected in summer. However. Boates &
Smith (1979) reported a decrease in body condition of
Corophium alter spring.

To conclude, the seasonal changes in body con-
dition are caused by weight changes in reproductive
and in other body tissues. In Macoma. Mya and Ce-
rastoderma, the highest body condition is attained in
early summer at a time of maximum growth. As a
consequence, the weight loss due to spawning, which
coincides with maximum growth, is masked by the
rapid increase in body mass (Zwarts 1991 and sources
cited in that paper). In contrast, spawning of Scro-
bicularia, Mpytilus and several worm species takes
place either before or after the period of maximum
growth, with the result that the change in body
condition during the year is more bimodal than
unimodal.

Year-to-year variation in total biomass per species
The biomass of the prey in the substrate depends on
densities of different size classes as well as on their
condition. The previous section dealt with the variation
in body weight in prey of similar size so. in order to
understand the seasonal and annual variation in the
total biomass present, it would also be necessary to
show the mortality and growth in various cohorts. As
this information will be published separately, we only
show here the annual variation
companied by a brief description of the occurrence of
the successive cohorts responsible for the year-to-year
variation.

The biomass of Macoma (shell length 1to 25 mm)

in biomass, ac-
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varied between 7 and 66 g m 2(Fig. 4A). This species
occurred al a density of 200-3(X) nr- in 1977 lo 1979.
but density increased to nearly 2(XX) m ’ at the time of
the successful spatfall in 1979. Because of the small
size of spat, however, the biomass at that time was only
7 g m -, the lowest level ever observed in the study
area. But subsequently, as the animals grew, biomass
increased and the year class 1979 dominated total
Macoma biomass for several years, because the
meagre spatfalls in 1981. 1983, 1984 amounted to less
than 100 m 2. The 1985 spatfall (500 spat m -) was the
first large one in six years.

The biomass of Scrobicularia (shell length 4 to 50
mm) was high (40 lo 70 g nr2) in 1979 to 1982 (Fig.
4B ) with all individuals belonging to the year class of
1976. Hardly any recruitment occurred during the ten
years of sampling. The population bom in 1976 died
out in 1983 and the variation in biomass shown refers
only to this one year class.

Tlie year-to-year change in biomass of Mya (shell
length 1to 103 mm) (Fig. 4C) was dominated by two
year classes: 1976 (from which 250 animals m 2 were
still present in autumn 1977) and 1979 (800 spat nr2 in
August). There were only 30 spat m 2 in August 1983.
and even less in other years, so the year class 1979
largely determined the variation in biomass over the
following 7 years. The peak biomass occurred when
this cohort was 5 to 6 years old.

The biomass of Cerastoderma (shell length I to 41
mm) varied between 0 and 73 g m 2(Fig. 4D). while its
numerical density varied between 0 and 1550 n nr2
Spatfall occurred in 1976. 1979 and in five successive
years: 1982 to 1986. However, spat density in August
was only about 100 m 2in three of these years (1979.
1985 and 1986) and about 500 nr2in 1982 and 1983.
We found 1400 spat nr2 in August 1984, and the
spatfall in 1976 must have been in the same order of
magnitude, since the following year the density of 1+
Cockles was still 600 nr2. Cerastoderma is a winter-
sensitive species (Beukema 1989) so. as elsewhere in
the Wadden Sea. hardly any survived the severe
winters of 1978/79 and 1985/86 (Beukema er ul
1993). Although the winter of 1984/85 was as severe
as the other two. the biomass was only reduced by a
quarter, in contrast to other sampling sites in the
Wadden Sea (Beukema et ai. 1993). Sixty percent of
the Cockles died, but this had only a small effect on the
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Fig. 4. Variation in the biomass (g AFDW in -Iof five bivalve ami three worm species, and in the total biomass ofall species during nine years:

mean + SD. calculated over 84 sampling periods, is given; ice periods are indicated in the panel I.
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total biomass since most ofthose that died belonged to
the 0+ cohort, while most of the older age classes
survived the winter, as has been reported elsewhere
(Hancocki Urquhart ITW»

Mpytilus (shell length 1to 54 mm) was rarely found
before 1983. Subsequently, there were three spulfulls
with 45. 400 and 2000 spat nr2in August 1983. 1984
and 1985. respectively. Most did not survive the
autumn and only a few percent of the 1983 and 1984
cohort was still alive the following year; so the bio-
mass curve (Fig. 4E) refers only to two year classes.

The biomass of Neteis (1 to 22 cm) varied between
I'and 14 g m - (Fig. 4F). The biomass was high in the
autumn following a successful settlement ofjuveniles,
as occurred in the summers of 1979, 1980. 1981 and
1986 when still 300 to 350 worms m - were found to
be present in August.

There was recruitment of Arenicola only in 1978
when 30juveniles m - were found. The biomass curve
(Fig. 4G) refers to members of this cohort being 2 to 7
cm long in 1978 and 5 to 10 cm in 1979. The species
was found only incidentally in later years.

Nephtys (1 to 12 cm) occurred at densities of 0 to
40 worms m -, equivalent to 0 to 2 g nr2 in biomass
terms (Fig. 4H). The biomass reached, as in Nereis, a
high value some months after a considerable settle-
ment had occurred in the summers of 1982 and 1983.
As in other Wadden Sea areas (Beukema et ul. 1993).
the species was absent or very rare after severe winters.

Four bivalve species. Macoma. Scrobicularia, Mya
and Cerastoderma, contributed the lion's share to the
total biomass of the macrozoobenthos (Fig. 41). The
highest biomass was about 70 g AFDW nr- for each of
these species, which is several times as much as the
average biomass per species calculated over all
sampling dales. Cerastoderma and Scrobicularia were
absent in several years, and Mya also occurred at only
very low densities in some years. The variability in
biomass of Macoma was less extreme, as was also the
case for Nereis.

