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In order to assess the future impact of environmental change, ecologists must be able to provide accurate pre- 
dictions under new environmental conditions. The difficulty with this is that there is often no way of knowing 
whether the empirical relationships upon which model predictions are based will hold under the new condi- 
tions. As a consequence, such predictions are of uncertain accuracy. 

Behaviour-based models have been developed in an attempt to overcome this problem. These predict how 
individual animals will alter their behaviour in order to respond to future environmental change. Their central 
assumption is that, no matter how much the environment changes, each individual will behave in a manner 
that maximises its own fitness. Because of this, model animals are expected to respond to environmental change 
in the same way as real animals. By following the behaviour and ultimate fate of each individual, a behav- 
iour-based model is able to predict the population consequences of the optimal decisions of individuals. These 
models should therefore provide a reliable means of predicting how animal populations will be influenced by 
environmental change. 

Behaviour-based models contain more parameters than traditional demographic models, but this does not 
mean that they will take any longer to parameterise and adapt to a particular situation. In fact they can often 
be developed much more quickly. 

I describe how behaviour-based models have been developed for non-breeding wader populations and how 
they have been used to predict the consequence of environmental change in terms of the mortality rate and 
body condition of waders. 

INTRODUCTION 

Many human activities affect or destroy the habitats used by 
wader populations (e.g. agricultural intensification, industrial 
development, land-claim, resource harvesting, recreation, 
salt production). Their coastal habitats may also be particu- 
larly vulnerable to sea level rise caused by climate change. 
Decisions are often required on how best to maintain these 
populations and to reconcile their protection with economic 
and other activities. To do this, policy makers need to know 
how bird populations will respond to environmental change, 
ideally before it happens. The difficulty with predicting the 
consequences of new circumstances is that there is often no 
way of knowing whether the empirical relationships upon 
which models are based, typically measured over a relatively 
narrow range of population sizes or environmental condi- 
tions, will hold under the new conditions for which predic- 
tions are required. 

Environmental change at a non-breeding site can affect 
wader population size by changing (i) the size of the fat re- 
serve needed for successful migration and breeding and 
(ii) the risk of starvation during the non-breeding season. If 
an environmental change is not predicted to affect present- 
day rates of fat storage or survival, there would be no rea- 
son to be concerned for the birds (Goss-Custard et al. 2002). 
If, on the other hand, fat storage and survival were predicted 
to decline, population size would be expected to decrease, by 
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an amount that depends on the strength of any compensatory 
density-dependent reproduction on the breeding grounds 
(Goss-Custard & Durell 1990) and the presence of alterna- 
tive wintering or passage sites (Petrifor et al. 2000a). 

Behaviour-based models are useful tools for predicting 
the influence of environmental change and different policy 
options on the survival and body condition of waders (Goss- 
Custard et al. 1995a,b, Stillman et al. 2000a, 2001). They 
predict population level changes, such as mortality rate, from 
the combined behavioural responses of the individual ani- 
mals within the population. They predict the changed intake 
rates of birds forced by environmental change to alter their 
diet and/or to redistribute themselves over resource patches 
of varying quality (Goss-Custard et al. 2000). They do this 
by using foraging theory and game theory, which are thought 
to provide a reliable basis for prediction (Goss-Custard 1996, 
Sutherland 1996, Goss-Custard & Sutherland 1997). 

Behaviour-based models have one particular advantage 
over traditional demographic models; they should produce 
more accurate predictions outside the range of conditions for 
which they are parameterised. The empirical relationships 
from which demographic models derive their predictions 
may or may not change as the environment does, but there 
is no way of knowing this in advance. In contrast, the basis 
of predictions of behaviour-based models - fitness maximiz- 
ation - does not change, no matter how much the environ- 
ment changes (Goss-Custard 1996, Sutherland 1996, Goss- 
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Custard & Sutherland 1997). Animals in behaviour-based 
models are likely, therefore, to respond to environmental 
change in the same way that real ones would. 

