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1. INTRODUCTION

This report examines the current status of the simulation model “BOULIMIA”
or “EFFECTx.x", where x_x denctes the version number, that was developed
for the National Institute of Coastal and Marine Management (R1KZ) of the
Dutch Ministry of Transport and Waterways (Min V en W). The primary
objective of the report is fo make suggestions for improvement with regard to
{1) the general structure of the model and (2) parameter estimates. The model
aims to predict the effect of man-induced habitat changes on the food intake,
distribution and survival of Oystercatchers (Haematopus ostralegus) in a local
estuary. These habitat changes include complete loss of habitat due to
engineering works, as well as reductions in the food supply due to shellfish
fisheries. Before we can give suggestions for improvement, what we must
ask is how accurate we can expect the predictions from the current version
of the model to be? To answer this question we rely heavily on recent
investigations of our own, often in cooperation with others.
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2 BACKGROUND OF THE BOULIMIA/JEFFECTx.x MODEL

2.1 Relationship to other models

The model BOULIMIA was originally developed by Bos {1994) following
discussions with B.J. Ens and others at 2 time that the development of a
model with similar aims was already weil under way. This other “shellfish-sho-
rebird” model is developed for the European Union under contract PEM9303
by a consortium of the Institute of Terrestrial Ecology (ITE}, the Royal Society
for the Protection of Birds (RSPB) and the Institute for Forestry and Nature
Research (IBN-DLO). It aims to extend the “Exe estuary QOystercatcher-Mus-
sel model”, to include Cockles and other important Oystercatcher foods, the
population dynamics of the shellfish, and the effects of shellfish fishery
through disturbance and stock depletion.

The Exe model is the culmination of almost two decades of detailed investi-
gations of John Goss-Custard and his group on Qystercatchers feeding on
Mussels in the estuary of the Exe. Version 1 of the Exe model is described
by Goss-Custard et al. (1995a&h). Version 2 is addressed in many of the
chapters in Goss-Custard (1996a) and an appendix, where Clarke & Goss-
Custard (1996) provide a full mathematical definition. The Exe model, and,
as a consequence, the shellfish-shorebird model, are very complex simula-
tion models with a huge number of parameters. The primary cause of this
complexity is that the population is modeled as being composed of distinct
individuals and the fate and whereabouts of each of those individuals is
continuously recorded. Each individual is characterized by a vector of pro-
perties. Properties that are fixed for a given year include: age class, feeding
method, foraging efficiency and global dominance. Variable properties inclu-
de: local dominance (dependent on the presence of other birds}, interferen-
ce-free intake rate (dependent on feeding method, foraging efficiency and
food supply), intake raie (dependent on interference-free intake rate, local
dominance and oystercatcher density), energy requirements (dependent on
temperature) and body weight (dependent on assimilated intake and previous
body weight).

The “shellfish-shorebird" modet will incorporate almost every detail that is
known on the behavioural ecology of wintering Oystercatchers. Nonetheless,
being a complex simulation model, it is not without problems:

(1) Itis hard to fully understand how it works, i.e. it is very hard to identify the
basic cause of any patterns that emerge. As a result it is hard to know if the
model captures the essence of the problem. Correct pattems may emerge
for the wrong reason.

(2) Incorporation of the many “known” biological details requires assumptions
on unknown relationships. For instance, are foraging efficiency and global
dominance correlated or uncorrelated properties of an individual?

(3) With increasing complexity, it becomes increasingly cumbersome to per-
form a full sensitivity analysis of the model.
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(4) It is increasingly easy to make programming mistakes and increasingly
difficult to identify such mistakes when the complexity of the model increa-
ses.

(5} Running the model requires a lot of computing time and memory space.

(6} Application of the model to a specific case requires measurement of a large
number of parameters.

This list makes one wonder if this is really the best way to proceed. According
to Goss-Custard (1996b) it is. According o us, there is at the very least room
for models that are made as simple as possible. The predictions of these very
simple models can then be compared with the predictions of the more
complex model. Although the simple models will necessarily ignore much
biological detail, they alsc avoid the problems listed above, so that is not clear
a prion which is the better approach. There is certainly much to be learned
from a comparison. Convinced by these arguments, Bos (1994) set out to
construct a model where it was not necessary to follow the fate of individual
birds, even though the basic spirit of the approach was maintained, which
Ens, Piersma & Drent (1994) describe as follows:

1.Population processes must be understood from the strategic decisions
made by the individuals comprising the population, or “society” as we prefer
to call it.

2. Strategic decisions have been shaped by natural selection, i.e. animals
are expected to choose those alternatives that yield the highest gains in terms
of fitness, or a short-term goal expected to correlate with fitness.

3. The most likely short-term goal duning the non-breeding season is main-
taining energy balance. At the very least maintaining energy balance is an
important constraint; no bird can maintain a negative energy balance indefi-
nitely and a migrant without sufficient energy reserves will not reach its
destiny.

However, the resulting model of Bos (1994), although considerably less
complex than the Exe model, was not as simple as seemed possible. Partly
for this reason, IBN and NIOZ also initiated the development of a simple
model, to which we will refer as the DEPLETE model. In some respects
DEPLETE is better described as a family of models, providing a common
framework that aliows us to explore the effect on the model predictions of
changing parts of the structure, like the interference function.

Summarizing, three models dealing with the interaction between shellfish and

shorebirds are currently developed:

(1) The complex “shellfish-shorebird” model for the EU of iTE/RSPB/IBN. As
not all parts of this model are currently available (the final report will appear
early 1997), we will discuss its' precursor version 2 of the Exe model
instead, to which we will refer as EXE2 and which is well documented.

(2) The BOULIMIA model of RIKZ of intermediate complexity on which several
publications exist. The most recent version of this model is named EF-
FECT1.1.

(3) The very simple DEPLETE model(s) of NIOZ/IBN, which we develop
ourselves.
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Throughout the report, these three modei names will be printed in bold capitai
letters, e.9. EXE2, BOULIMIA/EFFECT1.1 and DEPLETE. Names of varia-
bies and subroutines that are used in the EFFECT1.1 source code will be
printed in capital letters.

