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ABSTRACT. The biomass of the macrobenthic animals living in intertidal flats of the Wadden Sea varies
annually and seasonally. However, the variation in prey biomass harvestable by wading birds such as
knot Calidris canutus, which feed mainly on the middle range of their prey size classes, is even larger.
The majority of first-year Cerastoderma edule, Mya arenaria or Mytilus edulis are too small to be
profitable as prey for knot. Yet, by the end of the subsequent growing season, these same prey are too
large to be ingested and/or live at a depth that puts them out of reach of the birds' bills. Macoma
balthica is a major prey for knot, because (1)its annual spatfall is less erratic than in the other bivalve
species, and (2) it grows more slowly, and each cohort is therefore available as food for knot for at least 3
yr. Knot feed in flocks which roam over the feeding area, but they are more often observed in food-rich
than in food-poor areas. A similar relationship between bird and food densities was found in one
locality, when the annual numbers of knot were compared with the yearly variation in food supply.
Since the numbers of knot in the whole area were the same over many years, the birds were apparently
able to find other feeding areas when the local food supply was low, i.e. the food supply harvestable by
knot (prey not too small, not too large and not too deep) was less than about 4 g ash-free dry weight m-'.
Knot arrive in the study area at the end of July and leave after only a few weeks en route to Africa. They
depart before a serious decline in the harvestable prey biomass takes place, which results from a
decrease in the body condition of individual prey and an increase in the fraction of the prey which
burrows out of the reach of the knot's bill.

INTRODUCTION
In late summer, when waders arrive in the Wadden
Sea from their arctic breeding areas, they face a fluctuating food supply which implies adjustment of diet
and aggravates the problem of how to locate reliable
food resources. This unpredictability is caused by
annual variation in the densities of the approximately
20 species of prey living in the intertidal flats (Beukema
et al. 1978, Beukema 1979, 1982, 1989). Indeed, the
variation in amount of food harvestable by the various
wader species may be even greater than appears from
a consideration of the annual total biomass of the prey.
Generally, waders only consume part of the prey
because they usually ignore the smaller size classes,
while the larger prey are too large to be swallowed
and/or live too deep in the sediments to be caught
(Zwarts & Wanink 1984, Piersma 1987). For instance,
knot Calidris canutus feeding on Macoma balthica
ignore prey less than 9 mm long and cannot swallow
O Inter-Research 1992

prey longer than 16 mm, while prey are unaccessible
when buried more than 2 to 3 cm below the surface.
The remaining fraction is defined as harvestable prey
(Fig. l ; Zwarts & Blomert 1992 [companion paper]).
Furthermore, food density is highly variable spatially, and there are many areas where prey are so
sparse that the birds are not actually able to feed on
them. Just like prey that are buried too deep to reach,
such low-density areas cannot be regarded as part of
the bird's food supply. Because of these reasons,
regarding the entire prey biomass as the food for a
wader species will usually give highly inflated results.
After arrival from their Siberian breeding areas, knot
of the subspecies concerned, Calidris canutus canutus,
remain some weeks in the Wadden Sea to prepare for a
long-distance flight which takes them to their tropical
wintering grounds (Piersma et al. 1990, 1991). The
present report describes, on the basis of a decade of
sampling, annual and seasonal variations in the harvestable food supply for knot. The data were used to
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Fig. 1 Terms used in this paper to define different fractions of
benthic prey of knot Calidris canutus. Shaded areas: depth
below the surface where the prey occur Dark shading: prey
whlch are (1) accessible, ( 2 ) ingestible or (3) profitable for
knot. Available prey are accessible and ingestible. Prey of
suitable size are ingestible and profitable. Harvestable prey
are accessible, ingestible and profitable
investigate: (1) standing crop level of the harvestable
food supply below which the birds cease to exploit a n
area (prey harvestable by knot are, by definition, available a s well a s profitable - Fig. 1; Zwarts & Blomert
1992); (2) whether this threshold, or minimum acceptance level, is set by the relation between the harvestable food supply and the rate at which food can be
taken; (3) whether knot remain in the Wadden Sea
until their harvestable food supply reaches this level of
minimum acceptance and so becomes too low, or
whether instead they depart regardless of food supply.

