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Abstract

Abstract

Knowing the possible consequences of anthropogenic change on populations of 

animals may help in the effective conservation and management o f species and their 

habitats. The way in which a population o f animals is affected by environmental 

change is determined by the way individuals behave and adapt in response to that 

change. Through simulation modelling, behavioural responses can be used to make 

predictions about population consequences under conditions that have yet to be 

observed. This thesis uses the overwintering population o f the Svalbard barnacle 

goose {Branta leucopsis) on the Solway Firth, UK as a study system to examine how 

behavioural decision rules can be incorporated into simulation models, and how these 

models can be applied to conservation issues. Current conservation priorities in this 

population include the reduction o f conflict between farmers and geese on pasture 

fields on the Solway Firth, and ensuring that the size of the population does not 

decrease to levels that may lead to extinction. A behaviour-based depletion model 

indicates that changes in land management priorities, habitat availability and quality, 

temperature and population size are likely to impact on both the survival and breeding 

prospects of the population and on the level of conservation-agriculture conflict 

observed on the Solway Firth. An individuals-based simulation model showed that 

food resource depletion, alongside social dominance, are important factors in 

determining flock structure and energy accumulation. The examination and simulation 

o f the processes that determine the vital population rates allows predictions to be 

made that will allow effective conservation management. Linking behaviour to 

individual survival and reproduction through field studies is the next vital step in this 

process.
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Figure 1.1: The migratory cycle of the Svalbard barnacle goose. The entire 
population spends the winter months (October to May) on the Solway Firth, UK. 
Breeding occurs on the high Arctic island archipelago of Svalbard. Two main staging 
areas are known, Bear Island, which is just south of Svalbard, on the autumn 
migration, and Helgoland on the spring migration.

Figure 1.2: The population trend of the Svalbard barnacle goose since 1958 to the present 
(data from Pettifor et al. (1998) and WWT unpublished data). The low numbers seen at the 
start of this period increased after the NNR had been established and hunting had been 
outlawed (A). After the expansion of the NNR by the WWT in the 1970s, the population size 
increased again (B). In more recent years, the breeding population has increased in range, and 
escaped the predicted density dependent stabilising of the population growth (C).

Figure 2.1: Map of the Solway Firth, UK. The shaded areas are barnacle goose feeding areas. 
The study area is marked with an arrow, and the five discrete WWT census areas are named.

Figure 2.2: Mean daily densities (+se) of barnacle geese on the Reserve (shaded) and non- 
Reserve (open), pre- and post-BGMS. Densities were higher on the Reserve both pre- and 
post-BGMS, and non-Reserve densities are higher post-BGMS than pre-BGMS.

Figure 2.3: Mean probabilities (+se) of seeing barnacle geese on a field in the Reserve 
(shaded) and non-Reserve (open), pre- and post-BGMS on a daily basis. The probability is 
higher on the Reserve than non-Reserve fields throughout.

Figure 2.4: The natural logarithm of total annual densities against the natural logarithm of 
population size for the Reserve area (■), non-Reserve, pre-BGMS (A), and non-Reserve, 
post-BGMS (#). The slope of the regression lines are all non-significant (Table 2.3), and the 
means of the three groups are all significantly different from each other (Table 2.4).

Figure 3.1: Three phases of the overwintering period, (a) The mean sward height of six study 
fields through the winter season. ■ = data from 1998/1999; x = data from 1999/2000. Solid 
line = modelled response from Table 3.1. (b) The observed proportion of time spent in 
feeding activity from flock scans across the winter period (measured as days from 
October). ■ = data from 1998/1999; x = data from 1999/2000. (c) The length of the day 
(measured as minutes between dawn and dusk times). Phase 1: long days, long sward height. 
Phase 2: short days, medium sward height. Phase 3: long days, short sward height.

Figure 3.2: The residual transformed proportions from the model: /ogz7(proportion of birds 
feeding) ~ length of day + /«(flock size) + time + time^, plotted against the sward height. 
Slope = -0.39, standard error = 0.03, t = -12.94, p < 0.0001.

Figure 3.3: The residual transformed proportions from the model: /ogfV(proportion of birds 
feeding) ~ sward height + /«(flock size) + time + time^, plotted against the length of the day. 
Slope = -0.0016, standard error = 0.0003, t = -5.13, p < 0.0001.

Figure 3.4: Total time feeding per day as a function of the date. Total time was calculated by 
multiplying the observed proportion of time spent feeding by the total daylight time for that 
day. ■ = data from 1998/1999 and 1999/2000. Solid line = modelled response: T = e 
(0.1179 * S) +(0.0009659 *M)]̂  where T is total time, S is sward height (F253.1 = 179.37, p < 0.0001),
and M is length of day in minutes (F2 S3 ,i =166.71, p < 0.0001). Dashed line = total daylight 
time per day. The overwintering period can be split into three distinct periods as in Fig. 3.1.
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Figure 3.5: The residual transformed proportions from the model: logit(proportion of birds 
feeding) ~ sward height + length of day + time + time ,̂ plotted against /«(flock size). Slope = 
0.065, se = 0.029, t = 2.205, p = 0.021.

Figure 3.6: The residual transformed proportions from the model: /og//(proportion of birds 
feeding) ~ sward height +length of day, plotted against the proportion of the day gone. Time 
= -2.699, standard error = 0.658, t = 4.10, p < 0.0001; Time^ = 2.777, standard error = 0.635, t 
= 4.37, p <  0.0001.

Figure 4.1: The relationship between the logio transformed intake per bite and the logjo 
transformed bill length. Each point is from one individual, and shows the mean and standard 
error of the observed intake per bite measured over repeated trials. The regression line is run 
through all data points collected from 88 valid trials. The slope of this relationship is 10.46, 
indicating that intake per bite scales as bill length'°.

Figure 5.1: Peck rate plotted against sward height. As sward height increased, peck rate 
declined. The line is a linear regression line, plotted on the untransformed data.

Figure 5.2: Mean peck rate (+se) for geese observed at the edge or in the centre of a foraging 
flock. Peck rate is significantly higher in the centre of the flock.

Figure 5.3: Mean peck rate (+se) for geese observed in parts of the flock at different local 
densities. Geese in high local density parts of the flock pecked significantly faster than those 
in medium local density parts of the flock did. No other significant differences were found.

Figure 5.4: The predicted shape of the functional response for male and female barnacle 
geese based on the observed peck rate in the field, and bite size measured in cage trials. The 
difference in magnitude of the curves for males and females is due to the differences in bill 
length.

Figure 5.5: Output of the simulation model showing that the total net energy gained over the 
entire winter period (as measured on the last day of the winter season) increases as the 
proportion of the day spent in feeding behaviour increases. Male geese have more energy 
accumulated at the end of the winter season for a given proportion of time spent feeding, 
except for when only a very low proportion of time is spent feeding.

Figure 5.6: (a) Mean proportion of time feeding (+se) for male and female geese. Male geese 
spend a significantly lower proportion of time feeding, (b) Mean proportion of time vigilant 
(+se) for male and female geese. Males spend a significantly higher proportion of time 
vigilant, (c) Mean proportion of time spent in aggressive encounters (+se) for male and 
female geese. Males spend a significantly higher proportion of time in aggressive encounters.

Figure 5.7: (a) Mean proportion of time feeding (+se) for geese of different family status. 
Family geese were observed to spend a significantly lower proportion of time feeding than if 
they were paired with no goslings, or when single, (b) Mean proportion of time vigilant (+se) 
for geese of different family status. No pair-wise differences were found, but the trends 
suggested that parental geese spent more time vigilant than geese in a pair, which were 
vigilant for more time than single geese, (c) Mean proportion of time spent in aggressive 
encounters (+se) for geese of different family status. Geese that were part of a family spent a 
greater proportion of time in aggressive encounters than non-family geese.

Figure 5.8: Mean proportion of time spent in aggressive encounters (+se) for geese observed 
in parts of the flock at different local densities. Geese in high local density areas spent a 
higher proportion of time in aggressive encounters than those at lower local densities.
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Figure 5.9: Mean proportion of time feeding (+se) for geese in the centre or at the edge of the 
flock. Geese at the edge of the flock spend a significantly lower proportion of time feeding 
than geese in the centre.

Figure 5.10: Mean proportion of time vigilant (+se) for geese at the expanding edge of the 
flock and in other areas that the flock has previously passed over. Significantly more time is 
spent vigilant when at the expanding edge compared to the other areas.

Figure 5.11: The simulation model outputs for male and female barnacle geese with goslings. 
At the end of the winter season, male geese have accumulated 54% more energy than female 
geese.

Figure 5.12: The simulation model outputs for male and female geese. Paired geese with no 
goslings have the highest final energy accumulated for both males and females. Single geese 
have a slightly lower final energy state than paired geese in both males and females, and 
geese with goslings have the lowest energy state.

Figure 5.13: The abdominal profile index of barnacle geese (from Owen 1981). The side 
view of the abdominal fat store is used as an index of body condition.

Figure 5.14: The residual abdominal profile index (API) for male and female geese from a 
regression against year, family status and position in the flock in a GLM, plotted against the 
day of winter. The lines are spline smoothing regression lines for male (n = 196) and female 
(n = 209) barnacle geese during 1999/2000 and 2000/20001.

Figure 6.1: The median proportion of time spent feeding for male, female and juvenile 
barnacle geese observed in (a) families, (b) pairs, and (c) single geese at different local 
densities. Low local density is equivalent to <4 competitors in a 5 goose-length radius, 
medium is 5-10 competitors, and high is >10 competitors. The numbers above the graphs 
show the sample sizes for each point. Adult barnacle geese in tend to spend a reduced amount 
of time feeding when in high density when in a family or a pair. Juvenile geese appear to 
spend a high proportion of time feeding, even at high local densities of competitors.

Figure 6.2: The modelled distance from the origin of the flock for the three decision rules and 
two interference levels. Values are the mean distances (+ standard deviation) for each unit 
type over 500 iterations of each simulation. Families move further than pairs, which move 
further than single geese do. Under high interference, all units tend to move slightly further.

Figure 6.3: Representative examples of the final flock structure at the end of 50 time steps for 
low (a, c and e) and high (b, d and f) interference values. The results for the different decision 
rules are shown for the unit as a whole making the movement decisions (a and b), the 
protected class making the decisions (c and d) and the protector class making the decisions (e 
and f). Family units tend to be found towards the edge of the flock, while single geese are 
more often found towards the centre.

Figure 6.4: The pattern of depletion of food resources (measured as sward height) across the 
model environment. This representative example shows how the food in the centre of the field 
is depleted, while food levels remain high at the edges.

Figure 6.5: Time series plots of the mean distance from the origin of the flock for family 
units, pairs and single geese under low (a, c and e) and high (b, d and f) interference. The 
decision rules are that the unit as a whole makes the decision (a and b), the protected class 
makes the decision (c and d), or the protector class makes the decision (e and f).



List o f  figures

Figure 6.6: The modelled total energy intake under low (a, c and e) and high (b, d and f) 
interference. The decision rules are that the unit as a whole makes the decision (a and b), the 
protected class makes the decision (c and d), or the protector class makes the decision (e and 
f). Values are the mean intakes (+ standard deviation, which are often too small to see) for 
each sex and age class over 500 iterations of each simulation. Family adults have a reduced 
intake compared to paired birds and juveniles have a higher intake than their parents.

Figure 6.7: Time series plots of the mean cumulative intake for male, female and juveniles in 
family units, males and females in pairs and single geese under low (a, c and e) and high (b, d 
and f) interference. The decision rules are that the unit as a whole makes the decision (a and 
b), the protected class makes the decision (c and d), or the protector class makes the decision 
(e and f).

Figure Bl: Growth rates of experimentally clipped perenne tillers in response to the
proportion of the tiller that was clipped. Under the herbivore optimisation hypothesis, 
moderate levels of clipping would be expected to increase growth rates. Spring (#) and 
winter (X ) growth rates differed significantly.

Figure B2: Mean growth rates (+se) of tillers in relation to the leaf that was experimentally 
clipped in winter (white) and spring (grey). Growth rates were significantly higher in the 
spring than winter, and trends in response to experimental treatment were similar in both 
seasons. Growth rates were significantly higher when senescent leaves were clipped when 
compared to when mature leaves were clipped. No other comparisons were significant.

Figure 7.1: Sensitivity analyses of the final energy level and the use of different areas of the 
Solway Firth. The three foraging behaviour parameters used within the model were increased 
and decreased by 10% and 20%. The left-hand column shows the sensitivity of the final 
energy level to variation in the peck rate (top), bite size (middle) and proportion of time 
feeding (bottom). The right-hand column shows the sensitivity of the use of the reserve 
network (black), the BGMS (green) and the conflict areas (pink) to variation in the same three 
foraging parameters.

Figure 7.2: The final net energy gained per goose under different land management scenarios. 
Expansion and contraction of the reserve network (grey background) and BGMS (white 
background) were simulated. The increase in the area of the reserve network and BGMS 
resulted from changing the disturbance status of 500 (Treatments R1 and Bl respectively) or 
1000 (Treatments R2 and B2) ha of conflict area. A decrease in the area of the reserve 
network and BGMS resulted from changing the disturbance status of 500 (Treatments R3 and 
B3) or 1000 (Treatments R4 and B4) ha to conflict area.

Figure 7.3: The summed daily goose densities on the reserve network, BGMS and conflict 
areas under the different land management scenarios, (a) Null scenario and the four 
treatments that increase the size of the reserve network (R1 and R2) or the BGMS (Bl and 
B2). (b) Null scenario and the four treatments that reduce the size of the reserve network (R3 
and R4) or the BGMS (B3 and B4).

Figure 7.4: The final net energy gained per goose under different initial sward height 
conditions. The null case was that observed during the winters of 1998/1999. Treatment 1 was 
the situation where all areas experienced lower cattle and sheep grazing during the summer. 
Treatment 2 was the situation where the sward height on the reserve network was kept low, 
but was higher outside the reserve network. Treatment 3 was the reverse case where the 
reserve network had a long sward height, but the non-reserve areas had a lower sward height.
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Figure 7.5: The summed daily goose densities on the reserve network, BGMS and conflict 
areas under different initial sward height conditions. The treatments are the same as in Fig. 
7.4.

Figure 7.6: The final net energy gained per goose under different temperature regimes. At 
daily temperatures 3°C above that currently experienced (red), final energy level was higher 
than at current conditions (black), which were, in turn, higher than under cooler conditions 
(blue).

Figure 7.7: The final net energy gained per goose under different temperature and habitat loss 
scenarios. At zero habitat loss, the situation is as seen in Fig. 7.6. As habitat loss increased, 
the size of the reserve network was reduced under the three temperature scenarios. The effect 
of habitat loss was most severe under warmer conditions (red) and least severe under cooler 
conditions (blue).

Figure 7.8: The summed daily goose densities on the reserve network, BGMS and conflict 
areas under different temperature regimes. The use of the conflict areas is always less than 
that on the reserve network and BGMS. Under warmer conditions (red) the density of geese 
that used the conflict areas was lower than that found under current conditions (black), and 
the highest usage of these areas was found under cooler conditions (blue). The use of the 
reserve network and BGMS increased in warmer conditions, and declined in cooler 
conditions.

Figure 7.9: The summed daily goose densities on the reserve network, BGMS and conflict 
areas under different temperature regimes when the availability of the reserve habitat varied. 
As the reserve habitat was removed, the total use of the reserve network decreased as 
depletion occurred faster, the use of the BGMS increased slightly initially, only to fall back 
again as reserve habitat loss became more severe. The use of the conflict areas increased as 
reserve habitat was lost, but did not reach the level of the other areas over the range of habitat 
loss investigated here. The increase in use of the conflict areas was more rapid than the 
decline in use of the reserve network, and that increase was most dramatic under warmer 
conditions (red).

Figure 7.10: The final energy level per goose at different total population sizes. Larger 
population sizes generally led to a reduced net energy gain.

Figure 7.11: The summed daily goose densities on the reserve network (black), BGMS 
(green) and conflict areas (pink) at a range of total population sizes. As the total use of the 
reserve network reaches its capacity, the use of the BGMS increases. As the BGMS reaches 
its capacity, the use of the conflict areas increases. At the current population size of around 
23000 individuals, a small change in population size may lead to a substantial change in the 
use of conflict areas.
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Reserve, pre-BGMS and non-Reserve, post-BGMS (see Table 2.3). Means (± standard errors) 
for the three areas are Reserve: 8.346 (0.0499); non-Reserve, pre-BGMS: 6.569 (0.126); and 
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Chapter 1

1.1 The use o f simulation modelling in conservation

Over the last forty years there has been an increasing awareness o f the threats posed 

to populations of animals by natural or human-induced changes to the environment, 

which led to the development o f conservation as a science (Carson 1962; Soule 1986). 

In a rapidly changing world, the effect of human activity on the natural environment 

has become one of the top political issues of recent decades. The impacts of hunting 

whales, or cutting down tropical rainforests are high-profile examples o f where 

human activities are impacting upon natural systems. Predicting how human activity 

impacts on the environment over the long-term developed as environmental 

awareness grew (e.g. Meadows et al. 1972). To make accurate predictions, controlled 

experiments may be used as the most rigorous scientific method for finding out the 

effects of certain actions. However, directly manipulating the environment to 

investigate the effects of large-scale problems such as climate change and habitat 

destruction on animal populations is not possible. Therefore, simulating the effects of 

environmental change on computers has been expanded as a common tool in 

environmental management (Soule 1986). As computers have become more 

sophisticated and powerful, the complexity of the modelling approaches have also 

increased.

1.1.1 Demographic models

Population biology seeks to explain how year to year variation in demographic 

parameters affect population sizes. The population size next year is equal to the 

population size this year + births + immigration -  deaths -  emigration. Birth, death.

14
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immigration and emigration rates may vary with the number of individuals within the 

population, making them density dependent (see Begon et al. 1990 for a full 

discussion on density dependence). In a case where birth rate declines and death rate 

increases with population size (due to limited food supply for example), the point at 

which birth and death rates are equal leads to a stable equilibrium population. At this 

point, where the two vital rates cancel each other out, there can be no net change in 

population size. The logistic equation of population growth rate (Verhulst 1838) is a 

classic theoretical example of how density dependence leads to a stable equilibrium 

population size (known as K). This equation describes a population that always 

returns towards the stable equilibrium size, through the regulation o f birth, death, 

immigration or emigration rates. This stable equilibrium population size is also known 

as the carrying capacity. In natural systems, the carrying capacity o f a defined area 

can be thought o f as the maximum number of individuals that can be supported by 

that area over a certain period of time (e.g. Ebbinge et al. 1975; Prop et al. 1998). 

However, the term carrying capacity can be confusing unless defined explicitly. 

Dhondt (1988) recommended avoiding the term, except as a vague concept, as the 

actual stable equilibrium population size {K) cannot be known with any accuracy in 

natural systems. Goss-Custard & West (1997) showed that the definition of carrying 

capacity could drastically alter the conclusions of a study, and concluded that it was a 

nebulous term that should be defined rigorously for a particular study. Therefore, for 

the purposes o f this thesis, the carrying capacity of a particular area of habitat shall 

remain as a broad concept, with it roughly equating to the total number of geese that 

can be supported for a period of time before either starvation or movement to other 

areas occur.

15
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1.1.2 Behaviour-based models

The use o f known density dependent relationships allows projections o f population 

size into the future, for example in population viability analysis models (see 

Beissinger & Westphal 1998 for a review). However, because density dependent data 

can only be collected over limited time and space, they may not adequately describe 

the population in all situations. Accurate information on the shape of a density 

dependent function also requires data collection over a wide range o f population 

densities, which is often not possible without a long-term study. Thus predicting into 

a future full o f environmental uncertainties is difficult. An alternative approach is to 

build up from behavioural decisions, based on evolutionary principles, through the 

optimisation o f survival and breeding to derive the demographic parameters, such as 

birth and death rates, o f a population (behaviour-based models). This brings a link 

between evolutionary ecology, behaviour and population dynamics (Goss-Custard 

1985; Goss-Custard et al. 1995a, b; Rowcliffe et al. 1998; Pettifor et al. 2000a). One 

o f the key areas o f theory that link behaviour with population dynamics is foraging 

theory (Stephens & Krebs 1986; Krebs & Davies 1993). This area o f biological 

research developed from the economic analysis of costs and benefits. It is based upon 

mathematical rules that compare the costs and benefits o f mutually exclusive actions 

when deciding which action to undertake. The costs and benefits can be measured in 

terms o f energy gained and spent, potential breeding success or some other relevant 

currency. Economics also provided game theory to this field of biology, whereby the 

costs and benefits to each individual animal are partly determined by the actions of 

surrounding individuals.
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The ideal-free distribution is one of the central ideas in optimal foraging theory that is 

based around the theory of cost-benefit analysis and game theory (Fretwell & Lucas

1970). It underlies most of the models that are used in this area o f biology (Sutherland 

1983; Sutherland & Parker 1985; Parker & Sutherland 1986; Bautista et al. 1995; 

Goss-Custard et al. 1995a; Moody & Houston 1995; van der Meer 1997; van der 

Meer & Ens 1997; Creswell 1998; Rowcliffe et al. 1998, Gill et al. 2001a). The ideal- 

free model of animal behaviour assumes that all individuals should distribute 

themselves so that they maximise their fitness. This model makes two assumptions. 