The simplest behaviour-based models are the spatial de- 
pletion models, originally developed by Sutherland & 
Anderson (1993), and recently applied to waders (e.g. Gill 
et al. 2001 ). These models assume that all individuals within 
a population are identical (i.e. when feeding in the same 
place, they all consume prey at the same rate), that individu- 
als do not store fat reserves and that interference (the short- 
term, reversible decline in intake rate due to the presence of 
competitors (Goss-Custard 1980)) is absent. They predict the 
manner in which an animal population spreads out between 
patches as successive ones are depleted. Spatial depletion 
models are not used to predict mortality rate or body condi- 
tion. This is because, as they assume that all individuals are 
identical, they either predict that all will die or all survive. 
They cannot predict body condition because they do not in- 
corporate fat reserves. Instead of mortality or body condition, 
they predict the maximum number of bird-days that can be 
supported by a habitat. However, many, inefficient or sub- 
dominant birds may die before the maximum bird-days car- 
rying capacity is reached (Goss-Custard et al. 2001, 2002, 
Goss-Custard, this volume). This will happen if individual 
variation in survival occurs either through variation in for- 
aging ability or susceptibility to interference (Goss-Custard 
et al. 2001). 

In this paper, I describe a behaviour-based model that 
incorporates fat reserves, individual variation and interfer- 
ence. It is therefore able to predict mortality rate and body 
condition, and be applied to systems in which interference 
is important, as well as those in which it is not. I describe how 
this model has been parameterised for different systems and 
used to predict the consequences of environmental change 
for the mortality rate and body condition of non-breeding 
wader populations on a range of sites. 

THE MODEL 

The model is individuals-based and tracks the foraging lo- 
cation, body condition and ultimate fate of each individual 
within the population. During each day, each bird in the 
population must consume enough food to meet its energy 
demands. It attempts to do this by feeding in those locations 
and at those times of the day where and when its intake rate 
is maximised. Although all individuals decide on the same 
principle, intake rate maximization, the actual decisions 
made by each differ. Their individual choices depend on their 
particular competitive ability, which depends on two char- 
acteristics. Interference-free intake rate is the rate at which 

an individual feeds in the absence of competition and meas- 
ures its basic foraging efficiency. Susceptibility to interfer- 
ence measures how much interference from competitors re- 
duces its intake rate as bird density rises. Survival is deter- 
mined by the balance between an individual's daily rates of 
energy expenditure and consumption. Energy expenditure 
depends on metabolic costs plus any cost of thermoregula- 
tion at low temperatures. Energy consumption depends both 
on the time available for feeding and intake rate while feed- 
ing. When daily energy consumption exceeds daily expendi- 
ture, individuals accumulate energy reserves or maintain 
them if a maximum level has already been reached. When 
daily requirements exceed daily consumption, individuals 
draw on their reserves. If reserves fall to zero, an individual 

starves, the only source of mortality in the model. Stillman 
et al. (2000a, 2001) describe the model in detail and Stillman 
et al. (2000a) perform a sensitivity analysis of the model. 

TESTING THE MODEL 

The model was originally developed for Eurasian oyster- 
catchers Haematopus ostralegus feeding on mussels Mytilus 
edulis in the Exe estuary, UK, and has been most thoroughly 
tested for this system (Stillman et al. 2000a, 2001). The 
model was developed by comparing its predicted mortality 
rate with the observed rate on the Exe estuary during 1976- 
81. As a test of the model, its predicted mortality rate was 
compared with the observed rates during 1981-91, a period 
when the oystercatcher population increased and there was 
a density-dependent increase in the mortality rate. The model 
successfully predicted this increase, even though it was only 
developed to predict the mortality rate when the population 
size was considerably lower (Stillman et al. 2000a). Further- 
more, the underlying behaviour of the birds, such as the 
amount of time spent feeding on mussels and their impact on 
them, the distribution of birds throughout the estuary and the 
changes in body mass through the season (Stillman et al. 
2000a). This demonstrated the potential of this model in 
particular, and behaviour-based models in general, to predict 
with accuracy to new circumstances outside the range of 
conditions for which they were parameterised. 

PARAMETERISING THE MODEL 

Although the model was developed as part of a long-term 
field study, only a small fraction of the data collected dur- 
ing that study was used to parameterise the model. The model 
is being applied to a range of wader conflicts, and has been 
parameterised for a range of sites and species (Table 1). 
Usually it can be applied to a new site in less than a year 
because general relationships can be used to predict the be- 
haviour of birds at the site. What needs to be measured at a 

new site is the abundance of food and its distribution through- 
out the site and exposure through the tidal cycle. Food abun- 
dance and distribution can be measured from a survey of the 
site at the start of the non-breeding season. Changes in the 
abundance of food through that season can be measured by 
repeated surveys on a reduced scale. The exposure of food 
through the tidal cycle can be derived from local knowledge 
or new measurements, or predicted through the use of tidal 
models. 