METHODS
T h e study was done between 1976 and 1986 in the
eastern part of the Dutch Wadden Sea on intertidal
mudflats along the Frisian coast (53"25' N, 6O04' E; Fig.
2). The remains of brushwood groynes made several
decades before to enhance sedimentation were used as
markers bordering 53 sites which varied in size
between 6 a n d 26 ha. The total surface area of these 53
sites was 396 ha (Fig. 2). The elevation of this area
varied between 50 cm above and 30 cm below mean
sea level, which corresponds to average emersion times

Fig. 2. Study area in the eastern part of the Dutch Wadden
Sea. The area shaded grey was intersected with brushwood
groynes. Detailed observations of knot and their food supply
were made on 146 plots of 0.1 ha (Sites N and M ) . Burying
depth of bivalves was measured at Site D, and sometimes at
Sites N and M
of 6 2 % and 3 9 % of the tidal cycle (12 h 25 min),
respectively. The substrate was muddy, with the clay
content (< 2 ym) being 2 to 20 O/O (Zwarts 1988). Waders
were counted in the study area at low tide from the top
of the sea wall (9 m high), usually twice a month, over
the period 1977 to 1985. All the knot from the study
area roosted on the island Engelsmanplaat, along with
birds feeding on tidal flats further offshore. Roosting
birds were counted by local wardens several times a
week during summer.
Two sites ( N and M in Fig. 2) were selected for more
detailed observations: 146 plots of 0.1 ha were pegged
out and 2 towers built to observe the waders. The
feeding densities were determined by counting waders
in the plots every 30 min over the entire low water
penod. Sites N and M were situated just below mean
sea level; the clay content of the substrate was 4 to 5 "L.
Core samples of the macrozoobenthos (1/56 m*) were
sieved through a 1 mm screen. A detailed description of
the procedures used to determine the ash-free dry
weight (AFDW) is given elsewhere (Zwarts 1991).
Samples were taken at equally spaced intervals (200 m)
along 27 transects over the entire study area in August
during 4 yr (1977 to 1980). Also, 73 or 292 cores were
collected from Site N almost every month over the
penod 1980 to 1986.
During the same 7 yr, burying depth of Macoma
balthica was determined once or twice a month at
nearby Site D, and sometimes on Site N or M; the
techniques used are descnbed in Zwarts & Wanink
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(1989). To maintain a sample size of at least 100 depth
measurements for each of the fortnightly periods, the
calculations related to all specimens of 10 to 23 mm in
length, although knot only selected the size classes
smaller than 16 mm (Zwarts & Blomert 1992). Since
there was no relationship between slze and burying
depth for animals larger than 10 mm, the inclusion of
larger individuals did not influence the trends shown.
Growth of the bivalves was estimated from their
length frequency distributions in the monthly samples,
using the Bhattacharya method for separating cohorts
(MPA module of the Compleat ELEFAN software package, version 1.0; Gayanilo et al. 1988).

RESULTS
Numbers of knot
The majority of knot arrive in the study area around
1 August, and most have left the area by 3 wk later (Fig.

3). The timing of departure can b e ascertained because,
when knot start a long distance flight, they become
noisy and nervous and then disappear in a southwesterly direction (Piersma et al. 1990). From this, we know
that the knot leave the area by mid-August (Fig. 3B),
which coincides well with the decrease in numbers
recorded on the feeding and roosting areas (Fig. 3A).
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Annual food supply
The main prey for knot in the Wadden Sea are
bivalves and snails (Boere & Smit 1981, Nehls 1992,
Zwarts & Blomert 1992, Piersma pers. comm.). In contrast to A4acoma balthica and Mya arenaria, annual
variation in the total biomass of Mytilus edulis and
Cerastoderma edule in Site N was very large (Table 1 ) .
Though the fluctuations were damped when these
species were taken together, the lowest total biomass
was still only half of the highest (Table 1). The average
biomass of the 5 bivalve species taken together at Site N
was 73 g AFDW m-2, which is high compared with the
average of 13 to 23 g AFDW mP2 over the entire Dutch
Wadden Sea (Beukema 1976, 1978, 1989). The total
biomass of M. edulis was low, but all the other species,
especially Scrobicularia plana, reached an extremely
high biomass. The biomass of these species did not
deviate much, however, from the values found in other,
similarly sheltered areas with mixed substrate, situated
at or just above mean sea level (Beukema 1976, Zwarts
1988).
Table 1. Annual variation in the biomass of prey species of
knot Calidris canutus (g AFDW m-2) at Site N in August of
1977 to 1986. Average, lowest and highest biomass are given.
RSD: relative standard deviation (SD as percentage of the
mean)
Species