Firstly, all individuals are assumed to be ‘ideal’ in their knowledge o f the profitability 

of all patches, and secondly are ‘free’ to move from patch to patch. These 

assumptions are not always observed in nature (Sutherland & Parker 1985, Parker & 

Sutherland 1986), but the ideal-free distribution acts as a suitable premise on how 

animals may deviate from the assumptions. The ideal knowledge assumption is rarely 

found in natural systems as the available habitat is often much larger than an 

individual can survey in a short period of time (Abrahams 1986; Bautista et al. 1995). 

Incomplete knowledge of animals has been modelled using Bayesian processes where 

individuals build up knowledge with experience (Olsson & Holmgren 1999; Olsson et 

al. 1999). Another approach is to assume complete local knowledge, but limited 

knowledge of more distant areas (Stillman et al. 2000a). These approaches are both 

more realistic than the basic assumption of total knowledge in the ideal-free 

distribution. The freedom of movement assumption may also be violated, as some 

individuals may be able to dominate a resource. When modelling a population where 

this occurs, variation in competitive ability should be included (Goss-Custard et al. 

1995a; Sutherland & Parker 1985; Parker & Sutherland 1986; van der Meer 1997; 

Creswell 1998; Rowcliffe et al. 1998). One such model is the phenotype-limited
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distribution where higher-ranking individuals dominate the best resources (Parker & 

Sutherland 1986).

This thesis explores the application of behaviour-based models using the 

overwintering Svalbard barnacle goose population on the Solway Firth, UK (55°N, 

3°W; Fig. 1.1) as the study system. By investigating the behavioural responses of 

barnacle geese to a variety of different environmental circumstances, an 

understanding of the driving forces behind different behaviours is gained. Behaviour 

is studied at the level o f the individual, the level of the flock, and the level of the 

whole population. The behavioural patterns observed are used within a range of 

simulation models to explore how density dependent processes operate, how geese 

interact with the environment in which they live, and how the future conservation of 

Svalbard barnacle geese may be affected by a range o f novel scenarios. The 

simulation models are based around the ideal-free distribution, and use the principles 

of game theory in decision making.
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1.2 Svalbard barnacle goose population and conservation

The Svalbard barnacle goose population is a closed migratory population that is one 

of three isolated populations of barnacle geese. The Svalbard population breeds in the 

high arctic on the Norwegian archipelago o f Spitsbergen, and winters on the Solway 

Firth, UK (Fig. 1.1). It currently numbers in excess o f 20000 individuals (WWT 

unpublished data). This population is smaller than the other two: the Greenland 

breeding population that winters on the western coast of Ireland and Scotland 

numbers around 40000 individuals (Madsen et al. 1999) and the Russian breeding 

population that winters in the Netherlands numbers around 267000 (Madsen et al. 

1999). In the 1940s, the Svalbard population was at a low o f around 400 individuals 

(Owen & Nordenhaug 1977), but has steadily increased since then due to a suite of 

conservation measures (Owen & Nordenhaug 1977; Pettifor et al 1998). However, 

this population is still protected under the Bonn Convention on the Conservation of 

Migratory Species o f Wild Animals (1979) and the EU Wild Birds Directive 

(79/409/EEC).
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Svalbard

Heigeland, Norway^

Solway Firth. U

Figure 1.1: The m igratory cycle o f  the Svalbard barnacle goose. The entire population spends 
the w inter m onths (O ctober to M ay) on the Solway Firth, UK. Breeding occurs on the high 

Arctic island archipelago o f  Svalbard. Two main staging areas are know n, Bear Island, which 
is ju st south o f  Svalbard, on the autum n m igration, and Heigeland on the spring m igration.

1.2.1 Population history

Hunting mortality and human disturbance probably caused the low population of the 

1940s (Owen & Nordenhaug 1977). The history of the Svalbard population before 

this date is unknown (M. Owen pers comm). During the 1950s, a series of measures 

were taken to protect the population of barnacle geese in both the UK and Norway. 

Hunting was outlawed in the UK in 1954, and the first nature reserve for barnacle 

geese was established in 1957. This National Nature Reserve at Caerlaverock 

provided a safe haven from illegal shooting, reducing the overwinter mortality and 

allowing the population to break out of its very low levels (Owen & Nordenliaug 

1977). The population of barnacle geese counted on the Solway Firth had risen to
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3400 by 1964 and remained relatively constant until 1971 (Owen & Nordenhaug 

1977).

In 1970, expansion of the Caerlaverock reserve was made possible by the Wildfowl 

Trust (now the Wildfowl & Wetlands Trust, WWT), which took over management of 

a part of the 250 ha NNR and added 90 ha o f farmland to increase its size. In 1973, an 

intensive population study was initiated through extensive ringing, counting and 

behavioural observations. During the 1970s, the population rose to around 8-9000 

birds wintering on the Solway Firth. Following this rapid increase, the population 

growth rate slowed during the early 1980s.

Owen & Nordenhaug (1977) predicted that the population would level off at between 

8000 and 12000 individuals due to a limit on available space for breeding. Owen 

(1984) suggested that subtle density dependent factors might also have an influence 

on limiting the population. On the breeding grounds, nest space and territories are 

vigorously defended (generally by the male), and, at higher densities, more encounters 

occur. Owen (1984) suggested that this might lead to losses in the nest where two 

fighting males simply walk over the eggs or young chicks. Prestrud et al. (1989) 

suggested that the nesting space per se was not limiting the population, but that the 

food supply around the nest and in the brood-rearing areas may have created density 

dependence that slowed the population growth in the 1980s. This ‘crowding’ of the 

nesting areas led to a pressure to expand the population to new breeding areas. 

Prestrud et al. (1989) suggested that the new breeding areas are less productive than 

the main sites. This phenomenon of range expansion into lower quality areas from
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high quality areas as population size increases is known as the buffer effect (Brown 

1969; Gill et al. 2001b).

During the late 1980s and early 1990s, the population was thought to be stabilising at 

around 13000 individuals (Prestrud et al. 1989) due to density dependence on the 

breeding grounds. However, during the mid to late 1990s, the population increased 

rapidly again. It has been postulated that this last increase in the population was due to 

the establishment of new breeding colonies on Svalbard that are not density limited, 

but are in fact becoming highly productive (Pettifor et al. 1998). This supposition is 

supported by a study on the newly emerging Baltic breeding population of barnacle 

geese that suggests that density dependence should be investigated on a colony by 

colony basis (Larsson & Forslund 1994). It seems that, as a well established colony 

reaches the maximum size, young individuals move to previously uncolonised 

breeding sites where there is more space to breed. These young individuals, perhaps 

due to their intrinsic lower reproductive output, or perhaps due to the new colonies 

being somehow less favourable, aren’t highly productive. Only after several years 

when the colony has become more established does it reach its ‘peak’ output. This 

continues until it has expanded to the maximum size possible, when density 

dependent factors start to limit the birth rate. By expanding their breeding range, the 

population of Svalbard barnacle geese have escaped the density dependent limits set 

upon the population as postulated by Prestrud et al. (1989) and have reached new 

heights in their recovery from very low levels (Pettifor et al. 1998).
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Figure 1.2: The population trend of the Svalbard barnacle goose since 1958 to the present 
(data from Pettifor et al. (1998) and WWT unpublished data). The low numbers seen at the 

start of this period increased after the NNR had been established and hunting had been made 
illegal (A). After the expansion of the NNR by the WWT in the 1970s, the population size 

increased again (B). In more recent years, the breeding population has increased in range, and 
escaped the predicted density dependent stabilising of population growth (C).

7.2.2 Conflict

The increase in population size by 5000% over 60 years has had many consequences 

on the wintering grounds. Historically, barnacle geese fed on saltmarsh areas (merse) 

along the northern coast of the Solway Firth, Scotland. However, as the population 

increased in numbers, the traditional feeding areas could no longer sustain the 

population for the entire winter. As with other goose species, the range of barnacle 

geese increased to include agricultural fields, taking advantage o f changes in farming 

practice that led to pasture fields receiving high levels of inorganic fertiliser (Owen et 

al. 1986; Owen 1990; Mayes 1991; McKay et al. 1994; Rowcliffe et al. 1995). This 

has created a conflict of interest between the goose conservation and farming 

(Middleton et al. 1993) as winter and spring grazing of pasture fields has been shown 

to reduce the summer yield (Patton & Frame 1981; Owen 1990; Percival & Houston
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1992). On the north side of the Solway Firth, this problem has partially been resolved 

with payments to farmers in return for allowing geese to forage undisturbed on their 

fields.

Predicting any future change in the range of barnacle geese on the wintering grounds 

will help in mitigating problems at an early stage. As a population increases the 

foraging intensity on feeding areas increases, up to a point where the current feeding 

area can no longer sustain the numbers of geese that use it. At this point, the carrying 

capacity is said to have been reached (Ebbinge et al. 1975; Dhondt 1988; Gill et al. 

1996). If the carrying capacity is reached, it is hypothesised that geese may either 

starve, thus limiting the population size increase, or be forced to move to new feeding 

areas (Lambeck 1990). In the case of the pink-footed goose in Norfolk, it appears that 

the range has increased along with the population size rather than more geese 

squeezing into the available space (Gill 1996; Gill et al. 1996). A similar situation 

may have occurred with barnacle geese on the Solway Firth as geese have been 

recorded from a greater number of sites in recent years (David Patterson, WWT pers 

comm), spreading onto the south shore of the Solway in England. Just as the breeding 

range expanded with population size increases, this expansion in winter range, from 

traditionally favoured feeding areas to new areas, may be an example of the buffer 

effect.

1.2.3 Migratory cycle

The Svalbard barnacle goose population undertakes the 3000 km migration between 

Spitsbergen and the UK at the end of September and the start o f May. On the autunrn
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migration from the breeding grounds to the UK, satellite tracking (Butler et al. 1998) 

has shown that the time taken to complete the migration varies between individuals, 

as does the number o f stops on route. There are two main areas that are used as 

staging sites on the autumn migration: Bear Island, south o f Spitsbergen, and the 

Helgeland archipelago off the coast o f Norway (65° 45’N, 12°E). The return 

migration in the spring follows a similar route from the UK to Spitsbergen (Fig. 1.1).

Migration is costly in terms of energy requirements. The major source of mortality 

during the annual cycle is found on the autumn migration (Owen & Black 1991). 

Without a large store o f energy, migration is not possible, and remaining on the 

breeding grounds during the winter is not an option as winter snow prevents access to 

food supplies. The breeding season is only four months long, in which time eggs must 

be laid and incubated, and the goslings must be raised to reach full structural body 

size (Loonen et al. 1997), and to increase fat stores enough to provide sufficient 

resources for migration. Prop & de Vries (1993) showed that the quality of the food 

supply in Spitsbergen is high at the end of the spring, as the digestibility of the grasses 

and mosses is high. This allows goslings that were hatched early in the season to have 

rapid increases in body condition before migration. However, goslings hatched later 

in the season experience the poorer quality swards of summer, as well as having a 

shorter time to grow fully (Prop & de Vries 1993). Owen & Black (1989) showed that 

gosling survival on autumn migration was determined by their age and body mass, 

with young, small goslings less likely to arrive in the UK. Early breeding is thus more 

likely to lead to higher breeding success, however early breeding is only possible if  

the adults have a large fat store upon arrival at the breeding grounds. Otherwise,
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breeding is delayed while adults increase their body condition, adversely affecting 

their timing o f breeding and hence, the possibility of rearing goslings successfully.

The portion of the annual cycle spent on the wintering grounds is longer than that on 

the breeding grounds. Significant growth of food plants only happens at the start and 

end o f winter when the days are warmer and longer than during mid-winter, food 

supplies may be limited during this period. During the winter period enough food 

must be consumed to allow daily survival and to build reserves sufficient to allow 

successful migration and early breeding. On the spring migration, Svalbard barnacle 

geese stop on the archipelago of Helgeland for between two and three weeks 

(Gullestad et al. 1984). This archipelago is a network o f around 10000 small islands, 

including traditionally managed islands with hay meadows, abandoned islands 

without hay meadows and larger modem agricultural islands with fertilised pastures. 

Geese feed on the highly digestible grasses on these islands to replenish body fat 

levels for the second stage o f the spring migration to Spitsbergen.

When pairs of barnacle geese have arrived back at their breeding grounds, breeding 

must be initiated early to ensure that goslings will be able to accumulate enough body 

reserves for the autumn migration. Successful breeding has been found to be 

correlated with the amount o f fat geese had on Helgeland (Prop & Black 1998). These 

geese probably arrive at the breeding grounds with higher fat reserves. Fat geese may 

be more successful because fatter barnacle geese have been observed to spend a 

higher proportion of time at the nest, whereas geese with lower fat reserves must 

spend more time foraging away from the nest (Prop et al. 1984). Therefore, it seems 

that maintaining a high energy level throughout the annual cycle will lead to survival
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and successful breeding. Surviving the winter period with no net gain in fat stores, for 

example, is not enough to ensure successful migration or breeding. High lifetime 

reproductive success requires regular breeding success, which requires surviving the 

migration and winter periods with sufficient energy stores. This thesis uses this 

important link between the wintering and breeding phases as a key element of 

barnacle goose biology.
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1.3 Barnacle goose behavioural ecology

The behaviour o f barnacle geese has been extensively studied over the past 30 years 

(e.g. Ebbinge et al. 1975; Drent & Swierstra 1977; Owen et al. 1977; Ydenberg et al. 

1983; Black & Owen 1989a, b; Bazely et al. 1991; Black et al. 1992; Owen et al. 

1992). During the winter, Svalbard barnacle geese remain in close family groups. 

These groups o f geese forage and roost in large flocks that can reach up to 8000 

individuals in number.

1.3.1 Foraging behaviour

Grasses (primarily Lolium perenne and Festuca rubra) are the main food for barnacle 

geese (Owen & Kerbes 1971), and in common with other grazers, they have to 

overcome the relatively low nutrient availability o f grass as a food plant (Mattocks

1971). The cellulose cell wall of plants requires particular enzymes to break it down 

(cellulases), as its structure is particularly resistant to hydrolytic digestion. It is 

generally accepted that these enzymes are not produced directly by vertebrates 

(Mattocks 1971). Thus, the contents of grass cells are protected from absorption by 

many consumers. Symbiotic microfauna within the alimentary canal may be able to 

break cellulose down, and ruminants employ a fermentation process to gain access to 

the nutrients in plant cells. It is these two strategies that allow most grazers to gain a 

positive nutrient balance when feeding on grass. Mattocks (1971) looked at the 

domestic goose to investigate the digestion of cellulose. It was hypothesised that the 

caeca (lateral, blind ending tubes extending from the gut at the intersection of the 

small and large intestine) in the geese he studied would contain microfauna that
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would be able to break down cellulose much like those in horses (Mattocks 1971). 

However, in experiments, it was shown that these domestic goose caeca did not 

posses microbes with this ability.

If  geese generally do not posses the ability to break down cellulose, and so digest only 

a small proportion of the ingested vegetable matter, what strategy do they use to 

maintain a positive nutrient balance? Brent geese, studied in the Netherlands, did not 

appear able to digest more than 40% of pasture grass dry weight (Boudewijn 1984). 

Geese also have a very high turnover of food: barnacle geese wintering in the 

Netherlands defecate approximately every three and a half minutes after filling their 

guts upon arrival at the feeding grounds within just under an hour (Ebbinge et al. 

1975). These results closely match those found by Prop & Black (1998) where the 

dropping interval on the spring staging grounds was found to be between four and five 

minutes. These two facts together suggest that instead of attempting to digest their 

food to a high degree, geese tend to follow the strategy of passing as much food 

through their guts as possible while only digesting a small amount o f that food.

This strategy puts great pressure on geese to forage for a large proportion o f the day 

(e.g. Black et al. 1992), and when day length is very short in mid-winter, the 

compensatory increase in feeding period may not be enough to compensate 

completely for lost food intake (Owen et al. 1992). In this situation, the condition of 

individuals will decrease (Mayes 1991). However, this reduction in energy stores can 

be minimised by changes in foraging behaviour such as habitat switching: individuals 

may move fi'om one area to a more profitable food source. In spring, pink-footed 

geese in Denmark switch from feeding on pasture to split agricultural grain (Owen
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1990). The digestibility of grain is twice that of pasture grasses, and the rate o f 

defecation was twice as high on pasture (Owen 1990). These imply that the strategy 

mentioned above can be modified if the digestibility of the food source is variable. 

Because the grain was much more profitable to feed on, the majority of geese made 

this switch, and were able to spend more time resting on grain fields than on pasture 

fields (Owen 1990). In a choice experiment, Owen et al. (1977) found that captive 

barnacle geese chose fertilised grasses over unfertilised grasses, leading to a higher 

intake o f nitrogen. During breeding, Svalbard barnacle geese have been observed to 

have a much higher retention rate of food than on the wintering grounds (Prop & 

Vulink 1992). This change in digestive strategy was attributed to the higher 

digestibility of summer forage plants compared with winter forage plants. However, 

even with choices in forage plants and digestive strategies, geese are still often 

constrained in their behaviour by the need to maintain a positive energy balance.

1.3.2 Foraging efficiency and interference competition

The ideal-free distribution assumes that all individuals are equal, however one o f the 

central themes o f this thesis is that individuals differ in behaviour. As mentioned 

above, barnacle geese forage for a large proportion of the day during winter. 

However, not all geese forage for the same length of time, and are not all equally 

successful in terms of the rate o f food intake. Two areas of foraging behaviour that 

have been investigated previously in other species are an animal’s foraging efficiency 

and its susceptibility to interference competition (Goss-Custard & Durell 1987; 

Desrochers 1992; Goss-Custard et al. 1995a, b; Illius et al. 1995; Gordon et al. 1996; 

Cresswell 1998; Caldow et al. 1999; Stillman et al. 2000b). Variation in foraging
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efficiency occurs when individuals vary in their ability to collect food under identical 

conditions, with individuals with high foraging efficiencies having higher intake rates 

than those with lower foraging efficiencies, measured in the absence o f competitors 

(Sutherland 1996). Interference competition is the short-term, reversible reduction in 

intake rate when other animals are present, compared to when they are foraging alone 

(Goss-Custard 1980; Sutherland 1983). Competitors can physically compete for 

resources either through fighting over food items, or can reduce intake rates through 

disturbing the prey organism (prey depression) (Stillman et al. 2000a). As competitor 

density increases, intake rate generally decreases (e.g. Sutherland & Koene 1992). 

However, just as foragers can have different intake rates in the absence of 

competitors, they can also have different responses to increasing competitor densities. 

For example, subdominant oystercatchers have been observed to have a steep negative 

relationship between intake rate and competitor density, whereas dominant 

oystercatchers maintain high intake rates across all competitor densities (Ens & Goss- 

Custard 1984).

Although previous work has investigated variation in foraging behaviour between 

individuals in barnacle geese (e.g. Black & Owen 1989b; Black et al. 1992), no work 

has been conducted on variation in foraging efficiency and susceptibility to 

interference. This thesis explores both of these areas, through empirical studies in the 

field and in a cage study, and also through simulation modelling. Observations of 

variation in foraging efficiency and susceptibility to interference are examined in 

relation to the mechanisms that lead to the differences between individuals.
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1.3.3 Sexual dimorphism and extended parental care

Barnacle geese show long-term monogamy where the pair remain together throughout 

the annual cycle, and exhibit extended parental care o f goslings through most o f the 

first winter (Black & Owen 1989a). On the wintering grounds, barnacle geese show a 

dominance rank that is related to the number of individuals in the family unit (Black 

& Owen 1989b). Families are dominant over pairs, and pairs dominant over single 

adults. Also, larger families are dominant over smaller families and single adults over 

single juveniles. The family unit size was more important in determining the outcome 

of fights than the body size of the opponents (Black & Owen 1989b). In the majority 

of conflicts, the effort of attack increased significantly as the rank o f the opponent 

increased (Black & Owen 1989b). Parents are involved in more than twice as many 

conflicts as juveniles, and males are involved in more conflicts than females (Black & 

Owen 1989b). Parents, especially males, usually initiate encounters, when compared 

to other social classes (Black & Owen 1989b).