The values given for the total biomass included not
only the eight species shown, but also the contribution
from four other species. Nereis virens (0.11 g m2
averaged over all sampling dates) was rare, except in
1980 when its biomass was over I g m 2 Carcinus
(0.12 g nr2) occurred in late summer at a density of 5
to 15 specimens nr2. Corophium was only found in
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1977, with 270 individuals m 2 and a biomass of
0.2 g nr2. Lanice conchilega was very rare and only
observed before the severe winter of 1978/79.

Two worm species, Heteronuistus filiformis and
Scoloplos armiger, were not sampled anil the Mud
Snail Hydrobia ulvae was sampled only from 1981
onwards. During those 5 years. Hydrobia occurred at
high densities of 10 to 20 thousand snails nr2. But as
most of the snails were juveniles, the total biomass was
not high, varying between 2 and 5 g m*2. Together with
Heteromastus and Scoloplos the values for Hydrobia
have not been included in Fig. 41. On average, the
resulting underestimation must have been about 5 to
10gnr2

It should be noted that all biomass values were
obtained with a I-mm mesh screen. Hence bivalves <1
mm long were rarely found, and many somewhat
larger specimens must also frequently have been
missed. As a consequence, spatfall was never noticed
before August. A 0.5 mm sieve, mounted below a I
mm sieve, showed that the proportion of Nereis
passing through the I mm sieve, but retained below on
the finer sieve, increased from 229 for worms of 5 cm
lo 84% for worms of 1cm (Zwarts & Esselink 1989).
The error was even more serious for Corophium in
which only the rare size classes > 5 mm were com-
pletely sampled: 90.6 6.5 1and 28% ofthe size classes
2. 3.4 and 5 mm. respectively, passed through the
l-mm sieve and were retained on the 0.5 mm sieve.
However, we suspect that Corophium was the only
species for which a 0.5 mm sieve, instead of a 1 mm
sieve, would have resulted in much higher biomass
estimates.

The total biomass in the study site (Fig. 41) was
about four times higher than the average biomass of
the macrobenthos on the tidal fiats of the Dutch
Wadden Sea (Beukema 1976). The species compos-
ition in the samples was also different. Scrobicularia is
rare in the Dutch Wadden Sea but common along the
Frisian mainland coast, while the reverse is the case in
Arenicola. The intertidal substrate along the Frisian
coast consists of mud and muddy sand, whereas 85%
of tidal flats of the Wadden Sea are sandy with a clay
content of< 3% (de Glopper 1967. Zwarts 1988b). The
different species composition in our study area
compared with the Wadden Sea as a whole, can be
understood as the distribution of macrobenthic species
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presenl is related to substrate composition and tidal
height (Beukema 1976. Dankers & Beukema 19X4.
1988b). Nevertheless, it is remarkable that
species that usually reaches high

Zwarts
Corophium, a
densities in soft substrates on the higher part of the
shore (Beukema 1976). was not common in our study
site. It has that the presence of
Cerastoderma and Arenicola prevented settlement of
Corophium (Jensen 1985. Flach 1992), and probably
the high densities of Cerastoderma and Scrobicularia

been shown

in our study site has had the same negative effect.

The year-to-year variability in the biomass was
large in several species, e.g. Cerastoderma, but rather
small in Macoma (Fig. 4). The trends shown in Fig. 4.
though referring to a relatively short period, fit the
general pattern described for three sites in the Wadden
Sea sampled for up to 25 years (Beukema et al. 1993).
Following recruitment, the change in biomass is the
result of the interaction between growth and mortality
rates in one or more year classes. Thus, Cerastodernui
and Mytilus grew fast and their mortality was high
(Beukema 1982a). so that the maximum biomass of a
cohort was reached only 1 or 2 years after settlement.
In contrast. Mya is a long-lived species and it took 5-6
years before the total biomass of a cohort began to
decrease (Fig. 4C; Beukema 1982b). Macoma is also a
long-lived species (Fig. 4A; Beukema 1980), but in
contrast to other bivalves in the tidal zone, recruitment
failure occurred less often, so that several cohorts
could be found simultaneously. Thus, regular re-
cruitment contributed to the rather stable biomass of
Macoma. The occurrence of severe and mild winters
also had a strong impact on the year-to-year variation
in biomass. In the severe winters of 1978/79, 1984/85
and 1985/86, there were mass mortalities in the cold-
sensitive species Cerastoderma, Nephtys and Lanice.
as already described by Beukema (1979. 1985). This
was usually followed in the next summer by a very
successful recruitment in both bivalves and worms
(Beukema 1982b).

Seasonal variation in total biomass per species

Figure 5 shows seasonal variation in biomass over the
last 8 years, during which the biomass was usually
sampled each month. Sampling was not always
possible, for instance when ice covered the mudflats.
Data for missing months were therefore interpolated
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on the basis of the preceding and the following month.
Macoma (Fig. 5A) reached their maximum biomass in
May and June. Scrobicularia. Mya and Arenicola (Fig.
5R. C A Hi in June. Cerastoderma and Nereis (Fig. 5D
& F) in June to October, and Mytilus and Nephtys (Fig.
SE & G) even later. The biomass remained at about the
same level during the winter half of the year in
Macoma and Scrobicularia, while it decreased during
these months in Cerastoderma, Nereis and Nephtys.
Taking all species together, the peak biomass occurred
in June and the lowest value in March. The seasonal
trend shown for the total biomass (Fig. 51) closely
resembled the graph given for the Balgzand area. 90
km to the west (Beukema 1974).

