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Summary

The Oystercatcher Haematopus ostralegus cannot meet its daily energy

requirements in a single low water period of normal duration (Zwarts Ct a!.

1996a). From experiments it is known that captive Oystercatchers are able to

increase their intake rate when exposure times are reduced (Swennen et a!.

1989). In this field study, we tested the prediction that free-living Oystercatchers

increase their intake rate after a period of reduced feeding opportunities.

2. We observed a population of colour-banded Oystercatchers, foraging in a bay on

the Wadden Sea island of Texel during the winter. Intra-individual variation in

intake rate was analysed and exposure time of the intertidal mudflats was used as

a measure for potential foraging time.

3. There was no significant effect of temperature-related parameters on the intake

rate, neither was there any detectable effect of the potential foraging time at the

moment the observation was made (Current Exposure Time). However, there

was a significant positive relationship between the intake rate and the average

length of the potential foraging time during the two days preceding the

observation (Previous Exposure Time).

4. This leads to the conclusion that after a period reduced foraging time,

Oystercatchers have a lower intake rate than after a period of good feeding

opportunities. This is opposite to the expectation, and we present several possible

explanations for this effect.
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Introduction

The tidal cycle is one of the fundamental factors affecting foraging behaviour of

wader birds living on the intertidal mudflats of the Dutch Wadden Sea. During the six-

hour high water period the majority of the feeding areas become inaccessible, and even

during the low water periods certain lower banks are still covered with water, making the

time available for feeding even shorter.

For the Oystercatcher (Haematopus ostralegus) a single low water period of

average duration is not sufficient to meet the daily energy requirements (Zwarts et a!.

1996a). Still Oystercatchers require a certain minimum consumption to maintain body

condition, especially during the winter when energetic demands are high (Urfi et a!.

1996).

Generally speaking, consumption can be affected by (1) the rate at which food is

located and swallowed (the intake rate) and (2) the time available for foraging. In an

environment where weather and tidal effects impose limitations on the time available for

foraging, adjusting intake rate is one way for waders to compensate for reduced foraging

time.

In an experimental study, Swennen et al. (1989) have shown that Oystercatchers

adjusted their intake rate to environmental conditions. In cages with artificial mudflats

where the exposure time was experimentally reduced up to one third of the normal

length, birds increased their intake rate by shortening handling and search time per prey.

The birds were thereby able to maintain their average consumption per tide. In similar

trials with unpredictable duration of the low water period, the birds showed large

variation in intake rate and thus total consumption.

Even though the rhythm of the tides is highly predictable, stochastic weather

effects influence the actual amplitude of the cycle, that is, the final height of each tide

(Swennen et a!. 1989). For example, onshore or offshore winds may respectively increase

or decrease the water level. Such effects vary significantly between locations in the

Wadden Sea. This causes exposure time and thus available foraging time to vary more

than would be expected from astronomical predictions (Goss-Custard et a!. 1996).

Below-zero temperatures in combination with gales and neap tides may further disturb
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normal foraging behaviour as under these conditions higher banks and shores may be

covered with ice quickly, effectively rendering profitable feeding areas inaccessible.

Furthermore, weather may also act directly on the foraging behaviour of

Oystercatchers. In strong winds (1) visual localisation of prey becomes more difficult as

potential prey exhibit less activity (Hulscher, et a!. 1996), (2) foraging birds may be

forced to change their optimal search path to ensure full insulative effect of their plumage

(Wiersma & Piersma 1994), (3) birds may be forced to forage in less windy but less

profitable places and (4) handling prey may become much more difficult (Goss-Custard

eta!. 1996).

Assuming that the tidal environment is already limiting the potential foraging

time and that Oystercatchers - especially in the winter - need to reach a minimal daily

consumption to maintain condition and avoid starvation, I hypothesise that after a period

of severe weather and extremely high water birds will attempt to compensate for the

earlier lost feeding time by increasing their intake rate, at least up to the maximum

allowed by the digestive bottleneck described by Kersten & Visser (1996a). Such an

increase of intake rate is possible as Oystercatchers would not feed at their maximal rate

at all times. Following the assumptions of classical foraging models (Stephens & Krebs

1986) they would rather forage at an optimal rate to maximise their fitness. Such an

optimal intake rate could for example be the result of a trade-off between higher intake

rate and greater risks of predation (Ens & Goss-Custard 1984), (klepto)parasitism (Ens &

Goss-Custard 1984, Goater 1988) and bill damage (Hulscher 1988, Swennen 1989).

Intake rate has shown to be related to a large variety of factors like prey size

(Zwarts et al. 1996d), density (Zwarts et a!. 1996c) and competitor density (Goss-Custard

& Durell 1988). To account for their effect, these factors will be included in a statistical

model to predict intake rate. Using this model, I attempt to answer the question whether

or not past and present abiotic factors influence the intake rate of free-living colour-

banded Oystercatchers foraging in a well-defined area within the Dutch Wadden Sea.
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Methods

Research area

All observations were conducted in the Mokbaai on the island of Texel in the

Netherlands during the winter of 2002-2003 (December to March). The Mokbaai is a

small bay of about 1 km long and 750 m wide. It was divided in two large-scale research

areas (Area 1 and Area 2) that were roughly 300 meters apart and overseen by two

observation hides. See fig. 1. These areas were subdivided in a grid of squares of 50x50

metres. Area 1 had 24 squares and a total surface area of 60000 m2, area 2 had 15 squares

and a total surface area of 37500 m2. Each of the squares were pre-assigned to one of

three height classes (high, middle, low) representing the relative elevation in that square.

Area 1 contained squares of all three height classes while area 2 only had high and low

squares. For a map of the area, see fig. 1.

r.t

r

.
Figure 1. Map of the Mokbaai and the two main study areas. Each area contains a grid of
squares of 50 by 50 m.

Protocols

Ten-minute behaviour protocols of foraging, colour-banded Oystercatchers were

made in the period December 2002 to March 2003 from two hides in the Mokbaai. Since

observations were made in several distinct periods instead of continuously throughout the

fieldwork, each observation is assigned to one of four periods (December 2002, January
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2003, January 2003 - February 2003, February 2003 - March 2003), and date was entered

into the model as a categorical parameter.

A PSION portable computer was used to record the duration and frequency of all

behaviours. These were: searching for prey, handling prey, standing, walking, preening,

sleeping, flying and engaged in aggressions. Of each item consumed, prey species was

determined either by direct visual identification or by interpretation of the feeding

method of the bird. The duration of each behaviour was calculated and the total of search

time plus handling time was taken as foraging time.

Additionally, the location of the bird within the grid and the number of

Oystercatchers in that area were recorded. From this, competitor density (in number of

birds ha') was calculated.

Food sampling and calculation of the intake rate

To estimate prey size and density, food samples were taken in the area the birds

foraged in. In each square mud samples of 225 cm2 and about 10 cm deep were taken

from the substrate. All prey species found were collected and counted. To estimate prey

density per square, an average prey density in number m2 was calculated from the nine

samples.

Of all bivalves collected ash-free dry mass (AFDM) was determined as follows:

all shells were assigned to 1-mm size classes and the flesh content of all the shells in each

size class was dried at 60 °C for two days, weighed, incinerated at 560 °C for 2.5 hours,

and weighed again. The difference between the two masses divided by the number of

shells in the class (maximum of five) was taken as an estimate of the AFDM (mg) of a

bivalve from that size class. To estimate the average AFDM per species, the relative

frequency of each size class was multiplied by the AFDM estimate of a shell in this size

class. The sum of all there products were taken as an average AFDM (mg) of a bivalve of

this species:

>.fAFDM.

where f1 is the relative frequency of size class i, AFDM1 is the ash-free dry mass (mg) of

size class i and n is the number of size classes. Further details of these calculations are
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described in Goss-Custard et a!. (2002). A species-specific average AFDM was

calculated in this way for the high, low and middle grid sections of both Area 1 and Area

2.

All AFDM consumed was calculated by multiplying the number of prey

consumed by the estimated average AFDM per species. Total AFDM consumed during

the protocol was then calculated by summing the total AFDM consumed of each species.

Intake rate per protocol in mg AFDM s1 was defined by the total AFDM consumed

divided by total foraging time (in seconds). The repeatability of the intake rate for each

bird was calculated according to Lessels & Boag (1987).

Water and weather data

Data on weather and tide were added to each protocol. Exposure times were used

to describe tidal circumstances. To calculate them, a threshold value of -30 cm was used

for both areas and all height classes: when the water level lowered beneath this threshold,

the mudflats were assumed to be exposed and available for foraging. At this threshold

value the squares with the highest elevation were no longer covered with water and the

first birds started to forage there.

Current Exposure Time (CET), the duration of the exposure during the low water

period in which the protocol was made, was used as a measure of the actual tidal

conditions. The average length of all exposure periods during the two days preceding the

observation was called Previous Exposure Time (PET) and used to describe the 'historic'

water situation.