Barnacle geese feed in large flocks of up to several thousand individuals. Flocks 

usually land near the centre of a field, and graze towards the edge (Black & Owen 

1989b). Therefore, birds on the outer edge of a foraging flock have the first 

opportunity to feed on the undepleted sward. Families tend to be over-represented on 

the outer edge o f a flock when compared to the rest of the flock. Therefore, it is 

suggested that family birds, with their higher position in the dominance hierarchy are 

able to monopolise the preferred feeding positions in the flock. Black et al. (1992) 

proposed that the birds at the edge of a flock are gaining a higher intake rate than 

those at the centre of the flock do. Lamprecht (1986) suggested that a positive
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feedback may operate where a good quality individual is able to produce many 

offspring, and therefore gain better feeding opportunities during the winter, which 

will allow higher reproductive success the following summer.

Compared with birds without young, the amount of time parents devoted to feeding 

was restricted over the autumn and winter when they spent significantly more time 

being vigilant and aggressive (Black & Owen 1989a; Siriwardena & Black 1998). 

Family goslings spent longer in feeding bouts in autumn compared to unattached 

goslings, which suggests that parental guarding o f goslings allowed more time to be 

devoted to feeding. This is home out by the observation that family goslings grew 

fatter than unattached goslings over the winter (Black & Owen 1989a). It has been 

observed that paired males and both parental sexes spend more time in the ‘head up’ 

vigilant posture when at the edge of the flock than when in the centre at the expense 

of foraging time (Black et al. 1992). It is also observed that female geese accumulate 

more fat reserves through the winter, possibly in response to the larger amount of time 

spent foraging when compared to males that spend a greater proportion of their time 

in vigilant and aggressive behaviours (Owen 1981). It has been suggested that geese 

compensate for lower sward heights by increasing pecking rate (Black et al. 1992). In 

both barnacle geese in the Netherlands (van der Wal et al. 1998) and sheep (Allden & 

Whittaker 1970) bite size is positively related to sward height. In a theoretical study, 

Spalinger & Hobbs (1992) showed that the rate o f biting is determined by the 

handling time in systems where food is abundant and widespread. Handling time is, in 

turn, determined by bite size. Therefore, the rate of biting can be seen as a mechanical 

function of sward height, with longer swards giving large bite sizes, longer handling 

times and therefore lower bite rates.
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1.3.4 Winter ranging behaviour

When the Svalbard barnacle goose population was first extensively studied in the 

early 1970s, the entire population (the roughly 5000 individuals; Fig 1.2) spent almost 

the whole winter period on or very close to the Wildfowl & Wetlands Trust reserve 

and the National Nature Reserve at Caerlaverock. Since that time, the population has 

expanded in size and range. The use of the 1970s range has remained high, but geese 

have been found to use adjacent areas to a greater degree, and they also moved to 

other patches o f suitable habitat around the Solway Firth (Owen et al. 1987). As 

mentioned previously, traditional use of saltmarsh areas means that the current winter 

range of barnacle geese is tied to areas that are adjacent to saltmarsh. However, as 

farmers put more inorganic nitrogen fertiliser on pasture fields, barnacle geese rely 

more on farmland than in the past.

The use o f the various parts of the winter range by the population has been 

extensively studied by the Wildfowl & Wetlands Trust since 1970. A large-scale 

ringing study was also initiated in the 1970s, which put individually engraved plastic 

rings on the legs of barnacle geese. The codes used on the engraved rings could be 

read at distances of up to 200m with a telescope. Using resighting data, the survival 

and breeding success o f known individuals was assessed. Resightings on the Solway 

Firth were concentrated on the WWT reserve as this area consistently received high 

densities o f geese. However, this method has meant that large areas of the winter 

range have not been sampled for individual resightings. This has led to the situation 

where knowledge of individual goose movements around the Solway Firth is limited.
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Two main hypotheses existed about individual movements. The first was the site- 

fidelity hypothesis that suggested that geese stayed in one part o f the Solway Firth for 

most o f the winter, and returned there every year (David Patterson, WWT pers 

comm). The second was based on the fact that the winter range o f the whole 

population is very small, and that movement from one part to another could be easily 

achieved by an individual barnacle goose. This hypothesis suggested that movement 

around the Solway Firth was frequent and uninhibited (see Pettifor et al. 2000a). 

During the course of this thesis, a limited radiotracking project was undertaken, which 

found that individuals varied in their ranging strategy. This study is set out in more 

detail in the Appendix.

35



Chapter 1

1.4 Thesis structure

This thesis examines the ways in which behaviour-based simulation modelling can be 

applied. Two commonly used approaches (depletion and individuals-based modelling) 

are applied to wintering Svalbard barnacle geese as an example. The behaviour and 

ecology o f this population is studied, and the knowledge gained is integrated in 

simulation models to explore issues that are pertinent to barnacle goose conservation. 

By using a bottom-up approach to population dynamics and conservation, an insight 

into the important driving forces behind changes in range or population size is gained. 

The work included in this thesis can be split into two interrelated sections. Firstly, 

observations of behaviour (e.g. distribution patters, time budgets of individual geese) 

are analysed in relation to the underlying determinants of behaviour. Then, secondly, 

these behaviours are used within simulation models that explore the interactions of 

individual geese with one another, and how geese interact with their environment. The 

implications for conservation are discussed, and conclusions are drawn about the 

utility of this kind of study.

Chapters two and three explore the average response of barnacle geese to variation in 

environmental factors (human disturbance, food availability and day length). These 

responses underpin the remaining chapters. Previous work on a variety o f species of 

waterfowl has demonstrated that human disturbance and food availability are 

important determinants of behaviour and distribution (Owen 1973; Percival 1993; 

Madsen 1995; Rowcliffe et al. 1995; Gill 1996; Vickery & Gill 1999). Chapter two 

considers whether foraging behaviour in barnacle geese is constrained by 

environmental factors. Chapter three is one o f the first studies to investigate the
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effects o f an agri-environment type scheme on animal distributions, using the 

Barnacle Goose Management Scheme as an example.

Variation in foraging efficiency is the central theme to chapters four and five, and the 

effect this has on a goose’s ability to accumulate sufficient energy reserves to survive 

the winter and migrate to the breeding grounds. Differences in the foraging efficiency 

of male and female barnacle geese are incorporated in a simulation model that 

explores how foraging efficiency might affect life history traits. The observed 

variation in foraging behaviour between barnacle geese is analysed here, and the 

predictions about life history are compared to the real situation. These chapters 

increase the low number o f species that have received attention in relation to variation 

in foraging efficiency, and its possible effects on behaviour and population dynamics.

Chapter six combines resource depletion with individual variation in susceptibility to 

interference and in foraging efficiency in a simulation model. This game-theoretic, 

individuals-based model o f behavioural decisions extends earlier simulation models 

(e.g. Goss-Custard et al. 1995a, b), and demonstrates that the inclusion o f these three 

levels of detail is important when dealing with questions that are posed at a fine scale. 

The results also lead to a greater understanding of the processes behind flocking 

behaviour in barnacle geese.

Finally, chapter seven shows how a simple depletion model can be used to explore the 

conservation implications o f a wide range of issues, using the barnacle goose as an 

example. This simulation model is used to explore a range of novel scenarios that may 

have an effect on the Svalbard barnacle goose population. The model is not
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individuals-based, which reduces the level of modelling complexity and 

parameterisation that is required, and is therefore o f the type that may be used if  rapid 

conservation action is needed. The use of this model demonstrates how depletion 

models can be valuable in exploring a wide variety of novel situations that may 

impact upon a population’s viability.
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Chapter 2

Integrating farming with wildlife conservation: testing the effects o f  a management

scheme on the distribution o f geese.
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2.1 Abstract

Since 1994, the Barnacle Goose Management Scheme (BOMS) has aimed to integrate 

conservation and agricultural aims on the Scottish side of the Solway Firth. Two tiers 

o f the BOMS were designated, the Feeding Zone (FZ) and the Intermediate Zone (IZ), 

which prescribed zero and limited disturbance respectively. In the four years before 

the introduction of the BOMS, the density of barnacle geese (Branta leucopsis) on the 

Wildfowl & Wetlands Trust Reserve at Caerlaverock was four times higher than on 

the non-Reserve area. Following establishment of the BOMS, the density o f geese on 

non-Reserve fields increased so that the density on the Reserve was twice that found 

on the non-Reserve. No difference in density was found between fields in the FZ and 

IZ. These results indicate that the BOMS has been partially successful in increasing 

local densities of barnacle geese off the Reserve. The area around the WWT Reserve 

seems now to be unable to hold more barnacle geese under current management 

regimes. The remaining geese from the recovering population are either using other 

existing feeding areas, or are expanding into new areas. This scenario could lead to 

further conservation-agriculture conflict in the future. If this were to occur, it could be 

mitigated through expanding the range and quality o f the BOMS, through increasing 

the dedicated reserve network, or through a combination of the two.
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2.2 Introduction

Protected areas are commonly at the centre of strategies for the conservation of 

species (Higgs 1981; Margules & Pressey 2000). However, in many animals, home 

range size exceeds protected area size (Kramer & Chapman 1999; Woodroffe & 

Ginsberg 1999). In such circumstances, where animals of conservation concern 

interact negatively with human interests, conservation initiatives may only succeed 

where the requirements of both the animals and humans are considered (Nepal & 

Weber 1995). Ensuring that local people benefit from conservation initiatives is vital 

to their success (Fiallo & Jacobson 1995; Fortin & Gagnon 1999; O ’Connell-Rodwell 

et al. 2000). Schemes that combine the goals of agriculture and the environment in 

specific programmes have been in existence in western Europe since the mid-1980s. 

However, the success of many such schemes has yet to be evaluated (Ovenden et al. 

1998; Whitby 2000). This study is one of the first such evaluations (but see Peach et 

al. 2001; Kleijn et al. 2001), focussing on a scheme that has integrated agriculture 

with barnacle goose {Branta leucopsis) conservation since 1994.

The Svalbard barnacle goose population overwinters on the Solway Firth, UK (54°N, 

3°W). The population has recovered from its lowest historical size of about 400 

individuals in the 1940s to over 20000 today (Pettifor et al. 1998; WWT, unpublished 

data). On the Solway Firth, barnacle geese traditionally used merse (saltmarsh) 

habitats as primary feeding areas (Owen 1980), but they also use fertilised pasture 

fields that adjoin the merse areas (Owen & Campbell 1974). Owen et al. (1987) noted 

that as the barnacle goose population increased in the 1970s and 1980s the range 

increased to include inland farming areas where they had previously not been
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recorded. Whilst the increase in population from very low levels in the 1940s is a 

success o f conservation efforts, increased barnacle goose grazing on pasture grass 

causes a direct conflict of interest with local farmers who rely on this resource for 

stock grazing (Owen 1990). Previous studies have shown how grazing by geese in 

winter and spring may reduce the yield of pasture fields in summer (Patton & Frame 

1981; Patterson 1991; Percival & Houston 1992). As a result o f this conservation- 

agriculture conflict on the Solway Firth, farmers scared geese from their land.

Fox & Madsen (1997) observed that the removal of disturbance (especially 

disturbance caused by hunting) was beneficial to waterfowl conservation. Several 

studies have shown that geese avoid areas that are disturbed by human activities 

(Owen 1973; Madsen 1995; Gill 1996; Gill et al. 1996). As disturbance excludes 

geese from otherwise suitable foraging habitat, disturbance events may be seen as a 

form of reversible habitat loss (Gill & Sutherland 2000).

Of the total barnacle goose winter range (roughly 50 km from east to west along the 

Scottish and English sides of the Solway Firth, spreading no more than 5 km inland), 

only a small proportion is covered by reserves. The Caerlaverock National Nature 

Reserve (NNR) was established in 1957 (Owen & Nordenhaug 1977), Wildfowl & 

Wetlands Trust Caerlaverock (560 ha) in 1970, Royal Society for the Protection of 

Birds (RSPB) Campfield Marsh (130 ha) in 1990, RSPB Mersehead (280 ha) in 1993 

and RSPB Kirkconnell Merse (243 ha) in 1999. They are all managed, at least in part, 

for barnacle geese. Although the establishment of reserve areas has been considered 

beneficial in reducing conflict through concentrating geese away from disputed areas 

(Owen 1973; 1977; 1990), foraging geese still visit areas outside these reserves.
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On the Scottish side of the Solway Firth, a scheme designed to remove conservation- 

agriculture conflict, the Barnacle Goose Management Scheme (BOMS), was 

established in 1994. The aim of the BOMS is to support farming practices that help 

integrate productive farming with the conservation of barnacle geese (SNH, pers 

comm.). The BOMS awards payments to farmers in return for reducing the level of 

intentional disturbance. Prior to the introduction of the BGMS (pre-BGMS), all 

farmers were allowed to scare grazing geese from their land with a variety of audible 

and visual techniques, and the reserves provided the only areas where disturbance was 

minimised. After 1994 (post-BGMS), two payment levels of the BGMS were 

introduced: the Feeding Zone (FZ) and the Intermediate Zone (IZ). Outside these 

payment zones, farmers remain free to scare geese from their land (Scaring Zone). 

Farmers volunteer their fields into the payment levels of the BGMS, and are involved 

in the selection o f the Zone in which a field is placed for any one year. Fields that are 

within the FZ are free from all scaring techniques, and those within the IZ are subject 

to limited visual scaring. In return, farmers receive a higher payment per unit area for 

fields within the FZ than for those within the IZ. This system is aimed at 

concentrating barnacle geese in those fields that are managed under the BGMS 

payment tiers. This study concentrates on an area of goose feeding habitat on and 

around the WWT Caerlaverock Reserve (hereafter called the Reserve). The shifts in 

barnacle goose distribution through time are examined (pre- to post-BGMS) on the 

Reserve, and on surrounding fields that have been included in payment tiers of the 

BGMS since 1994.
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Four specific hypotheses are tested:

1) Pre-BGMS, goose density was greater on the Reserve than on the non-Reserve;

2) Off the Reserve, goose density was greater post-BGMS than pre-BGMS;

3) On the Reserve, goose density was greater pre-BGMS than post-BGMS;

4) Post-BGMS, goose density on the FZ was equal to that on the Reserve, and both 

were higher than on the IZ.
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2.3 Methods

2.3.1 Study area

T h e  s tudy  a rea  (5 4 ° 5 7 ’N , 3 ° 2 9 ’W , F ig . 2 .1 ) c o n s is ts  m o s tly  o f  Lolium perenne 

d o m in a ted  p a s tu re  fie ld s  ad jacen t to an a rea  o f  sa ltm arsh  (d o m in a te d  b y  Juncus 

gerardii, Festuca rubra and  Triglochin maritima) th a t is p a rt o f  th e  C a e rlav e ro ck  

N N R  (O w en  &  N o rd e n h a u g  1977). T h e  R ese rv e  has been  m a n a g e d  b y  th e  W W T  

sin ce  1970, and  th e  su rro u n d in g  fam is  in c lu d ed  in th is s tu d y  a re  p a rt o f  th e  

C ae rlav e ro ck  E sta te , h av e  b een  m an ag ed  b y  th e  sam e  fa rm ers  o v e r  th e  en tire  s tu d y  

p e rio d , and a re  p r im a rily  in v o lv ed  in ca ttle  and  sh eep  farm ing .

DUMFRIES

Kirkconnell
Caerlaverock

AMMAN

Rockcliffe
Southerness Campfield Marsh

CARLISLE

SOLWAY
FIRTH

5 km

Figure 2.1: M ap o f  the Solway Firth, UK. The shaded areas are barnacle goose feeding areas. 
The stud} area is m arked with an arrow, and the five discrete W W T census areas are named.
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The study area comprised 24 fields, eight of which were inside the Reserve. The view 

of these 24 fields was unobstructed by trees and hedges throughout the study period. 

Goose counts in these fields were analysed for the winter seasons o f 1990/1991 to 

1999/2000 inclusive. This study identifies five tiers of fields: two pre-BGMS (non- 

Reserve and Reserve), and three post-BGMS (FZ, IZ and Reserve). The non-Reserve 

fields pre-BGMS {n = 16) were split into two tiers post-BGMS (FZ and IZ), which 

received payments, whereas the Reserve fields (« = 8) remained as Reserve fields 

throughout the study.

2.3.2 Data collection

Since 1970, observers fi'om WWT have made twice-daily observations o f the 

distribution and abundance of barnacle geese on individually coded fields from a 20 m 

tall observation tower located at the western edge of the Reserve, using telescopes to 

scan all fields within view. Three measures were derived from these observations: (1) 

The two daily counts for each field were converted into densities per field. (2) For 

both counts each day, each field was coded as either having geese present or absent. 

(3) When geese were present, the number of geese in each field (the flock size) was 

also recorded. Density was selected as the primary measure o f goose usage, as it has 

the most bearing on the crop loss from the study fields (Patton & Frame 1981; 

Percival & Houston 1992). The two other measures of usage were used to further 

explore the effects of the BGMS on goose foraging behaviour. Total annual densities 

(sum o f all geese counted over each winter, divided by the area) o f the study fields in 

the Reserve, non-Reserve pre-BGMS and non-Reserve post-BGMS were also
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calculated from the count data. These were used to assess the goose use of each tier 

against the natural logarithm of total population size.

The Wildfowl & Wetlands Trust has also conducted Solway-wide censuses o f the 

barnacle goose population since the winter of 1993/1994. Five discrete areas were 

counted simultaneously to avoid double counting (Fig. 2.1). The Caerlaverock area 

encloses the study Reserve and the Caerlaverock NNR. Kirkconnell is a large area of 

merse, about 10 km north west of the Reserve. Southerness is about 15 km south west 

o f the Reserve, includes one reserve (RSPB Mersehead) and an area within the 

BGMS. Rockcliffe is another large area of merse, about 25 km east o f the Reserve, in 

England. Campfield Marsh is also in England, about 15 km south east o f the Reserve 

and has one reserve (RSPB Campfield Marsh). These censuses are used to look at 

how effective the coverage of the BGMS is at the scale of the whole population and 

are also used to identify areas that may be susceptible to conservation-agriculture 

conflict in the future.

2.3.3 Data analysis

The density, presence/absence and flock size data collected from the Reserve tower on 

a twice-daily basis were analysed through multilevel (hierarchical) modelling 

techniques in MLwiN version 1.10.0006 (Rasbash et al. 2000). The counts were 

repeated twice-daily, for each field, over repeated winter seasons and are thus not 

statistically independent of one another. Multilevel models overcome this problem by 

allowing the variance within the data to be partitioned to each respective hierarchical 

level that is fitted as a random effect, thereby ensuring that the parameter estimates
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and the standard errors of the fixed effects are correctly estimated (Longford 1993; 

Goldstein 1995). The hierarchy that is used in the analyses follows from the way that 

the data were collected: morning and afternoon counts (level 1) obtained daily (level

2) for each field (level 3). The observations at each respective level were given 

sequential, unique codes and entered as random effects. The fixed effects were then 

entered as explanatory variables. In other words, the actual count data can be 

modelled as

yijk  =  A  +  A , 2,3 . . . -^1,2,3 . . .  +  m  +  UQjk +  eoijk 

where voA. and e^ÿk are the random parameters defining the variance between the 

fields, between days and between the individual twice-daily counts respectively. ^  is 

the intercept and are the fixed parameter estimates for the explanatory

variables (x,.2 ,3 . .).

The morning and afternoon densities o f geese per field and flock sizes were modelled 

using a Poisson error structure, whilst the daily presence o f geese on fields required a 

binomial error structure. In the case o f the Poisson models, an offset was also declared 

(equal to the natural logarithm of the annual population size). All the models were 

overdispersed and consequently quasilikelihood estimation was used to define the 

covariance structure within the restricted iterative generalised least squares (RIGLS) 

algorithm (see Appendix 5.1 in Goldstein 1995). Statistical testing o f fixed effects 

made use of the ^^-distribution Wald test (see Rasbash et al. 2000).