There was a considerable increase in biomass
during the 3 to 4 months between late winter and mid
summer. The ratio of the highest to the lowest biomass
value was rather low in Scrobicularia and Macoma
(1.6 and 1.8. respectively), but considerably higher in
Nereis (2.6). Mya (2.9) and Cerastoderma (3.3). To
establish the degree to which this difference was due to
a change in the body weight of animals of similar size,
we calculated the ratio between highest and lowest
body weight as given in Fig. 3 and in Fig. 8 of Zwarts
(1991). In all species, about 60% of the seasonal
variation in biomass was due to a change in body
condition. Thus, only 40% of the difference can be at-
tributed
Scrobicularia

in numbers. In
the
highest/lowest biomass was about as large as the ratio
implying that,
species, the increases in biomass due to growth were

to growth and change

and Macoma, however, ratio

highest/lowest condition, in these
counterbalanced by decreases in biomass due to
mortality.

The seasonal change in body condition explains
nearly all the variation in biomass over the year in
Macoma. Scrobicularia and Mya (Figs. 4. 5; Fig. 8 in
Zwarts 1991). However, Cerastoderma reached the
highest biomass in July to September, at a time when
the average body condition had already decreased by
30%. This is also true for Mytilus which attained the
highest biomass in autumn, despite the body condition
peaking in June. The explanation for these exceptions
is that the seasonal trajectories of somatic grow th and
shell growth were not identical. The shell continued to
grow at a higher rate than the flesh, apparently causing
flesh weights at a given length to stop increasing or
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even to start decreasing. Shell growth continued for
longer periods in summer and autumn Mpytilus and
Cerastoderma than in any o f the other bivalve species.
Moreover, in these two species, the period of shell
growth was shorter in the older than in young animals
(Wanink & Zwarts in prep.). Since the contributions of
the young 0+ and I+ year classes to total biomass were
higher in Mytilus and Cerastoderma than in Macoma
and Mya, the biomass peak of the former two species
fell even later than in the other bivalve species.

Seasonal variation in depth

Birds collect buried prey by probing their bill into the
substrate. Since they do not dig for prey, bill length sets
a limit to the fraction of the macrobenthos that is
actually accessible to these birds. This section
describes the seasonal variation in the burying depth of
Macoma. Scrobicularia. Cerastoderma and Mya. and
the burrow depth of Nereis and Arenicola. As the
bivalve species remain immobile when attacked by
surface predators or sampled by us, their accessibility
to waders may be determined exactly by measuring the
depth at which they live. Fortunately, the burrows of
Nereis and Arenicola are sufficiently conspicuous lo
be traced in cores of muddy sediments to determine the
maximum depth to which a worm may retreat when
attacked.

Burying depth in bivalves and burrow depth in
worms were a function of size (Fig. 6). In order to
investigate the seasonal variation in depth, a selection
was made of the length classes with the largest number
of measurements, being 10 to 20 mm for Macoma. 30
to 40 mm for Scrobicularia. 30 to 50 mm for Mya. 10
to 35 mm for Cerastoderma, 7 to 14 cm in Nereis and 4
to 11 cm in Arenicola. Since depth increased within
these size ranges (Fig. 6), all depth measurements
were corrected to the mid-point length of the selected
size classes. The burrow depth of Arenicola refers to
worms living in mud and not in their usual habitat of
(muddy) sand. It remains to be shown that the burrows
made by Arenicola in sand are as deep as in mud.

There was little or no seasonal variation in the
burying depths of Mya and of Cerastoderma, respec-
tively. The other species lived close to the surface in
June and burrowed deeply in winter (Fig. 7). Reading
& McGrorty (1978) found a seasonal variation in the
burying depth of Macoma in the Wash, eastern
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England, that was similar to the trend shown in Fig. 7
and suggest that depth is governed by day length and
not by temperature. We also found that depth increased
after June, when the sea water temperature continued
to increase for two months, and decreased again after
the
decrease for two months. The seasonal variation of the
burying depth of Macoma (Fig. 7A) was thus syn-
chronised with day length (Fig. 7 0. resulting in a very
high correlation of monthly averages of depth with day
length (r = -0.98). and a lower one with sea water
temperature (r = -0.79). As in Macoma. Scrobicularia

December, when temperature continued to

burrowed more deeply from July onwards, but in
contrast to Macoma, they remained at their winter
depth until April. Hence, the average depth of Scro-
bicularia was better correlated with temperature
(r =-0.931 than with day length (r = -0.85). This is also
true for Arenicola: r = -0.81 for depth against day
length, while r = -0.53 lor depth against temperature.
The two correlations were equal in the case of Nereis
(depth-day length: r =
r=-0.87).

To investigate the effect of temperature, indepen-
dent of day length, we further analysed the depth
measurements of Macoma. Scrobicularia and Nereis

-0.84: depth-teniperature:

within separate months. The 126 sampling dates were
divided per month into 7 classes of sea water
temperature (Fig. 8). Two-way analyses of variance
revealed that the differences in depth between the
months were highly significant (R: was 0.569. 0.674
and 0.578 for Macoma. Scrobicularia and Nereis, re-
spectively) while temperature did not add significantly
to the explained variance in any of the three species. As
Fig. 8 shows, depth was independent of sea water
temperature in March and April, so temperature was
obviously not a trigger for Macoma, Scrobicularia and
Nereis to move up from their winter depth refuge (Fig.
8). Neither was there a relation between depth and
temperature in the summer months, although it was
noticeable that Nereis lived closer to the surface at
lower temperatures in late summer.