Average
(9)

Range
(g)

RSD

.Macoma balthica
Cerastoderma edule
Mya arenaria
Scrobicularia plana
Mytilus edulis

17.22
20.66
13.20
20.23
1.45

7.4-34.5
0-62.3
7.0-23.7
8.1 -46.3
0- 7.9

46.6
107.2
38.6
86.5
186.6

Total

73.26

52.8-111.0

26.6

("/.l

Table 2. Annual variation in the biomass within the range of
size classes harvestable by knot Calidris canutus (g AFDW
m-'; without depth restriction) at Site N in August of 1977 to
1986. Range of harvestable size classes are taken from Zwarts
& Blomert (1992). Average, lowest and highest biomass harvestable by knot are given. RSD: relative standard deviation
(SD a s percentage of the mean)
Species

Fig. 3. Calidris canutus. (A) Average number of knot present
on the roost at high tide in the period 1976 to 1990 (190 counts
done by the wardens; compiled by Lenze Hofstee) and in
the study area at low tide (65 counts from 1977 to 1985).
(B) Timing of departure from the eastern part of the Dutch
Wadden Sea between 1964 and 1988; n = 3465 birds

Size Average Range
range
(g)
(9)
(mm)

Macoma balthica
6-16
Cerastoderma edule 5-12
Mya arenaria
7-11
Scrobicularia plana
7-14
5-20
Mytilus edulis

7.81
1.25
0.33
0.14
0.33

3.9-14.9
0- 6.6
0- 1.3
0- 1.4
0- 2.6

Total

9.86

3.9-17.7

RSD
( "10

44.0
155.7
153.4
300.0
237.9
45.9
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Knot do not swallow large prey and they ignore the
small size classes (Zwarts & Blomert 1992). Table 2
gives the range of size classes harvestable by knot and
the corresponding biomass for these size classes at Site
N. A comparison of Tables 1 & 2 reveals that only a
small fraction of the total biomass fell within the range
of size classes harvestable by knot. The exception was
Macoma balthica for which, on average. 44 % of the
total biomass may be considered as hamestable by
knot. Moreover, of all the potential prey species, the

annual variation in harvestable biornass is least in M.
balthica.
The large annual variation in total food supply was
caused by the erratic occurrence of summer recruitment
and winter mortality (Beukema et al. 1978, Beukema
1979,1982, Beukema & Essink 1986, Desprez et al. 1991,
Ducrotoy etal. 1991,Essinketal. 1991,Jones&Park 1991,
Obert & Michaelis 1991). There were also large differences among species in annual growth rate and mortality
(Fig.4 ) . Cerastoderma edulegrew rapidly but the major-

shell size (mm)

Fig 4 Density (no. m-') of i hivalve species at Site N in August during 10 yr (1977 to 1986).The size classes harvestable by k n o ~
Calidris canutus (i.e. not too small to b e unprofitable or too large to be ingestible or accessible) are indicated by vertical grey bars
(from Zwarts & Blomert 1992). Data for 1977 a r e not d ~ r e c t l ycomparable with the following years slnce the samples w e r e taken
from a larger area
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ity died within 2 or 3 yr. There was recruitment in this
species during 7 of the 10 years, but the only substantial
cohort originated in 1984. No spatfall of any significance
occurred in Scrobiculariaplana during the 10 years after
1976, when a strong year class was recruited (see also
Essink et al. 1991).Many of these animals were still alive
in 1983 and 1984. In Mya arenaria as well, there was
heavy spatfall during only 1 of the 10 years, viz. 1979.
Recruitment was variable in Macoma balthica, but the
variation was not as large as in the other species: in 6 of
the 10 years there was recruitment, with a considerable
spatfall occurring in 3 of them.