To investigate the effect o f total population size on the density o f geese in and around 

the Reserve, linear regressions were taken o f the natural logarithm of total goose 

density (sum of the daily goose count per year in the study fields, divided by the total
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area) on the Reserve, and non-Reserve (pre- and post-BGMS analysed separately) 

areas against the natural logarithm of total population size. The slopes of the 

relationships 'were tested to examine whether they were different to zero. Also, the 

natural logarithms of the mean annual densities for each area were compared using an 

ANOVA.

The data for each of the five count areas from the Solway-wide censuses were natural 

logarithm transformed (all counts had one added to them to remove zeros from the 

data), and regressed against the natural logarithm of total population size. Where the 

regression slope does not differ significantly from zero, then local counts are not 

changing, whereas if the slope does not differ significantly from one, local counts are 

increasing in direct proportion to population size. If the slope is between zero and one, 

local counts are increasing with overall population size, but are reaching a maximum 

level. If  the slope is greater than one, counts are increasing more rapidly than 

population size.
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2,4. Results

2.4.1 Density o f  geese on fields

There was a significantly higher density o f geese present on the Reserve compared 

with non-Reserve areas both pre- and post-BGMS (Fig. 2.2). The differences in daily 

goose density per field between tiers were highly significant {y^ = 142.5, 4 d .f, < 

0.0001). Over the four study years pre-BGMS, the daily mean density of geese on 

fields on the Reserve was four times higher than that observed on fields off the 

Reserve, a highly significant difference (Table 2.1). Following the introduction of the 

BGMS, mean daily density per field on the Reserve was still more than twice that 

found on FZ or IZ fields, both differences still being significant (Table 2.1). There 

was no significant difference between the mean density of geese per day on FZ and IZ 

fields (Table 2.1). The Reserve fields had a non-significant increase in density of 

geese from pre- to post-BGMS (Table 2.1). Inclusion of the natural logarithm of field 

area improved the fit o f the model (%̂  = 79.96, 1 d .f, p  < 0.0001). As In field area 

increased, daily flock densities decreased (parameter estimate = -1.48, se = 0.17). 

Temporal effects did not significantly improve the fit o f the model (year as a 

continuous variable: = 0.1, 1 d .f, NS; year entered as a factor = 11.4, 9 d .f,

NS).
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pre-BGM S post -BGMS

Figure 2.2: M ean daily densities (+se) o f  barnacle geese on the Reserve (shaded) and non- 
Reserve (open), pre- and post-BGM S. D ensities were higher on the Reserve both pre- and 

post-BG M S, and non-Reserve densities are higher post-BG M S than pre-BG M S.

Table 2.1. Param eter estim ates o f the mean daily density o f  barnacle geese on fields within 
the study tiers (fitted as a categorical variable) obtained from a m ultilevel Poisson model after 
controlling for the natural logarithm  o f  field size. Year, field, day and tim e o f day (a.m. or 
p.m .) were fitted as random  effects. Tests 1-7 are com parisons betw een m arked tiers (not 
adjusted for jo in t effects).

Non- Reserve, Non- Non- Reserve, x ' P
Reserve, pre- Reserve, Reserve, post-
pre- BGMS FZ IZ BGMS
BGMS

Parameter -3.142 1.707 &843 0.545 1.990
estimate
Standard error 0.427 0.190 0.141 0.168 0.173
Test 1 • • 8&9 <0.0001
Test 2 • • 47.4 <0.0001
T e s ts • e 5T 9 <0.0001
Test 4 # • 3.2 NS
Test 5 • • 3 5 ^ <0.0001
Test 6 • • 10.5 <0.01
Test 7 • • 2.7 NS
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2.4.2 Daily presence on fields

On a daily basis, barnacle geese were present significantly more frequently on the 

Reserve than off the Reserve, both pre- and post-BGMS (Fig. 2.3). There were also 

significant differences between tiers in the probability of geese being present on 

individual fields = 45.3, 4 d .f, p  < 0.0001). Pre-BGMS, the difference between 

Reserve and non-Reserve fields was highly significant (Table 2.2), with the 

probability of geese being present on a field within the Reserve being nearly twice 

that off the Reserve (respective mean daily probabilities per field ± se: 0.092 ± 0.007 

vs. 0.055 ± 0.001). Similarly, post-BGMS, there was a 50% higher probability of 

geese being present on the Reserve fields compared to the fields either within the FZ 

or the IZ, this difference being significant (Table 2.2). There was no significant 

difference in the frequency of occurrence of geese on FZ or IZ fields, although both 

tiers off the Reserve had 60% higher probabilities of occurrence post-BGMS 

compared to pre-BGMS (Table 2.2). The mean daily presence o f geese on Reserve 

fields was also significantly higher post-BGMS than pre-BGMS (Table 2.2). The 

natural logarithm of field area was not a significant predictor of presence per field (%̂  

= 0.82, 1 d .f, NS). Temporal effects did not significantly decrease the variance of the 

model (year as a continuous variable: = 2.8, 1 d.f., NS; year entered as a factor =

13.9,9 d .f, NS).
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0.12

5  0.08 -

0.04 -

0.00 pre-BGM S post-BGM S

Figure 2.3: M ean probabilities (+se) o f  seeing barnacle geese on a field in the Reserve 
(shaded) and non-Reserve (open), pre- and post-BGM S on a daily basis. The probability is 

higher on the Reserve than non-Reserve fields throughout.

Table 2.2. Param eter estim ates o f the mean daily occurrence o f  barnacle geese on fields 
w ithin the study tiers (fitted as a categorical variable) obtained from a m ultilevel binomial 
m odel. Year, field, day and time o f day (a.m. or p.m .) were fitted as random  effects. Tests 1-7

Non- Reserve, Non- Non- Reserve, P
Reserve, pre- Reserve, Reserve, post-
pre- BGMS FZ IZ BGMS
BGMS

Parameter estimate -2.848 Ô.573 0.513 0 521 b '9 8 5 ^
Standard error 0.101 0.159 0.141 0.165 0.150
Test 1 • # 43.4 <0.0001
Test 2 • • 11.4 <0.001
T es ts • • 8.1 <0.01
Test 4 • • 0.0 NS
T es ts • • 13.2 <0.001
Test 6 • • 10.0 <0.01
T est? # • 5.6 <&05
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2.4.3 Flock size

Pre-BGMS, flocks on the Reserve averaged 1280 (± 37) individuals, being 

significantly larger than those on the non-Reserve fields (288 ± 9.1) = 103.5, 1

d.f., p  < 0.0001). Post-BGMS, flocks on the Reserve were still larger than those 

observed off the reserve (1140 ± 22.5; 424 ± 17.6 and 293 ± 14.6 individuals 

respectively for the Reserve, FZ and IZ; = 48.7, 1 d.f.,/? < 0.0001 and = 83.5, 1 

d .f, p  < 0.0001 comparing the mean flock size on the Reserve with those on the FZ 

and IZ, respectively). Flock size did not change significantly post-BGMS on the 

Reserve (1280 ± 37 and 1140 ± 22.5 individuals respectively pre- and post-BGMS;

= 0.2, 1 d . f ,  NS), although flocks on the FZ were significantly larger than those on 

the IZ (x^ = 17.0, 1 d . f ,  p  < 0.001). Flocks on the FZ fields were larger than those 

observed on non-Reserve fields, pre-BGMS {y^ = 37.0, 1 d.f.,/? < 0.0001), but there 

was no difference between the IZ fields and the non-Reserve, pre-BGMS fields {y^ =

1.5, 1 d . f ,  NS). The natural logarithm of field area significantly improved the model 

of flock size {y^ = 45.2, 2 d . f , / ?  < 0.0001), with larger fields having larger flock sizes 

(parameter estimate = 0.60, se = 0.09).

2.4.4 Carrying capacity

Over the course of the study, the size of the population has increased from 12100 to 

24100 (Pettifor et al. 1998; WWT, unpublished data). However, the density of geese 

on the Reserve has not significantly increased with this population size increase 

(Table 2.3 and Fig. 2.4). During the four years before and the six years after the

54



Chapter 2

introduction of the BGMS, the total density of geese per year on the non-Reserve area 

also did not vary with population size (Table 2.3 and Fig. 2.4). The total annual 

density o f geese on the Reserve was higher than that on the non-Reserve both pre- and 

post-BGMS (Table 2.4 and Fig. 2.4). There was a significant increase in the total 

annual density of geese off the Reserve from pre- to post-BGMS (Table 2.4 and Fig. 

2.4).

8.5

8,0

7,5

Ç 7,0

6.5

6,0

9,8 9,9 10.0 10,19,4 9,5 9,6 9,7
In pop u la tion  s iz e

Figure 2.4; The natural logarithm  o f total annual densities against the natural logarithm  o f 
population size for the Reserve area (■ ), non-Reserve, pre-BG M S (A ), and non-Reserve, 

post-B G M S ( # ) .  The slope o f  the regression lines are all non-significant (Table 2.3), and the 
m eans o f  the three groups are all significantly different from each other (Table 2.4).

Table 2.3: R esults o f  the regression o f In goose density per year against In population size per 
year (Fig. 2.4). The non-Reserve fields are the 16 study fields o ff the Reserve, analysed

Reserve Non-resei-ve, pre-BGMS Non-reserve, post-BGMS
Slope 0 322 -0.010 0.599
Standard error 0.170 2.556 0.953
n 10 4 6
r ' 0.310 &000 &089

...£............................... 0.095 0 997 &565
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Table 2.4: Tests of differences between In goose density per year on the Reserve, non- 
Reserve, pre-BGMS and non-Reserve, post-BGMS (see Table 2.3). Means (± standard errors) 
for the three areas are Reserve: 8.346 (0.0499); non-Reserve, pre-BGMS: 6.569 (0.126); and 
non-Reserve, post-BGMS: 7.325 (0.090). Test 1 is a one-way ANOVA on all three areas, 
which shows a strongly significant difference in the data. Tests 2 - 4  show the Tukey t-test

Reserve Non-Reserve,
pre-BGMS

Non-Reserve,
post-BGMS

d.f. F Tukey t P

Test 1 • • • 2,17 130.91 <0.0001
Test 2 • • 5.96 <0.0001
Test 3 • • 10.00 <0.0001
Test 4 • • 15.34 <0.0001

The natural logarithm of the number of geese in the Caerlaverock and Rockcliffe 

areas did not increase with the natural logarithm of population size (parameter 

estimates = -0.32 and 2.87, se = 1.35 and 1.71, n = 27 and 20, / = 0.24 and 1.68 

respectively, 1-tailed both NS). The Campfleld Marsh area showed a significant 

increase in numbers (parameter estimate = 10.82, se = 5.38, t = 2.01, n = 20, 1-tailedp  

< 0.025), as did the Kirkconnell area (parameter estimate = 9.94, se = 4.43, t = 2.14, n 

= 27, 1-tailed p  < 0.025). Both these increases were also found to be significantly 

greater than one {t = 1.83 and 1.91 respectively, 1-tailed both p  < 0.05), demonstrating 

that the increase in local population was more rapid than in the total population. The 

Southemess area also showed a significant increase in the number of geese that used 

the area as population size increased (parameter estimate = 1.52, se = 0.51,  ̂= 2.96, 1- 

tailed p  < 0.01). The slope o f the increase was not significantly greater than one {t =

1.01, 1-tailed NS), demonstrating that the increase was in proportion to the increase in 

total population size.
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2.5 Discussion

In terms of the original hypotheses, the results presented here can be summarised as 

follows: (a) before 1994, goose densities on the Reserve were much higher than off 

the Reserve (Table 2.1, Fig 2.2). (b) After the introduction o f the BGMS, which 

prescribed the level of goose scaring that farmers conducted, there was a significant 

increase in the density of geese on fields off the Reserve (Table 2.1, Fig 2.2). (c) The 

density of geese on the Reserve fields was similar pre- and post-BGMS. (d) There was 

no significant difference between the goose density on fields in the FZ and those in 

the IZ, and densities were still higher on Reserve fields than on FZ or IZ fields (Table

2.1, Fig 2.2). The daily probability of seeing a flock on Reserve fields was higher than 

that o f the non-Reserve fields, both pre- and post-BGMS (Table 2.2, Fig 2.3). The 

probability o f seeing a flock in the FZ was the same as for the IZ, and both o f these 

were higher than pre-BGMS. Post-BGMS, the probability o f seeing flocks on the 

Reserve fields rose (Table 2.2, Fig 2.3). The flocks on the Reserve were larger than in 

the non-Reserve area pre-BGMS, and larger than on either the FZ or IZ post-BGMS. 

Flocks were larger in the FZ than in the IZ; the flock sizes in the FZ were larger than 

pre-BGMS, but the flocks in the IZ were of the same size as those found pre-BGMS.

Three o f these results are discussed further. Firstly, densities of geese increased on 

non-Reserve fields post-BGMS. One aim of the BGMS was to concentrate birds onto 

fields that are included in the BGMS, and because densities o f geese have doubled in 

those fields, the BGMS could be seen as successful. Population size increased two

fold over the course o f the study. As the number of geese on the Reserve increased, 

the food resource level would have become depleted earlier in the winter. This is
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likely to have led to an overspill o f geese onto surrounding areas as they searched for 

further food supplies, known as the buffer effect (Brown 1969; Gill et al. 2001b). Pre- 

BGMS, the population increased, but there was no commensurate increase in goose 

density on non-Reserve fields (Fig. 2.4, Table 2.3) suggesting that something was 

limiting the overspill form the Reserve fields. Post-BGMS, there was also an absence 

o f increased use in response to population growth (Fig. 2.4, Table 2.3), but there was 

an increase from pre-BGMS to post-BGMS. This suggests that the introduction of the 

BGMS immediately allowed barnacle geese to make use o f the fields that surround 

the Reserve. Scaring was reduced at this time, but perhaps more importantly, audible 

scaring was removed completely from fields within the BGMS. Audible scaring was 

effective, not only in the field in which it was conducted, but also in surrounding 

fields (WWT unpublished data). This scaring is likely to have prevented flocks from 

landing in many o f the fields that were subject to this audible scaring (Reserve fields 

are also likely to have been affected by this method o f scaring in adjacent non- 

Reserve fields). Thus, post-BGMS, when audible scaring was stopped in these fields, 

geese were found in non-Reserve fields more often than pre-BGMS (Fig. 2.3). Figure 

2.3 also shows that the probability o f sighting a flock on the Reserve also increased 

post-BGMS, in agreement with this working hypothesis.

Secondly, no significant difference could be found between the daily goose densities 

in the FZ fields and the IZ fields. The difference between the levels o f scaring 

prescribed between these two tiers o f the BGMS suggested that there should be a 

difference in the density o f geese using these fields. There are three possible 

explanations for the lack o f any observed difference. Firstly, the tier o f the BGMS that 

a field was entered into could vary from year to year. Geese are highly traditional in
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their use o f feeding areas (Percival 1991) and, because of their longevity, may learn 

about feeding sites over several years. If  a particular field changes from being in the 

IZ to being in the FZ and then back again over three years, there may be a lag in the 

adjustment o f distribution to reflect the changes in disturbance regime. Secondly, the 

spatial arrangement of the fields in each payment zone is mixed. While fields in the 

FZ tend to be immediately adjacent to the Reserve area, some may be further away, 

surrounded by fields in the IZ. The opposite case can also occur, where FZ fields 

surround an IZ field. This may lead to FZ fields receiving incidental disturbance from 

adjacent fields where scaring is permitted. Thirdly, normal farming practices are not 

restricted by the BGMS. As mentioned earlier, each farm in the study area is a 

traditional, small farm, so activities such as moving stock or silage may be seen from 

other areas of the farm. This incidental disturbance cannot be controlled for when 

trying to limit disturbance to geese. This result also suggests that the visual scaring 

devices used in IZ fields are not working very efficiently. To discern which of these 

possible explanations is the case would require further quantification o f disturbance 

levels, as well as specific knowledge of possible confounding variables, such as the 

stock grazing and fertilising regimes. The probability of seeing a flock in the FZ was 

not significantly different to that of the IZ, suggesting that the cues used by barnacle 

geese in selecting a field in which to forage were the same in both tiers of the BGMS. 

However, once flocks were in a field, they had more individuals in them when they 

were part of the FZ than if they were part of the IZ even accounting for any 

differences in field area. This may be due to the visual scaring devices excluding 

geese from using the field to its full potential.
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Thirdly, these results suggest that scaring disturbance is not the only important factor 

determining goose distribution, as the removal of scaring disturbance from fields 

outside the Reserve did not lead to the same levels of goose usage as fields within the 

disturbance-free Reserve. Factors that could be responsible for this difference include 

the biomass o f grass (Bautista et al. 1995), the primary productivity of food sources 

(Ydenberg & Prins 1981) and the fertilising and reseeding of fields (Percival 1993). 

The Reserve is managed mainly for barnacle geese. This involves active management 

to minimise human disturbance, but also includes the removal o f stock from fields 

from mid-September to late April. Sheep are often left to graze outside for much of 

the winter period in non-Reserve fields, acting as competitors with geese for the food 

resources. Once scaring, which may prevent the free choice o f feeding sites, has been 

removed, selection of feeding sites may be due to these different levels of food 

resource. The probability o f seeing a flock in non-Reserve fields is less than on the 

Reserve post-BGMS, which suggests that geese are visiting the non-Reserve fields 

less often. Assuming that geese can distinguish between good- and bad-quality 

feeding sites, the difference in visitation frequency could be due to fields within the 

Reserve being o f better ‘quality’ for barnacle geese. This difference in the probability 

of seeing a flock in a particular field between non-Reserve and Reserve fields could 

also be due to differences in flock longevity on fields in the different tiers o f the 

BGMS. As discussed above, greater flock longevity may reflect a reduction in 

incidental disturbance. Flock sizes in the non-Reserve fields are smaller than on the 

Reserve fields post-BGMS. Field size is important in determining flock size, with 

larger fields holding larger flocks. The combination of more frequent use and larger 

flocks on the Reserve fields means that densities are higher on Reserve fields than 

non-Reserve fields post-BGMS.
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The increase in the use o f fields outside the Reserve post-BGMS demonstrates how 

the BGMS has opened up new feeding areas for barnacle geese. However, the fact 

that the Reserve fields still receive most goose usage, and no difference could be 

found between density on the FZ and the IZ shows that improvements to the BGMS 

could still make better provision for both the geese and farmers. Under future 

revisions of the BGMS, improvements should be sought that benefit the goose 

population without adversely affecting the profitability o f the farms. The daily 

probability o f flocks being found in those fields off the Reserve suggests that the 

choice of whether to use a field or not affects overall goose usage o f a field. To 

increase the frequency of usage of fields in the non-Reserve BGMS areas, 

improvements in the ‘quality’ of these fields could be made. These could include 

payments to provide for fertiliser applications at times when geese are present, but 

stock are absent. This has been shown to increase barnacle goose usage of fields on 

Islay (Percival 1993), and is also current practice on WWT Caerlaverock.

The densities of geese in the Reserve fields and the surrounding non-Reserve fields 

within the BGMS have not increased with the increase in population size. An increase 

in densities was observed on non-Reserve fields at the time of the introduction o f the 

BGMS, and further improvements may be possible to make the densities comparable 

with those found on the Reserve. However, the scope for increasing densities o f geese 

in this area seems to be limited by a maximum density across the area. The total 

number of geese that used the Caerlaverock area of the WWT censuses showed no 

sign of increasing with increasing population size. The expansion in the total 

population has been accommodated in the Southemess, Kirkconnell and Campfield
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Marsh areas. The Southemess area has a recently established reserve (RSPB 

Mersehead, managed as a reserve since 1993) and also has fields within the BGMS. 

This area was first used by substantial numbers o f geese in the 1980s (Owen et al. 

1987), and the establishment of a reserve and disturbance-free grazing areas has 

probably contributed to the increase here. The increases in numbers o f geese in the 

Kirkconnell and Campfield Marsh areas are notable. These areas have experienced 

more rapid increases in goose numbers than the population as a whole. Barnacle geese 

have only been using the Campfield Marsh area since the mid-1990s, but the rapid 

expansion in goose usage suggests that it may become another important wintering 

area for geese in the near future. Currently, no equivalent o f the BGMS exists on the 

English side of the Solway Firth. Kirkconnell Merse (which makes up a large portion 

o f the Kirkconnell area) was purchased by the RSPB in 1999, but the other areas 

around this new reserve were not covered by conservation management agreements 

during the study period. Therefore, if  the population continues to increase, it may be 

expected that conservation-agriculture conflict is likely to arise in both these areas in 

the near future.