The expectation that low temperatures in winter
wouid prompt worms and bivalves to live at greater
depths in order to reduce the risk of being frozen was
based on the finding that the mortality among several
species of macrobenthos is high during frost periods
(Beukema 1989). Depth increases were not found.
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However, for obvious reasons, we made no depth
measurements when mudflats were actually frozen.
The data for the December to February period revealed
no relation between sea water temperature in the range
from -1 to 6 °C and the burying depth of Macoma.
Scrobicularia and Nereis. In contrast, Esselink &
Zwarts (1989) concluiled that in winter Nereis lived in
deeper burrows at lower temperatures. However, their
winter period referred to the longer period of 15
November to 30 March, during which there was a
simultaneous decrease of temperature and burrow
depth from November until February and an increase
for both in March (Fig. 7): hence, seasonal and
temperature effects were confounded. Nonetheless, it
remains likely that Nereis do deepen their burrows as
the winter temperature drops. First, the digging of
deeper burrows by worms after a sudden fall in
temperature was observed by Esselink & Zwarts
(1989). Second, Nereis were found in remarkably deep
burrows shortly after a cold spell by Linke (1939) and
Beukema (1979). Although not confirmed in this
study, a direct response in burrow depth by Nereis
remains a distinct possibility.

There were large dilterences in the burying depths
between the eight winter and seven summer periods
studied (Fig. 9). Macoma lived al depths of only 3 to 4
cm in the winters of 1982/83 and 1984/85. but at
depths of 6 to 7 cm in the winters of 1979/80, 1980/81
and 1986/87. The summer depth of Macoma also
varied between years by between 1 and 2 cm.
Scrobicularia reached a winter depth of 12 to 14 cm in
the first three winters when the strong year class of
1976 was still abundant, but not subsequently as the
population collapsed. Again. Nereis lived at greater
depths in the first three winters than in the last five.
Figure 9 confirms that these variations in depth were
not associated with sea water temperature. For
example, the two severe winters of 1984/85 and
1985/86 did not bring about an increase in burying
depth of any of'the three species.

We conclude that the seasonal variation in burying
depth of Macoma and Scrobicularia was not regulated
by changes in temperature. This was also une for
Nereis, although this species is thought to burrow'
deeper when temperature decreases sharply. In se-
parate papers, we will show that the seasonal variation
in depth of Macoma and Scrobicularia can be at-
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tributed partly to variation in siphon weight and also
that the difference in depth between winters depends
on the size of the siphon.

Seasonal variation in the accessible fraction of
Macoma and Scrobicularia

Figures 7 to 9 show the average seasonal variation in
the burying depth of Macoma. Scrobicularia and
Nereis. In order to establish how many prey were
really accessible to birds, it is necessary to measure the
proportions that were out of reach of their bills. This is
shown in Fig. 10 (the upper 2.4.6 cm. and below 6 cm.
for Macoma) and in Fig. 11 (the upper 4, 6, 8 cm. and
below 8 cm for Scrobicularia).

The data for Scrobicularia are only given for the
first four years of sampling, since the species was too
rare during the last 3 years to provide a reliable depth
distribution. Data similar to those shown in Figs. IO
and 11, have already been given for Nereis by Esselink
& Zwarts (1989). As the results show, the seasonal
variation in the accessible fraction varied considerably
between years. The response of the waders will be
considered in several sections of Discussion.

Discussion

Response of waders to fluctuations in their food

supply

The wvariation in biomass modifies the feeding
conditions for waders in several ways. The greater part
of the seasonal variation in biomass (Fig. 5) may be
attributed to the variation in weight of individual prey
of similar size (Fig. 3; Fig. 8 in Zwarts 1991), to
growth in length and to changes in the prey density
(Beukema 1976. Goss-Custard e/ al. 1977a). A de-
crease in the prey condition could directly affect the
daily consumption rate, unless the birds are able to
compensate by either an extension of the feeding

period and/or an increase of their rate of attacking

Fig. 8.

Scrobicularia plana (35 mm)

Burying depth of Macoma balthica (15 mm) and
and burrow depth of Nereis
diversicolor 110 cm ) during the course of the year, split up for seven
categories of sea water temperature. The graphs arc based on the

same data as in Fig. 7.
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prey. A decrease in the prey density causes an increase
of the search time per prey and may therefore reduce
the intake rate (Goss-Custard 1970a. 1977c. Hulscher

1976. Goss-Custard et al 1977c. Sutherland 1982b.

Wanink & Zwarts 1985. Zwarts et al. 1992).

The year-to-year variation in the biomass of the
individual species is so large (Fig. 4: Beukema et al.
1993), that the birds cannot restrict their diet only to
one or two prey species. They have to learn how to
search and handle different prey species, or move on to
other areas. Depending on the pattem of occurrence of
different prey, waders have to adjust their diet and. as a
consequence, often have lo switch between alternative
feeding areas. For example. Cerastoderma was the
major prey for Oystercatchers in our study area.
However, this species was absent during four suc-
cessive years (Fig. 4), so many birds left the area and
spread out over surrounding mussel banks. The few
birds remaining in the study area took Macoma.
Scrobicularia. Mya and Nereis, whose biomass re-
mained high (Fig. 4).

This raises the question as to whether birds that
switch from one prey to another are able to achieve a
similar intake rate, or w-hether they are forced simply
to make the best of a bad job. The Oystercatcher is the
only wader species for which enough data are
available to indicate how the intake rate depends on the
prey species and the size classes taken. The intake rate
of Oystercatchers has been measured in 253 studies,
compiled by Zwarts et al. (1996b). Intake rates vary
between 1and 3 mg s 1 but, surprisingly, do not differ
between prey species. Within a species, the greater part
of the variance can be explained by prey size: the
larger the prey, the higher the intake rate. In addition,
the intake rate in the winter half of the year is
significantly lower than in the summer halfofthe year
(Table 2). When the data summarised in Table 2 are
split up per month, the intake rate of Oystercatchers
appears to peak in mid summer, than to decrease until
mid winter and to increase from March onwards.