2.2 Additions and alterations of BOULIMIA

BOULIMIA was developed by Bos (1984), as a series of FORTRAN routines.
These routines are run within SENECA, a programming environment desig-
ned to facilitate the development and use of simulation models couched in
terms of differential equations. In this report we will not concem ourselves
with SENECA, but only with BOULIMIA. Apart from preliminary simulation
results, Bos provided an extensive documentation of the conceptual founda-
tions, parameter estimates and the functioning of the model. Bos (1994)
stressed the preliminary nature of the model and warned that it could not yet
produce reliable predictions, He did feel, however, that it could be used to
make general statements on the interaction between shellfishing and Oyster-
catchers. As Bos did not analyse how sensitive his general conclusions were
to the various model assumptions, like the shape of the interference function,
we regard this belief as unfounded.

Despite the warnings of Bos that the model was not yetin a shape to be used
for particular real-life cases, Kater (1995a) employs the model to study the
effect of dredging and other human activities on the carrying capacity of the
Westerschelde for Oystercatchers. The modified model is referred to as
EFFECT1.0. Mistakes may have been introduced when BOULIMIA was
modified to EFFECT1.0, as some simulation results show increasing Oyster-
catcher numbers in the course of the season, whereas the logic of the mode!
only allows constant or decreasing numbers in the course of the winter (a
specified number of Oystercatchers enters the estuary at the start of the
winter and these birds may or may not survive). Some of the rather surprising
conclusions of Kater (1995a), like the conclusion that turning polders back
into mudflats will negatively affect carrying capacity, are probably due to these
mistakes in the program.

The mistakes were probably rectified in the version EFFECT1.1 used by Kater
(1995¢c), as the total number of Qystercatchers no longer increases during
the winter in the simulations that are presented. In the first part of the report
of Kater a description of the redistribution procedure is given, which we failed
to understand. In the second part some real-life simulations are presented,
where real-life means that actual Cockle data and actual weather data were
used. One of the conclusions is that the model fails to predict the number of
Qystercatchers in the Qosterschelde. The criticism that the model should not
yet be used for real-life situations still applies. In the final part of the report a
sensitivity analysis is performed on the various model paramters and forcing
functions. It is concluded that the model is especially sensitive to variation in
handling time and basal metabolic rate. It is not investigated how sensitive
these conclusions are to changes in the model structure.
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Hoen (1996a) reports observations on the prey choice of Qystercatchers in
the Oosterschelde and discusses the subroutine DEE.FOR that estimates
the daily heat loss for a given combination of wind force, ambient temperature
and solar radiation. As far as we can make cut this discussion adds very little
to the original paper of Wiersma & Piersma (1984} and the model formulation
of Bos (1994).

in a second report, Hoen {1996b) discusses the sensitivity of the model for
variation in these heat loss parameters. Hoen concludes that the model
predictions are very sensitive to those parameters that have not been
measured but that were guesstimated by Wiersma & Piersma (1994) to
convert the equations that were obtained for Knots to equations that might
apply to QOystercatchers. See also appendix B.

In a final contribution, Van Hattum (1996) investigates the effect of using
different data files for wind force and ambient temperature. He finds that
Qystercatcher populations crash at high wind speeds, as these can dramati-
cally increase the energy demands of the birds.

The source code of the biologically important subroutines of the version 1.1
of EFFECT that we investigated is listed in Appendix A.

2.3 Conclusions

1. EXE2, EFFECT1.1 and DEPLETE have the same purpose (to predict
the effect of man-induced habitat changes on distribution and overwinter
monrtality of Qystercatchers) and the same general structure. However,
EFFECT1.1 is less complex than EXE2 and more complex than DEPLE-
TE.

2. Recent modifications to BOULIMIA mainly involve programming techni-
calities. Mistakes may have been introduced due to these modifications,
but have probably been corrected in EFFECT1.1. The lack of a detailed
documentation of the various changes does not allow a decisive judge-
ment;, the best description of the concepts, the equations and the
program underlying EFFECT1.1 is still provided in the report by Bos
(1994) on BOULIMIA. As the source code of EFFECT1.1 is not very long
(see appendix A), it would be easy and helpful to incorporate the
documentation on the paramaters (meaning, units of measurement,
references) in the source code.

3. Much effort has been directed to calibrating the model and a sensitivity
analysis of parameters. In our view, this research effort should have been
directed to an investigation of the sensitivity of the model to changes in
its’ structure.

4, The model has been used to make both general statements on the effect
of shellfish fisheries on Oystercatchers, as well as to study specific
real-life cases. Given the current status of the model, we regard these
conclusions as unfounded.
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3 GENERAL DESCRIPTION

3.1 Conceptual foundation: the starvation dogma

The belief that starvation is the primary risk that Oystercatchers face during
winter is the common thread that runs through many contributions of the
recent account of Oystercatcher ecology edited by Goss-Custard (1996a). It
leads to the assumption that the birds will often seek to maximize the rate of
energy gain whilst feeding. It also leads to the assumption that competition
will be mainly for food and that the negative effects of competition can be
gauged in terms of by how much the rate of food intake is decreased by an
increase in the density of competitors. Finally, it comes as no surprise that,
in this view, Qystercatcher numbers in winter are thought, at least in part, to
be limited by their food supply. It follows that a decline in the food supply, for
whatever reason, should lead to increased mortality and a decline in numbers.

Widely held beliefs are not necessarily true, but there is certainly strong
evidence that Oystercatchers often die of starvation. During severe winters,
much of the food supply becomes covered with ice, while energy demands
of the birds are very high. Several severe winters during the last decades are
known to have led to mass mortality among Oystercatchers and other waders
(reviewed in Goss-Custard et al. 1996¢). The extremely low weights of the
dead birds strongty suggest starvation {Swennen & Duiven 1983; Hulscher
1989). It does not necessarily follow, however, that the size of the food supply
would have made a difference for their survival: the birds simply can't feed
when their food is coverad by ice. To survive such difficult periods, the birds
accumulate fat reserves in advance (Hulscher 1989; Zwarts et af. 1996d). It
may be hypothesized that poor food supplies prevent the birds from accumu-
lating sufficient reserves, making them especially vulnerable to severe winter
weather. Remarkably, the evidence that this scenario actually works and that,
all else being equal, poor food supplies increase mortality in winter is rather
limited. Lambeck, Goss-Custard & Triplet (1998) provide anecdotal informa-
tion for the Delta estuary in the Netherlands that mortality of Oystercatchers
increased when the birds lost part of their feeding habitat due to engineering
works. The problem is that the relatively small number of years to which the
study was necessarily restricted were characterized by a series of excep-
tionally severe winters. The most convincing evidence that poor food supplies
increase mortality therefore comes from Camphuysen et al. (1996), who were
able to draw on a thirty year long series of beached bird surveys along the
Dutch coast and a twenty year long series of benthos sampling in the Dutch
Wadden Sea (Beukema 1982a, 1982b, 1993). They found that when the
effect of winter severity on Oystercatcher mortality was controlled for, more
Oystercatchers died on the coast in years with poor food supplies.