The weather parameters were separated in a similar way: actual temperature (°C,

averaged over 24 hours) was used as a measure for the actual weather conditions, and

average temperature (°C), being the average temperature over the 2 days preceding the

protocol, was used as the 'historic' parameter.

Contrary to the expectation, current exposure time did not correlate with the

previous exposure time during the 2 days preceding the protocol (Pearson's R=-0.032,

p=0.6l9). Actual temperature and average temperature during the 2 days preceding the

protocol did correlate (Pearson's R=0.670, p<O.OOl).
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Statistics

The first part of the following section consists of the presentation of basic results

and some simple correlations and regressions. The second part is the presentation of a

General Linear Model that I built to predict intake rate from the weather and water

parameters. Starting with a model including all factors of interest, non-significant factors

were removed step by step in order of their F value until all factors left were significant.

All analyses were done using SPSS 11.0.

When protocols shorter than 6 minutes were included in the analyses, intake rate

increased significantly with protocol duration (F=13.845, N=255, p<O.OO1). Thus only

protocols longer than 6 minutes were used in the analyses. In this selection there was no

effect of duration on intake rate (F=3.230, p=0.O74, N=237). Intake rates were not

normally distributed and were transformed using natural logarithm:

LN (Intake Rate + 1).

All following references to intake rate are references to these transformed values!

In total, 237 protocols of between 6 and 10 minutes were made of 120 individual birds.

Of 70 individuals only 1 protocol was made, 50 individuals were observed between 2 and

12 times.

To explain the intra-individual variation in intake rate, the following factors were

entered into a General Linear Model (GLM, Univariate ANCOVA): the individual was

entered as a random factor, as was the observer (five observers made protocols) and area

to account for differences in prey AFDM and prey weight (see Results). Date was entered

into the model as a random factor called period. Two weather parameters (Actual

temperature and average temperature), two water parameters (current exposure time and

previous exposure time), and competitor density were used as covariates. To check

whether the tidal effects differed between the observation periods, interactions between

the two water parameters and the period parameter were also included in the model.
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Results

Prey AFDM, prey density and intake rate calculation

To decide whether prey AFDM could be averaged over several squares or maybe

even an entire area, I tested whether the height classes and areas differed from each other

in prey AFDM. As 73% of the diet consisted of Cockles (Cerastoderma edule), Cockle

AFDM was used in this analysis.

Table 1 shows the average prey AFDM for all height classes within both areas,

and table 2 shows the results of the analysis of Cockle AFDM: within area 1 and 2, the

height classes did not differ significantly from each other in Cockle AFDM (F2,142=0.O01,

p=0.999). When the two areas were compared to each other however, they did show

significant differences (F1,142=4.781, p=O.O3O): in area 1 Cockles weighed 139 mg

AFDM on average, in area 2 the average cockle weight was 201.44 mg AFDM. Also see

fig. 2.

Since there were no significant differences in cockle AFDM between the height

classes, an average (weighed for the number of squares) AFDM per area was used to

calculate intake rates per protocol. See table 3 for the AFDMs used in these calculations.

Table 4 shows the average prey density for all height classes within each area,

expressed as number of cockles per m2. As for cockle AFDM, the height classes did not

differ significantly from each other in cockle density (F2,33=1.684, p=0.2Ol). In contrast

to the higher cockle AFDM in area 2, area 1 has a significantly higher cockle density

(F1,33=19.367, p<O.OO1): 72.66 cockles m2 in area 2 versus 246.27 cockles m2 in area 1.

See fig. 3 and table 5.

Since there were no significant differences in prey densities or prey weights

between the height classes, only area was entered into the GLM.
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Table 1. Average AFDM (mg) for 8 species in two areas in the Mokbaai, March 2003
weighed by the relative frequency of the size classes. For both Cockles Cerastoderma
edule and Baltic tellin Macoma baithica actual measurements in all of the height classes
were available. For Mya arenaria in Area 1, only a few specimens were found in one of the
height classes, and this value was used as an average for Area 1. For the worms Nereis
diversicolor, Arenicola marina and Mussel Mytilus edule literature averages were used as
none of these were actually found in the samples. The AFDM of both siphons and
unknown prey are also literature estimates. For these estimates see Zwarts eta!. (1996c).
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Table 2. Univariate ANOVA table. The dependent variable is Cockle AFDM (mg,
average weighed by relative frequency of the size classes) compared between areas and
height classes within those areas. An interaction between the two factors was included
but not significant (P>0.1).

Source SS (Type III) df MS F Sig.

Intercept Hypothesis
Error

3337340.299
60679.129

1

.665
3337340.299

91218.554
36.586 .187

Area Hypothesis
Error

110223.423
3273937.534

1

142
110223.423
23055.898

4.781 .030

Height Class Hypothesis
Error

52.723
3273937.534

2
142

26.36 1
23055.898

.001 .999

Table 3. Average AFDM (mg) values used for the calculation of intake rates from the protocols.
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Area 1 24 139.00 61.03 63.47 67.73 124.00 221.60 29.50 22.00
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Table 4. Prey density per height class and area, expressed as average number of cockles
(C. edule) per square meter. The average per area is the average of the values, not the
average of the categories (height classes).

N Minimum Maximum Mean Standard deviation
Area! 23 46.9125 414.815 246.2697 112.9837

High 8 123.4575 402.47 234.5684 106.3241
Middle 6 128.395 414.815 306.9958 110.3642
Low 9 46.9125 377.7775 216.1867 116.9593

Area 2 14 14.815 187.655 72.66321 57.10483
High 9 14.815 140.74 63.3 7444 45.2 9346
Low 5 24.6925 187.655 89.383 77.14634

Table 5. Univariate ANOVA table. The dependent variable is average cockle density
per m2, compared between the two areas and the height classes within those areas. An
interaction between the two factors was included but not significant (P>0.1).

Source SS (type III) df MS F Sig.
Intercept Hypothesis 804121.465 1 804121.465 5.163 .249

Error 167995.970 1.079 155736.639
Height class Hypothesis

Error
29939.608
293289.967

2
33

14969.804
8887.575

1.684 .201

Area Hypothesis
Error

172207.518
293289.967

1

33
172207.518
8887.575

19.376 .000
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Figure 2. Average prey weight (mg cockle Fiure 3. Average prey density (n Cockles
AFDM) in each area. The bars represent the m') in each area. The bars represent the
standard error of the mean, standard error of the mean.
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Basic Statistics

In the sample of 237 protocols we observed an average intake rate of 1.59 mg

AFDM s' with a maximum of 5.93 mg AFDM s1 and a standard deviation of 0.97. In

area 1, the average intake rate was 1.82 mg AFDM s1 over 66 protocols, in area 2 the

average intake rate was 1.5 mg AFDM s over 171 protocols (see fig. 4). Zwarts et a!.

(1996c) compiled data on several studies of Oystercatchers foraging on cockles to relate

prey weight and density to intake rate. Our average intake rates, combined with the

average cockle density and AFDM, fit nicely into this data set. See fig. 5.

Although there are no significant differences between the two areas in numbers of

prey caught per ten minutes (One-Way ANOVA: F1,235=2.066, p=0.l52, see fig. 6), the

number of cockles caught per ten minutes was significantly higher in Area 1 (One-Way

ANOVA: F1,235=41.300, p<O.OO1, see fig. 7).

There was a significant linear increase of current exposure time in the course of

the season (F1,235=5.967, p=0.Ol5, R2=0.025), and a significant quadratic effect of season

on previous exposure time (F2,235=37.8827, p<0.OO1, R2=0.24), with higher intake rates

at the start and the end of the entire observation period (December and March resp.) and

lower intakes during January and February. Both weather parameters showed a strong

linear increase in the course of the season (Actual temperature: F1,235=361 .064, p<O.000,

R2=0.778, Average temperature: F1,235=304. 191, p<O.OO1, R2=0.564).

In a linear regression, intake rate decreased with season (F1,235=34.615, p<O.OO1,

R2=O.128). Regardless of this effect, the date was included in the GLM as a categorical

parameter describing the observation period (one of four). Protocols were made in several

discrete periods (generally 2-4 days in length) rather than continuously throughout the

season. Within these periods, seasonal effects were assumed to be negligible.
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Figure 4. Average intake rate (mg AFDM s1) in each area. The bars represent
the standard error of the mean.

v iPJ W JU!JU
prey density (Cockles rn-2)

Figure 5. Figure from Zwarts et a!. (1996c). Intake rate as a function of prey
density (n m2) assembled from ten studies (for further sources see Zwarts et
a!.). The four curves are based upon a multiple regression equation given by
Zwarts et a!., the grey line connects the measured intake rate of a captive
Oystercatcher offered cockles of specific weight in an experimental study
varying prey density. To relate our data to the data found in similar studies, the
average intake rate and prey density in our two study areas are plotted into this
graph. Average cockle weight in Area I was 139 mg, in Area 2 201.44 mg.
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The General Linear Model

Since there was no variance within individuals with only one observation, the

unique individuals were automatically excluded from this model. Both the individual as a

random factor was significant (F119,113=2.070, p<O.OO1), as was the period (F3,113=3.915,

p=0.O1 1, see fig. 8).