The foraging behaviour of waders does not need to be 
measured directly, but instead can be predicted from general 
relationships derived from a wide range of species and sites. 
The size ranges of prey consumed have been derived from 
a literature review (J.D. Goss-Custard, unpublished data). 
The interference-free food intake rate (IFIR) of each species 
can be calculated from the following functional response. 

IFIR = IFIRmaxB 
B50 + B 

(eqn 1) 

where B = biomass density of prey within the size range con- 
sumed, IFIRma • = maximum intake rate when prey are super- 
abundant and B50 - prey biomass density at which intake rate 
is 50% of its maximum. The value of IFIRma • can be calcu- 
lated from body and prey mass using the following equation. 
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Table 1. Systems and environmental issues to which the behaviour-based model has been, or is being (*) applied. 

Site Wader species Prey species Issue References 

Bahia de Cadiz, Spain dunlin, curlew sandpiper, polychaetes, bivalves, disturbance, shellfishing * 
redshank, black-winged stilt, Hydrobia spp. habitat loss 
avocet, curlew 

Bale de Seine, France dunlin, oystercatcher, curlew polychaetes, cockles habitat loss and creation Durell et al. in press 
Cerastoderma edule 

Baie de Somme, France dunlin, oystercatcher, curlew polychaetes, cockles, Hydrobia hunting, disturbance, * 
spp., Corophium spp. shellfishing 

BmTy Inlet, UK oystercatcher Cockles, mussels Mytilus edulis shellfishing West et al. 2003 

Exe estuary, UK oystercatcher, dunlin, redshank, polychaetes, cockles, mussels, disturbance, shellfishing Stillman et al. 2000a, 
black-tailed godwit, curlew scrobicularia 2001; West et al. 2002a 

Stillman et al. (submit- 
ted) 

Humber estuary, UK dunlin, ringed plover, knot, oligochaetes, polychaetes, habitat loss, sea level rise ß 
redshank, grey plover, black- cockles, Macoma balthica, 
tailed godwit, bar-tailed godwit, Hydrobia spp., Corophium spp. 
oystercatcher, curlew 

Menai Straights, UK oystercatcher mussels shellfishing ß 

Strangford Lough, UK oystercatcher cockles shell fishing West et al. 2002b 

The Wash, UK oystercatcher cockles, mussels shellfishing . 

1og10 (IFIRma x ): a + b 1og10 (mspec)+c 1og10 (mprey) 
(eqn 2) 

where M•pec = average body mass of the bird species and 
M = mean ash-free dry mass of prey within the size range. prey . 

The values of B50, a, b and c have been calculated from a 
review of a wide range of wader-prey systems (J.D. Goss- 
Custard, unpublished data). 

The strength of interference competition within each spe- 
cies can be predicted from previous studies of a range spe- 
cies, the predictions of an interference model (Stillman et al. 
1997, 2002), the foraging behaviour of individual species 
and the mobility and predator escape responses of different 
prey. Interference is assumed to be absent in species consum- 
ing very small, non-mobile prey (e.g. Hydrobia spp.). This 
is because these can be consumed quickly (<5-10s), mini- 
mising interference through prey stealing (Stillman et al. 
1997), and cannot escape, eliminating interference through 
prey depression, which happens when prey can rapidly move 
into a protective burrow or shell when they detect a preda- 
tor. (Yates et al. 2000, Stillman et al. 2000b). Interference 
in a species consuming small, mobile prey (e.g. Polychaetes 
and Corophium spp.) is assumed to occur through prey de- 
pression, as these prey can escape when they detect a preda- 
tor. The strength of interference through prey depression has 
been measured in Corophium-feeding redshank (Yates et al. 
2000) or can be predicted from an interference model 
(Stillman et al. 2000b). For species consuming large prey that 
take a relatively long time (>5-10s) to consume, interference 
is assumed to occur both through actual prey stealing and the 
need to avoid prey stealing. Hence it depends on dominance, 
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being absent for the most dominant birds and strongest for 
the least dominant. The strength of interference over large 
prey has been measured in some systems or can be predicted 
for others using a behaviour-based interference model 
(Stillman et al. 2002). 