To resolve possible future conflicts caused by increases in numbers and range of 

barnacle geese, an advanced planning approach should be taken to identify solutions 

before conflict becomes apparent. If the number o f geese increases around 

Kirkconnell, and the range o f wintering barnacle geese continues to expand around 

Campfield Marsh, these areas should be targeted for conflict-reducing measures. Two 

possible solutions are proposed here: expansion of the range and quality of the 

BGMS, or expansion of the reserve network. It has been shown how the BGMS can 

concentrate geese in certain areas, and how a reserve may be able to concentrate even
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more geese than those areas within the BGMS. The relative cost-effectiveness of 

extending payments to farmers against the establishment and running o f new reserves 

must be considered alongside the aims for an integrated farming and wildlife 

conservation strategy.
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Chapter 3

Variation in daily and seasonal foraging routines o f non-breeding geese: working 

harder does not overcome environmental constraints.

64



Chapter 3

3.1 Abstract

This chapter makes use of behavioural observations to compare to predictions about 

optimal time allocation to foraging during the non-breeding season in a capital 

breeding bird. Theoretical studies suggest that, under constant conditions, fat should 

be accumulated at a constant rate throughout the non-breeding season. However this 

pattern is not observed in Svalbard barnacle geese {Branta leucopsis) that winter on 

the Solway Firth, UK (Owen 1981). To explain this discrepancy, it was predicted that 

feeding effort would (i) increase at low food densities, (ii) increase when day length 

was short, (iii) be reduced under higher predation risk, and (iv) be bimodally 

distributed through the day when day length was long, but constant when short. Time 

constraints were found to be the major driving force behind foraging decisions during 

the shortest days of mid-winter, whereas food density was found to drive decisions 

during longer days. Predation risk was only weakly important. Over the course of 

single days, evidence for a bimodal foraging routine was found whereby feeding 

activity was concentrated in the early morning and late afternoon periods. This pattern 

was found in the full range o f day lengths. This reduction in foraging activity in the 

middle of the day was small when compared to other studies of goose foraging 

routines, suggesting that feeding throughout the day was required to ensure survival 

overnight and to lay down enough reserves for spring migration and breeding. There 

was no change in this pattern across days o f different lengths, which suggests that 

even in short days feeding must be interrupted so that other essential activities can be 

conducted. It is concluded that the behavioural choices o f barnacle geese were 

constrained by environmental conditions.
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3.2 Introduction

Animals should attempt to maximise long-term fitness by minimising the risks of 

starvation and predation to allow reproduction in the future (Houston & McNamara 

1993). Under the most basic scenario, the total time available to a non-breeding 

animal may be split between feeding and anti-predator behaviours. The balance 

between these activities will depend upon the balance between the risks o f starvation 

and predation. Capital breeders can only successfully reproduce when a sufficiently 

large store o f energy has been built up (Drent & Daan 1980; Meijer & Drent 1999; 

Boyd 2000). Therefore, in geese, which are capital breeders, for future reproductive 

success to be maximised, both short-term winter survival and the requirements for 

successful breeding in the following summer must be considered.

The entire population of the Svalbard barnacle goose {Branta leucopsis) spends the 

period from the start o f October to the start o f May around the Solway Firth, UK 

(54°N, 3°W), where stores of fat are accumulated (Owen 1981). These stores are used 

for migration to their breeding grounds, where individuals with larger stores o f fat 

breed more successfully (Prop & Black 1998). The diet of Svalbard barnacle geese is 

composed almost entirely of grasses from saltmarsh and pasture (e.g. Festuca rubra 

and Lolium perenne), the stolons of clover {Trifolium repens) and spilt cereals (Owen 

& Kerbes 1971). The digestive system of geese is adapted to a low-nutrient diet 

(Mattocks 1971), which requires a high volume o f food intake that is only partially 

digested. Retention time in barnacle geese is low, with a rapid rate of food turnover in 

the gut during winter (Prop & Vulink 1992).
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Houston et al. (1993) made general predictions about behavioural choices from a 

theoretical model concerning the trade-off between gaining energy and avoiding 

predation. The fixed time model o f Houston et al. (1993) is relevant to capital 

breeders, where the chance of successfully breeding depends on accumulated fat 

stores. They sought to find which behavioural decisions maximised future 

reproductive success, incorporating short-term survival and the longer-term reward of 

breeding. In their simplest case, where feeding rate and predation rate were constant, 

Houston et al. (1993) predicted that the amount of time devoted to foraging should 

also be constant (the ‘Risk Spreading Theorem’). From this concept it is predicted that 

fat reserves should change at a constant rate over the winter period. In barnacle geese, 

the observed pattern o f fat accumulation does not match the prediction arising from 

the Risk Spreading Theorem. Owen (1981) noted that fat was accumulated in the 

early and late parts o f the winter, but during mid-winter, fat levels dropped. Several 

authors (Owen & Cook 1977; Ankney 1982; Owen et al. 1992) have suggested that 

variation in body fat in overwintering waterfowl is due to variation in food supply 

during the winter period. In this chapter, the hypothesis that environmental factors 

constrain the behaviour o f barnacle geese is tested, which would cause the disparity 

between the null predictions of Houston et al. (1993) and the observed pattern of fat 

accumulation in barnacle geese (Owen 1981). The Risk Spreading Theorem requires 

that starvation and predation risk are constant over the course o f the winter, and 

deviations from these assumptions may lead to the observed pattern of fat 

accumulation in barnacle geese.

A large amount of effort has been put into modelling the optimal foraging decisions in 

small birds under a variety of environmental conditions (e.g. McNamara & Houston
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1990; Houston & McNamara 1993; McNamara et al. 1994). These studies show how 

the optimal responses of a forager change according to changes in the availability of 

food, or the probability of predation. Models of body mass optimisation over the non

breeding season predict that foraging effort should be increased (leading to an 

increase in fat mass) as food abundance and predictability decline, due to the 

increased costs o f food shortage, such as starvation (McNamara & Houston 1990; 

Houston & McNamara 1993). Field studies have shown that fat stores are increased 

when costs due to low temperatures, low food availability and predictability, or 

migration and breeding stress are high (Witter & Cuthill 1993; Gosier 1996; Ward 

1964). McNamara et al. (1994) and Houston et al. (1993) investigated the pattern of 

foraging activity during the day in small birds. They predict that a bimodal foraging 

routine (more time spent on foraging early in the morning and late in the afternoon) 

may occur if  the energetic gain from feeding is high and time is not limited. Whereas, 

in situations where food is energy-poor and the day length is short, feeding should be 

maintained at a constant level through the day. Few field tests of the predictions made 

in these models have been conducted, though Cresswell (1998) and Olsson et al. 

(2000) are notable exceptions. Even though overwintering geese differ in many 

respects to overwintering passerines, the responses to variation in environmental 

factors such as food availability and predation risk should remain similar. Indeed, 

previous studies on waterfowl support the idea that starvation and predation risk are 

important in determining behaviour. Ely (1992) showed that greater white-fronted 

geese spent less time feeding during the hunting season that outside o f it. McKnight 

(1998) showed that American coots and gadwalls both varied their winter foraging 

behaviour as the abundance of food changed.
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In barnacle geese overwintering on the Solway Firth, the probability of starvation or 

breeding failure is likely to increase when access to food decreases and during mid

winter when short days reduce the time available for feeding, and metabolic costs are 

increased in long, cold nights (Owen et al. 1992). Flocking is often thought o f as an 

anti-predator behaviour (Hamilton 1971; Pulliam 1973; Kenward 1978), being of 

benefit either through increased detection of predators (Lazarus 1972), or through 

dilution o f predation risk (Foster & Treheme 1981). The perceived risk of predation 

by an individual barnacle goose is likely to be dependent upon the size o f the flock in 

which it is found. For this reason, flock size is assumed to be a surrogate for perceived 

predation risk in this chapter.

The aim of this chapter is to investigate the time barnacle geese allocate to feeding in 

relation to the assumed levels of risk of starvation, risk of breeding failure and risk of 

predation. Specifically, it is hypothesised that

1) Barnacle geese will increase feeding effort under low food resource conditions 

and during short day length;

2) Barnacle geese will decrease feeding effort as predation risk increases (in small 

flocks);

3) Barnacle geese will have a high and continuous feeding effort across the day 

during short mid-winter days, but will have a bimodal feeding pattern during 

longer days when the time available for feeding is not limited and food availability 

is predictable.
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3,3 Methods

3.3.1 Data collection

During the overwintering periods of 1998/1999 and 1999/2000 (October to May), 

barnacle geese were studied at the Wildfowl & Wetlands Trust (WWT) reserve at 

Caerlaverock, UK (54°57’N, 3°29’W). Scan samples o f behaviour (Altmann 1974) 

were taken from one of many observation posts that overlook pasture fields, 

dominated by Lolium perenne, from the time of barnacle goose arrival (early October) 

to departure (early May). The scan method acts as a point estimate o f the proportion 

o f time spent in different activities. Scans were conducted from the front o f the flock 

to the rear o f the flock through a telescope, scoring the activity of a sample o f geese at 

the time when each flock member was first focussed upon. Each scan included at least 

30% of the flock members, sampled evenly from all parts of the flock. By sampling 

each flock rapidly, an almost simultaneous record of the behaviours o f flock members 

was taken, thus allowing estimates to be made of time allocated to different 

behaviours at different times of the day and across the season. Behaviours were 

scored as either feeding (head down, pecking at the sward), or non-feeding (which 

included vigilance, resting, preening and drinking). Each flock was only scanned once 

and each scan was treated as an independent data point. Scans were only conducted 

after the flock had been in residence for at least 10 minutes as there is evidence that 

vigilance rates decline with residence time during the first few minutes o f flock 

formation (Carbone, C., unpublished data). In total, 255 flocks were scanned, 122 in 

1998/1999 and 133 in 1999/2000.
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During the same winter periods, food density was also measured each month in six 

fields on the WWT Caerlaverock reserve. On each field, a continuous transect was 

walked that crossed the width of the field four times. Measures o f grass height were 

taken along these transects at intervals of between 10 and 15 metres in each field with 

a sward stick (a calibrated stick that had a freely moving polystyrene disk on it, see 

Stewart et al. 2001). Each field received between 50 and 70 sward height measures 

per visit. The mean sward height was calculated per field, and in further analyses, 

each monthly mean sward height per field was treated as an independent data point.

3.3.2 Data analysis

Mean sward heights from each field per visit were natural logarithm transformed to 

normalise the variance. A multiple regression analysis was conducted on these data 

with the date (measured as days from October date squared, year and interactions 

o f year with date and year with date squared as the explanatory variables. The 

regression equation was then used to interpolate sward heights on days when direct 

measures were not taken. These interpolated sward heights were used in all further 

analyses o f behavioural patterns.

Feeding effort is defined as the proportion o f time spent in consuming food with the 

head down, pecking at grass. This measure does not directly estimate intake rate, but 

acts as a measure o f the motivation of geese to feed, reflecting the actual trade-off 

between the avoidance of starvation and predation. A high foraging effort therefore 

indicates a need to avoid starvation, whereas a lower foraging effort indicates that 

avoiding predation or other costs was of a higher priority. The proportion of time
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Spent foraging from each scan sample was logit transformed to achieve normality. 

This transformation was used as the most suitable for proportion data where values 

are close to one (Sokal & Rohlf 1995). These transformed data were analysed to 

examine whether the proportion of time spent feeding during the winter season and 

during the day varied in accordance with the hypotheses outlined above. Food and 

time availability are thought to be important determinants o f feeding behaviour in 

barnacle geese (Owen et al. 1992), therefore sward height and day length were 

included as explanatory variables in a generalised linear model (GLM) in S-PLUS 

2000 (Mathsoft, 1999). As well as these variables, a measure o f the time of day was 

needed to investigate variation within the day. Because the length o f the day varies 

two-fold over the winter period, using GMT was inappropriate. A biologically more 

meaningful measure of the time of day is the proportion of the day length passed at 

the time o f the scan sample, and this was included in the GLM as first- and second- 

order polynomials (as a bimodal pattern may be expected from the predictions). The 

effect o f flock size on the proportion of time spent feeding was included by using the 

natural logarithm of flock size as an explanatory variable. To test whether patterns of 

diurnal feeding effort varied across the season, two interaction terms were also 

included: interaction of day length with time of day, and of day length with time of 

day squared. These terms were tested for significance in the overall model by 

stepwise removal o f terms, and the change in variance explained was examined with 

the likelihood ratio test (Mathsoft, 1999). The two years o f data were analysed 

together as the underlying mechanisms should remain constant between years and 

inspection of the data suggested that similar patterns were likely to be found in both 

years.
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3.4 Results

3.4.1 Sward height

The mean sward height in each field declined during the overwintering period from 

around 6.0 cm to around 1.5 cm. The pattern of sward depletion through the 

overwintering period was the same for both years of the study (Table 3.1). The day of 

winter season (measured from October 1̂ % and the day of winter season squared were 

significant predictors of In mean sward height, and explained 84% of the variance in 

the data (Table 3.1). From the relationship found between these two variables and 

sward height, it was possible to interpolate food density on any day of the winter 

season (Fig. 3.1a). The nature of the relationship shows that there was a rapid 

depletion o f food abundance at the start o f the winter season, but by the end o f the 

winter, the daily change in sward height was small.

Table 3.1: Results of the generalised linear model of In (sward height) against day of winter 
season

Variable d.f. F-value P Parameter estimate
day 1 8&8 <0.0001 -0.0123
day^ 1 24.7 <0.0001 0.0000292
year 1 2.11 NS
yeariday^ 1 0.61 NS
year: day 1 0.34 NS

Null deviance = 14.01, d.f. = 79. Residual deviance = 2.20, d.f. = 77.
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Figure 3.1: Three phases of the 
overwintering period, (a) The 
mean sward height of six study 
fields through the winter season. 
■ = data from 1998/1999; x = 
data from 1999/2000. Solid line = 
modelled response from Table 1. 
(b) The observed proportion of 
time spent in feeding activity 
from flock scans across the winter 
period (measured as days from 1®‘ 
October). ■ = data from
1998/1999; x = data from 
1999/2000. (c) The length of the 
day (measured as minutes 
between dawn and dusk times). 
Phase 1: long days, long sward 
height. Phase 2: short days, 
medium sward height. Phase 3: 
long days, short sward height.

D a y  o f  w in ter

3.4.2 Behavioural patterns

The proportion of time spent feeding observed in these flocks across the 

overwintering period is shown in Fig. 3.1b. At the start o f the winter period, the 

proportion was low (c. 60%), rising to 80-100% between day 70 and day 130 of the
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Study period. Between days 130 and 200, this proportion fell back to 70-90%. The 

overwintering period has thus been split into three phases (Fig. 3.1), roughly equating 

to autumn (phase 1), winter (phase 2) and spring (phase 3). Phase 1 had long days, 

and a high sward height; phase 2 had short days and medium sward height; and phase 

3 had long days and short sward height.

The results o f the GLM show that sward height, day length, time o f day (measured as 

the proportion of daylight gone) and its square, and In flock size were all significant 

explanatory variables of the transformed proportion of time feeding (Table 3.2). 

Neither o f the interaction terms was found to be a significant (Table 3.2). The final 

model explained 55% of the variance in the data, using five degrees o f freedom.

Table 3.2: Results of the stepwise analysis on the generalised linear model of logit proportion

Variable d.f. F-value P Parameter estimate
sward height 1 167.4 <0.0001 -0.39
day length 1 26.3 <0.0001 -0.002
In flock size 1 4.9 <0.05 0.065
time o f day 
time of day^

1 16.8 <0.0001 -2.70
1 19.1 <0.0001 2.78

time of day^iday length 1 0.01 NS
time o f dayiday length 1 0.01 NS

N ull deviance =  107.36, d.f. =  254. R esidual deviance =  59.47, d.f. =  249.

Sward height explained most of the variance in the model (Table 3.2), indicating that 

it was the most important of the explanatory variables measured in the analysis of 

feeding effort in barnacle geese. As food resources declined, the proportion of time 

spent feeding increased (Fig. 3.2). Barnacle geese were therefore spending a greater 

proportion of their time feeding when food levels were lower. The proportion of the 

time spent in feeding activity increased as the length of the day decreased (Fig. 3.3). 

The slope of this relationship was less than that found for sward height, indicating that
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d u rin g  lo n g  d ay s b a rn a c le  geese  sp en t o n ly  a s lig h tly  lo w er p ro p o rtio n  o f  tim e  in 

feed in g  ac tiv ity  than  d u rin g  sho rt days. H o w ev er, d u rin g  p h a se  3, w h e re  d ay  len g th  is 

in c re a s in g , th e  g eese  w ill h av e  sp en t a m u ch  g re a te r  to ta l tim e  in  fe e d in g  ac tiv ity  th an  

d u rin g  th e  sh o rt d ay s  o f  p h ase  2 (F ig . 3 .4).
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Figure 3.2: The residual transform ed proportions from the model: /og/7(proportion o f  birds 
feeding) ~ length o f  day + /«(flock size) + tim e + time^, plotted against the sward height. 

S lope = -0.39, standard error = 0.03, t = -12.94, p < 0.0001.
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Figure 3.3: The residual transform ed proportions from the model: /og//(proportion o f  birds 
feeding) ~ sward height + //t(flock size) + time + time^, plotted against the length o f  the day. 

Slope = -0.0016, standard error = 0.0003, t = -5.13, p < 0.0001.
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F ig u re  3.4: Total tim e feeding per day as a function o f  the date. Total tim e was calculated by 
m ultiplying the observed proportion o f  time spent feeding by the total daylight time for that 
day. ■ = data from 1998/1999 and 1999/2000. Solid line = m odelled response: T  = e 
(0.1,79* S) + (0.0009659*M)]^ w herc T  is total time, S is sward height (F 253., =  179.37, p < 0.0001), 
and M is length o f  day in minutes (F?;]., =166.71, p < 0.0001). D ashed line = total daylight 
tim e per day. The overw intering period can be split into three distinct periods as in Fig. 3.1.

T h e  e ffec t o f  th e  n a tu ra l lo g a rith m  o f  flock  s ize  on feed in g  e ffo rt w as  o n ly  w eak ly  

s ig n ific a n t (T ab le  3 .2 ), b u t in d ica ted  th a t as flock  s ize  in c re a se d , b a rn a c le  g eese  spen t 

m o re  tim e  in feed in g  b eh av io u r. T h is  re la tio n sh ip  w as w eak  (F ig . 3 .5 ), ev en  th o u g h  

o b se rv e d  flock  sizes  ran g ed  from  25 b ird s  to  o v e r 6 5 0 0  b ird s . It w a s  ex p ec ted  tha t 

la rg e r flo ck s w o u ld  o ffe r  g re a te r  p ro te c tio n  ag a in s t p re d a tio n , and  th e re fo re  b a rn ac le  

g eese  w o u ld  sp en d  a m u ch  g re a te r  p ro p o rtio n  o f  th e ir  tim e  feed in g  w h e n  in  large 

flocks. R eg re ss io n  a n a ly s is  sh o w ed  th a t th e re  w as no re la tio n sh ip  b e tw e e n  the  n a tu ra l 

lo g a rith m  o f  flock  size  and  sw ard  h e ig h t (t =  1.39, n =  2 5 5 , N S ), n o r  flo ck  s ize  and  

d ay  len g th  (t =  0 .2 9 , n =  2 5 5 , N S ), in d ic a tin g  th a t p re d a tio n  risk  d id  n o t v a ry  o v e r the 

s tu d y  p eriod .