The observer (F4,103=0.751, p=O.560) and area (F1,102=0.056, p=O.8l4) did not

have a significant effect on intake rate and were removed from the model. None of the

weather parameters (actual temperature: F1,1 12=0.833, p=O.363, average temperature:

F111 =l.O58, p=03O6) were significant, and competitor density was also non-significant

(F1,M=0.068, p=O.'795). Although current exposure time did not have a significant effect

(F1,107=1 .656, p=0.2Ol), intake rate did increase significantly with increasing previous

exposure time (F1,113=7.203, p<O.OO8). (Fig. 9). The interaction between period and

previous exposure time was not significant however (F3,99=0.126, p=0.945), neither was

the interaction between current exposure time and period (F3,107=1.919, p=O.l3l).

A listing of non-significant factors (in order of their deletion from the model) is

given in table 6, and for the complete output of the significant model see tables 7

(ANCOVA table) and 8 (Parameter estimates).

Using the hypothesis and error mean squares (see table 7) of the individual effect

from the final model (including the individual, the date and the previous exposure time),

repeatability calculated according to Lessels & Boag (1987) was relatively high (0.25)
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Figure 8. Error bar plot of the transformed intake rates corrected for the
effects of the individuals and average exposure time (vertical axis). On
the horizontal axis the four observation periods are plotted. The bars
represent the standard errors of the mean.
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Figure 9. Transformed intake rates corrected for the effect of individuals
and date on the vertical axis, on the horizontal axis the previous exposure
time over 2 days preceding the observation. The regression line is for
illustration purposes only, as these are residual intake rates from the
model without average exposure time included. See ANCOVA output
(tables 7 and 8) for the actual parameters of the complete model.
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Table 6. A listing of the non-significant factors from the GLM used
to predict intake rate. Listed in order of their deletion from the
model.

Factor F p (0.05) df
Competitor Density 0.068 0.795 1

Period * Previous Exposure Time 0.126 0.945 3

Area 0.056 0.814 1

Observer 0.751 0.560 4
CET 1.656 0.201 1

Average Temperature 1.058 0.306 1

Actual Temperature 0.833 0.363 1

Table 7. Univariate ANCOVA table of the model predicting intake rate. Significant factors are the
individual, the observation period and the previous exposure time. SS are Type III sums of squares.

Source SS df MS F Sig.
Intercept Hypothesis 0.424 1 0.424 5.203 0.025

Error 0.541 80.302 0.08146
Individual Hypothesis 17.831 119 0.150 2.070 0.000

Error 8.181 113 0.0724
Period Hypothesis 0.850 3 0.283 3.915 0.011

Error 8.181 113 0.0724
Previous Exposure Time Hypothesis 0.52 1 1 0.52 1 7.203 0.008

Error 8.181 113 0.0724

Table 8. Parameter estimates for the model in table 7. Parameter estimates for each individual were
omitted. See appendix for details.

Parameter B Std. Error t Sig. 95% CI
Lower Upper

Intercept 0.002107 0.330836 0.006369 0.994929 -0.65334 0.657552
[PERIOD=1] 0.244282 0.093218 2.620553 0.009986 0.059601 0.428964
[PERIOD=2] 0.021432 0.106812 0.200653 0.841331 -0.19018 0.233046
[PERIOD=3] 0.002591 0.114661 0.022595 0.982013 -0.22457 0.229754
[PERIOD=4] 0

Prev.Exp.Time 0.111702 0.04162 2.683817 0.008373 0.029244 0.194159
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Discussion

A major problem to deal with in these analyses is the digestive bottleneck. As

Kersten & Visser (1996a) describe, the intake rate of Oystercatchers is usually higher

than their rate of food processing, and after a certain time of foraging at a relatively high

rate, not the intake rate itself but rather the digestion rate becomes the limiting factor. To

check whether or not the birds in this study might have been constrained by their

digestive system (and as such whether variation in intake rates may have been affected by

this limitation), the average intake rate and the average length of the exposure period

were evaluated with the parameters given by Kersten & Visser.

The average observed intake rate was 1.5 mg s1. At 14.9% AFDM g' fresh mass

this would be 10.07 mg fresh mass per second or 0.604 g mm' . Kersten & Visser give a

constant digestive rate of 0.263 g min1. Considering that every minute 0.604 g of food is

taken and 0.263 g is processed, every minute 0.604-0.263 = 0.34 1 g of food would

remain in the digestive tract, which has an 80 g storage capacity. At these rates rate a bird

would be 'full' after 80 / 0.341 = 234.6 minutes, or 3.9 hours. Considering that the

average length of the (previous) exposure time was 4.3 hours, this leads to the conclusion

that the average bird in this study would have hit the digestive constraint at the very end

of the low water period. However, I suspect the overall effect of this on intake rate

measurements would have been very small and not large enough to influence variation in

intake rates.

Alongside the focus parameters describing weather and tidal circumstances,

several 'basic' parameters were included in the General Linear Model to explain intake

rate of Oystercatchers. In all of my analyses, competitor density had no significant effect

on intake rate. Stiliman Ct a!. (2000) assume competitor density to be a major determinant

of intake rate only above densities of 150 birds ha', and Triplet et al. (1999) detect an

effect of density on intake rate only above 50-100 birds/hectare. As the average density

observed in the Mokbaai during our observations was around 50 birds ha', competitor

density was too low to affect intake rate.

Although the two areas differed significantly from each other in both prey

(=cockle) weight and density, there was no effect of area on the intake rate. A possible
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explanation for this is that while cockles in Area 2 were larger, the density was higher in

Area 1. As such, smaller prey weight in Area 1 might have been compensated by a better

prey availability. If this were the case, the number of prey caught per unit of time should

be higher in Area 1. From the fact that the number of cockles caught per ten minutes was

indeed higher in Area 1, I conclude that the absence of an effect of area on intake rate can

be explained by such compensation.

None of the used weather (actual and average temperature) components were

retained during the backward elimination. As several earlier studies observed an effect of

temperature on body weight (Zwarts Ct al. 1996b) and metabolism (Kersten & Piersma

1987), and assuming both parameters are in turn strongly related to intake rate, this could

be seen as a surprising result. One obvious explanation could be that during our

observations the temperature never dropped below a critical level for a longer period of

time. Kersten & Piersma (1987) describe that below the thermoneutral temperature of

around 9-10 °C the daily food consumption of Oystercatchers quickly increases. The

daily mean temperature during our observations varied between -2 and 9 °C, which

implies that even under the most favourable conditions the energetic requirements of our

birds are still expected to be temperature-dependent. So this cannot explain the absence

of an effect of temperature on intake rate.

The other major factor that did not have a significant effect on intake rate was

current exposure time. This is not in line with the experimental data gathered by Swennen

et a!. (1989), who clearly observed increased intake rates when the foraging time was

decreased in a predictable pattern (e.g. when the current exposure period was shortened).

This might be explained by the fact that we did not measure daily food consumption, and

that it is possible that the birds compensated for the reduced time available during the low

water period by foraging more intensively at night or in fields. In the experiments done

by Swennen the availability of food was a simple 'yes-or-no' situation: it was not an

option for the birds to leave the cage (the 'mudflats') and forage in fields or on a bit of

shoreline left exposed even during a very high tide. In such a case the only way for the

birds to maintain their required daily consumption is to increase the actual rate of food

ingestion.
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The individual did have a significant effect on the intake rate and remained in the

model. Repeatability was also high (0.25) compared to other studies of intake rate, with a

repeatability ranging from 0.11 to 0.13 (Trierweiler 2002). A significant effect of the

individual is not surprising in the light that many studies show that qualities at the

individual level, like dominance (Goss-Custard & Durell 1988, Stillman et al. 2000) and

feeding method (Goss-Custard & Durell 1988) affect intake rate. The period (the date

separated into four discrete periods) also significantly affected intake rate. Although

consistent seasonal variation in intake rate is said to exist but never documented, I

conclude the effect of period in our data is largely based on the first period (December)

having significantly higher intake rates than the other three periods. Since these

observations were made in a spell of extremely cold weather, during which the mudflats

froze and many fresh cockles were abnormally close to the surface, I assume intake rates

were unnaturally high during this period.

However, we did find an increase of intake rates with increasing previous

exposure time. This implies that when an increasing amount of time was available for

feeding during the two days before the observation, the intake rate of Oystercatchers is

actually higher than when potential foraging time was short. This is opposite to the

expectation that the birds will compensate for reduced consumption after a period of

unusually high tides by increasing their intake rate. Several explanations for this effect

can be given.