PREDICTING THE CONSEQUENCES OF ENVIRON- 
MENTAL CHANGE 

The model is able to predict the consequences of environ- 
mental change caused by factors such as habitat loss, distur- 
bance, shellfishing, recreation, climate change and sea level 
rise. The model represents the feeding habitats of birds as a 
number of discrete patches, each of which, at any point in 
time, has a certain area exposed by the tide and a certain 
abundance and quality of invertebrate food. To determine the 
effect of a change in the environment, the model is initially 
parameterised and run for the current-day environmental 
conditions. These simulations are used to predict the current 
mortality rates and body conditions of birds. At this stage, the 
model's predictions are compared with as much empirical 
data as possible in order to assess the accuracy of its predic- 
tions. If data are available on the mortality rate and body 
condition of birds, these are compared with the model's out- 
puts. For example, these tests were possible when the model 
was applied to the Exe estuary oystercatchers (Stillman et al. 
2000a). If these data are not available, as is often the case, 
empirical data on the distribution of birds throughout a site, 
prey selection or the proportion of time birds spend feeding 
are compared with predictions. This assesses how well the 
model describes the underlying behaviour from which mor- 
tality and body condition are predicted. These tests were 
made when the model was applied to oystercatchers in the 
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Burry Inlet, UK, and showed that the model accurately pre- 
dicted changes in the distribution of birds, the proportion of 
cockles and mussels in the diet and the proportion of the tidal 
cycle spent feeding (Table 1, West et al. 2003). 

To predict the consequences of environmental change, 
appropriate alterations are made to the model's parameters 
and simulations run to predict mortality rare and body con- 
ditions under the new environmental conditions. Change 
caused by habitat loss is simulated by altering the area of one 
or more of the habitat patches. Loss of habitat that is above 
or below average quality may be simulated by changing the 
quality of remaining patches as well as their area. This ap- 
proach was taken to simulate the effect on dunlin, oyster- 
catcher and curlew of potential habitat loss from the Baie de 
Seine, France, which may be caused by a proposed port exten- 
sion (Table 1, Durell et al. in press). Habitat loss may be 
compensated for by habitat creation schemes, and the rela- 
tive benefits of difference schemes can be simulated by add- 
ing to the model new habitat, of varying quality and expo- 
sure through the tidal cycle. Again this approach was taken 
to assess the likely benefit of a proposed mitigating measure 
in the Baie de Seine (Table 1, Durell et al. in press). 

Human disturbance excludes birds from areas that would 

otherwise be used for feeding or roosting, increases the en- 
ergy demands of birds by causing them to take flight and re- 
duces the amount of time they have to feed. The effect of dis- 
turbance can be modelled by excluding birds from some 
patches, by reducing the time they have to feed and by in- 
creasing their energy needs. The model has been used to 
predict the effect of disturbance on oystercatchers on the Exe 
estuary (Table 1, West et al. 2002a). The predictions were 
that the current level of human disturbance on this estuary 
had no influence on oystercatcher mortality or body condi- 
tion, but that greatly increased levels would cause more birds 
to die. 

Shellfishing has a range of effects on coastal birds, some 
negative and some positive (Goss-Custard et al. 2000). Mus- 
sel and cockle Cerastoderma edule fishing removes the 
large-sized shellfish that are also eaten by birds, such as the 
oystercatcher, and hence reduces the amount of food avail- 
able to them. If shellfishing activity occurs at low tide when 
waders are feeding, it can also disturb birds and force them 
to spend energy flying away or to move to poorer quality 
habitat. In contrast, when artificial shellfish beds are created 
in the intertidal zone by dredging mussels from deep waters, 
the amount of food available to birds is increased. Damaged 
shellfish left in intertidal areas after harvest can also provide 
additional feeding opportunities for birds. The effects of 
shellfishing can be simulated by changing the abundance of 
the food supply for birds (to account for depletion or the 
creation of new beds) or by excluding birds from all or part 
of some patches (to account for disturbance). This approach 
has been used to predict the effect of the current intensities 
of shellfishing on the Exe estuary and Burry Inlet, UK (Table 1, 
Stillman et al. 2001). In both these estuaries, the model pre- 
dicted that the current, low intensity of shellfishing was 
highly unlikely to be increasing the mortality rate in the oys- 
tercatcher populations. However, the model also predicted 
the points at which increases in the intensity of fishing would 
start to increase oystercatcher mortality rates. 