T h e  re su lts  o f  th e  G L M  also  sh o w ed  th a t b o th  th e  first- an d  seco n d - o rd e r  p o ly n o m ia l 

te rm s s ig n if ic a n tly  im p ro v ed  the  m o d e l (T ab le  3 .2 ), d e m o n s tra tin g  th a t th e re  w ere  

p e r io d s  o f  h ig h  feed in g  ac tiv ity  a ro u n d  the  d aw n  and  d u sk , w ith  a p e r io d  o f  lo w er 

feed in g  ac tiv ity  d u rin g  th e  m id d le  o f  th e  d ay  (F ig . 3 .6). T h e  d e c lin e  in  th e  feed ing
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e ffo rt d u rin g  th e  m id d le  o f  the  d ay  w as o n ly  slig h t, b u t w as  fo u n d  to  b e  co n stan t 

th ro u g h o u t th e  seaso n , as th e re  w as no s ig n if ican t in te ra c tio n  o f  d ay  len g th  w ith  tim e  

o f  d ay  o r tim e  o f  day  sq u ared  (T ab le  3 .2).
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Figure 3.5: The residual transform ed proportions from the model: /og/7(proportion o f  birds 
feeding) ~  sward height + length o f  day + tim e + tim e \ plotted against ///(flock size). Slope =

0.065, se = 0.029, t = 2.205, p = 0.021.
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Figure 3.6: The residual transform ed proportions from the m odel: /og/7(proportion o f  birds 
feeding) ~  sward height + length o f day, plotted against the proportion o f  the day gone. Tim e = 
-2.699, standard error = 0.658, t = 4.10, p < 0.0001; Time^ = 2.777, standard error = 0.635, t =

4.37, p <  0.0001.
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5.5 Discussion

Previous studies have shown that fat is not accumulated evenly through the winter 

period in barnacle geese (Owen 1981), and this has been attributed to a variable food 

supply through the winter (Owen et al. 1992). In this chapter it has been shown that 

during mid-winter foraging effort is very high, with little scope for feeding for a 

greater proportion of the day. During longer days, the density o f available food 

controls foraging effort, with effort being higher when food densities are lower. The 

pattern o f fat stores observed during the overwinter period by Owen (1981) showed 

fat accumulation in phase 1 (Fig. 3.1), a decline in phase 2, and a rapid increase in 

phase 3. This chapter shows that during phase 1 o f the overwintering period, foraging 

effort is low as food and time are plentiful. During phase 2, foraging effort was high, 

as the length of the day limited the amount o f food that could be ingested per day 

(Fig. 3.4). In phase 3, feeding effort was still high even though food was less 

abundant, as the long daylight period allowed geese to ingest large quantities of food. 

These results concur closely with previous studies that suggested that during the short 

days o f mid-winter, it is likely that there was not enough time available in the day to 

accumulate enough food to attain a positive energy budget for the day (Owen 1981; 

Owen et al. 1992). In the longest days, a positive daily energy budget would be 

expected, as there is plenty o f time for foraging. In these long days, the excess time 

could be spent either in other activities, such as vigilance, preening or social 

interaction, or used to accumulate more food and therefore lay down body fat reserves 

for migration and breeding. The relationship between day length and the proportion of 

time spent feeding was negative, but weak (Table 3.2), which suggests that geese used
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the extra time available in longer days to accumulate more food as well as conducting 

other activities in larger proportions.

The density o f food, which changed over the period of study, was the strongest 

correlate of foraging behaviour (Table 3.2). However, during the spring (phase 3.3), 

grass growth increases, mobilising nutrients to young leaves, and increasing the 

forage quality for geese, even though forage quantity is low. This study did not 

investigate the effects of variation in forage quality, and this factor may help to 

explain more o f the observed variation in foraging effort. The rapid increase in fat 

stores observed by Owen (1981) towards the end of the overwintering period may also 

have reflected the change in forage quality at this time, and further study in this area 

may be worthwhile. However, for the purposes o f this study, barnacle geese adjust 

their foraging behaviour in response to variation in sward height, with more effort 

being spent on feeding when food density was lower. This response to food density 

has also been found under experimental conditions in brent geese {Branta bernicld), 

where captive animals were observed to spend a greater proportion o f time feeding 

when feeding on short swards, compared with long swards (Hassall et al. 2001).

The chance of an individual being predated results from the interaction o f predator 

and prey strategies. Previous work has shown that predation risk is reduced in larger 

flocks (e.g. Kenward 1978). The results indicated that as flock size increased (and 

therefore predation risk decreased), a slightly higher effort was put into feeding. The 

natural logarithm of flock size was not found to change in response to either sward 

height or day length, suggesting that perceived predation risk did not vary over the 

winter period. As flock size had a weak effect on feeding effort (Table 3.2), it is
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concluded that the variation in predation risk was not a strong determinant of foraging 

routines o f barnacle geese in winter.

Controlling for the total available food resource, the length of the day and the flock 

size, there was reduced feeding effort during the middle of the day (Table 3.2 and Fig. 

3.6). Higher levels of feeding activity were found around dawn and dusk. Depletion of 

food resources on a small spatial scale is likely to have occurred during the day, but 

given that there are many potential feeding sites over the whole winter range, this 

reduction in food supply is likely to have been minor. Therefore, it is hard to explain 

this result by food availability changes through the day. It is also not possible to 

explain this dip in terms of a change in predation risk during the middle of the day as 

flock size did not vary over the course o f the day (t = 0.418, n = 255, NS for time; t = 

0.198, n = 255, NS for time^). Houston & McNamara (1993) suggest that, to minimise 

the costs o f food shortage, energy reserves should be maximised at dawn and dusk on 

short, winter days. This change in energy reserves can be achieved through increasing 

the proportion o f time spent feeding at these times, as observed in this study. By 

having a high feeding effort at dawn, body reserves used during the night can quickly 

be replenished. Similarly, at dusk, increasing feeding effort will fill the gut and 

therefore may reduce the need for overnight fat metabolism. Converting food into fat, 

and metabolising fat into usable energy are inefficient processes. Therefore, the long

term aim of increasing fat storage is best met by meeting overnight metabolic 

demands from energy gained directly from ingesta rather than from fat stores. This 

bimodal daily foraging pattern provides a window during the middle of the day where 

other essential activities (e.g. preening or drinking) can be conducted. A similar 

diurnal pattern has been observed in barnacle geese that winter in the Netherlands
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(Ebbinge et al. 1975), and in spring staging barnacle geese on agricultural land (Black 

et al. 1991). In studies of other species o f goose (e.g. Raveling 1969 on canada geese; 

Mooij 1992 on greylag and bean geese) a similar pattern was found. However, they 

showed a general pattern of feed-roost-feed during the day, with roosting occurring 

during the middle of the day in areas adjacent to feeding areas, to the almost total 

exclusion o f foraging. The results of this chapter show that the observed drop in 

feeding activity during the middle of the day is small in comparison, and no 

movement off feeding areas was observed. This implies that there is a greater need for 

food intake through the day in barnacle geese compared to these other studies.

No significant interaction of day length with time of day or time o f day squared was 

found. This means that the bimodal feeding pattern was found no matter what the 

length of the day was. This result was unexpected, as shorter days are predicted to 

result in a higher starvation risk (Houston et al. 1993), and therefore a constantly high 

feeding effort should have been maintained when day length was short. Because this 

bimodal pattern is consistent throughout the winter period, it may be concluded that a 

day spent entirely in feeding behaviour must be costly. Preening, resting and drinking 

may be the other essential tasks that must be conducted at some point during the day. 

Another plausible interpretation of this result is that the intense feeding that occurs 

during the morning might lead to the gut filling up, thus leading to a reduction in 

ingestion. The afternoon increase in feeding rate may then be seen as refilling the gut 

in preparation for the overnight fast.

In terms of the aims of this chapter, feeding effort was found to vary over the course 

o f two winter periods. In both years, the behaviours observed consistently responded
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to the availability of food, the length of the daylight period, the predation risk and the 

time o f day. Predation risk itself (measured indirectly as flock size) was not found to 

vary with sward height, day length or time of day. Barnacle geese altered their 

foraging behaviour so that feeding effort was increased when food density or day 

length were low, and less effort was put into feeding when predation risk was high. 

However, foraging effort could not be increased sufficiently to overcome the 

limitations of the short days o f mid-winter. This study was based on the disparity 

between the null situation of the Risk Spreading Theorem occurring under constant 

conditions and the observations of Owen (1981). It has shown how environmental 

conditions actually vary through the overwintering period, and how the behaviour of 

barnacle geese adapts to those conditions. However, it has also shown that altered 

behaviour cannot overcome the environmental constraints of short days during mid

winter combined with decreasing food density. Behaviour during the day is probably 

adapted to reduce overnight fat metabolism and maintain fat accumulation during the 

day whilst allowing other essential activities to be conducted.
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Chapter 4

Individual variation in foraging efficiency: scaling bite size with body size in

barnacle geese.
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4.1 Abstract

Variation in body mass of animals has a well-understood effect on energy 

requirements as basal metabolic rate is proportional to body mass^^^. It may be 

expected that the ability of an animal to gather enough food to satisfy its energy needs 

would vary isometrically with those needs, and therefore as body mass^^^. This 

expected pattern was studied in captive barnacle geese {Branta leucopsis), with the 

aim of understanding how the mass of food taken per bite varies with body mass. It 

was found that the dry matter intake per bite varied with food availability, and also 

with bill length. The intake per bite was found to increase with bill length at a high 

rate (as length’®), much faster than expected (as length^). Bill length itself was found 

to vary with body mass as mass®^’ in a wild barnacle goose population, suggesting 

that intake per bite increased as mass^ ’. These results suggest that larger barnacle 

geese may be able to meet their daily energy requirements more easily than smaller 

barnacle geese.
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4.2 Introduction

The chemical and physical processes that underlie biological processes are directly 

affected by scaling (Schmidt-Nielsen, 1984). One such important aspect o f scaling is 

the positive relationship between basal metabolic rate (BMR) and body size. BMR 

increases with body size as mass®^^ over a wide range o f animal taxa (discussed in 

detail by Schmidt-Nielsen, 1984). This rate of increase with body size indicates that 

larger animals will have a greater energy requirement than smaller animals. It also 

shows that, because the rate o f increase is less than one, larger animals require less 

energy per unit mass than smaller animals. Because of this relationship between body 

size and energy requirements, it would be reasonable to surmise that food intake rates 

should scale with body size also as mass^^^.

Much work has been conducted on food intake rates in a wide variety of animal 

species (e.g. Sutherland, 1983; Arditi et al., 1991; Ginnett & Demment, 1995; 

Redpath & Thirgood, 1999; Rowcliffe et al., 1999), mostly in relation to the 

functional response of a consumer to food availability (Holling, 1959). The 

relationship that Holling (1959) developed showed that intake rate should increase 

with increasing food availability, but that a saturation point is eventually reached 

where intake remains constant as food availability increases further. However, not all 

consumers have the same ability to gather food items. Foraging efficiency is the 

variation at the individual-level where some individuals are better than others at 

finding, handling and consuming items of food (Sutherland & Parker, 1985; Goss- 

Custard & Durell, 1987; Stillman et al., 2000b). These differences may be due to 

differences in hunting techniques and age-related learning differences (e.g. in
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oystercachers, which either hammer or stab at mussels to open them, Caldow et ah, 

1999) or simply through differences in the size o f the mouth (e.g. in soay sheep, Illius 

et ah, 1995).

In grazing herbivores, especially in non-ruminants, the low energy and nutrient 

content of food requires that animals spend a large proportion o f their time feeding. In 

barnacle geese this may make up around 90% of time (Drent & Swierestra, 1977; 

Black & Owen, 1989a, b; Black et ah, 1992; Chapter 2). In such a situation, where 

food is widespread and abundant, it is possible to spend most o f the day handling and 

swallowing food items, and only a small proportion of the day searching for them. 

Under these conditions, the limiting factor to how much food can be ingested in one 

day is the size of each bite and the speed at which bites can be handled. This chapter 

aims to understand how the intake per bite varies between individual barnacle geese.

The relationship between BMR and body size suggests that the amount o f food 

required for maintaining body weight should also scale with body size as mass^^^. 

However, the observed relationship does not provide any information on the 

mechanisms of how food intake may be increased in larger animals. An understanding 

o f the mechanisms behind increased intake rates in larger animals would provide an 

evolutionary insight into an ecological question. Previous work has looked at how 

differences in mouth morphology may affect the volume o f ingesta per bite in 

ruminants (Illius & Gordon, 1987; Illius et al., 1995; Gordon et al., 1996). A linear 

feature of a solid should scale as volume^^^, and Illius & Gordon (1987) assumed that 

dental arcade breadth (a linear measure of mouth size) should scale with body size as
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mass®^^. In their model, bite volume was assumed to be composed o f a square area

(dental arcade breadth ), and the depth of the bite into the sward that was taken.

The following three hypotheses relating to questions of scaling in foraging efficiency

were examined:

1) Intake per bite increases as food availability increased, but at a decreasing rate at 

higher food availability levels (i.e. as sward height^, where 0 < a < 1).

2) Intake per bite increases with increasing bill size so that, once food availability 

effects had been controlled for, intake per bite increases isometrically with bill 

volume (i.e. as bill length^, where a = 3).

3) Linear measures of bill size increase allometrically with body size (i.e. as mass^, 

where a = 0.33).
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4,3 Methods

4.3.1 Hypotheses 1 & 2

Between May and July 2001 a study was conducted at the University of Groningen, 

the Netherlands. Six barnacle geese from the captive flock at the Department of 

Biology were rounded up, weighed to the nearest 10 g on a pan balance and put in 

covered individual aviaries (3 metres long, 1.5 metres wide and 1.7 metres tall) with a 

sand floor, flowing water and freely-available food (Anseres 2, Hope Farm, Woerden, 

The Netherlands). Two of these geese were subsequently removed from the 

experimental group as they became stressed and agitated. For a period of three weeks 

the remaining four geese were trained to eat from small turfs (20 x 20 cm) placed on a 

metal tray.

Following this period, experimental trials were conducted for a further three weeks. 

The night before a trial, food was removed from the aviaries. Trials started the 

following day at between 0900 and 1000 hours. Fourteen turfs were used in this study, 

all o f which were stored in an empty aviary next to the geese. The first step in each 

trail was to measure the sward height of the trial turf to the nearest 0.5 cm using a 

calibrated sward stick. The trial turf was then weighed to the nearest 0.1 g on a pan 

balance, placed in the empty aviary for ten minutes and then re-weighed. This 

procedure allowed the evaporative weight loss in the absence o f grazing to be 

measured. The trial turf was placed in the aviary with the trial bird for up to ten 

minutes. During this time, a video recorder, placed outside the aviary was set to 

record the activity of the focal goose. At the end of the feeding trial, the turf was
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removed, weighed again, and placed in the empty aviary for another ten minutes 

before re-weighing. The average evaporative weight loss from the two periods either 

side o f the feeding trial was used to correct the weight loss during the feeding trial. 

The difference between the average evaporative loss and the total weight loss during 

the trials gave the biomass removed from the turf by the feeding goose. This 

procedure was repeated for each goose with a selection o f the turfs. Feeding trials 

usually finished at between 1500 and 1700. After the end o f the day’s trials, pellet 

food was returned to the aviaries.

The videos were used to count the number of pecks taken from the turfs during the 

feeding trails, and therefore the intake per peck. In total, 193 trials were conducted; 

however, 105 of these were excluded from analyses because fewer than 10 bites were 

taken from the experimental turf. These trials with a low number of bites were 

excluded because the evaporative weight loss was greater than the biomass cropped 

from the turf, leading to large errors in the estimation o f bite size. The fresh weight 

removed per peck was calculated by dividing the total biomass eaten by the number of 

pecks. The fresh weight per peck was converted into dry weight per peck with a 

conversion factor, obtained by cutting all the vegetation from each experimental turf, 

weighing it, drying it at 70°C for 12 hours and then weighing it again.

At the end of the three week feeding trial period, all geese were weighed to the nearest 

10 g using a pan balance, and had their bill lengths measured to the nearest 0.5 mm 

using dial calipers. Bill length was measured from the tip o f the bill to the start of 

feathers on the upper mandible. The geese were then released back into the captive 

flock.
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These non-invasive experiments were conducted under permit from the Dutch 

Ministry of Agriculture, Nature Management and Fisheries and DEC permit of the 

Commission for the Use of Animals in Experimental Trials at the University of 

Groningen (DEC No. 2383).

To test hypotheses 1 & 2, bill length, sward height and the dry weight taken per bite 

(bite size) were logw transformed. This transformation was used so that it could be 

tested whether bite size scaled with bill length as expected (length^) using linear 

techniques. The relationships expected can be expressed in either o f the following two 

ways:

Bite size ocBill length^; or (1)

\og\o(Bite size) oca x\og\o(Bill length) (2)

The log]o transformed bite size data were found to be normally distributed 

(Kolmogorov-Smimov test, ks = 0.087, p = 0.09), allowing Gaussian models to be 

used to analyse the data. Repeated observations from the same individual are not 

statistically independent o f one another, but multilevel (hierarchical) models divide 

the variance in the data over a series of hierarchical levels that reflect the way the data 

were collected. The bite size data were analysed using multilevel modelling 

techniques in MLwiN version 2.1a (Rasbash et al. 2000). In this case the data were 

structured so that repeated trials (level 1, n = 88) were conducted on each individual 

(level 2, n = 4). Each individual was a subject of between 11 and 30 trials, making the 

analysis unbalanced. However, the multilevel analysis conducted here is relatively 

insensitive to unbalanced data (Rasbash et al. 2000). A random intercept and slope
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model was fitted, where the intercept could vary between individuals and trials, and 

the slope of the relationship between bite size and sward height could vary between 

individuals according to the following equation.

\og\Q(Bite size) = Poab^ Pi b x\og\Q(Sward height) + %logio(BzV/ length) (3)

where is the intercept, P\ and Pi are the slopes o f the relationships between 

/og/o(Sward height) or log]o{Bi\\ size) and logjoiBiio size) respectively. The subscripts 

a and b indicate that the y^values can vary according to the trial and the bird 

respectively.

4.3.2 Hypothesis 3

Between 1991 and 1996, barnacle geese were captured, measured and ringed on the 

breeding colonies in Svalbard (78°N 15°E). Over 1400 individual barnacle geese were 

rounded up during their spring moult, at which time they are flightless. Body weight 

was measured for adult birds to the nearest 1 g, and bill length was measured to the 

nearest 0.1 mm.

Bill length measurements and body size measurements were logjo transformed. A 

linear regression was conducted on these logjo transformed data, with the expectation 

that the slope would equal 0.33.
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4.4 Results

4.4.1 Hypotheses 1 & 2

The analysis o f bite size with sward height and bill length showed that the coefficient 

o f logio transformed sward height (j3j b in equation 3) did not vary between geese, 

indicating that all geese increased bite size with sward height at the same rate as each 

other. Variation in the intercept  ̂  ̂ in equation 3) still existed between geese, but 

this was reduced to zero (to nine decimal places) when bill length was incorporated in 

the model, showing that bill length fully explained the differences between geese. 

Together, logio transformed sward height and bill length explained 64.7% of the total 

variance in the data.

The bite size measurements scaled with sward height, as expected, with an exponent 

between zero and one (parameter estimate = 0.24, se = 0.06, 1-tailed t = 12.7 and 4.0 

for differences from 1.00 and 0.00 respectively, both p < 0.001). The bite size 

measurements, however, did not scale with bill length as predicted with an exponent 

of three (parameter estimate = 10.46, se = 0.95, 2-tailed t = 7.85 for difference from 

3.00, p <  0.0001, Fig. 4.1).
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Figure 4.1: The relationship between the logio transformed intake per bite and the logw 
transformed bill length. Each point is from one individual, and shows the mean and standard 
error of the observed intake per bite measured over repeated trials. The regression line is run 
through all data points collected from 88 valid trials. The slope of this relationship is 10.46, 

indicating that intake per bite scales as bill length’®.

4.4.2 Hypothesis 2

The linear regression between logio bill length and logic mass showed that the 

exponent o f the relationship differed significantly from the expected value of 0.33 

(parameter estimate = 0.21, se = 0.01, 2-tailed t = 9.83 for difference from 0.33, p < 

0.0001). This indicates that bill length increases more slowly than expected as 

barnacle goose body size increases.
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4.5 Discussion

The results demonstrate that bite size increased with increasing food availability as 

predicted under the model proposed by Holling (1959). The actual relationship 

modelled in this analysis differs to that the Holling equation, which is o f a Michaelis- 

Menton form with an asymptote rather than a logistic curve. The logistic relationship 

was used to simplify the analysis, and allow linear techniques to be used, important 

for increasing the power of the analysis. Controlling for the relationship with food 

availability, the bite size also increased with bill length. Bite size increased as bill 

length’®, rather than the expected bill length^ (Fig. 4.1). The large disparity between 

the expected scaling and the observed scaling may be due to one o f two reasons. 