While risk of parasitism cannot be ruled out as an important agent in
population regulation of Oystercatchers, there are as yet no “positive” signs
that it might be important. Thus, it makes sense to stick to the assumption
that underlies ali current modeis (EXE2, EFFECT, DEPLETE), that starvation
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is the primary risk Oystercatchers face during winter. From this it follows that
(1) energy need of the individual, (2) intake of energy as a function of food
supply and {3) the negative effects of conspecifics on energy intake must be
the main elements of a model describing the effect of shelifisheries and other
habitat changes on the winter mortality of the Oystercatcher. In this respect
we completely agree with the current formulation of EFFECT1.1.

3.2 General structure of EFFECT1.1

Since the starvation dogma underlies alf current Oystercatcher distribution
models, the following description in fact applies not only to EFFECT, but to
all of these models. Fig. 1 highlights the main steps in the argument.

1.

The simple functional response describes the relationship between the
intake rate of food and a measure of the food supply. This measure of
the food supply may be a single variable (like the biomass density of
Cockles in the current subroutine FR.FOR of EFFECT1.1). More likely a
whole range of variables must be measured to characterize the food
supply in a given locality: for each potential prey species the density of
each size class, the depth distribution per size class, the shell thickness
distribution per size class etc. Individual Oystercatchers are known to
differ in how efficient they can feed on a given food supply, but such
differences are ignored in EFFECT.

The simple functional response only applies when the focal Oystercat-
cher is not hindered during feeding by conspecifics. When the area is
crowded with other Oystercatchers, inferference may occur, i.e. the
intake rate of the focal bird declines, due to the presence of conspecifics.
Individuals may differ in their susceptibility to interference, depending on
their dominance status. EFFECT assumes a dominance hierarchy where
the topdominant bird does not suffer from interference (subroutine DIS-
PERS.FOR).

To predict the intake rate of an individual Oystercatcher in a given area
it is now clear that the simple functional response and interference must
be combined in the generalized functional response. Mathematically
speaken the generalized functional response has always been a single
equation.

To find the aggregative response (the distribution of the birds over the
different feeding areas), we need the ideal free assumption. This as-
sumption contains the following elements: (1) each individual will choose
to feed where it achieves the highest intake rate of food, (2) individuals
have a perfect knowledge of the food supply in the different areas and
are instantaneously aware of the density of competitors, (3) individuals
are free to move, i.e. they pay no fitness cost for moving to a new area,
like a reduction in their feading efficiency, or a reduction in their domi-
nance status. When all individuals suffer equally from interference this
leads to the ideal free distribution, where each individual achieves the
same intake rate. When dominance affects susceptibility to interference,
one possible outcome, depending on the details of the interference
function, is that the lowest ranking birds have the same intake rate
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Figure 1.
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everywhere (see later). This is the current formulation in the subroutine
DISPERS.FOR of EFFECT1.1.

The next question is to find out if intake rates of the birds are sufficient to
meet their daily energy demands. These energy demands are calculated
in subroutine DEE.FOR. If some birds cannot meet their daily energy
demands, they must leave the system, either dead or alive. in the current
formulation of both EFFECT1.1 and DEPLETE one time unit during which
energy income does not meet energy expenditure is sufficient to kill the
birds. In contrast, EXE2 allows the birds to build up energy reserves, so
that they can sustain many days with a negative energy balance.

The final question is what determines the camrying capacity of the system.
Because the Oystercatchers eat prey, these prey will decline in numbers
(included in subroutine DISPERS.FOR). This decline will only take place
in patches visited by the birds, so some areas are more affected than
others. For this reason, the birds are allowed to redistribute themselves
according to the generalized functional response and the ideal free
assumption at the start of each time unit. This cycle is repeated for every
day in the winter. It may happen that at some stage due to this depletion
of the food, some birds no longer succeed in obtaining enough food, so
that they die (or leave) and carrying capacity is reached. In Fig.1 this is
depicted as the carrying capacity line being reached due to prey numbers
declining.
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Scheme showing the major functions and assumptions in the current QOystercatcher
distribution models.
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However, even if food were not depleted at all due to the birds, energy
demands increase in the course of the winter due to colder temperatures
and stronger winds, while the total harvestable biomass of prey also
declines due to prey mortality not due to Oystercatchers and loss of
condition of individual prey (forcing functions in subroutine DIS-
PERS.FOR of EFFECT1.1 which we will not discuss). This may also
cause mortality of the birds. This is depicted in Fig. 1 as the carrying
capacity line moving to the right. Thus, there are two mechansims by
which carrying capacity can be reached: (1) prey depletion or (2) a critical
period that must be survived. In the current version of DEPLETE only
the first mechanism cperate. In EXE2 and in EFFECT1.1 both mecha-
nisms operate and it depends on parameter values, which of the two
mechanisms is the more important in determining carrying capacity. Itis
not known which of the two processes is the more important in nature.
Perhaps the models can be used to gain an understanding which of the
two processes is the more important.

3.3 Conclusions

1.

EXE2, EFFECT1.1 and DEPLETE all assume that the primary risk
Oystercatchers face during winter is the risk of starvation. This is consi-
dered a sound conceptual foundation in the light of the avaiiable empirical
evidence.

Carrying capacity may be due to prey depletion or ehergy needs during
a critical period. At present, it is not clear which of the two processes is
the more important, both in the models and in nature. It is a topic worthy
of further investigation, since we suspect that it may strongly affect how
shellfishing and habitat loss will influence Oystercatcher numbers.

We did not examine the validity of the estimates and the assumptions
behind the forcing functions in EFFECT1.1, that describe how Cockles
lose condition and suffer from mortality other than predation by Oyster-
catchers.
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4 ENERGY NEEDS OF THE OYSTERCATCHER

4.1 Current formulation in EFFECT1.1

In the current formulation of EFFECT1.1 individual Oystercatchers do not
differ in size and they do not build up energy reserves to survive periods of
poor feeding conditions. Thus, if the energy intake falls below the required
daily minimum during a time period, the birds immediately starve to death.
This daily minimum, as well as the daily needs of the average bird, are
assumed to depend on the environmental conditions, the feeding activity and
the basal metabolic rate (BMR) of the birds. The basal metabolic rate
corresponds to the energy expended by an inactive bird at thermoneutral
conditions, i.e. at an ambient temperature at which no energy is needed for
thermoregulation. BMR is estimated at 2.91 W, which corresponds to the
value for an average bird in the study of Kersten & Piersma (1987). Without
any sort of biological justification, it is assumed that a bird that barely survives
has a BMR of 90% of 2.91 W= 2.62 W. A maximum BMR of 110% of 2.91 W
= 3.2 W is also calcuiated, again without any biological justification. It is not
clear to us what the purpose of this maximum BMR is.