Food of knot
After the first growing season, Mya arenaria reached
a size of 5 to 10 mm and grew to about 25 mm by the
end of their second summer (Figs. 4 & 5). This means
that the majority of the first-year animals were ignored
by knot since they were too small and therefore unpro-
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fitable, while by the end of the next growing season
they had become too large to be swallowed. For the
same reason, only the largest Cerastoderma edule and
Mytilus edulis in their first year and the most slowly
growing individuals in their second year were potential
prey for knot. However, knot were able to feed on
Macoma balthica over a much longer period, as it took
a cohort of this species 4 years to pass through the
'window of predation' (Figs. 4 & 5 ) .
The potential importance of Macoma balthica as prey
is also clear from Fig. 6, which shows the annual variation in biomass of the size classes harvestable by knot.
The other prey contributed, on average, only 21 O/O of
this biomass (Table 2). Scrobicularia plana, though one
of the 2 most important prey in terms of total biomass
(Table l ) , was of interest for knot only in the year
before the observations began, and not at all over the
next 10 yr. The contribution of the 1979 year class of M.
balthica to the biomass harvestable by knot is evident:
the harvestable food supply was highest after 4 growing seasons and decreased thereafter, because an
increasing proportion had passed the critical size
threshold of 16 mm.
On some occasions, Macoma balthica was the only
prey species harvestable by knot, for example in late
summer of 1981 and 1983. Though Cerastoderma edule
were available in 1983, knot ignored them, perhaps due
to the thick shell (Zwarts & Blomert 1992). M. balthica
must therefore have been the staple food for knot that
passed through the study area in late summer, unless the
mud snail Peringia ulvae was taken as an alternative.
This species usually occurred at densities of 40000 to
50000m-2, though the summerof 1979 was an exception,
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Fig. 5. Growth of 5 bivalve species at Site N after spatfall in
summer 1979 (1983 for Scrobicularia plana). The size classes
vulnerable to predation by knot (see Table 2 ) are indicated
(horizontal grey field), as well as the period during which knot
were present (vertical grey bars). Average sizes were calculated from the length frequency distributions in the monthly
samples (see 'Methods')

Flg. 6. Biomass (g AFDW m-') of 5 bivalve species at Site N in
August from 1977 to 1986. A selection has been made for the
range of size classes harvestable by knot Calidris canutus (see
Table 2). No correction has been made for depth distribution
of the prey
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when only low densities of 1000 m-2 occurred (Zwarts
1988). However, direct observations and faecal analysis
showed that P. ulvaewere not taken in 1979,1981, 1983
or 1985, even though they were abundant in 3 of the 4
years. In fact, the majority of P. ulvae in the study area
were too small (< 2 mm) to be profitable food items for
knot (Zwarts & Blomert 1992).The distribution pattern of
knot over the feeding area was another indication that
knot did not feed on P. ulvae. This prey was superabundant at the sites situated above mean sea level and in
areas where the clay content of the substrate was above
l 0 O/O (Zwarts 1988). However, knot ignored these areas
and were usually found on sites below mean sea level
where the clay content of the substrate was less than 3 % .
This resulted in a negative relationship between the
density of knot and that of P. ulvae. Considering all this
information together, the conclusion is that M, balfhica
was the main, and sometimes the only, prey for knot in the
study area. For that reason, local and seasonal variations
only in M. balthica are described below.
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Fig. 8. Macoma balthica. Body weight (mg AFDW) of individuals 15 mm long in the study area during late summer and
autumn between 1976 and 1986 (based on Zwarts 1991)

Knot return to sites with a high food supply

biornass (g M. balthica

hawestable for knot

Fig. 7 Calidris canutus. Aggregative response of knot in
relation to spatial variations in the harvestable food supply (g
AFDW m-2 of Macorna balthica 6 to 16 mm long h v ~ n gIn the
upper 2 cm of the substrate; 60 "/o of the prey were found in the
upper 2 cm). The data refer to 146 plots of 0.1 ha at Sites N and
M from July to September 1981; 1095 samples at 1/56 m2 were
taken. (A) Average feeding density, calculated over 67 counts
made during 7 low-water periods. (B) Frequency of occurrence (percent of low-water periods during which one or more
knot were counted) ( C ) Average number (number of knot
seen in a plot when the number of knot was 2 1)

The distribution of knot over the feeding area in
relation to the density of their harvestable prey was
investigated in late summer 1981. The biomass harvestable by knot varied between 2 and 12 g AFDW m-2, and
the density of knot increased with food supply over this
range (Fig. 7A). Such an aggregative response of predators to spatial variations in prey density can be divided
into 2 components: the frequency with which the predators occur and the numbers present on any one occasion.
In the case of knot (Fig. ? A ) , the response was not
determined by the numbers of birds present at any one
time (Fig. ?C), but by the frequency with which they
occurred in a plot (Fig. 7B).
This was perhaps to b e expected, in view of the
observation that knot almost always fed in flocks whlch
were always on the move, even on a scale of < 1 h. They
moved readily from one locality to another, probably
continuously seeking the most rewarding place (GossCustard 1970, Gerritsen et al. 1983). Knot found the best
parts of the feeding area by ignoring, or rapidly traversing, marginal areas (Fig. ?B).