Climate change will affect the energy demands of wad- 
ers and may alter the distribution and abundance of prey 
populations and hence the types of prey available. Sea level 
rise may reduce the area and change the type of habitat, par- 

ticularly if the current position of the coastline is maintained. 
Coastal realignment schemes may offset habitat loss, but 
newly created habitat may differ from that which is lost. The 
model can be used to predict how any of these changes will 
affect the mortality rate and body condition of waders. The 
required data are predictions of the expected temperature, 
and the expected abundance and availability of prey under 
a climate change scenario. As these predictions themselves 
are likely to be uncertain, the model can be used to determine 
the sensitivity of wader populations to changes in each of 
these predictions. 

DISCUSSION 

The model described in this paper was originally developed 
and tested for oystercatchers feeding on mussels in the Exe 
estuary and was able to predict accurately the density- 
dependent mortality rates of oystercatchers in that system 
(Goss-Custard et al. 1995a,b, Stillman et al. 2000a). How- 
ever, the Exe oystercatchers have been the subject of a long- 
term study (e.g. Goss-Custard 1996) and, although only a 
small part of the overall research on the Exe was used to 
parameterise the model, some of the data used in the Exe 
model are not usually available in other areas and for other 
species. To be of applied value, such behaviour-based mod- 
els must be able to produce accurate predictions using exist- 
ing data or data that can be collected within a relatively short 
time scale. The general relationships described in this paper 
have made this possible for wader species, and the model has 
been applied to conservation problems at several sites, typi- 
cally taking less than a year to develop for each. The most 
time-consuming aspect has been surveying the food supply. 
Apart from their numbers, no new data are needed for the 
birds, as their optimal foraging behaviour and physiology can 
be predicted from the general relationships. 

This paper has focused on one model, but other behav- 
iour-based models have been developed (see reviews in 
Sutherland (1996), Goss-Custard & Sutherland (1997), 
Pettifor et al. (2000b) and Norris & Stillman (2002)). In 
particular, several spatial depletion models have been used 
to address a number of wader and wildfowl conservation 

issues (e.g. Gill et al. 2001). Although based on the same 
general principles, the model described in this paper differs 
from spatial depletion models in three main ways. First, it 
includes food competition through interference as well as 
depletion, whereas spatial depletion models only include 
depletion. Second, individuals in the model may differ in 
foraging efficiency and susceptibility to interference, whereas 
all individuals are assumed to be identical in spatial deple- 
tion models. Third, the model includes the storage of reserves 
as fat whereas fat reserves are not incorporated in spatial 
depletion models. The consequences of these differences are 
that the model is able to predict how environmental change 
influences the mortality rate and body condition of birds, and 
hence can be used to predict how these changes affect popu- 
lation size. In contrast, spatial depletion models are not used 
to predict mortality or body condition, but the maximum 
number of bird-days a site can support. As a means of evalu- 
ating alternative policy options, this measure has a potential 
disadvantage, since many birds may starve or lose condition 
before the full bird-days capacity of a site is reached (Goss- 
Custard et al. 2001, 2002, Goss-Custard, this volume). 

Behaviour-based models contain more parameters than 
demographic models. The single parameters of demographic 
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models, such as mortality rate during the non-breeding sea- 
son, are replaced by several parameters describing the under- 
lying behaviour and physiology from which mortality rate is 
predicted. However, this does not mean that behaviour-based 
models will take longer to develop. Demographic models 
must take at least one season to develop, longer if the influ- 
ence of between-season variation in the environment or 

population size is to be incorporated. The most time-consum- 
ing aspect of applying the behaviour-based model to a new 
system has been measuring the food supply, which has usu- 
ally taken part of one season. The model has been applied 
quickly because general relationships have been used to pre- 
dict the behaviour and physiology of the birds. Although new 
data can be measured from the birds to refine or test predic- 
tions, this is not essential. Further work to identify general 
rules in the behaviour of waders and other species should 
increase the range of environmental problems to which be- 
haviour-based models can be applied. 
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