Wind speed, ambient temperature and global solar radiation are three envi-
ronmental variables that determine the cost of thermoregulation. They are
included as forcing functions in EFFECT1.1 and appendix B describes the
background to the current complex calculations that yield the maintenance
metabolism for a given environment. Maintenance metabolism is defined as
the energy expenditure of an inactive bird. Subsequently, it is assumed that
during feeding an additional 1.5 BMR must be added to the maintenance
metabolism for activity costs.

To find out if food intake is sufficient to cover the daily energy needs, the
ingested biomass must be converted to energy that is actually assimilated.
For this, it is assumed that the energetic vaiue of the bivalve flesh equals 22
kJ per g AFDM (ash free dry mass) and that the assimilation efficiency of the
food equals 85%, i.e. 85% of the energy in the food that is ingested is actually
assimilated.

4.2 Other models

The current version of DEPLETE resembles EFFECT1.1 in that itignores that
individuals may differ in size and that they can build energy stores. However,
it also ignores that energy expenditure varies as a result of climatic variables,
thereby gaining much simplicity and tractability. Mathematically, birds die as
soon as they fail to meet the minimum required intake rate. Conceptually, the
idea is that birds that consistently fail to meet their energy requirements are
bound to perish.
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EXE2 resembles DEPLETE and EFFECT1.1 in that effects of size differences
between individuals are ignored. The only climatic variable thought to influ-
ence daily food needs Fi (g AFDM) on day t is the mean air temperature Ty
{°C) on that day (Clarke & Goss-Custard 1996). If Ty 10 < °C then
Fi=26.75+0.19(10-Ty). If Tt > 10 °C and not exceeding lethal limits, then
F1=26.75 g AFDM. In contrast to both other models, individual Oystercatchers
can gain or lose mass. They die when their body mass falls below an
age-specific threshold: 300 g for juveniles, 340 g for immatures (24 years)
and 350 g for adults. This happens when they consistently eat less than
needed. When the birds can eat more than they need and are below a target
weight, the extra food intake is converted into mass gain until an age- and
season-specific target body mass is reached, subject to a maximum possible
increase in body mass of §%.

4.3 Literature review of food intake

Zwarts ef al. {1896¢) provide the most recent review of empirical studies of
the food needs of Oystercatchers. They arrive at the following conclusions:

=]
g

~
8

g

metabolized energy (kJ day-1)
g

-

1 1 1 1 1
420 440 460 480 500 520
' body weight (g)

Figure 2. The daily consumption (kJ melabolized energy) as a function of body
weight in captive and free-living Oystercatchers according to several data
sources given in Table C1. The digit codes in the figure correspond with
the source numbers in Table C1. The grey field indicates the variation in
daily energy expenditure of adult birds during the breeding season (Ker-
sten 1996: Table 8). The daily consumption was measured at constant
body weight and under thermoneutral conditions, and if this was not so, a
correction was made (see text and Table C1 in Appendix C}. From Zwarts
et al. (1996¢).
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m

(2)

3

(4)

Captive Oystercatchers consume daily 25-40 g dry flesh or 550-850 kJ,
of which they metabolize 450-700 kJ. Free-living Oystercatchers eat more
than captive birds but, contrary to expectation, this is not due to greater
activity costs but to a higher body weight (Fig. 2). When body weights are
equal, free-living and captive Oystercatchers consume the same amount
of food. Appendix C (taken from Zwarts et a/. 1996¢) summarizes the data,
including Table C1 which lists the most pertinent data. Appendix C also
explains the analysis upon which the conclusions are based.

The mtake rate of Oystercatchers generally varies between 1 and 3 mg
dry fleshs’ feedlng, butif non-feeding times are included, the crude intake
rate usually varies between 1and 1.5 mg s~ . Extremely high intake rates,
above 4 myg s", are only observed in birds feeding during a short bout
after a long resting pericd.

According to Kersten & Visser (1996) such high intake rates cannot be
sustained for long, because a maximum of 80 g wet flesh, equivalent to
12 g dry flesh, can be stored in the digestive tract and the processing rate
does not exceed 4.4 mg wet flesh s or 0.66 mg ash-free dry weight
(AFDM) s Due to this digestive bottleneck, the birds are forced to spend
about 11 h on the feeding area each day. Since the exposure time of their
intertidal feeding areas is usually 5-6 h, Oystercatchers generally cannot
meet their daily energy requirements in a single low water period, which
would often suffice if intake rate was the limiting factor.

For a given length of the feeding period, the bottieneck medel predicts the
maximum crude intake intake that can be achieved, i.e. the highest intake
rate including the non-feeding time. When the birds are able to feed for
less than 3 h, the achieved crude intake rate usually remains far below
this maximum, suggesting that the rate at which prey are found and eaten
determines the intake rate. The consumption is also usually less than
would be allowed by digestive constraint when the birds feed for 12 h or
longer, because the birds at thermoneutral conditions do not need more
than 36 g a day. When the birds spend 3 to 12 h on the feeding area, the
average consumption is usually close to, or below the predicted maximum.

4.4 Suggestions for EFFECT

1.

ltis clear that many variables affect energy expenditure and it is not practical
to include them all. While EXE2 is in general the most complex model,
EFFECT has the most complex equations for energy expenditure. This
means that it is not very useful at this stage to analyze how sensitive the
model is to variations in particular parameters. Instead, an analysis is called
for where it is investigated which processes and parameters should or
shouid not be inciuded in the model.

One way to proceed would be to study if the complex Wiersma & Piersma
calculations lead to predicted energy needs that are substantially different
from the EXE2 calculations. The goal should be to decrease the complexity
in the heat loss calculations as the parameter estimates for the Oystercat-
cher are not very secure.
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3.

it may be useful to allow birds to build up energy stores as it is conceptually

more sound to let a bird starve to death because its' reserves have fallen
to a critical level, than when its’ intake rate gets below a critical level. The
present assumption in EFFECT that daily energy intake may not fail below
80% of the average BMR has no biological basis.