Firstly, variations in water level and thus in water coverage of the mudflats may

have an effect on the burying depth of the bivalves in the substrate. Although different

feeding methods are known to exist in bivalves, they are all dependent on the supply of

food particles suspended in the water or deposited onto the surface. It could be argued

that after a period of long exposure times (and thus low inundation and low feeding

opportunities for the bivalves) species like cockles but also baltic tellin (M. baithica)

have moved closer to the surface to be able to continue feeding as long as possible. This

would increase the number of prey items available for foraging Oystercatchers, and

subsequently lead to higher intake rates. Although a relationship between burial depth

and immersion time (shorter immersion leading to shallower burying depths) has been

observed in the Baltic tellin (M. baithica) (Goeij de & Honkoop 2002), little or no data
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exists for cockles. Furthermore, no work has been done on the longer term effects of

exposure times on the burial depth of bivalves under natural conditions.

A second possible explanation for increased intake rates after a period of widely

available feeding opportunities is that regardless of the stochastic effects of wind speed

and direction on actual water levels, the consequence of the spring-and-neap tidal cycle is

that after a period of lower tides (and thus longer exposure times) a period of higher tides

(and thus shorter exposure times) always follows. In this way it could be advantageous to

increase consumption after a period of longer exposure times, in that a period of limited

food availability will follow.

Finally, one important point that has not yet been made, is in how far the

(nutritional) state of the bird will influence the need for compensation after limited

feeding opportunities. For birds that are already in a good condition it may not be

worthwhile to increase their intake rate as they already have plenty of reserves to last up

to a period of better foraging opportunities. A direct relationship between intake rate and

body condition has been often assumed but hardly tested. As in this dataset condition was

known of only a few of the studied birds, and as the relationship between intake rate and

condition is the subject of a companion paper on the foraging behaviour of

Oystercatchers (Mullers 2003), condition was not used as a factor in this study.

In summary, I was not able to show any significant effect of weather (in terms of

temperature) or the duration of the current exposure period on the intake rate of free-

living Oystercatchers. Although there was a significant positive effect of previous

exposure duration, I conclude any effect of past tidal circumstances on the intake rate is

far from proven, because of the unexpected direction of the effect. In addition, its

explanatory value was low.

This research has focused on the question of whether or not Oystercatchers would

compensate for reduced feeding opportunities by increasing their intake rate. The fact

that almost none of the intra-individual variation in intake rate is explained by the tide in

terms of exposure times leads to the conclusion that adjustment of the intake rate does not

play an important role in compensating for reduced feeding opportunities. Since

Oystercatchers are known to forage inland (in fields) during periods of severe weather or

extremely high water (Heppleston 1971, Goss-Custard & Durell 1984) and at night
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(Kersten & Visser 1996b), I predict compensation for reduced feeding opportunities is

achieved more by increasing time spent feeding. This is also what Urfi Ct a!. (1996)

conclude for birds that lose feeding time due to disturbance.

21



Acknowledgements

The results presented here were just a small part of a much larger research project
on the foraging behaviour of Oystercatchers, running for several years now. More than a
year ago, Raif Mullers and myself were asked to join in the winter catching-and-
observing program.
Although I sometimes think I ended up understanding even less about what to expect
(and not to expect) and what others expect (and don't expect) from a master's project, I
feel like I learned a lot, and there are a lot of people I am grateful to.

First of all I would like to thank Ralf for being such a good friend and colleague
throughout this project, and for coping with my moods and occasional pessimism.

I thank Anne Rutten for her supervision.

Many thanks to Kees Oosterbeek for his great help, support and companionship
throughout this project.

Dries Oomen helped with making the observations.

Without the continuing support of Dr. Joost Tinbergen and the support of Dr. Bruno Ens
at Alterra, we would not have been able to do this project.

At the end of this project, several people backed us up with the statistics, and I'm very
much indebted to them, most of all Dr. Joost Tinbergen and Dr. Simon Verhulst.

But most of all I'm very grateful to Chris Trierweiler, Nils Bunnefeld, Leo Bruinzeel and
Raif Mullers, for not only being there for discussion, help with the analysis and practical
work, but most of all for their support and friendship when nothing seemed to make sense
anymore.

In more ways than one, this was a long project, but I'm happy with the result and I do not
regret doing nor finishing it.

22



References

Goeij P de, Honkoop P.J.C (2002). The effect of immersion time on the burying depth of
the bivalve Macoma baithica (Tellinidae). Journal of Sea Research 47: 109-199.

Ens, B.J. & Goss-Custard (1984). Interference among Oystercatchers Haematopus
ostralegus feeding on Mussels Mytilus edulis, on the Exe Estuary. Journal of Animal
Ecology 53: 217-23 1.

Goater, C.P. (1988) Patterns of Helminth parasitism in the Oystercatcher Haematopus
ostralegus from the Exe Estuary, England. PhD thesis, University of Exeter.

Goss-Custard, J.D., Clarke, R.T., McGrorty, S., Nagarajan, R., Sitters, H.P. & West, A.D.
(2002). Beware of these errors when measuring intake rates in waders. Wader Study
Group Bulletin, 98:30-37.

Goss-Custard, J.D., Durell, S.E.A. le V. Dit, Goater, C.P., Hulscher, J.B., Lambeck,
R.H.D., Meininger, P.L., Urfi, A.J. (1996). How Oystercatchers survive the winter. In:
The Oystercatcher: From Individuals to Populations (ed. J.D. Goss-Custard), pp. 133-
154. Oxford University Press.

Goss-Custard, J.D. & Durell, S.E.A. le V. Dit. (1984). Individual and age differences in
the feeding ecology of Oystercatchers, Haematopus ostralegus, wintering on the Exe. Ibis
125: 155-171.

Goss-Custard, J.D. & Durell, S.E.A. le V. Dit. (1988). The effect of dominance and
feeding method on the intake rate of Oystercatchers, Haematopus ostralegus, feeding on
mussels. Journal of Animal Ecology 57: 827-844.

Heppleston, P.B. (1971). The feeding ecology of oystercatchers Haematopus ostralegus
L. in winter in Northern Scotland. Journal of Animal Ecology, 40:651-672.

Hulscher, J.B. (1988) Mossel doodt Scholekster Haematopus ostralegus. Limosa, 61: 42-
45.

Hulscher, J.B. (1996). Food and feeding behavior. In: The Oystercatcher: From
Individuals to Populations (ed. J.D. Goss-Custard), pp. 133-154. Oxford University
Press.

Kersten, M. & Piersma, T. (1987) High levels of energy expenditure in shorebirds;
metabolic adaptations to an energetically expensive way of life. Ardea 1987, 75: 175-
187.

Kersten, M. & Visser, W. (1996a). The rate of food processing in the Oystercatcher: food
intake and energy expenditure contrained by a digestive bottleneck. Functional Ecology
1996, 10: 440-448.

23



Kersten, M. & Visser, W. (1996b). Food intake of Oystercatchers Haematopus ostralegus
by day and by night measured with an electronic nest balance. Ardea 84A: 57-72.

Lessels, C.M. & Boag, P.T. (1986). Unrepeatable repeatabilities: A Common Mistake.
TheAuk 104: 116-121.

Mullers, R.H.E. (2003). The relation between body condition and intake rate in
Oystercatchers. Master of Science Thesis, University of Groningen, 2003.

Stephens, D.W., Krebs, J.R. (1986) Foraging Theory. Princeton University Press,
Princeton.

Stillman, R.A., Caldow, R.W.G., Goss-Custard, J.D. & Alexander, M.J. (2000).
Individual variation in intake rate: the relative importance of foraging efficiency and
dominance. Journal of Animal Ecology 2000, 69: 484-493.

Swennen, C., Leopold, M.F. & Bruijn, L.L.M. de (1989). Time-stressed Oystercatchers,
Haematopus ostralegus, can increase their intake rate. Animal Behaviour, 38: 8-22.

Trierweiler, C. (2002). How differences in winter intake rate relate to laying date, body
condition and breeding status in Oystercatchers Haematopus ostralegus. Master of
Science Thesis, University of Groningen, 2002.

Triplet, P., Stillman, R.A. & Goss-Custard, J.D. (1999). Prey abundance and the strength
of interference in a foraging shorebird. Journal of Animal Ecology 1999, 68: 254-265.

Urfi, A.J., Goss-Custard, J.D., Durell, S.E.A. le V. Dit. (1996). The ability of
oystercatchers Haematopus ostralegus to compensate for lost feeding time: field studies
on individually marked birds. Journal of Applied Ecology 33: 873-883.

Wiersma, P. & Piersma, T. (1994). Effects of microhabitat, flocking, climate and
migratoly goal on energy expenditure in the annual cycle of Red Knots. Condor, 96: 257-
279.

Zwarts, L., Ens, B.J., Goss-Custard, J.D., Hulscher, J.B. & Kersten, M. (1996a). Why
Oystercatchers Haematopus ostralegus cannot meet their daily energy requirements in a
single low water period. Ardea 84A: 269-290.

Zwarts, L., Hulscher, J.B., Koopman, K., Zegers, P.M. (1996b). Short-term variation in
body weight of Oystercatchers Haematopus ostralegus: Effect of available feeding time
by day and night, temperature and wind force. Ardea 84A: 357-372.