Annual food supply and number of knot
Macoma balthica did not grow between July and
November (Fig. 5) and there was no decrease in
densities during these months (Zwarts & Wanink
unpubl.). Nonetheless, the food supply harvestable by
knot decreased over the period, for 2 reasons. Firstly,
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the biomass of individual prey, or their condition,
decreased by 20 to 30 % , although this seasonal trend
was small in comparison with annual differences (Fig.
8). Secondly, the proportion of Ad. balthica living in the
upper 2 cm of the substrate, and thus within reach of
the bill of knot, decreased during the season (Fig. 9).
However, there were also considerable differences
among years in depth distribution. In 1984, the majority
of prey remained within reach of the bill until October,
whereas in 1980 and 1986, M. balthica were beyond
reach of the bill from August onwards. The accessible
fraction therefore decreased gradually over the course
of the season, but 1985 was a n exception since M.
balthica lived at a greater depth in August than in
September.
Fig. 10 shows the decrease in biomass of Macoma
balthica harvestable by knot. This figure combines the
measurements of prey density (Fig. 4), prey weight
(Fig. 8) and the proportion of prey actually within reach
of knot (Fig. 9). Fig. 10 also shows when knot occurred
in the study site in the different years. It is evident that

Fig. 9 Proportion of Macoma balthica accessible to knot
Calidns canutus, i e prey living in the upper 2 cm (dark
shadlng) and upper 3 cm (dark + light shading) of the substrate; measurements taken in the study area from 1980 to
1986 (based on Zwarts & Wanink 1989)

the numbers of knot feeding were closely related to the
annual variation in biomass of M. balthica harvestable
by knot.

DISCUSSION

Response of knot to spatial variation in their
harvestable food supply
Knot most often visited plots with abundant Macoma
balthica (Fig. ?B), presumably because their rate of
food intake was highest in these areas. The relation
between prey density and the rate at which probing
knot encounter M. balthica (Fig. 11A) can b e used to
l
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Fig 10. B~omassof Macoma balthlca (g AFDW m-2 of individuals 6 to 16 mm long living in the upper 2 cm) harvestable
by knot Calidris canutus at Site N , and occurrence of knot in
the study area during late summer a n d autumn of 1980 to 1986
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estimate intake rates over the wide range of prey
densities found in the field. The predicted intake rate is
derived from 3 variables: encounter rate with prey,
handling tlme and amount of flesh in W1 balthica of
each size class (Zwarts & Blomert 1992). The predicted
intake rate rises sharply with prey density (Fig. 11B).
The 2 measurements of intake rates actually made
correspond well with the predicted values (Fig. 1l A ) , as
did the intake rates of knot feeding on a variable
density of M. balthica in semi-captive conditions
(Piersma pers. comm.). Piersma (pers. comm.) found
that intake rate reached a plateau of 2 mg AFDW S - '
when M. balthica occurred at the extremely high biomass of more than 40 g AFDW m-2 Since the harvestable biomass of M. balthica normally vanes from 0 to 10
g AFDW m-', it would always b e worthwhile for knot to
search for sites with the densest food supply. From this,
we conclude that choice of site must be one of the most
crucial feeding decisions made by knot, because it has
such a direct and large effect on intake rate.
In late summer 1981, when Macoma balthica were
abundant, knot avoided sites where the biomass of
hx-ves:aS!e h:, b ~ ! t ~ $ iwas
c ; less than S to 7 g AFZW
m-2 (Fig. 7). This means that sites w t h an intake rate of
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less than 0.7 mg AFDW S-' were under-used and that
the majority of knot fed on sites where they could
maintain an intake rate of more than 1 mg AFDW S-'.
The following section discusses whether knot used the
same decision rule to choose between feeding areas in
years other than 1981, when M. balthica were less
abundant.