Even though there is abundant evidence for the existence of a digestive
bottleneck, we do not think it useful to include such a bottleneck in the
model.

Appendix C provides up to date estimates for several energetics parame-
ters.
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§ HANDLING TIME, PROFITABILITY, FUNCTIONAL RESPONSE AND
SEASONAL CHANGES IN PREY AVAILABILITY

5.1 Theory

Befare we can meaningfully discuss the current formulation of the functional
response in EFFECT it is necessary to sketch the theory. Fundamental is the
assumption that Oystercatchers seek to maximize their rate of energy gain
while foraging. Alternative maximization criteria, like the risk of predation, the
risk of parasitism or the risk of bill breakage are ignored, as are possible
nutritional constraints. When encountering a prey item, the individual must
decide whether to ignore or attack the prey on the basis of the expected
energy yield per unit time spent handling, compared ta the highest possible
average intake rate during foraging. The model of intake rate must therefore
take into account (1) the weight and associated energy gain Ei {(J) from an
item of prey type i, (2) the handling time hj (s) of each prey of type i and (3)
search times of dlfferent prey types, which can aiso be characterized by A;,
the encounter rate (s ) with prey type i. The multi-species functional res-
ponse equation, aiso known as the simple or “classic’ optimal prey choice
model {Chamov 1976), is based upon these three variables. In the model,
prey of different species and sizes are ranked by their profitability, i.e. the
rate of energy gain during handling. The ranking may include prey charac-
teristics like prey size, but also shell thickness and burying depth. From the
rate at which prey of a given class are encountered during searching, the
classes which should or should not be taken to achieve the maximum rate of
energy gain during feeding can be calculated. For i prey types:

E__Y MEP
T 143 AhP,

where E is total energy intake (J) during observation time T (s) and P; is the
decision variable. Pj represents the probability that the predator takes a prey
item of type i after it is encountered. When prey with a profitabiiity below the
critical threshold are encountered, it is more efficient to continue searching
than to handie and eat those prey, i.e. Pi= 1 if E/T < Eifhjand Pi=0 if E/T >
Ei'hi {Charnov 1976). The optimal P;, i.e. the prey choice that maximizes
intake rate of energy, can be found if the encounter rates 7&2 are treated as
fixed constants. Sincea | N =aDi, where a is the search rate (m*.s” ) and Di the
density of prey type i (m™), this will be the case if the birds and the prey always
behave the same. Under those conditions the intake rate will increase with
prey density to an asymptotic limit set by the profitability of the most profitable
prey (the birds spend alil their time handling the most profitable prey type and
no time on searching), the well-known Holling type |l functional response.

A constant search rate implies that the birds do not vary their search speed
or searching method (touch or vision). Regrettably, the birds can vary both.
Appendix D shows how to modify the equation when search speed is not a
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fixed constant, but also a decision variable. |t turns out that the optimal search
speed for cryptic prey is lower than the optimal search speed for conspicuous
prey {(Gendran & Staddon 1983).

The equation also needs modification when the birds cannot immediately
identify the prey type upon encountering it, but must spend some time
handling the prey. This happens in Oystercaichers hammering bivaives.
Apparently, some hammering time is required to identify if the prey is
thin-shelled and therefore profitable, or thick-shelled and therefore unprofita-
ble (see 5.4.6).

5.2 Current formulation in EFFECT and other models

At present, the only prey considered in EFFECT are Cockles. These Cockles
do have a handling time, but this handling time is not simply measured in time
units as one might expect, but in time units per unit biomass. Similarly, the
search rate (or attack rate as it is called in the model} is not measured in area
searched per unit time, but in biomass units per unit time. The reasoen for this
is that the functional response mode! is not based on estimates of the
parameters in the equation of Charnov (1976}, but on a non-linear regression
of intake rate against biomass density (see section 6 of this report). Exactly
how this regression is performed is nowhere stated, and Bos {1994) is
probably the first to admit that the fit of the regression line is not very
impressive (see Fig. 4.2 in his report). As the data for the regression come
from a single study (Sutherland 1982a,b), it is nat a very sound foundation of
the model anyway.

While these comments are somewhat critical, these criticisms are not directed
against the pragmatism underlying the decision to simply regress the intake
rate against a parameter describing the food supply. In EXE2 a very similar
procedure is followed, except that EXE2 only deals with Mussels. The
underlying problem is that confrontations of the optimal prey choice model
with reality always yield additional complications. When the complications
cannot be solved, it means that it is not known what measurements on the
prey should be taken to accurately predict intake rate. Often, complications
can be solved, like when it was discovered that for hammering Oystercatchers
prey should be classified not only according to size, but also according to
shell thickness and coverage with barnacles. However, this means that to
apply the model to predict the intake rate in a particular area, all these
parameters also need to be measured on the food supply in that area. This
can be impractical, necessitating the simplifying regressions that we descri-
bed above. In this spirit, several authors conclude that the density of har-
vestable prey biomass is the main determinant of the intake rate that a bird
can achieve in a given area and the prime candidate for simplistic regressions
{many papers by Zwarts, see also Meire 1991, Ens, Piersma & Drent 1994).
Following the terminology of Zwarts, prey are considered harvestable when
they are accessible, detectable and profitable. Below, we first review prey
profitability and then the factors goveming intake rate.
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5.3 Factors governing handling time and prey profitability

Oystercatchers Haemalopus ostralegus feed on at least 15 different prey
species along the NW. European coast (Cramp & Simmons 1983, Hulscher
1996). On intertidal sand and mudfiats, their food consists of Cockles Ceras-
toderma edule and Mussels Mytilus edulis and to a lesser degree also of other
bivalves, such as Macoma balthica Scrobicularia pfana and Mya arenaria,
worm species, such as Arenicola marina and Nereis diversicolor, and the
Shore Crab Carcinus maenas. On rocky shores, Qystercatchers take Lim-
pets Patella aspara and P. vuigata, Periwinkles Littorina littorea and Dog-
welks Nucefla lapillus, whereas in grassland they select mainly different
earthworm species {Lumbricidae) and Leatherjackets (larvae of the crane fly
Tipula paludosa). For obvious reasons we will not concern ourseives with
prey taken on rocky shores.

Zwarts et al. (1996b) assembled all information on handling time and prey
profitability that is currently available for Oystercatchers from no less than 57
published articles, 6 student reports, 4 unpublished theses and unpublished
data files from 9 different scientists. The extracted data and the methods used
to extract these data are copied from Zwarts et al. (1996b) and given in
Appendix E. In sections 5.3.1 to 5.3.4 we excerpt the main conclusions from
their paper.