It was to be expected that intake rate should vary
seasonally, since the condition of the prey is 30 to 60%
lower in winter than in summer (Fig. 3: Zwarts 1991).
Moreover, prey densities may decrease during winter,
while at the same time the accessible fractions of
Macoma and Scmbicularia decline (Figs. 10, II).
Zwarts & Wanink (1991) show that the seasonal
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Fig. 10. Seasonal variation in the accessibility of Macoma balthica
(15mm)over 7 years. The proportion of the population living in the

upper 2.4 and 6 cm is shown.
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variation in condition of the prey actually taken by
birds may be even larger than indicated by the mean
condition for the population as a whole. The condition
of Scmbicularia varies with burying depth: the
condition of shallow bivalves is about halfofthose that
live more deeply and the same has been found in other
bivalves and in Nereis. The consequence is that only
lean prey are accessible in winter and that Oyster-
catchers feeding on Scmbicularia. for instance, face a
seasonal variation in the flesh weight of the prey they
actually take, which is 1.3 times greater than the
variation in the entire population (Zwarts & Wanink
1991 ). Since most studies summarised in Table 2 have
not taken this into account, the feeding conditions in
winter are even worse than indicated.

It should be noted that Table 2 expresses the intake
rate in terms of dry flesh, because energy density was
rarely measured. Since our study showed that the
10%
lower in winter than in summer (Fig. 1), the seasonal

energy density of Scmbicularia and Mya. is

difference in intake rate is even larger in these two
species when expressed in terms of energy, the critical
quantity.

Feeding waders must make many decisions: where
to feed, for which prey species to search and which
size class to select. These decisions can only be
understood if the prey that are actually available are
known and their profitability measured. In view of this,
the next three sections attempt to define several aspects
of prey availability in waders. After dealing with prey
profitability, the results front all four sections are
considered to describe the fraction of the prey that is
harvestable. Finally, all this information is used to
analyse prey switching in waders and to discuss to
what degree the distribution of waders over the win-
tering areas is related to a deterioration of their
harvestable food supply between late summer and
winter in the tidal flats in NW. Europe.

The accessible prey fraction

Benthic prey are accessible to waders only if they live
within reach of the bill. The accessibility of immobile
prey (benthic bivalves) will be discussed first, fol-
lowed by an analysis of the more complex situation of
mobile prey (e.g. worms). Although bivalves are
capable of changing their position in the substrate, the
attachment of very thin nylon threads to Macoma.
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Table 2. The intake rate of Oystercatchers feeding on eight prey
species during the »inter halfofthe year (October-March )and sum-
mer (Aprtl-Septemberi. The average intake lates (mg AFDW s ‘| t
SD refer to different studies (sample size indicated) summarized by
Zwarts et al. (in press). A two-way analysis of variance show s that
there was a significa! diffetcence between intake rate in winter and
summer (R-=10.145: p <0.001 ). but that the intake rate did not differ
between the prey species (R-=004: p=10.58).

wintrr wrnmrr

X SD N X SD N
Mactma balthica 0 242 .66 9
Ssmint ulanr plana 172 0.61 S 220 1
( crustaderma edule 2.19 0.98 12 2.58 .76 6
Mpya arenaria 2.65 1 291 |
Mstilu% edulis £.87 0.6! 27 2.90 123 12
Nervis diversicolor 1.74 4 3 2.36 0.91 8
Arenicola marina 0 3.10 1
!manna littorea 1.40 1 0
all species 192 0.71 52 2.61 0.92 38

Scembicularia and Mya. lhat allowed their depth to be
monitored continuously, revealed that they scarcely
changed their position. Even more importantly, when
attacked, they did not move their position but withdrew
their foot and siphon(s) within the shell and closed the
valves firmly (unpub!, data). Burying depth of the four
bivalve species studied is thus a good measure of their
accessibility to waders.

Clearly, an Oystercatcher with a bill length of 7 cm.
cannot take Scmbicularia living at 8§ cm or more, but
where exactly is the limit between prey that have
reached the depth refuge and those that are still in
danger? There are two uncertainties in answering this
question. First, the burying depth of bivalves has been
defined as the distance between the surface of the
substrate and the upper edge of the shell, but the birds
must probe more deeply, either to grasp the prey before
being able to lift it to the surface or to eat the flesh in
situ. Second, the probing depth of birds may vary. The
probing depth exceeds the bill length when birds probe
up to their eyes in mud. although usually the probing
depth is less than the bill length. For instance.
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Fig. 11. Seasonal variation in the accessibility of Scrobicularia
plana (35 mm) over 4 years. The proportion of the population living

in the upper4.6 and 8 cm is shown.

Oystercatchers feeding on Macoma or Scmbicularia
probe their 7.5 cm long bill on average 3 to 4 cm into
the substrate (Hulscher 1982, Wanink & Zwarts 1985).
and the 2.7 cm long bill of Sanderling Calidris alba is
pushed only 2 cm into the substrate on average
(Gerritsen & Meiboom 1986).

Three studies have exactly determined the depth at
which prey are taken: Sanderlings preying on three
crustacean species. Curlews Numenius arquata
feeding on Mya and Oystercatchers on Scmbicularia.
Captive Sanderlings were offered frozen isopods or
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sand crabs buried at different depths (Myers et al.
1980). Tlie feeding attempts varied between shallow
surface pecks and deep probes that reached the base of
the bill (2.7 cm). Sixty percent of the prey was taken
from the upper 1 cm and none from below the
maximum probing depth of 2.7 cm. Curlews probe
their bill deeply into the substrate when searching for
Mpya. When a prey is found, they pull up the siphon and
eat in situ the remaining flesh from the gaping shell.
Zwarts & Wanink (1984) located Mya eaten by
Curlews of known bill length and measured the
burying depths. All the prey taken were at depths
within the bird's bill length, but predation risk was
much higher for those living less deeply (Zwarts &
Wanink 1984. 1989). The same was found in an ex-
periment with a captive Oystercatcher feeding on
Scmbicularia living at various depths (Wanink &
Zwarts 1985).