Firstly, because only four geese were used in this experiment, random variation in 

individual foraging efficiency could have caused the observed scaling. For example, 

one or more o f the study geese may have been taking smaller bites than possible due 

to increased stress levels brought about by the experimental protocol. However, this 

seems unlikely as all the study geese were used to human presence, and stress was 

minimised during the study by not handling them and keeping them in good 

condition. The second possibility is that the observed scaling is the real scaling, and 

that the predictions made were overly simple. In the case o f grazing ruminants studied 

by Illius & Gordon (1987), the tongue was used to sweep grass into the mouth from 

an area greater than that predicted by the size o f the dental arcade. In the case of 

grazing geese, this sweeping motion is not observed, but it may be possible that the 

tongue collects more blades o f grass into the mouth than would be expected by the bill 

alone.
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Hypothesis 3 tested whether bill length (a linear measure) scaled as expected with 

body size (a three-dimensional measure) as mass^^^. It was found, in fact, to scale at a 

slower rate o f mass^^V Because this analysis was conducted on a much larger data set 

(nearly 1500 measurements) than for hypotheses 1 & 2, this scaling is likely to be 

robust. In barnacle geese, structural body growth is complete by the end o f the first 

year o f life, and the analysis only used geese scored as adult (greater than one year o f 

age) at the time of capture. Body mass in barnacle geese varies greatly across the 

annual cycle as fat is stored in preparation for migrations, and exhausted over the 

nesting period. However, because body weights were measured at the same time each 

year, it is assumed that there will be minimal effect o f the mass o f stored fat on the 

observed relationship.

So, what does this mean in terms o f the ability that a barnacle goose has to collect 

enough food to satisfy its energy requirements through the scaling o f BMR with body 

size as mass^^^? Under the hypothesised situation, where bite size increases with bill 

length as length^, and bill size increases with body size as mass®^^, bite size would 

have increased as m ass\ faster than required to satisfy the increasing energy 

requirements. However, under the observed relationships bite size increased at a much 

faster rate than expected with bill length as length’ and bill length increased at a 

slightly slower rate than expected with body size as mass^^’, leading to bite size 

increasing with body mass as mass^ ’. Therefore, bite size increases with body mass 

faster than expected, leading to larger birds being more able to achieve the 

requirements of BMR than under the hypotheses.
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The conclusions o f this chapter are that larger barnacle geese are at an evolutionary 

advantage over smaller barnacle geese in terms of ability to gather enough food for 

the maintenance o f body weight. In food-limited conditions, it is therefore expected 

that barnacle geese with larger bills would have a higher probability o f survival and 

breeding than geese with smaller bills. However, due to the small sample size in the 

experimental stage of this study, this conclusion may be false. A larger sample size of 

geese is required to confirm the above relationship between bill size and food intake 

rates in barnacle geese. Further studies should also be conducted on the effect 

differences in foraging efficiency may have on survival and breeding success.
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Chapter 5

Sexual dimorphism in body size and behaviour: tactics o f energy accumulation in

barnacle geese.
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5.1 Abstract

Barnacle geese {Branta leucopsis) form long-term pair bonds, and exhibit parental 

care that lasts for around six months. Male barnacle geese are 14% heavier than 

female barnacle geese, and are viewed in the published literature as the protector 

class, even though large body size is less important than family size in determining 

social dominance and defence from conspecific competition in winter. Instantaneous 

functional responses for male and female geese were derived mechanistically from a 

known relationship between bite size and food density and observations of bite rate at 

different food densities. A simulation model, based on energy intake, was used to 

make predictions about the proportion of time male and female geese should spend in 

different activities. This led to the hypothesis that large body size allows male 

barnacle geese to spend a lower proportion o f time feeding, a greater proportion of 

time vigilant for predators and engaged in defending access to food for their family. It 

was found that, over the course o f two whole winter seasons, male barnacle geese did 

spend a lower proportion of time feeding than females. Males that were in a family 

group spent more time vigilant and aggressive than those with no goslings, at the 

expense of feeding time. When these measures of activity budget were used to fully 

parameterise the simulation model, it was found that male barnacle geese were 

predicted to accumulate up to 82% more energy over the winter than female geese. 

Family geese were predicted to accumulate 14% less energy than paired geese, 

implying that there may be a slight cost of reproduction. It was concluded that male 

barnacle geese should be able to spend a greater proportion o f their time in protecting 

their mate and goslings than they are observed to do.
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5.2 Introduction

Sexual dimorphism in birds has traditionally been attributed to differences in social 

mating system and parental care (Andersson 1994; Owens & Hartley 1998; Badyaev 

& Martin 2000). Monogamous bird species are expected to be monomorphic, while 

polygynous bird species are expected to be highly dimorphic (with the sex that 

competes for mates being the brighter coloured or larger). In species where both 

parents play a role in offspring care, monomorphy is expected, as opposed to the 

situation where one or other parent cares, when dimorphism of physical 

characteristics is expected. The barnacle goose (Branta leucopsis) is a socially 

monogamous bird, with long-term pair bonds (Owen et al. 1988), and extended 

parental care that lasts through most of the non-breeding season (Black & Owen 

1989a). Barnacle geese are capital breeders, relying on accumulated fat stores for 

successful breeding (Prop & Black 1998). Extra-pair mating is not observed in this 

species, and the opportunities for extra-pair copulation are very rare (Larsson et al. 

1995). This species is monomorphic in terms of plumage characteristics, but 

dimorphic in terms of body size (Owens & Hartley 1998). The size dimorphism found 

in this species is contra to predictions of dimorphism due to social mating systems 

(Dunn et al. 2001), but is likely to be due to differences in the parental care roles that 

each sex takes (Owens & Hartley 1998). On the breeding and wintering areas o f this 

migratory species, the male takes the role of protector, defending access to food for 

his mate and their offspring from conspecific competition (Black & Owen 1989a, b; 

Black et al. 1992). The cost of this defence is most likely to be the time lost to feeding 

(Black & Owen 1989b). The likelihood of winning conspecific aggressive encounters 

over access to food resources is more closely associated with the number of
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individuals within the family unit than with body size (Black & Owen 1989b). 

Therefore, large body size in males is unlikely to lead to a higher chance of securing 

better resources, unless larger males are more successful breeders. If  large body size 

in males does not confer a direct advantage to protecting the family against 

competitors, why are male barnacle geese larger than females? This chapter tests a 

working hypothesis that may explain this phenomenon on the wintering grounds.

Foraging efficiency can be described as the intake rate of an individual in the absence 

o f competition at a given food density (Sutherland & Parker 1985). Differences 

between individuals in foraging efficiency have been extensively studied with 

reference to overwintering oystercatchers (Caldow et al. 1999), and also in blackbirds 

(Cresswell et al. 2001). Such data are important in making predictions about 

distributions o f individuals through a landscape (Caldow et al. 1999), and also in 

predicting survival (Illius et al. 1995). Differences in foraging efficiency have 

previously been studied with respect to the age (Desrochers 1992; Draulans 1987; 

Goss-Custard & Durell 1987; Gordon et al. 1996) and sex (Desrochers 1992) of 

individuals. However mechanisms for these differences have remained largely 

unquantified (but see Gordon et al. 1996). In Chapter 4, it was found that larger billed 

barnacle geese had higher intake per bite than smaller barnacle geese. The relationship 

suggested that larger barnacle geese could consume enough food to satisfy daily 

intake requirements with fewer bites than smaller barnacle geese.

Studies o f the intake rate o f foraging animals have been examined through theoretical 

investigations (Rolling 1959; Spalinger & Hobbs 1992), experiments (Hassall et al. 

2001; Gordon et al. 1996) and empirical fieldwork (Bautista et al. 1995; Cresswell
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1998; Vickery et al. 1995). These studies have demonstrated how intake rate varies 

across different levels o f food availability. Three basic forms o f functional response 

exist: Type I relationships show a linear increase in intake rate with increasing food 

biomass. Type II and III functional responses respectively show monotonie and 

sigmoidal increases in intake rate to an asymptote respectively, where intake rate is 

constant at high food availability due to the consumer not being able to process food 

any faster. Recent studies on barnacle geese (van der Wal et al. 1998) have suggested 

that maximal intake rate may actually be at an intermediate biomass, rather than at the 

highest biomass available. The decline in intake rate at high biomass may be due to an 

increase in handling time, or an increase in the time it takes to select a bite due to the 

higher proportion of mature, highly fibrous plant parts at high biomass.

In herbivores, the short-term biomass intake rate of an individual is a function of the 

number o f bites taken, and the size of each bite. It has been shown in sheep that the 

rate of biting decreases as grass biomass increases (Allden & Whittaker 1970). In 

waterfowl, this pattern has been found in brent geese (Rowcliffe et al. 1999) and 

barnacle geese (Drent & Swierstra 1977; Owen et al. 1992), though the pattern in 

wigeon is more complicated with low bite rate at both high and low biomasses 

(Mayhew & Houston 1998). The reduction in bite rate at high biomasses is thought to 

be due to an increase in bite size, and therefore handling time (Spalinger & Hobbs 

1992). Bite size is harder to quantify in free-living animals, but has been collected by 

manually simulating grazing (Rowcliffe et al. 1999), and by cage experiments 

(Hassall et al. 2001; Gordon et al. 1996).
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For free-living geese, the energetic benefits of feeding are balanced against anti- 

predatory behaviour, conspecific interactions and maintenance activities, such as 

preening and drinking (Black et al. 1992, Black & Owen 1989a, Lazarus 1978). The 

interaction o f the short-term intake rate and the proportion o f time spent feeding 

within a set time frame will therefore determine the actual daily intake rate. This 

chapter investigates the short-term intake rate in barnacle geese with respect to 

variation in food availability and differences in physical characteristics dependent 

upon sex. Previous work (Chapter 4) suggests that larger barnacle geese should be 

able to consume the same amount of food as smaller geese in a shorter period o f time. 

Therefore, it is predicted that male barnacle geese (which are larger than females) 

should spend a lower proportion of time feeding, and a higher proportion of time than 

females in other behaviours such as resource protection from conspecific competitors 

and vigilance against predators. Male geese in family groups are predicted to use this 

advantage to spend an even greater amount of time in aggression and vigilance than 

non-family males. Quantitative predictions arising from a simulation model about the 

proportion of time that may be spent in feeding are compared to that observed in the 

field, and implications for barnacle goose life history are analysed through the 

examination of net energy acquisition over the non-breeding season.
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5.3 Methods

5.3.1 Study system

Barnacle geese are sexually dimorphic in a range of body measures. Male body mass 

is, on average, 14% greater than female body mass (1843 ± se 198 g vs. 1623 ± se 171 

g, Choudhury et al. 1996), male tarsi are 6% longer than female tarsi (71.5 ± se 4.1 

mm vs. 67.3 ± se 3.5 mm, Choudhury et al. 1996), and male bills are 3% longer than 

female bills (29.6 mm, range 28 -  33 mm vs. 28.6 mm, range 27 - 32, Cramp & 

Simmons 1984). Using the equation for BMR for non-passerine birds (Aschoff & 

Pohl 1970) gives male barnacle geese a BMR of 480.9 kJ, just over 9% higher than 

female barnacle geese that have a BMR of 438.0 kJ.

Svalbard barnacle geese spend the non-breeding season on the Solway Firth, UK 

(55°N, 3°W). Arrival is in late September or early October, and departure back to the 

breeding grounds occurs at the beginning of May. During this time, the geese graze on 

fertilised pasture fields and merse (saltmarsh). Foraging is conducted in flocks, often 

with several thousand individuals in a single flock. Flocks tend to arrive in the centre 

o f the field, and graze their way to the edge of the field. Therefore, geese can either be 

in the centre o f the flock, or at the edge of the flock (which may be important for 

vigilance behaviour, as discussed by Hamilton 1971), and they may be at the leading 

edge of the flock which is passing over food that has not be grazed, or in some other 

flock position where food resources have been grazed by competitors. Flocks do not 

have a homogeneous structure; some areas have a high density o f geese, whereas 

other parts of the flock may have much lower densities of geese.
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Dominance relationships are determined by family status, with large families 

dominant over small families, which are dominant over paired geese with no goslings, 

which, in turn, are dominant over single geese (Black & Owen 1989b). Family groups 

tend to stay together as a unit through most of the winter, foraging close to one 

another, and sometimes carrying out aggressive behaviour as a family (Black & 

Owen 1989b). This strong association between family members, or between geese in a 

pair with no goslings, allowed consistent identification o f family status. In this study, 

adult geese could be sexed due to size dimorphism. The accuracy of sexing geese with 

this method was examined by sexing ringed birds in the field, and subsequently 

comparing the field observation with a database of known individuals, which had 

been sexed by cloacal examination. Over 90% of geese tested in this way were 

correctly sexed.

5.3.2 Peck rate and time budget

During the winter periods (October to May) of 1998/1999 and 1999/2000, 

observations o f wild barnacle geese were conducted on the Wildfowl & Wetlands 

Trust reserve at Caerlaverock, UK. Observations were conducted from a series of 

hides, overlooking pasture fields on the reserve. During this period, the rate of 

pecking of foraging barnacle geese was measured. This was accomplished by 

selecting an individual goose at random from the flock and then timing how long it 

took to take 100 pecks. Peck rates were only collected when the focal goose was 

actively feeding; timing was interrupted if  other activities occurred. The focal goose 

was assessed in terms of its:
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“sex” (male or female);

“family status”(solitary, paired or family);

“local density” o f the goose within the flock (low: <4 geese within a 5 goose- 

length radius, medium: 4 - 1 0  geese within a 5 goose-length radius, and high: 

>10 geese within a 5 goose-length radius);

“position” within the flock (edge of the flock, or centre o f the flock), and;

“food availability” (whether the goose was as the expanding edge of the flock 

or not).

In addition, the number o f geese in the flock was counted, the location of the flock, 

the time of day (measured as the proportion of the daylight that had passed) and date 

(measured as the number of days from October 1®‘) were also noted.

The peck rate was converted into the natural logarithm of pecks per minute for 

analysis. Analyses were conducted in S-PLUS 2000 (Mathsoft 1999), using 

generalised linear models (GLMs) to test which explanatory variables were 

statistically significant predictors o f In peck rate.

Time budget data were collected in the same way as the peck rate data, but not on the 

same geese. Individuals were coded according to the same measures mentioned 

above. The proportion of time spent feeding, vigilant or in aggressive interactions was 

analysed using GLMs, with a logit link function. The logit link function was selected 

because this is the most appropriate link for proportional data (Sokal & Rohlf 1995). 

The data were underdispersed, requiring the quasi-likelihood family to be used. 

Where explanatory variables were factors with more than two levels, post-hoc
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multiple comparisons were conducted using Tukey’s test to determine which levels of 

the factor were significantly different from the others.

5.3.3 Instantaneous intake rate

Spalinger & Hobbs (1992) suggest calculating intake rate through mechanistic models 

rather than phenomenological models to accurately reflect reality. This method is less 

flexible to differences between species, but the mechanistic approach is used in this 

study as a suitable model for the barnacle goose population under examination. 

Therefore, in a similar manner to that of Prop & Deerenberg (1991), intake rate is 

seen as a product of bite size and bite rate. Intake per bite has previously been 

calculated in Chapter 4, where it was found to vary with bill length and sward height.

5.3.4 Simulation model

A simulation model was constructed to investigate the foraging behaviour o f barnacle 

geese. Energy (kJ) was used as the currency of the model, which required dry weight 

grass biomass to be converted into energy. Details were taken from Black et al. (1992) 

for the assimilated energy value of grass (this is the energy value of grass, controlled 

for the proportion of ingested food that is absorbed into the body). Daily energy gain 

was therefore calculated as the short-term energy intake rate multiplied by the 

proportion of time spent feeding, multiplied by the day length.

Energy costs in this model were assumed to arise from basal metabolic rate (BMR), 

and from costs associated with different activities (feeding, vigilance, aggressive
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interactions and flight). BMR was calculated from the allometric relationship derived 

for non-passerine birds (Aschoff & Pohl 1970). The costs o f different activities (in 

terms of multipliers o f BMR) were taken from Black et al. (1992). Increases in energy 

needs due to low temperatures are included in this model through a simple 

relationship between temperature and increased energy expenditure during each day. 

These thermoregulatory costs were scaled to be o f the same magnitude as found by 

Stahl (2001). For each day of the winter period, day and night temperatures were 

modelled from observed temperatures at the Wildfowl & Wetlands Trust reserve at 

Caerlaverock in 1998/1999. Flight costs were assumed to arise from the daily flight 

from roost to feeding sites, and from movements between fields within feeding areas. 

The flight costs were calculated from the multiplier of BMR and the time barnacle 

geese spent in flight per day (own observations).

Over the winter period, food is depleted as total intake by geese exceeds the growth 

rates of their forage species (Black et al. 1992; Chapter 3). The amount o f food 

available for consumption therefore varies during the winter. This variation was 

incorporated into the simulation model by specifying the sward height of grass 

available on each day of the winter. These data were collected during the winters of 

1998/1999 and 1999/2000, and have been analysed previously in Chapter 3.

The simulation model was used to calculate the expected net energy gain across the 

winter season in male and female barnacle geese. This was first conducted by varying 

the daily percentage of time spent feeding from 0% up to 100%. The time remaining 

available in the model was then split between aggressive behaviour and vigilant 

behaviour in equal quantities. Previous work (Chapter 4) suggests that male barnacle
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geese should be able to satisfy their daily energy requirements with less time invested 

in feeding than females. From this simulation, the expected proportion o f time spent 

in feeding behaviour for male and female geese was calculated from the assumption 

that male and female net energy gains should be equal at the end of the winter season. 

This ratio was then compared to the observed pattern of time budgets in wild barnacle 

geese. The observed pattern o f time spent in feeding, aggressive and vigilant 

behaviours in males and females across the winter season were incorporated into the 

simulation model. This produced a calculation of the actual expected net energy gain 

over the winter season for male and female barnacle geese.

5.3.5 Abdominal profile index

Owen (1981) developed the abdominal profile (AP), as an index o f body condition for 

geese that can be measured by field observations. The abdominal cavity of geese is 

used to store body fat, and the size of this store is correlated to total body fat stored 

subcutaneously and around internal organs. During the winters of 1998/1999 and 

1999/2000 at the same time as time budget data were collected, the APs of focal 

barnacle geese were recorded. These APs were regressed in a generalised linear model 

against year, family status and position in the flock in S-PLUS 2000 (Mathsoft 1999). 

The residuals from this analysis were then regressed against the day of the winter for 

male and female geese to compare to the predicted acquisition o f energy.
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5.4 Results

5.4.1 Peck rate

Mean sward height o f the field explained 50% of the variation in the peck rate data. 

Peck rate in longer swards was lower than in shorter swards (parameter estimate = - 

0.13, se = 0.01, t = 15.5, p < 0.0001, Table 5.1 and Fig. 5.1). The only other 

significant explanatory variables were the position of the focal goose within the flock 

and the local density o f geese around it (Table 5.1). Geese at the edge o f the flock 

pecked significantly more slowly than geese in the centre o f the flock (t = 3.05, p < 

0.005, Fig. 5.2). Using post hoc multiple comparisons, it is possible to see that when 

geese were in high local density areas of the flock, they pecked faster than when they 

were in either medium or low local density areas (q = 2.69 and 3.10 respectively, crit 

= 2.36, both p < 0.05, Fig. 5.3). No difference in peck rate was found between geese 

in medium or low densities (q = 0.46, crit = 2.36, NS). There was no difference in the 

natural logarithm of peck rate between male and female barnacle geese (Table 5.1).

Table 5.1: The results of a backwards stepwise analysis of the generalised linear model of In

Parameter F-value d.f. P
Sex 0.003 1 NS
Ln flock size 0.04 1 NS
Food availability 0.08 1 NS
Family status 1.17 2 NS
Local density 4.81 2 <0.01
Position 9.29 1 <0.005
Sward height 240.83 1 <0.0001

At each step of the analysis, the term that had the least affect on the overall residual deviance 
was removed. Null deviance = 8.27, null degrees of freedom = 241. Residual deviance of final 
model = 3.93, final d.f. = 237.
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Figure 5.1: Peck rate plotted against sward height. As sward height increased, peck rate 
declined. The line is a linear regression, plotted on untransfoim ed data.
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Figure 5.2: M ean peck rate (+se) for geese observed at the edge or in the centre o f  a foraging 
flock. Peck rate is significantly higher in the centre o f  the flock.
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Figure 5.3: Mean peck rate (+se) for geese observed in parts o f  the flock at different local 
densities. G eese in high local density parts o f  the flock pecked significantly faster than those 
in m edium  local density parts o f  the flock did. N o other significant differences were found.

5.4.2 Instantaneous intake rate

The observed relationships between bite size and sward height (Chapter 4), and 

between peck rate and sward height were combined for male and female barnacle 

geese (Fig. 5.4). These curves show the mechanistic functional response of 

instantaneous intake rate to sward height. The relationship, much like that found by 

van der Wal et al. (1998), indicates a low intake rate at both very low and very high 

sward heights, with the highest intake rate at an intermediate sward height.
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Figure 5.4: The predicted shape o f  the functional response for male and female barnacle 
geese based on the observed peck rate in the field, and bite size measured in cage trials. The 
difference in magnitude o f  the curves for males and females is due to the differences in bill

length.