5.3.1 Handling time of armoured prey in relation to prey size, opening techni-
que and burying depth

The smallest armoured prey opened by Oystercatchers are spat Cockles 8
mm long with an AFDM of 3.3 mg (Meire 1996b). The (argest prey taken are
Giant Bloody Cockles Anadara which is the food supply of Oystercatchers
wintering on the Banc d'Arguin, Mauritania {Swennen 1980). These birds eat
prey that were, on average, 78 mm long containing 3300 mg AFDM. Even
larger prey were taken by Oystercatchers in captivity, as well as in the field,
when offered large Mya 88 mm long with a flesh content of 4200 mg AFDM.
However, since these prey usually lie out of reach of the bill (Zwarts & Wanink
1984), they cannot be considered as normal prey for Oystercatchers. Cockle
spat could be handled in some seconds, but it took an Oystercatcher 212 s
and 265 s, on average, to consume the flesh from the large Anadara and Mya.
Thus, the handling time increases with flesh weight, as is further analysed in
this section.

Although prey size explains a substantial part of the variation in handiing time,
there remains a large residual variation within each size class. in Mussels, a
large part of this variation can be attributed to the technique used to open the
mussel (Fig. 3, Table 1). Oystercatchers using the stabbing technique take
less time than those which hammer Mussels on the dorsal side of the shell.
The handling times are especially long when Mussels are torn off the bed,
turned upside down and hammered on the ventral side (Cayford & Goss-
Custard 1990, Fig. 3, Table 1).
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Handling time as a function of (A) prey length or (B) prey weight in Mytilus opened by
Opystercatchers stabbing the bill between the vaives. Sources: Blomert et al. (1983), Cayford &
Goss-Custard {1990), Ens (1982), Ens et al. (1996b), Hulscher (unpubl.), Koene (1978), Linders
(1985), Meire & Erviinck (1986), Speakman (1984), Sutherland & Ens (1987), Zwarts & Drent
{1981). The three regression lines {see also Table 1) differ significantly (P< 0.001) from each
other according to covariance analyses: R? = .593 for prey length and R* = .168 for the three
techniques (lefl); RZ = .620 for prey weight and R? = .100 for the three fechniques (right}. From
Zwarts et al. (1996b).
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Handling time as a function of (A) prey length or (B) prey weight in Cerastodenna, given
separafely for Oystercatchers opening Cockles by stabbing the bifl between the vaives or
hammering the shell. Sources: Hulscher (1976 & unpubl.), Ens et al. (1996b & 1996c), Sutherland
(1982c), Swennen et al. (1989), Triplet (1994a,b). The two regression lines (see also Table 1)
differ significantly (P =0.002) from each other according to covariance analyses: (A} R? = 875
for prey length and R? = .024 for both techniques; (B) R? = 868 for prey weight and R? = 016
for both techniques. From Zwarls et al. (1996b).
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Cockles are usually opened by stabbing, or forcing, the bill between the
vaives, but sometimes by hammering the shell. Ens ef al. (1896b) found that
it took Oystercatchers more time to open Cockles by hammering than by
stabbing, just as in Mussels (Fig. 4, Table 1)

Table 1. Handling time as an exponential function of length (L, mm) or weight
(W, mg ) of the prey. The last column gives the number of the figure where

the regression lines are depicted. From Zwarts et al. (1996b).

species category regression R n Fig.
Mytitus ventral 0.712L'33  pgs 26 3A
Mytilus dorsal 0.443L'432 g3 14 3A
Mytilus stabbed 0.975L1%%1 g8 99 3A
Cerastoderma hammered 0.054L%45 .98 8 aA
Cerastoderma stabbed 0.053L'846 095 42 aA
Scrobicularia  field; winter 0.046L'995  0.98 9 5A
Scrobicularia  field; summer  0.041L'%2®  0.96 7 5A
Scrobicularia  lab; 2cmdeep  0.093L'%%°  0.98 14 5A
Macoma Aug; lifted 0.262L'4%¢ (.83 7 6A
Macoma Apr-Jun; lited  0.076L'77®  0.87 16 A
Macoma Apr-Jun: insitu  0.408L'9%% g7 5 BA
Mya lab; 2 cm deep 0.070L'%4¢  0.80 44 7A
Mytilus ventral 7.258W04'" 084 26 3B
Mytilus dorsal 5114W04%1 .92 14 3B
Mytilus stabbed 6.549W°3%5 078 99 3B
Cerastoderma hammered 0.625W° 750 (.95 8 4B
Cerastoderma stabbed 0.817W°E%7 g3 42 4B
Scrobicularia  field; winter 1.821W05% g g5 9 5B
Scrobicularia  field: summer  0.541W° %" pos 7 5B
Scrobicularia  lab; 2cmdeep  0.675W06'° (.08 14 5B
Macoma Aug; lifted 2.212WP487 g3 7 68
Macoma Apr-Jun; lited  0.684W°€55 087 16 6B
Macoma Apr-Jun; insitu  0.508W0842  p g3 10 6B
Mya combined 0.661W°388 .91 54 7B
Nereis 0.378WP481 g og 35 8
Arenicola 0.387W%33 008 7 8
Earthworms 1.489W0216 g 52 10 8

The handling time also increases with shell length and flesh weight in
Scrobicularia but it also depends on the depth at which the prey live beneath
the surface (Fig. 5, Table 1). Wanink & Zwarts (1985) found that the time
needed to handle Scrobicularia 37 mm long increased from 18 to 42 s as the
burying depth increased from 0 and 5 cm (Fig. 5). Wanink & Zwarts (1986)
offered Oystercatchers prey of different size but buried at a depth of 2 cm
beneath the mud surface. All size classes were handled rapidly. The handling
time of Scrobicularia of different size has also been measured in the field, but
no attempts have been made to estimate the depth from which the prey are
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extracted. It is obvious, however, that most prey in winter are taken after the
bill has been inserted fully into the substrate, whereas in summer the majority
are taken from nearer the surface. Such a difference is to be expected, since
most Scrobicularia in winter live out of reach of the Oystercatcher's bill
(Zwarts & Wanink 1991, 1993); probably, all prey taken are only just acces-
sible at a depth of 6 cm or 7 cm beneath the surface. In contrast, Scrobicufaria
live at shallower depths in summer, and some prey may be found at a burying
depth of just a few cms only. In winter it takes 1.4 times more time as in
summer to handle Scrobicularia of similar size (Fig. 5). We conclude that the
longer handling times in winter are entirely due to the greater burying depth