Zwarts, L., Ens, B.J., Goss-Custard, J.D., Hulscher, J.B., Durell, S.E.A. le V. Dit.
(1996c). Causes of variation in prey profitability and its consequences for the intake rate
of the Oystercatcher Haematopus ostralegus. Ardea 84A: 229-268.

24



Zwarts, L., Cayford, J.T., Hulscher, J.B., Kersten, M., Meire, P.M., Triplet, P. (1996d).
Prey size selection and intake rate. In: The Oystercatcher: From Individuals to
Populations (ed. J.D. Goss-Custard), pp. 30-55. Oxford University Press.

25



Appendix: Additional tables, figures and tests



1. THE EFFECT OF PROTOCOL LENGTH B

2. INTAKE RATES TRANSFORMED FOR NORMALITY C

3. DESCRIPTIVE STATISTICS

3.1. BASIC STATISTICS OF INTAKE RATE, AFDM AND DENSITY E

3.2. WATER PARAMETERS: CURRENTAND PREWOUS EXPOSURE TIME E

3.3. WEATHER PARAMETERS: ACTUAL ANDAVERA GE TEMPERATURE E

3.4. SEASONAL PATTERNS F
3.4.1. Current and Previous exposure time increase significantly with season: F
3.4.2. Highly significant relationship between PET and season F
3.4.3. Actual and average temperature increase strongly with season F
3.4.3. Actual and average temperature increase strongly with season G
3.4.4. Intake rate decreases with season in a linear regression G
3.4.5. Significant quadratic relationship between intake rate and season H

3.5. CORRELATIONS BETWEEN PARAMETERS H

3.6. PREDICTED AND OBSERVED EXPOSURE TIME I

3.6.1. Relationship predicted -observed PET I
3.6.2. Seasonal pattern in the 'Non-tidal variation' J
3.6.3. Seasonal pattern in the 'Prediction Difference' J
3.6.4. Effect of the 'Prediction Difference' on Intake Rate J
3.6.4. Effect of the 'Prediction DifferenceS on Intake Rate K

3.7. EFFECTS OF SEPARATE PARAMETERS ON INTAKE RATE K
3.7.1. Competitor density K
3.7.2. Actual weather parameters K
3.7.2. Actual weather parameters L
3.7.3. Average weather parameters over 2 days preceding protocol L
3.7.4. Actual water parameters L
3.7.4. Actual water parameters M
3.7.5. Average water parameters 2 days preceding protocol M
3.7.5. Average water parameters 2 days preceding protocol N

4. PREY DATA AND STATISTICS - N

4.1. PREY DENSiTY N

4.1.PREYAFDM P

S. GLMS PREDICTING INTAKE RATE P

5. GLMS PREDICTING INTAKE RATE Q

5. GLMS PREDICTING INTAKE RATE R

5.1. MODEL 1— CURRENT EXPOSURE TIME VERSUS PREVIOUS EXPOSURE TIME (PET).. R

5.2. MODEL 2— PREDICTION DIFFERENCEAS A WATER PARAMETER T

5.2. MODEL 2— PREDICTION DIFFERENCEASA WATER PARAMETER U

5.3. MODEL 3— SELECTED INDIVIDUALS AND OBSERVATIONS V

5.4. MODEL 4-INCLUDING TIME To LOWAND (TIME To Low)2 W



1. The effect of Protocol Length

When including all protocols, there was a significant effect of duration on
untransformed intake rate:
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Significant effect of protocol length on intake rate when
including all protocols made (F1,267=11.963, p=0.OOl, b=0.0015,
r2=0.039, N=268).

When only protocols longer than 360 seconds (6 minutes) were used in the analysis
there was no longer an effect of protocol length on intake rate:
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No significant effect of protocol length on intake rate
when protocols shorter than 6 minutes were removed
(F1237=3.203, p=0.O75, b=0.0028, ?=0.009, N=238).
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2. Intake rates transformed for normality

The intake rates in our dataset were not normally distributed:
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When transforming intake rates by the use of a natural logarithmic transformation

Transformed IR = in (intake rate + 1)

intake rates were still deviated slightly from normality:
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3. Descriptive Statistics

3.1. Basic Statistics of Intake Rate, AFDM and Density

N Mm Max Mean SD 95% CI. for mean

Mm Max

Intake Rate (mg s') Both Areas

Area 1

Area 2

237

66

171

0

0

0

5.390

4.870

5.390

1.590

1.822

1.500

0.966

0.917

0.973

1.596

1.353

2.047

1.647

Transformed Intake Rate Both Areas

Area 1

Area 2

237

66

171

0

0

0

1.850

1.770

1.850

0.882

0.978

0.845

0.379

0.366

0.379

0.888

0.788

1.068

0.903

Average Cockle AFDM (mg) Both Areas

Area 1

Area 2

146

91

55

0

0

0.480

673.520

461.000

673.520

161.571

138.340

200.077

153.226

127.644

182.960

111.757

150.547

164.923

249.469

Cockle Density (N rn2) Both Areas

Neal
Area 2

37

23

14

14.815

46.913

14.815

41 4.815

414.815

187.655

180.581

246.270

72.663

127.532

112.984

57.1 05

197.412

14.815

295.128

187.655

3.2. Water parameters: Current and Previous Exposure Time

Descriptive Statistics

N Minimum Maximum Mean Std. Deviation
Current exposure (hours) 237 3.83 5.83 4.7085 .42961

Previous exposure time
over 2 days earlier 237 2.0016 5.8752 4.311747 .7030503
(hours)

Valid N (listwise) 237

3.3. Weather parameters: Actual and Average temperature

Descriptive Statistics

N Minimum Maximum Mean Std. Deviation
Actual temperature (C,
average over 24 hours)

237 •-1.30 8.40 3.9414
•

3.10600

Average temperature
during preceding 2 days 237 -1.40 8.15 3.9483 2.79141

(C)

Valid N (listwise) 237

E



3.4. Seasonal patterns

3.4.1. Current and Previous exposure time increase significantly with season:

5.5

5.0

45

4.0

Season (Day numbers from 1 January 2003)

Current exposure duration increases significantly
with season (F15=5.967, p<O.OOI, b=O.0021,
r2=O.021, N=236).

Season (Day numbers from 1 January 2003)

Previous exposure time increasing significantly
with season (F1,5=4.493, p=O.O35, b=O.0030,
r2=O.015, N=236).

3.4.2. Highly significant relationship between PET and season

Season (Day numbers from 1 January 2003)

R .02444

Significant quadratic relationship between previous
exposure time and season. The vertical axis is the
average exposure time over 2 days before the
observation (F2,,=37.883, p<O.OO1, bl=-O.49,
b2=O.0006, ?=O.238, N=236).
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3.4.3. Actual and average temperature increase strongly with season

Season (Day numbers from 1 January 2003)

Temperature on the day the protocol was plotted
against season. Significant linear increase
(Fl ,235=361 .064, p<O.OOl, b=O.072, r2=O.604,
N=236).
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Average temperature over 2 days preceding the
protocol increases significantly with season
(Fl ,235=304. 191, p<0.001, b=0.0669, r2=0.562,
N=236).
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3.4.4. Intake rate decreases with season in a linear regression
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Intake rate decreases with season in a linear regression
(F1,235=34.615, p<O.OOl, b=-O.0043, r2=0.125, N=236).

0



3.4.5. Significant quadratic relationship between intake rate and season

2.0

i'h14
3 .

_______________________

Rsq.0.2404
340 360 380 400 420 440

Season (Day numbers from 1 January 2003)

Significant quadratic relationship between intake rate and
season (F2,4=37.O367, p<O.OOl, bl=-O. 192, b2=O.0002,
r2=O.234, N=236).

3.5. Correlations between parameters

There was no correlation between Previous Exposure time (average exposure..) over 2
days preceding the protocol and current exposure time:

Correlations

Current
exposure
(hours)

Average
exposure time

over 2 days
earlier (hours)

Current exposure (hours) Pearson Correlation

Sig. (2-tailed)

N

1

.

237

-.032

.619

237
Average exposure time Pearson Correlation
over 2 days earlier Sig. (2-tailed)
(hours)

N

-.032

.619

237

1

.

237

The two weather parameters, current and average temperature, did correlate
significantly though:

Correlations

Actual
temperature
(C, average

over 24 hours)

Average
temperature

during
preceding 2

days (C)
Actual temperature (C, Pearson Correlation
average over 24 hours) Sig. (2-tailed)

N
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Average temperature Pearson Correlation
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3.6. Predicted and observed exposure time

3.6.1. Relationship predicted-observed PET
Not only the observed exposure time was calculated, the exposure time that would
have been expected from astronomical predictions of the water level was also
calculated to compare to the observed values.
As expected, although more than half of the variation in the measured exposure time
remained unexplained, there is a strong linear relationship between predicted and
observed exposure time. That is, the astronomical tide is a predictor for the
developing exposure time.

PREDICTED PET (hours)

Asq - 0.2899

On the y-axis the measured previous exposure time over
2 days preceding the observation is plotted, on the x-axis
the same parameter but now predicted from astronomical
data. Strong linear relationship (F1,5=95.945, p<O.OOI,
b=O.823, r2=O.287, N=236).