In conclusion, the risk ofa bivalve being taken by a
bird is zero when its burying depth exceeds the bill
length, but increases closer to the surface. The data on
depth distribution in bivalves (Figs. 6 to II) may be
used to identify for each wader species which prey are
within reach ofthe bill. Irrespective of whether all prey
from the upper 4 or 6 cm are assumed to be selected by
Oystercatchers. all are accessible to these birds from
April up to and including September (Fig. 10). The
accessible fraction in mid winter varies from year to
year. Hardly any Macoma were living in the upper 4
cm in the winters of 1979/80. 1980/81 and 1986/87.
whereas in the winter 1982/83, all occurred within the
upper 4 cm. Due to the large year-to-year variation in
the accessible fraction (Fig. 11), Scmbicularia is
clearly an unpredictable food source for Oyster-
catchers, at least in winter.

The bill length of Knot varies between 3 and 3.6
cm. Since it has been shown that the closely-related
Sanderling took all prey from the upper 2 cm of the
sediment, equivalent to 3/4 of its bill length (Myers et
al. 1980), we assume that Knot can take the majority
of Macoma from the upper 2 to 3 cm of the substrate.
The seasonal variation in the accessible fraction of
Macoma is very large for Knot, much greater than for
Oystercatchers (Fig. 10: Reading & McGrorty 1978).
The accessibility of Macoma to Knot also varies
enormously between years. To migrant Knot passing
through the Wadden Sea in August and in May, the ac-
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cessible fraction may even vary between 0 and 100%
(Fig. 10: Zwarts et ul. 1992, Piersma et al. 1993b).

In contrast to bivalves, worms and Comphium
move in their burrows and/or appear at the surface, and
when in danger retreat to the bottom. Thus burrow
depth is only a good measure of the fraction accessible
to waders if prey are taken from the bottom. However,
when waders exclusively select prey feeding at the
surface, other definitions of accessibility are needed,
as the following examples illustrate.

Arenicola live in burrows 20 to 25 cm deep (Figs. 6,
7), far beyond the reach of waders. Even the wader
with the largest bill, the Curlew (bill length up to 16
cm), waits until a Lugworm appears at the surface
which occurs when it defecates (Roukema & Zwarts
unpubl.). As Arenicola defecate about once per hour
and cast production takes some seconds, worms ex-
pose themselves to predation for about 1°(Uof the k>w
water period. Curlews run to catch a defecating worm
at distances up to 2 m; chasing a defecating worm at
about 3 m distance means that the bird will arrive too
late or will only be able to grasp the tail. The accessible
prey in this case can be defined as the number of
defecating worms within about 2 m ofa bird.

Many other benthic animals live in burrows and
feed on the surface around the burrow, but retreat to the
bottom to avoid predation. Foraging waders may thus
reduce the fraction of prey at the surface. When fiddler
crabs Uca tanneri feeding around their burrows are
approached by a Whimbrel Numenius phaeopus, they
disappear quickly into their deep burrows (Zwarts
1990). Whimbreis use two methods to counter this
anti-predator response. Most crabs are taken by birds
dashing at them before they can reach their burrow.
The accessible fraction has been determined by
measuring the distance from the burrows that crabs
feed, the distance at which the crabs detect the ap-
proaching Whimbrel and the speed of both. The acces-
sibility of Uca is easier to measure when Whimbreis
wait motionless above a burrow for the emergence ofa
crab. In this case it is sufficient only to determine the
waiting time.

Like Uca. Compltium retreat down their burrows
when a wader walks over the mud (Goss-Custard
1970b).
thousands per m-. Even if 99.9% of them retreat into
their burrows, enough remain accessible to allow a

Comphium occur in densities of many
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Only subtile traces reveal the presence of bivalves and worms lha! live hidden in ihe surface (upper photo). Although Oystervalchcrs concéntrale
their feeding effort on places where food is abundant, they have to probe at random to hicale these hidden prey The lower photc shows the

imprints left behind by probing Oystercatchers.
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slowly-walking bird to feed on them without the need
to make dashes or to wait for emerging prey. However,
since Comphium only return to the surface 5 to 10
minutes after a disturbance, birds feeding at high den-
sities may severely depress the accessible fraction of
the prey (Goss-Custard 1970b. 1976).

When disturbed. Nereis also retreat down their
burrows, where they are safe from waders with short
bills. Curlews use two methods for preying on Nereis.
Since their bill is long enough for them to extract
worms from their burrows in summer. Curlews may
then search for burrows and probe deeply. However,
when many worms feed at the surface, the Curlews
concentrate their feeding effort entirely on these easy
prey (Zwarts & Esselink 1989). The versatility in
feeding techniques of both the worms and predator
puts precise measurement of the accessible fraction of
the prey beyond present capabilities. This is also true
for plovers which peck at either an outflow of water
from the hole when the worm is near the surface, or
wait until it emerges from its burrow (Pienkowski
1983a. b. Metcalfe 1985).