of the prey.
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Figure 5.  Handiing time as a function of (A} prey length or (B) prey weight in Scrobicularia, given separately

for field data collected in winter (Boates & Goss-Cusfard 1989, Habekotté 1987) or in summer
{Blomert et al. 1983) and for captive birds offered prey of similar size at different depths (Wanink
& Zwarlts 1985) or for different size classes buried to the same depth of 2 cm (Wanink & Zwarts
1996). The three regression lines (see alsc Table 1) differ significantly (P< 0.001) from each
other, according to covaniance analyses: (A) R? = 848 for prey length and R? =089 for the three
groups; (B) R? = 674 for prey weight and R? = 219 for the three groups. From Zwarts et al.
(1996bh).
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Figure 6.  Handiing time as a function of (A) prey fength or (B} prey weight in
Macoma, given separately for prey eaten in situ or lifted to the surface and
eaten there; the laiter is divided info two periods (April-June, August).
Sources: Hulscher (1982 & unpubl.), Hulscher et al. (1996), Blomert et al.
(1983), Ens et al. (1996a). The three regression lines (see also Table 1)
differ significantly (P< 0.001) from each according to covariance analyses:
(A) R? = .490 for prey length and R® = 326 for the three groups: (B) RZ =
402 for prey weight and R? = 445 for the three groups. From Zwarts et al.
{1996b)

The handling times of Macoma also increases with size (Fig. 6A, Table 1). It
also seems likely that, just as in Scrobicularia handling time increases with
prey depth. Macoma live in the upper three cm of the substrate from April
through July, increase their depth from August onwards and live about twice
as deep in winter as in summer (Reading & McGrorty 1978, Zwarts & Wanink
1993). No studies are available for Oystercatchers feeding on Macoma in
autumn and winter, probably because they are not taken then. However,
within the summer half of the year, handling time varies seasonally, being in
August 1.5 times as long as in spring and early summer (Fig. 6A); this is
presumably due to the greater depth from which the prey are obtained in
August. This comparison refers to field studies in which prey were lifted to
the surface. However, Macoma are also eaten in situ, and in this case
handling times are much sharter (Fig. 6A & B). Captive Qystercatchers lifted
deep-living prey more often than shallow prey (Wanink & Zwarts 1985,
Hulscher et al 1996), so we assume that prey were eaten more often in situ
during summer, whereas in early spring and late summer when they live at
greater depth they were more lifted. Bunskoeke ot a/ (19986) provided some
tentative support for this idea from free-living birds. As a consequence, the
combined handling time of Macoma being lifted and eaten in situ will be short
when the prey live close to the surface from April to July, the difference
between [ate summer and early spring being perhaps twofold.




Suggestions oystercatcher model 25

S00F @ - a
" " i A
A A A &
100 3 - 3 Y
% sof :
2 I
Y
;! Y .“2 ‘A ~
= a -
B 1o} 4 &
S F A
=4 5 :_ rFy [o]
1 1 d 1 Il Fl 1 1 | a1 gl 3 PR BT | M P |
20 30 40 50 100 2 5 10 50 100 500
shell length {(mm) prey weight (mg)
Figure 7.  Handling time as a function of (A} prey length or (B) prey weight in Mya in captive Oystercalchers

feeding on prey lying at a depth of 2 cm (Wanink & Zwarls 1996) or wild birds feeding on clams
from which the flesh is eaten in situ (Zwarls & Wanink 1984, Bunskoeke et al. 1996 & unpubl.).
The regressions are calculated without the four largest clams since their handling times were
untypically long. The handiing times as a function of prey weight are not significantly different (P
=0.33in panel B), s0 one regression line is given, based on the pooled data. Results of covanance
analyses: (A) R® = .853 for prey length; (8) R® = .869 for prey weight and R? = .002 for the two

groups;

Table 1 gives more details. From Zwaris et al. (1996b)

There is no variation in the burying depth of Mya during the year, so we expect
no seasonai, prey depth-related variation in the handling time, as found in
Scrobicularia and in Macoma All the handling times in Fig. 7A were obtained
in the laboratory, except for those obtained in one field study. Fig. 7A shows
the handling time of clams up to 90 mm long. Free-living Oystercatchers never
find Mya larger than 40 mm long, since these large clams live out of reach of
the bill (Zwarts & Wanink 1984, 1989, 1993). All clams in the laboratory
experiments were buried, however, at a depth of about 2 cm and so at an
extremely shallow depth compared to the natural situation, at least for the
larger size classes. This means that, as in Scrobicularia, the handling times
of the larger size classes would be about twice as long if the prey were taken
from a depth of 5 or 6 cm, as would be usual in the field. The single field study
found that, in contrast to the expectation, Oystercatchers handled the prey in
less time than in the laboratory (Fig. 7A). However, while the Oystercatchers
in the laboratory ingested all the flesh from the shell, the birds in the field often
only took the siphon and left behind the remaining part of the body (Zwarts
& Wanink 1984). Another field study (Bunskoeke ef a/ 1996, pers. comm.)
estimated the weight of the flesh extracted from Mya of unknown size, so
more field data were available when handling time was plotted against the
prey weight (Fig. 7B). As Fig. 7B shows, the relationship between handiing
time and prey weight was the same as in the laboratory, where all the flesh
from shallow prey was eaten, and field studies, where a variable amount of
flesh was extracted from deep-living prey.
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5.3.2 Handling time of bivalves in relation to prey condition

Figures 3 - 7 show the handling times as a function of prey length and of prey
weight; the equations of the depicted regression lines are given in Table 1. If
most of the handling time is spent in eating the flesh, we expect that the
handling time would depend on the amount of flesh ingested and that the
close relationship between handling time and prey size is due only to the high
correlation between prey size and flesh weight. On the other hand, if handling
time consists mainly of time spent in breaking the shell, handling time would
be primarily determined by size-related strength of the shell and not by the
amount of flesh ingested. Prey weight and prey size are so highly correlated,
that it is hardly surprising that it is not possible to tell from Figs. 3 - 7 whether
handling time depends on prey weight, and thus indirectly on size, or on prey
size, and thus indirectly on the amount of flesh to be ingested.