Response of knot to annual variation in their
harvestable food supply
Knot hardly fed in the study area in 2 years when the
biomass of harvestable Macorna balthica was less than
4 g AFDW m-2, but did so extensively in the other
4 years, when prey were abundant (Fig. 12). However,
the numbers of knot at the roost did not vary, apart
from the exceptionally low number counted in 1981
(Fig. i 2 ) . Therefore, knot did not leave this part of the
Wadden Sea when the harvestable food supply in the
study area was very low, but instead must have found
other feeding sites in the immediate vicinity. Two ques--Cl"llJ
CLiC therefore discussed I^vslov~-.
{ l )'Ghat decision
rule is used by knot when they exploit M. balthica?
(2) Are there years in which knot arriving in the Wadden Sea find insufficient food?
When plotted on a n annual scale, knot scarcely fed
on Macoma balthlca when the harvestable food supply
was below about 4 g AFDW m-2 (Fig. 12), much lower
than the apparent acceptance threshold in 1981 (Fig. 7).

I

harvestable for knot

Fig 11 Cdlldns canutus (A) S e a r c h ~ n gt ~ m eper prey (S) a n d
(B) ~ n t d k erate ( m g AFDi2's ') as a functlon of the harvestable
b ~ o m a s s( q AFDW In ' of Macoma balrhica 6 to 16 mm long
l i v ~ n gIn the upper 2 cm) The biomass data correspond to the
1981 data shown In Fig 7 The 2 field measurements on
fccdlng knot ( m ) were taken In August 1981 (Zwarts unpubl )
and August 1983 (Zwarts & Blomert 1992) The llne In (A) 1s
the Inverse of t h e encounter rate, as derived from the random
touch model ( F ~ g s10 to 12 In Zwarts & Blomert 1992) The hne
in (B) is based on predictions d r r ~ v e dfrom a model w ~ t h3
variables handllng t ~ m eencounter rate and flesh content per
size. class (Fig 14 In Zwarts & Blomert 1992)