3.6.2. Seasonal pattern in the 'Non-tidal variation'
The 'non-tidal variation' is the observed previous exposure time corrected for the
effect of the expected previous exposure time. This was calculated in order to obtain a
parameter describing only the 'external' (as in: non-tidal) effects on the exposure
time, such as temperature and wind speed. It is calculated as the unstandardized
residuals of a linear regression of Previous Exposure Time versus Expected Previous
Exposure Time (residuals of the relationship under 2.6.1).
There was an effect of season on the non-tidal variation.

Z -3

____________________________

Rsq=0.2858
340 360 380 400 420 440

Season (Day numbers from 1 January 2003)

Non-tidal variation in average exposure time over 2 days before the
protocol (previous exposure time) versus season. Significant
quadratic effect of season on non-tidal variation (F2,B4=46.812,
p<OOO1, b1=-O.426, b2=O.0005, r2=O.280, N=236).

3.6.3. Seasonal pattern in the 'Prediction Difference'
The 'prediction difference', like the non-tidal variation was calculated to obtain a
measure for the 'external' effects on exposure time. The 'prediction difference' equals
the measured Previous Exposure Time minus the observed Previous Exposure Time.

-3

_________________________________

Rsq.0.3097
340 360 380 400 420 440

Season (Day numbers from 1 January 2003)

Prediction Difference versus season. Significant quadratic effect of
season on prediction difference (F2,,4=52.497, p<O.OO1, b1=-O.412,
b2=O.0005, r2=O.304, N=236).
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3.6.4. Effect of the 'Prediction Difference 'on Intake Rate

a
t0I
C

Ca

z-j

________________ __________

Effect of the' prediction difference' on the intake rate at the moment o
the protocol. The x-axis represents the difference between the measured
average exposure time and the predicted average exposure time 2 days
preceding the protocol. (1,235=14.820, p<O.00l, b=0.154, r2—0.055,
N=236).

3.7. Effects of separate parameters on intake rate

3.7.1. Competitor density

# of birds per hectare at start

Significant linear effect of competitor density on intake rate
(FIIM=5.784, p=0.017, b=0.0012, r2=0.030, N=185).
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3.7.2. Actual weather parameters

I-
z

3.7.3. Average weather parameters over 2 days preceding protocol
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Actual temperature (C)

Significant linear effect of actual temperature on
intake rate (F1,5=l4.O82, p<O.OO1, b=-O.029,
r2=o.053, N=236).

2 4 e S 10

Actual Wind Speed (m/s)

Significant linear effect of actual wind speed on
intake rate (F1,214=15.263, p<O.OOl, b=-O.04,
r2=O.062, N=215).
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Average temperature over 2 days earlier (C)

Significant effect of temperature over previous
2 days on intake rate (F15=18.982, p<O.OOI,
b=-O.037, r2=O.071, N=236).

2 4 5 10

Avereg. wind speed over 2 days earlier (mis)

Significant effect of average wind speed over
previous 2 days on intake rate (Fl,228=5.713,
p0.018. b=-0.029, r2=0.020, N=229).
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3.7.4. Actual water parameters

1.5

1.0

.2 0.0

3

Significant positive effect of actual water level
on intake rate (Fl,235=14.238, p<O.OO1,
b=0.0032, r2=0.053, N=236).
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3

Significant quadratic effect of the time to low
water on intake rate (F2,4=6.542, p=O.Ol7, b1=-
0.079, b2=O.034, r2—O.045, N=236).

Significant positive effect of the height of the low
water on intake rate (Fl,235=6.285, p=O.Ol3,
b=0.0057, r2=O.022, N=236).

No significant effect of current exposure time on
intake rate (Fl,235=2.499, p=O.I 15, b=-0.009,
r2=0.006. N=236).
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3.7.5. Average water parameters 2 days preceding protocol

1,5

1.0

Average exposure time over 2 days earlier (hours)

Significant linear effect of previous exposure time
(average exposure time over 2 days preceding the
protocol) on intake rate (Fl,235=8.042, p=O.OO5,
b=0.098, r2=0.029, N=236).

4. Prey data and statistics

4.1. Prey density

Significant effect of the Prediction Difference on
intake rate (Fl,235=14.820, p<0.OOl, b=0.154,
r2=0.055, N=236). Values on the x-axis <0 mean
that the water level was higher than predicted
(and thus the exposure time shorter), values >0
mean that the water level was lower than expected
(and thus exposure time longer).

For every square in the Mokbaai, an average number of cockles per square meter was
calculated. Each square is situated in a predefined height class. It was tested whether
these height classes differed in prey (=cockle) density and whether the two areas
(Area 1 and Area 2) differed in prey density.

Within area 1 there were no significant differences between the height classes in
number of cockles per square meter:

One-way ANOVA table
Dependent: cockle density (average #/m2), within area 1.

SS df MS F Sig.

Between Groups 31366.236 2 15683.118 1.257 .306
Within Groups 249470.840 20 12473.542

Total 280837.076 22
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Within area 2 there were no significant differences between the height classes in
number of cockles per square meter:

One-way ANOVA table
Dependent: cockle density (average #1m2), within area 2.

SS df MS F Sig.
Between Groups 2 174.287 1 2 174.287 .649 .436

Within Groups 40218.211 12 3351.518
Total 42392.499 13

Prey density expressed as average number of cockles per square
meter in each of the height classes within Area 2. The error bars
represent the standard error of the mean.

0

E
-5-
U)
a)

C.)0
C)

U)
C
a)

-D
>-.
a)
0.
a)
C)

a)
>

N= 9 6 8

LAAG MIDDEN HOOG
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4.1. Prey AFDM

For every square in the Mokbaai, an average Ash-free Dry Mass (AFDM) of cockles
of size classes 10-40mm was calculated. The average AFDM of each of the size
classes was corrected for the frequency of that size class.
Each square is situated in a predefined height class. It was tested whether these height
classes differed in prey (=cockle) AFDM and whether the two areas (Area 1 and Area
2) differed in prey AFDM.

Within area 1 there were no significant differences between the height classes in
number of cockles per square meter:

One-Way ANOVA
AFDM (mg) corrected for freg. of size class within Area 1.

SS df Mean Square F Sig.
Between Groups 2963.717 2 1481.859 .089 .915

Within Groups 1463403.360 88 16629.584
Total 1466367.077 90

200
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a.. 160
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8o 120
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100
a)
>< 80

N=
iT

31 31 29

High Middle Low

Prey weight expressed in average AFDM of cockles
(C. Edule) in Area 1, corrected for the frequency of
each size class. The bars represent the standard error
of the mean.

Within area 2 there were no significant differences between the height classes in
number of cockles per square meter:

One-way ANOVA table.
AFDM (mg) corrected for freq. of size class, within Area 2.

SS df Mean Square F Sig.
Between Groups 2367.656 1 2367.656 .070 .793

Within Groups 1805255.524 53 34061.425
Total 1807623.180 54

P
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Prey weight expressed in average AFDM of cockles
(C. Edule) in Area 2, corrected for the frequency of
each size class. The bars represent the standard error
of the mean.
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5. GLMs predicting intake rate

All model analysis are done by means of backwards deletion of non-significant
factors, starting out with a full model including all possible explanatory factors.

5.1. Model 1 — Current Exposure Time versus Previous Exposure Time (PET)

This is the model that is also described in the 'Results' section of the paper.

Dependent: LN transformed intake rate
Random factors: Individual, Observer, Place, Period (date as a categorical
variable)
Covariates: Competitor density, Actual temperature, Average temperature

over 2 days preceding the protocol, Currrent exposure time
(CET), Previous Exposure Time over 2 days preceding the
protocol (PET).

Interactions: PET * Period, CET * Period.

During the backwards elimination the following factors were deleted (in
chronological order):

Factor df F p (0.05)
Competitor Density 1, 64 0.068 0.795
Period * PET 3, 99 0.126 0.945
Area 1, 102 0.056 0.814
Observer 4, 103 0.751 0.560
CET 1, 107 1.656 0.201
CET*Period 3,107 1.919 0.131

Average Temperature 1, 111 1.058 0.306
Actual Temperature 1,112 0.833 0.363

This produced the following final model:

ANOVA table Model 1
Tests of Between-Subjects Effects
Dependent Variable: LN Transformed Intake Rate

Source SS df MS F Sig.
Intercept Hypothesis

Error
0.424
6.541

1

80.302
0.424

0.08146
5.203 0.025

Individual Hypothesis
Error

17.831
8.181

119
113

0.150
0.0724

2.070 0.000

Period Hypothesis
Error

0.850
8.181

3
113

0.283
0.0724

3.915 0.011

AET Hypothesis
Error

0.521
8.181

1

113
0.521
0.0724

7.203 0.008

R



Parameter estimates Model 1.