The feeding activity of the benthos, and therefore
the proportion that is accessible on the surface, can
change considerably within a very short time, even
within minutes. Filter-feeding bivalves, whose valves
are firmly closed at low tide, start feeding as soon as
incoming water covers the surface (Vader 1964). This
may allow Oystercatchers to stab the bill between the
gaping valves of Mytilus and Cerastoderma and so
take them in a fast rate (Zwarts & Drent 1981, Swen-
nen et al. 1983). Comphium are very accessible to w'a-
ders when they leave their burrows for a short period
on the receding tide (Linke 1939. Vader 1964. Hicklin
& Smith 1984, Boates & Smith 1989): this may
explain the tendency for waders feeding on Corophium
to follow the tide edge. In contrast, waders feeding on
surface-feeding Nereis have no reason to follow the
tide line. This worm remains in its burrow as long as
food can be filtered from the overlying water but. at
low tide, they emerge from their burrows to feed on the
surface (Esselink & Zwarts 1989). This may explain
why Oystercatchers that feed on Nereis at low tide take
alternative prey as the tide ebbs (de Vlas et al. 1996)
and Curlews vary their feeding method over the low
water period (Zwarts & Esselink 1989). It may also
explain why plovers are able to remain on the high-
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level shores throughout the low water period, rather
than move to lower levels with the receding tide edge.
The main conclusion of this section is that the
accessible fraction varies enormously, often by more
than the variation in the total biomass. It is also clear
that the variation in accessibility differs between prey
species, being relatively low in the more or less sessile
bivalves (Cerastoderma. Mra and Mytilus), larger in
bivalves with a seasonal variation in burying depth
(Macoma and Scmbicularia), and very large in in-
vertebrates that emerge from their burrows to defecate
(Arenicola) or to feed (Nereis, Comphium).

The detectable prey fraction

Waders may probe at random to locate buried prey
which live within reach of the bill, as Oystercatchers
are known to do for Cerastoderma (Hulscher 1976)
and Macoma (Hulscher 1982). In randomly probing
waders we can calculate the exact encounter rate with
benthic prey, provided the surface areas of the shells
and bill tip are known, along with the probing depth of
the birds and the depths at which the bivalves live
(Hulscher 1976. 1982, Wanink & Zwarts 1985. Mou-
ritsen & Jensen 1992. Zwarts & Blomert 1992). Dun-
lin Calidris alpina and Sanderling can detect buried
prey by taste (van Heezik et ai 1983). thus enlarging
the detection area of each probe. In contrast. Oysler-
catchers probably do not use taste perception since
their encounter rate with experimental prey could be
predicted precisely by touch alone (Hulscher 1982.
Wanink & Zwarts 1985).

Waders may also search for tracks that betray the
presence of prey beneath the surface and concentrate
their probing in such places. Thus an Oystercatcher
took more time to locate Macoma when all the surface
clues on the mud surface had been erased ex-
perimentally (Hulscher 1982). The burrow entrance of
Nereis is clearly visible on the mud surface when they
filter water through their burrow or after they have fed
on the substrate and so left starlike feeding tracks
around their burrow. Curlews searching for Nereis do
not probe at random, but look systematically for these
small tracks. Siphon holes ot Mya can be very
conspicuous, especially in muddy substrate (Linke
1939: photo 50 to 52). Curlews probably know the size
of Mya before they probe, since there is good cor-

relation between siphon diameter and shell size
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(Zwarts & Wanink 1989). In quiet weather. Curlews
walk from one siphon hole to the next but when waves
have eroded the upper layer of the substrate, no siphon
holes are visible and Curlews feed bv touch by con-
tinuously making swift pecks at the surface.

The detectability of prey affects the availability of
prey to a bird in other ways. Prey must be detected
within the visual range. Arenicola defecating within 2
m of a Curlew are accessible, but not detectable if the
cast is produced behind the bird. .Metcalfe (1985)
found that Comphium was taken at a smaller distance
by Lapwing Vanellus vanellus than Nereis and con-
cluded that large prey may be detected at a greater
distance than small and more cryptic prey. Though
likely, there are two alternative explanations. First.
Corophium may have been less accessible than Nereis,
because it retreated more quickly into their burrows
than Nereis. Second, the Comphium were smaller and
less profitable than Nereis and so perhaps less worth-
while walking any distance to attack.

Waders may be able to increase their intake rate by
increasing their rate of walking and thus, of en-
countering the prey. But, in doing so. more prey may
be overlooked, and an optimal search rate would be a
compromise depending on the crypticity of the prey
(Gendron 1986). If so, waders would be expected to
walk faster when they feed on easily detectable prey
than when they search for cryptic prey or prey whose
presence is only revealed by surface tracks. Redshank
Tringa totanus do walk relatively fast when they feed
on prey, such as Comphium. which appear to be easily
detectable at the surface and search more slowly for
the less visible surface tracks o f Nereis (Goss-Custard
1977a. 1977b). Search rate may also vary within one
type of a prey, depending on its detectability as four
studies have shown. First. Semipalmated Sandpipers
Calidris pusilla walk faster when they feed on
Comphium crawling on the substrate on the ebbing
tide than later at low water when most prey are found
inside their burrows (Boates & Smith 1989). Second.
Curlews feeding on Mya walk twice as fast when they
walk from one siphon hole to the next as when they
search lor the same prey by continuous probing
(unpubl. observations). Third. Oystercatchers that stab
into Mytilus walk more slowly than those that hammer
a hole in the shell, perhaps because the cues used by
stabbers (i.e. slightly gaping bivalves) are particularly
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difficult to spot (Cayford & Goss-Custard 1990).
Fourth. Curlews selecting Nereis adjust their search
rate according to the number of conspicuous worms
they take from the surface and cryptic ones they lift
from the burrow (Zwarts & Esselink 1989). Although
direct measurements of the conspicuousness und cryp
ticity of these prey are needed to avoid circular argu-
ment, these results do seem to be consistent with the
prediction that predators move faster when relatively
more prey are conspicuous (Gendron 1986). Nonethe-
less. the main conclusion of this section must be that
the detectability of prey remains extremely difficult to
measure, especially in waders hunting by sight. For
such waders, the rate of encounter with prey needs to
be measured as a function of prey size and the width of
the search path needs to be determined as has recently
been described for sparrows (Getty & Pulliam 1993).