Although flesh weight and prey size are highly correlated when both are
plotted on a log-log scale, the weight variation within each size class is large
enough to investigate whether the amount of fiesh, independent of prey size,
affects the handling time. Most of the species preyed upcn by Oystercatchers
contain in iate winter 40% less flesh than specimens of similar size in early
summer {Chambers & Milne 1979, Zwarts 1991, Zwarts & Wanink 1993, Ens
et al. 1996b). Prey condition has been defined as percent deviation of the
average prey weight, such as obtained by regressing log weight against log
size, using afl data given in Figs. 3 - 7. The increase of handling time with
flesh content, such as shown by Ens et a/ (1996b) for his data, is not found
when data from different Mussel and Cockle studies are pooled. Scrobicularia
and Macoma are even handled significantly more rapidly if they contain more
flesh, but this is because body condition varies seasonally in accordance with
burying depth. Thus, a fixed relationship between handling time and prey size
can be assumed.

5.3.3 Handling time of soft-bodied prey in relation to prey weight and burying
depth

Figure 8 shows the relationship between handling time and prey weight in
four soft-bodied prey: Ragworms, Lugworms, earthworms and Leather-
jackets. Handling time quadruples as prey weight increases thirtyfold. The
handling times are short in these species for several reasons. First, no time
is spent in opening, or preparing, the prey, since they are eaten whole.
Moreover, soft-bodied prey are ere usually swallowed in one piece and not
piecemeal. Further, most of these prey are picked up from, or taken from just
beneath, the surface. Handling times are longer when the prey are extracted
from the substrate. it takes Oystercatchers, on average, 4 s to remove
Leatherjackets from their burrows, 2 - 4 cm deep, and only 1.3 s to mandibu-
late them (Blomert & Zwarts unpubl.). Hence, depending on the position of
the Leatherjacket in its burrow, the handling time varies between 2 and 6 s.
We may expect an even larger difference in earthworms. When prey are found
at, or just beneath, the surface, they can be grasped easily and transported
up the bill in only one catch-and-throw movement {see Gerritsen 1988). But
when prey are extracted from the turf, they often break and must therefore
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be eaten piecemeal. Whether the prey are at or beneath the surface presu-
mably also explains the average differences in handling time between speci-
es. Lugworms, and the majority of the Ragworms, are grasped while they are
close to the surface and at a shaliow depth in their burrows and therefore
handled rapidly. In contrast, the Leatherjackets and earthworms are, at least
partly, extracted from the turf, so that handling takes longer in these grassland
species compared to the estuarine species.
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Figure 8. Handling time as a function of prey weight (mg AFDW) in earthworms (Ens
unpubl.), Nereis (Boates & Goss-Custard 1989, Ens et al. 1996a, Huischer
unpubl.), Tipuia (Blomert & Zwarts unpubl., Ens unpubl.) and Arenicola
(Bunskoeke 1988 & unpubl.). The handiing time of the four species differ
significantly according to a covariance analysis (R2 =.,918 for prey weight
and R? = .025 for the species). From Zwarts et al. {1996h)

5.3.4 Comparing the profitability of armoured and soft-bodied prey

Figures 3 - 8 show the relation between handling time and prey weight in five
armoured and four soft-bodied prey species. The profitability, the amount of
flesh consumed per unit time handling, was calculated for these species, also
including Anadara and Uca, and plotted against their prey weight (Fig. 9).
Worms and Leatherjackets were, on average, 4.43 times more profitable than
armoured prey of similar size. Although there was a large scatter in the
profitability of the armcured prey, it is clear that the profitability of soft-bodied,
as well as armoured prey, increases with prey weight. The large scatter in
the profitability of armoured prey could largely be explained by the species
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profitability (mg-s-1 handling)

Figure 9,

concerned and the technigue used to open them. Taking the ratio shell weight
to flesh weight as a measure of the amount of armour, profitability is directly
related to prey armour (Fig. 10). Clearly, profitability is least for the most
heavily armoured prey.
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Profitability (mg st handling) as a function of prey weight (mg AFDW), given separately for
soft-bodied prey (same data as Fig. 8) and armoured prey (in addition to the data given in Figs.
3 - 8, also Anadara (Swennen 1990), Liltorina (Boates & Goss-Custard 1992), Patella (Safriel
1967) and Uca (Ens of al. 1993 & unpubl.)). The regression lines are shown separately for
soft-bodied and armoured prey. A multiple regression analysis revealed that non-paralle! regres-
sion lines did not explain more variance than parallel ones (R? = 0.515 and .514, respectively).
Hence a common exponent (0.421) may be used with different intercepts; 0.788 for aiTmoured
prey and 3.490 for soft-bodied pray. From Zwarts et al. (1996b)

Since handling time tends only to be reported for prey that are consumed,
the calculations are based on the time actually taken to handle prey. This
ignores the waste handling time spent on rejected prey. If waste handling
times due to prey being rejected or stolen prey could be included, the graph
for the soft-bodied prey would not change much because few such prey are
refused and waste handling time is therefore very short (Ens et al. 1996a). In
contrast, waste handling time have a significant effect on prey profitability in
armoured prey, such as Mussels hammered on the dorsal or ventral side
(Meire & Ervynck 1986, Cayford & Goss-Custard 1990, Ens & Alting 1996a,
Meire 1996c). As a consequence, the difference in profitability between
soft-bodied and armoured prey at the surface is even larger than shown in
Fig. 10.
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Figure 10.  Profitability as a function of the armour index in estuarine prey containing
200 mg flesh. The corresponding shell length of the bivalves is indicated.
The fitted curve is highly significant (r = -0.91, P =0.0003). Profitability of
the different prey species was standardised for a prey of 200 mg. Armalture
index is defined as the rafio shell to flesh weight for the size classes
concemned. Shell weights from Wolff et al. (1987), Zwarls & Blomert
{1992); flesh weights from Zwarts (1991) and Zwarts & Wanink (1993}.
From Zwarts et al. (1996b)

§.3.5 Summary of the rules goverming profitability

Summarizing the results of Zwarts et al. (1996b), four rules govern profitabi-
lity. First, within each species large prey are more profitable than small prey,
because flesh content increases more steeply with prey size than handling
time. Second, soft-bodied prey, such as worms and Leatherjackets, which
can be swallowed whole, are much more profitable than armoured prey, such
as bivalves, which Oystercatchers have to open before the flesh can be
extracted from the shell. Third, heavily armoured surface-dwelling prey, like
Mussels and Cockles, are the least profitable prey of all, even if the armour
is bypassed through stabbing the bill between the valves. Fourth, within the
burying prey species, the profitability of prey decreases with depth. Hence
burying bivalve species that bury in winter at larger depth than in summer,
are in winter, if not out of reach of the bill, anyway less profitable.