B Std. Error t Sig. 95% Confidence Interval
Parameter Lower Bound Upper Bound
Intercept 0.002107 0.330836 0.006369 0.994929 -0.65334 0.657552176
[10=1] 0.775363 0.380761 2.036353 0.044053 0.021008 1.52971934
[10=2] 0.135588 0.381096 0.355785 0.722665 -0.61943 0.890607574
(ID=31 0.698512 0.381096 1.832905 0.069449 -0.05651 1.453531744
IID=41 0.667358 0.38124 1.750492 0.082748 -0.08795 1.422663114
IID=5] 0.394451 0.391712 1.006992 0.31609 -0.3816 1.170503714
[ID=6J 0.406279 0.329549 1.232833 0.220197 -0.24662 1.059174499
[10=7] 0.13012 0.301048 0.432223 0.666403 -0.46631 0.726550588
[10=8] 0.475782 0.330625 1.439036 0.152905 -0.17925 1.130809948
(ID=9] 0.372394 0.380529 0.978622 0.329858 -0.3815 1.126290491
(ID=1 0] 0.487085 0.329557 1.478003 0.142189 -0.16583 1.139996328
[ID=11] 0.26696 0.329548 0.81 008 0.419597 -0.38593 0.919854065
(ID=12] 0.274539 0.381668 0.719314 0.473432 -0.48161 1.030693036
(ID=13] 0.314928 0.391992 0.803406 0.423427 -0.46168 1.091534547
(ID=14] 0.619754 0.381096 1.626242 0.106684 -0.13527 1.374773665
110=15] 0.315433 0.394681 0.799208 0.425847 -0.4665 1.097367491
[10=161 0.745966 0.392463 1.900728 0.059885 -0.031 57 1.52350618
[10=17] 0.572501 0.39189 1.46087 0.146826 -0.2039 1.348905849
[10=18] -0.04363 0.307744 -0.14176 0.887522 -0.65332 0.566069932
[10=19] -0.48821 0.330052 -1.47919 0.141873 -1.1421 0.165684261
[10=20] 0.615849 0.380761 1.617416 0.108577 -0.13851 1.370204504
[10=21] 0.506381 0.381954 1.325764 0.187592 -0.25034 1.263100712
[10=221 0.153239 0.329639 0.464869 0.64292 -0.49983 0.806312527
(10=23] -0.03556 0.300836 -0.1182 0.906115 -0.63157 0.560450012
(10=241 0.749957 0.381414 1.966253 0.051722 -0.00569 1.505607163
[10=25] 0.712117 0.380761 1.870249 0.064037 -0.04224 1.46647334
(10=261 0.00651 0.329561 0.01 9754 0.984274 -0.64641 0.659428999
(10=27] 0.292239 0.381096 0.766839 0.444776 -0.46278 1.047258744
[10=28] 0.200001 0.301103 0.664229 0.507897 -0.39654 0.796540655
[10=29] 0.23843 0.381534 0.624925 0.53328 -0.51746 0.994317012
[10=301 0.323586 0.329866 0.980963 0.328707 -0.32994 0.977110014
[10=31] 0.968084 0.382262 2.532513 0.012697 0.210754 1.725414279
[10=32] -0.06783 0.392463 -0.17284 0.863089 -0.84537 0.70970822
[1D33] 0.469969 0.399304 1.176972 0.24168 -0.32112 1.261061782
[10=34] 0.311942 0.391651 0.796479 0.427424 -0.46399 1.087873818
[10=35] 0.544463 0.341402 1.594786 0.113553 -0.13192 1.220842045
[10=36] 0.567945 0.329866 1.721745 0.087852 -0.08558 1.221468783
[10=37] 0.103196 0.314101 0.328545 0.743108 -0.51909 0.72548666
[10=38] 0.617937 0.39196 1.576529 0.1177 -0.15861 1.394481313
[10=39] 0.125715 0.297802 0.422144 0.673722 -0.46428 0.715713786
[10=40] 0.06312 0.310746 0.2031 25 0.839402 -0.55252 0.678764907
[10=41] 0.423947 0.293679 1.443571 0.151626 -0.15788 1.005778213
[ID=42] 0.547774 0.333467 1.64266 0.103233 -0.11289 1.208432475
[10=43] 0.158825 0.394276 0.402828 0.687836 -0.62231 0.939956233
[10=44] 0.468713 0.381096 1.229907 0.221286 -0.28631 1.223732094
[ID=45] 0.566316 0.330202 1.715059 0.089075 -0.08787 1.220506127
[10=46] 0.087641 0.380852 0.230117 0.81 8417 -0.6669 0.8421 771
[10=47] 0.28187 0.33027 0.853453 0.395214 -0.37245 0.936193661
[I 0=48] 0.135667 0.381096 0.355991 0.722511 -0.61935 0.890686314
[10=49] 0.226146 0.381157 0.593315 0.554156 -0.529 0.981287495
(ID=50] 0.72082 0.394681 1.826335 0.07044 -0.06111 1.502755334
(10=51] 0.596401 0.399304 1.493603 0.138067 -0.19469 1.387493432
(10=52] 0.879558 0.392463 2.241122 0.026972 0.102017 1.65709816
(10=53] -0.538 0.381096 -1.41173 0.160778 -1.29302 0.217016713
(10=54] 0.95529 0.342358 2.790328 0.006182 0.277018 1.63356182
(10=55] -0.28655 0.394681 -0.72602 0.469326 -1.06848 0.495387426
(10=56] 0.601216 0.380529 1.579947 0.116914 -0.15268 1.35511216
(10=57] -0.32181 0.395078 -0.81456 0.417039 -1.10453 0.460906924
[10=58] 0.440049 0.329921 1.333803 0.184951 -0.21 358 1.093681624
[10=59] -0.06563 0.329548 -0.19914 0.842514 -0.71852 0.587268949
110=601 0.359901 0.394134 0.913146 0.36311 -0.42095 1.140751 087

S



Parameter estimates Model 1, continued:

B Std. Error t Sig. 95% Confidence Interval
Parameter Lower Bound Upper Bound
[ID=61) -0.41925 0.382329 -1.09656 0.275166 -1.17671 0.338217
[10=62) -0.45651 0.381234 -1.19745 0.233636 -1.2118 0.298783
[10=63) 0.698913 0.391777 1.783957 0.077115 -0.07727 1.475094
(10=64] -0.25235 0.392129 -0.64354 0.521178 -1.02923 0.524527
[ID=65] 0.54477 0.382329 1.424872 0.15695 -0.21 269 1.302234
[10=66] -0.04888 0.334942 -0.14594 0.884229 -0.71246 0.614699
[ID=67] 0.737859 0.324309 2.275172 0.024782 0.095344 1.380374
[10=68] 0.258375 0.313487 0.824195 0.411565 -0.3627 0.879449
[ID=69] 0.907351 0.381512 2.378303 0.01907 0.151507 1.663195
[ID=70] 0.616112 0.391736 1.572775 0.118567 -0.15999 1.392212
[10=71] 0.220298 0.302867 0.727373 0.468502 -0.37974 0.820333
[ID=72] 0.517398 0.392463 1.318336 0.190057 -0.26014 1.294939
[ID=73] 0.684638 0.380529 1.799175 0.07466 -0.06926 1.438535
[ID=74] 0.039345 0.329985 0.119232 0.905303 -0.61442 0.6931 05
[10=75] -0.43018 0.381096 -1.12881 0.261369 -1.1852 0.324835
(ID=76) 0.509212 0.322597 1.57848 0.117251 -0.12991 1.148335
[10=77] 0.128738 0.380529 0.338313 0.735755 -0.62516 0.882635
[10=78] 0.076374 0.324503 0.235357 0.81 4357 -0.56652 0.71 9273
[10=79) 0.046762 0.346246 0.135054 0.892809 -0.63921 0.732737
[10=80] 0.767634 0.329641 2.328696 0.021 653 0.114555 1.420712
[10=81) 0.590775 0.39228 1.506001 0.134857 -0.1864 1.367953
[ID=82) 0.707732 0.391823 1.806254 0.07354 -0.06854 1.484005
[10=83) 0.578714 0.394681 1.466281 0.145349 -0.20322 1.360649
[10=84) 0.310336 0.300867 1.031471 0.304523 -0.28574 0.906408
[ID=85J 0.955692 0.380852 2.509352 0.01 3513 0.201155 1.71 0228
[ID=86J 0.534501 0.381954 1.399387 0.164436 -0.22222 1.291221
[10=87] 0.330493 0.380852 0.867772 0.387358 -0.42404 1.085029
[10=88) -0.19752 0.406974 -0.48534 0.628374 -1.00381 0.608767
(10=89] 0.514424 0.38108 1.349914 0.179742 -0.24056 1.269412
(10=90) 0.565914 0.316568 1.787655 0.076512 -0.06126 1.193093
(10=911 0.555272 0.325006 1.708499 0.090289 -0.08862 1.199168
[ID=92] 0.466529 0.289626 1.610799 0.110013 -0.10727 1.040331
[10=93) 0.195142 0.391671 0.49823 0.61 929 -0.58083 0.971112
(10=94) 0.550756 0.314825 1.749406 0.082936 -0.07297 1.174481
[10=95) -0.31787 0.381096 -0.83411 0.405981 -1 .07289 0.437145
[10=96) -0.04054 0.316679 -0.128 0.898374 -0.66794 0.586863
[10=97] 0.209437 0.380852 0.549918 0.583461 -0.5451 0.963974
[10=98] 0.515714 0.391823 1.316191 0.190774 -0.26056 1.291987
[10=99] -0.03205 0.382206 -0.08385 0.933326 -0.78927 0.725171
[10=100) 0.472624 0.346246 1.364995 0.174966 -0.21335 1.158598
[10=101] 0.569555 0.342358 1.663626 0.098958 -0.10872 1.247827
[10=102] 0.20827 0.287069 0.725504 0.469643 -0.36047 0.777006
[10=103] 0.598794 0.393943 1.52 0.131304 -0.18168 1.379266
[10=104] 0.553924 0.311458 1.778487 0.078013 -0.06313 1.170979
[10=105] 0.483676 0.380761 1.270289 0.206591 -0.27068 1.238032
[10=106] -0.07502 0.32968 -0.22756 0.820398 -0.72818 0.5781 33
[10=107] 0.578985 0.392463 1.475258 0.142924 -0.19856 1.356525
[10=108] 0.335736 0.342256 0.980949 0.328713 -0.34234 1.013808
[10=109] 0.611403 0.310723 1.967677 0.051555 -0.0042 1.227002
[10=110) 0.377754 0.395456 0.955237 0.341497 -0.40572 1.161225
[10=111] 0.311137 0.342302 0.908957 0.365307 -0.36702 0.989299
[10=112] 0.358764 0.299567 1.197606 0.233577 -0.23473 0.95226
(10=113] 0.513486 0.391589 1.31 1287 0.192419 -0.26232 1.289294
(10=114] 0.35122 0.30242 1.161364 0.247941 -0.24793 0.95037
[10=115] 0.48134 0.380529 1.264923 0.208501 -0.27256 1.235236
[10=116) 0.310499 0.380852 0.815274 0.416631 -0.44404 1.065035
[10=117] 0.636406 0.391679 1.624814 0.106988 -0.13958 1.412393
[10=118) 0.506972 0.332786 1.523418 0.130448 -0.15234 1.166281
[10=119) 0.352839 0.380529 0.927233 0.355782 -0.40106 1.106736
[10=120) 0 . . .