The ingestible and digestible prey fraction

Curlews eating large Mya take some minutes to pull up
the siphon and consume the flesh piecemeal from the
shell (Zwarts & Wanink 1984). Curlews also dis-
member large Carcinus and eat the pincers and legs
separately from the carapace. In this way. some waders
overcome the limit set by the width of their gape to the
size of a food item that can be ingested. However,
many prey cannot be broken into pieces, or it lakes too
long to do so. and must be swallowed whole. Thus,
Knot eating whole bivalves and snails cannot swallow
prey with a circumference exceeding 3 cm. This limit
can be exactly quantified from the relationship be-
tween shell circumference and length (Zwarts &
Blomert 1992). The round shape of Cerastoderma
means that Knot cannot eat shells greater than 12 mm
long, but they can eat longer bivalves that are more
slender. That is why Knot are able to ingest Macoma
up to 16 mm long. Scmbicularia up to 17 mm long.
Mya up to 19 mm long and Mytilus up to 2 1 mm long.
Hence, because of this size limit set by the gape, a
large part of the bivalve biomass present is not
ingestible by Knot.

Other factors may limit prey size. Thus Purple
Sandpipers Calidris maritima take hard-shelled prey
but. as suggested by Summers e/ al. (1990), they may
reject some large prey that are probably small enough
to be swallowed, but too strong to be crushed in the
gizzard. The average weight, and so strength, of the
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stomach of different wader species may thus limit prey
size. Three wader species that eat bivalves whole
(Knot. Great Knot Calidris tenuirostris and Purple
Sandpiper) have relatively heavier stomachs than
species that eat soft prey (Piersma er al. 1993a).
Moreover. Piersma e/ al. (1993a) also found indica-
tions that, within a species, individuals with a heavy
stomach had taken more hard-shelled prey.

To conclude, bivalves contribute most to the total
biomass of the intertidal invertebrates (Figs. 4.5; Beu-
kema 1976), but nonetheless, only a few wader species
are specialized to exploit them because of their pro-
tective shells. Most waders cannot digest these prey
because they are either too large to be ingested or too
strong to be cracked in the stomach.

The profitable prey fraction

Waders ignore small prey. These prey are unprofitable,
or uneconomical, because they give too low a return in
terms of energy to be worth spending the time needed
to handle them. Small prey are usually less profitable
than large ones, because prey weight, and thus energy,
increases exponentially with size while the increase in
handling time is much less. In other words, small prey
must be handled extremely fast to make them as
profitable as large prey. Optimal foraging theory (e.g.
Krebs & Kacelnik 1991 ) shows that, for a given prey
size class to be taken, its profitability (i.e. intake rate
during handling prey) must always exceed the intake
rate during feeding (searching + handling). This rule
has been used to explain the value of the size ac-
ceptance threshold for
Oystercatchers feeding on four prey species: Mytilus
(Zwarts & Drent 1981. Ens 1982. Sutherland & Ens
1982. Meire & Ervynck 1986. Cayford & Goss-Cus-
tard 1990). Macoma (Hulscher 1982). Cerastoderma
(Sutherland 1982c¢) and Mya (Zwarts & Wanink 1984).
in Redshank preying on Nereis (Goss-Custard 1977b).
in Curlews feeding on Mya (Zwarts & Wanink 1984).
Nereis (Zwarts & Esselink 1989) and Uca (Zwarts
1985). in Whimbreis feeding on Uca (Zwarts 1985)
and in Knot feeding on Macoma (Zwarts & Blomert
1992). These studies showed that birds were more
selective than predicted by theory, because barely prof-

small prey observed in

itable prey were usually taken much less frequently
than expected.
It is not easy to identify the fraction of the ma-
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crobenthos that is profitable for waders, the main
problem being that the profitability of a given prey
varies between wader species. Large birds are usually
able to handle prey of a given size much faster than a
small bird. For instance, the average time needed to
handle a Fiddler Crab 20 mm wide decreased from 90
to 4 s in four bird species that varied in weight between
100 and 1500 g (Zwarts 1985). This makes prey of a
given size much more profitable for larger waders. On
the other hand, large waders also need more food, so
their lower prey size acceptance threshold will be
elevated due to the need to maintain a higher intake
rate.

It is possible to determine for each wader species
the minimum weight of prey that are sufficiently
profitable to eat. if we know the average intake rate and
die handling time of small prey. The average intake
rate of each wader species can be estimated because
their total daily consumption is a function of metabolic
requirements, and thus dependent on body weight.
Zwarts et al. (1990b) estimated average daily con-
sumption to vary with body weight of the wader (W, in
gram) according to the equation:

daily consumption (g dry flesh) = 0.322W<72, (1)

Waders in tidal habitats forage for 6 to 13 hours in
each 24 hour period, with the time spent feeding being
lower for the larger wader species (Goss-Custard et al.
1977a, Pienkowski 1984,
Zwarts et al. 1990b). The average intake rate required
to meet the energy demands equals the daily con-
sumption divided by the feeding time. According to
Zwarts et ul. (1990b) this calculation gives the rela-
tionship between intake rate and body weight (W. in g)
as:

1977. Engelmoer et al

intake rate (mg dry flesh s 1) = 0.004W095 2)
Although this is a crude approach, the formula
predicted quite well the intake rate in four species
1990b). Equation (2) can be used to
der