biomass (g M balthica m-2) harvestable for knot
Fig. 12. Caljdris canutus. Highest numbers of knot In late
summer o n the roost at high tide ( r )and at the study site at low
tide ( m ) as a function of the prey biomass harvestable by knot
at the study area ( g AFDW m-%of Macoma balthica 6 to 16 mm
long l ~ v i n gi.n the upper 2 cm of the substrate; same data as
Fig. 10) No counts were made on the roost in 1983 and at the
study site in 1986
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It seems, therefore, that the acceptance threshold is not
fixed, but goes down when there is not much food
available. There must, however, be a lower limit below
which exploitation of the food resources is not worthwhile. At thermo-neutrality, knot (119 g body weight)
use about 10 g dry flesh (AFDW) d-' to maintain their
body weight at a constant level (Klaassen et al. 1990,
Zwarts et al. 1990, Piersma pers. comm.). With the
feeding areas being exposed for 12 h d-l, and assuming similar feeding rates at night as during the day, the
average intake rate must be at least 0.23 mg AFDW S-'
if the birds are to survive. Such an intake rate requires
a halvestable prey density of 2 g AFDW of M. balthica
mP2 (Fig. 11B). This intake rate is not sufficient, however, for knot preparing for their long-distance flight to
Africa, when they have to double their daily consumption to build up their body reserves at the required rate
of 3 to 4 O/O d-' (Klaassen et al. 1990). Since the feeding
time cannot be increased, migrant knot must at least
double their intake rate when they stay in the Wadden
Sea. This implies that migrant knot would feed only at
sites which provide an intake rate of at least 0.4 mg
AFDW S-'. This further implies that the harvestable
food supply of M. balthica would have to be at least 3 g
AFDW m-' (Fig. l l B ) , as indeed was found to be the
case (Fig. 12).
In years when knot did not exploit the study site itself
because the food supply was too low, the total numbers
counted on the roost remained quite normal (Fig. 12).
Apparently, they were able to switch to other feeding
sites further offshore. In summer 1979, when there had
been a heavy spatfall of Mya arenaria and Macoma
balthica on the high shore (Fig. 4), the lower sandflats
were completely covered by Mytilus edulis spat. This
may have provided a rich food supply for knot in 1979,
but certainly did so in 1980 when the M. balthica in the
study area were sparse. This rich food supply was not
available in 1981, when all the 1979 mussels had grown
past the upper size threshold of 20 mm. Indeed no knot
fed that year on the lower shore, since all the birds
were concentrated on the higher mudflats in the study
area (Fig. 12).
This example shows that knot may switch from one
site to another, according to the prey species taken.
However, even when knot feed on just one prey
species, their distributions would be expected to vary
from year to year. There is a very large difference
between the growth rates of bivalve species, being
high on the low sandflats and very low on the high
mudflats. Cerastoderma edule near the low water mark
may, during the first growing season, grow past the
upper threshold of 12 mm taken by knot, while cockles
at the higher shore levels may require 3 growing seasons to attain the same size (e.g. Cole 1956, Jones 1979,
Sanchez-Salazar et al. 1987). In Mytilus edulis, the
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upper size threshold of 20 mm may b e reached in 1 to 7
yr (e.g. Seed 1968). Similar differences in growth rates,
although not as large, were found in all bivalve species
on the tidal flats in the present study area (Zwarts
1988). As a consequence, knot may exploit, for instance, a partic.ular year class of Macoma balthica on
the lower shore where the larger specimens occur, but
then, in subsequent years when these prey have grown
too large, switch to sites where the growth rate is lower.
The largest variations in harvestable food supply
over the years are primarily determined by the occurrence of severe winters and high spatfall in the following summer (Beukema 1982). Hence there are some
years with high spatfall in the benthic species but many
other years when reproduction is poor in all species.
Thus, there is a corresponding overall pattern of
recruitment in different parts of the Wadden Sea
(Beukema & Essink 1986). Fortunately for knot, various
species go through the production window in different
years after such a boom summer has occurred (Fig. 5),
and this effect is enlarged by the locally varying growth
rates. Consequently, knot may exploit, over a period of
5 or 6 yr, a food supply that came into existence during
a single summer of heavy spatfall, such a s occurred in
1940,1963,1979 and 1987 (Beukema 1976, 1982,1989).
The data collected (Fig. 10) show that there are years
during which the food supply is too low for the migrant
knot to be able to feed, a t least on a local level. It is
necessary to repeat the measurements described here
on a larger scale to find out how often the food supply
in the Wadden Sea is insufficient for ensuring the
intake rate required by knot to build up migratory body
reserves. Our prediction is that such poor years will
hardly ever occur. Flocks of knot roam easily over
feeding areas with a total surface of tens of km2 and it
seems unlikely that good sites would not b e found
within such a large area, given the local variations in
the food supply and the possibilities for knot to exploit
different prey species (Nehls 1992). When another
wader, oystercatcher Haematopus ostralegus, lost its
major food supply (mussels) during a study period of 10
yr, the species remained in the area and switched to
cockles, Macoma balthica, and the ragworm Nereis
diversicolor (Zwarts & Drent 1981). No change in numbers of oystercatchers at the roost could be discerned
during the episode.

Knot depart before their food supply deteriorates
There is a large difference among years in the rate of
seasonal decrease in the food supply that is actually
accessible to knot (Fig. 10). It might therefore be
expected that the timing of migration would be delayed
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in years when Macoma balthica were scarce, yet there
is little annual variation in the timing of departure (Fig.
10). The roost counts showed that knot leave the area
each year around mid-August, about 3 wk after their
arrival. The migration strategy of knot is apparently to
leave the Wadden Sea as soon as possible, bearing in
mind that meteorological conditions must be conducive
to long-distance migration. Though the abundance of
the accessible food supply is rather unpredictable,
there is a clear trend for the food supply to deteriorate
during the course of late summer (Figs. 8 to 10). We
suggest that the Siberian knot which arrive in the
Wadden Sea around 1 August start building up their
migration reserves immediately so that they can leave
the area as quickly as possible and before the deterioration in the food supply accelerates. A study of the
feeding ecology of the subspecies breeding on Greenland and in Canada, which spends the winter in the
Wadden Sea and elsewhere in NW Europe (Dick et al.
1976, Roselaar 1983) accordingly would be extremely
interesting: How do these knot manage to survive
under conditions the Siberian knot seem to be anxious
to avoid (Piersma ei ai. i99i j?
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