(PERIOD= 0.244282 0.093218 2.620553 0.009986 0.059601 0.428964
1.00]
[PERIOD= 0.021432 0.106812 0.200653 0.841331 -0.19018 0.233046
2.00]
[PERIOD= 0.002591 0.114661 0.022595 0.982013 -0.22457 0.229754
3.00]
[PERIOD= 0 . . . .

4.00)
Previous 0.111702 0.04162 2.683817 0.008373 0.029244 0.1941 59
Exposure
Time



5.2. Model 2— Prediction difference as a water parameter

Dependent:
Random factors:

Covariates:

Interactions:

LN transformed intake rate
Individual, Observer, Place, Period (date as a categorical
variable)
Competitor density, Actual temperature, Average temperature
over 2 days preceding the protocol, Currrent exposure time
(CET), Prediction difference.
Prediction Difference * Period.

During the backwards elimination the following factors were deleted (in
chronological order):

Factor df F p (0.05)
Observer 4, 67 0.42 0.997
Average Temperature 1, 71 0.017 0.896
Prediction Difference 1, 72 0.126 0.723
Pr.Diff.*Period 3,72 1.087 0.360
Actual Temperature 1, 76 0.003 0.955
Area 1, 77 0.015 0.903
CET 1,78 0.053 0.818
Competitor Density 1, 79 0.150 0.700

This produced the following model:

ANOVA table Model 2
Tests of Between-Subjects Effects
Dependent Variable: LN Transformed Intake Rate
Source SS df MS F Sig.
Intercept Hypothesis

Error
44.671
1.474

1

3.431
44.671
0.430

103.967 0.001

Individual Hypothesis
Error

17.7 12
8.703

119
114

0.149
0.0763

1.950 0.000

Period Hypothesis
Error

1.370
8.703

3

114
0.457
0.0763

5.984 0.001

Parameter Estimates Model 2
B Std. Error t Sig. 95% Cl

Parameter Lower Upper
Intercept 0,518705 0,276298 1,87734 0,063027 -0,02864 1,06605
[PERIOD=1,00] 0,211165 0,094878 2,225649 0,028005 0,023213 0,399118
[PERIOD=2,00] -0,07928 0,102687 -0,7721 0,441651 -0,28271 0,124137
[PERIOD=3,00] -0,12555 0,107045 -1,17292 0,243272 -0,33761 0,0865
[PERIOD=4,00] 0

In the above parameter listing the parameters for each individual are omitted!
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5.3. Model 3— Selected individuals and observations

In this model individuals that were observed only once were discarded, and for the
individuals with more than two observations, two observations were randomly
selected and used in the analysis.
Thus there are 24 individuals left, each with two observations, a total of 48
observations. This set yielded a repeatability of 0.56 calculated according to Lessels
& Boag (1987).

Dependent:
Random factors:
variable)
Covariates:

LN transformed intake rate
Individual, Observer, Place, Period (date as a categorical

Competitor density, Actual temperature, Average temperature
over 2 days preceding the protocol, Currrent exposure time
(CET), Previous Exposure Time (PET).

No interactions were included in this model for reasons of capacity of SPSS.
During the backwards elimination the following factors were deleted
chronological order):

Factor df F p(O.OS)
Observer 2, 5 0.604 0.582
Competitor Density 1, 7 1.250 0.30 1
PET 1,16 0.043 0.838
CET 1, 17 0.278 0.605
Actual Temperature 1, 18 3.065 0.097
Area 1, 19 1.462 0.241
Average Temperature 1, 20 2.826 0.108
Period 3,21 1.911 0.159

This produced the following model:

ANCOVA table Model 3
Tests of Between-Subjects Effects
Dependent Variable: LN Transformed Intake Rate
Source SS df MS F Sig.
Intercept Hypothesis

Error
34.542
4.262

1

23
34.542
0.185

186.419 0.000

Individual Hypothesis
Error

4.262
1.243

23
24

0.185
0.05181

3.576 0.001

The parameter estimates of this model consist only of separate estimations for
each individual, and are therefore omitted.

V

(in



5.4. Model 4— Including Time To Low and (Time To Low)2

This model is the same as Model 1, but it included the time to low water to account
for the possible effect of the Digestive Bottleneck. When intake rate was plotted
against the time to low water there was a significant quadratic effect of time to low
water on intake rate. Therefore the square of time to low was also included in this
model.

Dependent: LN transformed intake rate
Random factors: Individual, Observer, Place, Period (date as a categorical

variable)
Covariates: Competitor density, Actual temperature, Average temperature

over 2 days preceding the protocol, Currrent exposure time
(CET), Previous Exposure Time over 2 days preceding the
protocol (PET), Time To Low, (Time To Low)2.

Interactions: PET * Period, CET * Period.

During the backwards elimination the following factors were deleted (in
chronological order):

Factor F df p (0.05)
PET * Period 0.434 3, 62 0.729
Time To Low 0.160 1,65 0.691
(Time To Low)2 1.049 1, 65 0.3 10
Competitor Density 0.043 1, 67 0.837
Area 0.056 1, 102 0.814
Observer 0.75 1 4, 103 0.560
CET 1.656 1,107 0.191
Average Temperature 1.058 1, 111 0.306
Actual Temperature 0.833 1, 112 0.363

This yielded the same results as in Model 1:

ANCOVA table Model 4
Tests of Between-Subjects Effects
Dependent Variable: LN Transformed Intake Rate

Source SS df MS F Sig.
Intercept Hypothesis

Error
.424

6.54 1

1

80.302
0.424

0.08 146
5.203 0.025

.
ID Hypothesis

Error
17.83 1
8.181

119
113

0.150
0.0724

2.070 0.000

PERIOD Hypothesis
Error

.850
8.181

3
113

0.283
0.0724

3.915 0.011

AET2

Sums of Squar

Hypothesis
Error

es are Type III.

.521
8.181

1

113
0.521
0.0724

7.203 0.008
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Parameter Estimates for Model 4.
Dependent Variable: LN Transformed Intake Rate

B Std. Error t Sig. 95% CI

Parameter Lower Upper
Intercept 0.00211 0.331 0.006 0.995 -0.653 0.658

[PERIOD=1.001 0.244 0.093 2.621 0.010 0.0596 0.429
[PERIOD=2.00] 0.02143 0.107 0.201 0.841 -0.190 0.233
[PERIOD=3.00] 0.00259 0.115 0.023 0.982 -0.225 0.230
[PERIOD=4.00] 0 . . . . .

AET2 0.112 0.042 2.684 0.008 0.02924 0.194

This lack of effect of time to low water in the model leads to the conclusion that
intake rates are not affected by the digestive bottleneck.
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