5.4.3 Simulation mcxiel

The simulation model showed how the final net energy gain (at the end of the 

wintering period) increased with the proportion of each day spent feeding (Fig. 5.5). 

A positive net energy balance across the whole winter period was found for female 

geese when they spent longer than 66% of time feeding per day, and for male geese 

when they spent over 53% of time feeding. This simulation model suggests that, if 

female barnacle geese were to spend all the available time feeding, male geese would 

only need to spend 78% of time feeding to obtain the same net energy gain by the end 

the winter season

A simple quantitative prediction was made from this simulation model, based on the 

fact that the male barnacle goose is seen as the protector of his mate and offspring. 

When accompanied by a mate, female geese would spend 100% of time feeding.
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whilst their mate would spend 78% of time feeding, and the remaining time protecting 

their family from predators and conspecific competitors.
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Figure 5.5: Output of the simulation model showing that the total net energy gained over the 
entire winter period (as measured on the last day of the winter season) increases as the 

proportion of the day spent in feeding behaviour increases. Male geese have more energy 
accumulated at the end of the winter season for a given proportion of time spent feeding, 

except for when only a very low proportion of time is spent feeding.

Table 5.2: Significance of the full range of explanatory variables in the three backwards 
stepwise quasi-likelihood generalised linear models explaining the proportion of time spent 
feeding, vigilant and aggressive by an individual goose. Significant terms are highlighted in 
bold, NS indicates non-significance at the 5% level. Null degrees of freedom in all models = 
404.

Proportion o f time 
feeding

Proportion of time 
vigilant

Proportion of time 
aggressive

Parameter df F P F P F P
Sex 1 14.28 <0.0005 12.79 <0.0005 30.15 <0.0001
Family status 2 3.18 <0.05 3.96 <0.05 30.23 <0.0001
Local density 2 1.61 NS 1.86 NS 3.92 <0.01
Position 1 5.28 <0.05 1.63 NS 0.01 NS
Food availability 1 0.52 NS 28.95 <0.0001 11.61 <0.001
Sward height 1 51.88 <0.0001 82.10 <0.0001 25.10 <0.0001
Field area 1 1.48 NS 0.06 NS 23.35 <0.0001
Day length 1 0.93 NS 3.91 <0.05 2.48 NS
In flock size 1 0.09 NS 0.62 NS 4.64 <0.05
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5.4.4 Time budgets

The results of the three GLMs for the proportion of time spent in feeding, vigilant and 

aggressive behaviours for individual geese are shown in Table 5.2. Male geese were 

found to feed for a lower proportion o f time (87.7% of time vs. 91.1% of time on 

average respectively, t = 3.71, p < 0.001, Fig. 5.6a), to be vigilant for a greater 

proportion of time (t = 3.51, p < 0.001, Fig. 5.6b) and to be involved in aggressive 

interactions for a greater proportion of time than females (t = 4.82, p < 0.0001, Fig. 

5.6c).

Using post-hoc multiple comparisons it was found that family geese spent a lower 

proportion of time feeding than paired geese with no goslings (q = 2.63, crit = 2.35, p 

< 0.05, Fig. 5.7a). No significant difference was found between the proportion of time 

spent feeding by family geese compared to singletons, or paired geese compared to 

singletons (q = 1.04 and 0.46 respectively, crit = 2.35, both NS). Even though no 

significant differences in the proportion of time spent vigilant by geese o f different 

family statuses were found, the trends approached significance (Fig. 5.7b). Family 

geese spent a greater proportion of time vigilant compared to paired geese (q = 1.83, 

crit = 2.35, NS) or singletons (q = 2.11, crit = 2.35, NS), while paired geese spent a 

greater proportion of time vigilant than singletons (q = 1.59, crit = 2.35, NS). Family 

geese spent a significantly higher proportion of time in aggressive encounters than 

paired geese (q = 5.57, crit = 2.35, p < 0.05, Fig. 5.7c), and a non-significantly higher 

proportion of time in aggressive encounters than singletons (q = 1.09, crit = 2.35, NS). 

Also, no significant difference in the proportion of time in aggressive encounters 

could be detected between paired geese and singletons even though singletons had a
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lower mean proportion o f time in aggressive encounters than paired geese (q = 0.35, 

crit = 2.35, NS).
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Figure 5.6: (a) Mean 
proportion of time feeding 
(+se) for male and female 
geese. Male geese spend a 
significantly lower 
proportion of time feeding.
(b) Mean proportion of time 
vigilant (+se) for male and 
female geese. Males spend a 
significantly higher 
proportion of time vigilant.
(c) Mean proportion of time 
spent in aggressive 
encounters (+se) for male 
and female geese. Males 
spend a significantly higher 
proportion of time in 
aggressive encounters.
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Figure 5.7; (a) Mean 
proportion of time feeding 
(+se) for geese of different 
family status. Family geese 
were observed to spend a 
significantly lower 
proportion of time feeding 
than if they were paired 
with no goslings, or when 
single, (b) Mean proportion 
of time vigilant (+se) for 
geese of different family 
status. No pair-wise 
differences were found, but 
the trends suggested that 
parental geese spent more 
time vigilant than geese in 
a pair, which were vigilant 
for more time than single 
geese, (c) Mean proportion 
of time spent in aggressive 
encounters (+se) for geese 
of different family status. 
Geese that were part of a 
family spent a greater 
proportion of time in 
aggressive encounters than 
non-family geese.

CD 0.004

S  0.002

Taking the differences in time budgets between geese of different sex or family status 

together, the proportion of time spent in each activity is summarised in Table 5.3.
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Table 5.3: Mean (± se) proportion of time spent feeding, vigilant and aggressive for male and

Family Pair Single
Male Female Male Female Male Female

Feeding
Vigilant
Aggressive

0.81 (0.027) 0.86(0.028) 
0.12(0.021) 0.10(0.022) 
0.01 (0.003) 0.004

________ (0:001) .

0.89 (0.010) 
0.06 (0.007) 
0.001 
(0.001)

0.92 (0.007) 
0.05 (0.005) 
0.001 
(0.003)

0.89 (0.027) 0.92 (0.039) 
0.05 (0.012) 0.02 (0.006) 
0.001 0.001 
(0.001) (0.000)

Geese at high local density spent more time in aggressive encounters than those at 

medium local density (q = 2.51, crit = 2.35, p < 0.05, Fig. 5.8), but even though the 

comparisons suggested that geese at high local densities spent, on average, a much 

higher proportion of time in aggressive encounters than at low densities, no significant 

difference could be found due to large standard errors (q = 1.58, crit = 2.35, NS). A 

similar non-significant difference was found between geese observed at medium and 

low local densities (q = 1.14, crit = 2.35, NS).
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Figure 5.8: Mean proportion of time spent in aggressive encounters (+se) for geese observed 
in parts of the flock at different local densities. Geese in high local density areas spent a 
higher proportion of time in aggressive encounters than those at lower local densities.

Geese that were feeding at the edge of the flock were found to spend a smaller 

proportion of time feeding than geese at the centre of the flock (t = 2.18, p < 0.05, Fig.

118



Chapter 5

5.9). Geese at the expanding ecges o f the flock were found to spend a much greater 

proportion o f time vigilant thar. those in the centre or trailing edge o f the flock (t = 

5.28, p <  0.001, Fig. 5.10).

Focal geese that were foraging in longer swards spent a lower proportion of time 

actively feeding (parameter estimate = -0.28, se = 0.03, t = 7.87, p < 0.0001), a greater 

proportion of time vigilant (parameter estimate = 0.33, se = 0.033, t = 9.81, p < 

0.0001), and a higher proportion of time in aggressive encounters (parameter estimate 

= 0.49, se = 0.08, t = 5.81, p < 0.0001).
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Figure 5.9: Mean proportion of time feeding (+se) for geese in the centre or at the edge of the 
flock. Geese at the edge of the flock spend a significantly lower proportion of time feeding

than geese in the centre.
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Figure 5.10: Mean proportion of time vigilant (+se) for geese at the expanding edge of the 
flock and in other areas that the flock has previously passed over. Significantly more time is 

spent vigilant when at the expanding edge compared to the other areas.

Focal geese spent a greater proportion of time being aggressive as field size increased 

(parameter estimate = 0.23, se = 0.04, t = 5.48, p < 0.0001). In longer days, geese 

spent a greater proportion of time vigilant, although the relationship was very weak 

(parameter estimate = 0.001, se = 0.0005, t = 1.97, p < 0.05). In larger flocks, geese 

spent a lower proportion of time in aggressive encounters than in small flocks 

(parameter estimate = -0.36, se = 0.18, t = 2.06, p < 0.05).

5.4.5 Energy accumulation

The observed time budget results were incorporated into the simulation model of net 

energy acquisition. It was assumed that each goose remained o f the same family status 

throughout the winter. To simplify the simulation, differences in position in the flock 

and local density were ignored, making the assumption that geese spent equal 

proportions o f time in each flock position and at each local density. The flock size 

was also assumed to remain eonstant through the winter, at 600 individuals (the mean
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observed flock size, WWT unpublished data). The simulation outputs showed that, if 

both sexes arrived on the wintering grounds with the same level of energy stores, male 

geese had higher energy reserves than females at all subsequent points in the winter 

(Fig. 5.11 only shows the predictions for geese in family groups for clarity). At the 

end o f the winter season, male geese in the model are predicted to have up to 82% 

higher energy reserves than females of the same family status.
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Figure 5.11: The simulation model outputs for male and female barnacle geese with goslings. 
At the end of the winter season, male geese have accumulated 54% more energy than female

geese.

Figure 5.12 shows the difference in predicted net energy gain over the winter period 

between single, paired and family geese in both males and females. Family geese have 

a lower net energy gain than single geese, which have a lower gain than paired geese. 

Family males accumulate 14% less energy than paired male geese with no goslings. 

The percentage difference in female geese is the same, but in absolute terms is much 

smaller (380630 kJ for females, 692220 kJ for males). These differences within the 

sexes are quite small when compared to the difference predicted between the sexes
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and  im p lie s  th a t th e re  m ay  on ly  b e  a  sm all e n e rg y  co st to  a b a rn a c le  g o o se  o f  b e in g  in  
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F ig u re  5.12: The sim ulation model outputs for m ale and female geese. Paired geese with no 
goslings have the highest final energy accum ulated for both m ales and females. Single geese 

have a slightly lower final energy state than paired geese in both m ales and fem ales, and 
geese w ith goslings have the lowest energy state.

T h e  ab d o m in a l p ro file  in d ex  sco res  o f  O w en  (1 9 8 1 ) are  sh o w n  in  F ig . 5 .13 . T he 
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flo ck  are p re sen ted  in F ig  5 .14  ag a in s t the  tim e  o f  th e  w in te r  sea so n  fo r b o th  m a le  and  
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m o d el.
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Figure 5.13: The abdominal profile index o f  barnacle geese (from Owen 1981). The side 
view o f  the abdominal fat store is used as an index o f  body condition.
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Figure 5.14: The residual abdominal profile index (API) for male and female geese from a 
regression against year, family status and position in the flock in a GLM, plotted against the 
day o f  winter. The lines are spline smoothing regression lines for male (n =  196) and female 

(n =  209) barnacle geese dunng 1999/2000 and 2000/20001.
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5.5 Discussion

Peck rates declined as sward height increased, as expected under the assumption that 

handling time would increase in longer swards (Fig. 5.1). This assumption is based on 

the fact that bite size is larger in longer swards than in shorter swards (Chapter 4). 

Therefore the time taken to move the bite from the front o f the bill to allow the next 

bite to be taken would also be expected to increase in longer swards, and matched the 

pattern observed by Owen et al. (1992). The peck rate was found to vary depending 

on both the position of the focal individual within the frock (Fig. 5.2), and the local 

density in that part of the frock (Fig. 5.3). When the peck rate data were combined 

with bite size data, a picture of the functional response was derived. The functional 

response was similar in shape to that suggested by van der Wal et al. (1998), with the 

highest instantaneous intake rates at intermediate sward heights (Fig. 5.4). The 

difference in magnitude o f intake rates between male and female geese predicted by 

the functional response was a result of the sexually dimorphic bill size measurements. 

These dry matter instantaneous intake rates were converted to energy intakes, and 

included within a simulation model for the whole winter season. This simulation 

model produced results that suggested that male barnacle geese were able to 

accumulate much larger stores o f energy over the winter than female barnacle geese 

for the same effort, due to the differences in bill size and therefore foraging 

efficiency. The prediction that arose from this was that if both male and female geese 

were to end the winter with the same amount o f accumulated energy, male geese 

should only feed for 78% of the time that females do (Fig. 5.5). The remaining time 

could be dedicated to mate guarding, or defending resources for their mate and any 

goslings.
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In the field, it was found that male barnacle geese did spend a lower proportion of 

time feeding (Fig. 5.6a) and a higher proportion of time in vigilant (Fig. 5.6b) and 

aggressive (Fig. 5.6c) behaviour with other geese than females did. However, male 

geese were observed to spend, on average, only a slightly lower proportion o f time 

feeding than females (87.7% of time vs. 91.1% of time). Males spent longer, on 

average, in vigilant and aggressive behaviours than females, but again, the differences 

were not very large (7% of time vs. 5% of time for vigilance, 0.3% of time vs. 0.1% 

of time for aggressive interactions). These patterns are similar to those found by Black 

& Owen (1989a, b) and Black et al. 1992. When these values were included in the 

simulation model, it was found that male geese were predicted to accumulate up to 

82% more energy than female geese over the winter season (Fig. 5.11). This 

difference between male and female energy accumulation suggests that male geese 

could use their size advantage to spend more time protecting their mate or goslings, 

and less time feeding.

The total energy accumulated over the winter season also varied according to whether 

a goose was in a family group, with a mate with no goslings, or alone (Fig. 5.12). 

Adult geese in a family group generally spent a lower proportion of time feeding (Fig. 

5.7a), and a greater proportion of time vigilant (Fig. 5.7b) and aggressive (Fig. 5.7c) 

than those geese that were not in a family group. It followed, therefore, that family 

geese were predicted to have a lower total energy level at the end o f the winter season 

than those without goslings. However, the differences between family geese, paired 

geese and single geese was slight (adult male geese in a family accumulated 14% less 

energy that paired male geese). This finding suggests that there may be a slight cost of
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reproduction in barnacle geese. As barnacle geese are capital breeders, a reduced store 

of energy at the end of the winter period and the start o f the breeding period is likely 

to have a detrimental effect on breeding success. However, this conclusion may be 

overly simplistic. The assumption was made that all barnacle geese spend a 

proportionate amount of time in all parts of the flock through the winter. Previous 

work (Black & Owen 1989b) has shown that families o f barnacle geese are more 

often seen at the edge of the flock than the centre. Because geese at the edge o f flocks 

are observed to spend a lower proportion of time feeding than those in the centre 

(having controlled for family status and sex. Fig. 5.9), this could increase the cost to 

family geese. However, as argued in Black et al. (1992), the forage at the edge of the 

flock may be of higher quality or higher standing crop, thus allowing a higher intake 

rate of energy than in other areas of the flock. If  this were the case, then the additional 

costs (in terms of feeding time lost) of being in a family may be compensated for. 

These other factors were not explored further in this chapter because data were not 

collected on differences in food quantity or quality between the edges and centres of 

flocks.

Different behaviours were observed at the edge and centre o f flocks in this study, 

similar to those observed by Black et al. (1992). For example, edge geese were seen to 

peck at a slower rate (Fig. 5.2) when compared to geese at the centre o f flocks. 

However, geese deplete the sward height in the centre of flocks (Black & Owen 

1989b) and peck rates were observed to vary with sward height (Fig. 5.1). Therefore, 

this difference in behaviour due to flock position may be explained by sward height. 

No data were collected on the differences in sward heights at the edge and centre of 

barnacle goose flocks in this study, so this is not directly testable. However, this
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argument suggests that, in this case, food levels probably drive differences in 

behaviour at the edge and centre of the flock. This conclusion offers an alternative 

explanation for edge-centre differences in behaviour to the view that predation risk 

drives many edge-centre differences in behaviour (Hamilton 1971; Lazarus 1978; 

Petit & Bildstein 1987; Hunter & Skinner 1998).

Differences in local density surrounding the focal goose also affected behaviour 

patterns. Geese were not uniformly distributed through flocks, and areas o f higher or 

lower local density were observed. These were likely to have formed around favoured 

feeding patches in the fields. Within areas of high local density, intraspecific 

competition for food may be increased. This was evidenced by focal geese in these 

high local density areas spending a greater proportion o f their time in aggressive 

interactions (Fig. 5.8). It was also observed that in these high local density areas, peck 

rates were increased over lower local density areas (Fig. 5.3). This may have resulted 

from three possibilities: (1) sward height differences between these areas. With more 

geese concentrating their feeding in a particular area sward heights would be depleted, 

resulting in a higher peck rate. (2) Direct competition in high density areas. Where 

density (and therefore competition) was low, pecking could have been more selective 

for the best available shoots, and therefore slower, than where geese were competing 

heavily. (3) A high local density of geese may reflect a high local density of good 

quality grass shoots. In this situation, the time taken to select a palatable shoot may be 

lower where a high density of shoots is found. Therefore, high peck rates may reflect 

a low search time in high goose density areas.
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Aggression made up only a very small proportion of behaviour (less than 1% of time 

on average). However, the proportion of time spent in aggressive interactions varied 

greatly between individuals due to their sex (Fig. 5.6c), family status (Fig. 5.7c) or 

local density (Fig. 5.8). Controlling for these, it was also found that aggressive 

interactions became less common when flock size increased, when sward height 

decreased and when field area decreased. This seems counterintuitive, as it would be 

expected that competition would be greatest when resources were limited (in the 

situation where a large flock was found in a small field with a low standing crop). 

However, aggressive interactions are probably very costly to the geese involved, 

through the risk of injury, the energetic costs and the time lost to feeding. Therefore, it 

might be expected that under resource-limited conditions, aggression would be 

reduced to minimise the costs. More subtle cues may be used, and only when they 

failed to achieve the aggressor’s goals would more protracted aggression be entered 

into. More studies into the intensity of aggressive encounters (from non-contact 

posturing to a long fight) under different conditions may provide an insight into this 

counterintuitive result.

The abdominal profile index has been used as an in situ measure o f the level o f body 

fat o f barnacle geese (Owen 1981; Fig. 5.13). This method has been used in studies of 

the biology of various species o f geese (Black et al. 1991; Mayes 1991; Black et al. 

1992; Madsen 1995). Previous studies have consistently found that female barnacle 

geese have higher abdominal profile scores than male geese throughout the winter, 

especially just before spring migration (Owen 1981; Black et al. 1992). This 

observation has been repeated in this study (Fig. 5.14), and is apparently counter to 

the results of the simulation model that suggests male geese accumulate more energy
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stores through the winter. This discrepancy may be because the simulation model fails 

to take unparameterised costs into account. These costs may include an increase in the 

intensity o f aggression at the end o f the winter, which may have brought about higher 

energy costs for males. Another possible explanation may be that the abdominal 

profile index may not be comparable between males and females. As male barnacle 

geese are 14% heavier and have 6% longer tarsi than female geese on average, the 

structural dimensions of male geese are greater than females. A volumetric measure o f 

body fat (such as the abdominal profile) would be expected to scale with body m ass\ 

so that male geese would need 14% more fat to achieve the same abdominal profile. 

This still does not account for the large difference in energy accumulation predicted 

by the simulation model, and to further examine whether the abdominal profile index 

for male geese is different to the index for females, invasive measurements o f fat mass 

will be required.

The main aim of this chapter was to assess whether male barnacle geese were using 

their size advantage in terms of feeding rates to protect their mate and goslings. It was 

found that male geese spent a lower proportion of time feeding than females did. 

Adult male geese that were in a family group spent a lower proportion of time feeding 

than adult males that did not have goslings, and also spent more time vigilant and 

aggressive than non-parental adult male geese. However, taking all these factors into 

account, family adult males were predicted to accumulate more energy over the 

course o f the winter than their mates did. This implies that, even though males can be 

seen as the protector class in the barnacle goose, they should be able to do more to 

protect their mate and goslings over the winter season than they do. Given the long

term pair bond that is found in barnacle geese, it seems unlikely that males would 

cheat their partners of help. There are several possible explanations for the observed
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deviations from the expected patterns predicted in this chapter: (1) parent males may 

only work the minimum amount to allow their mate and goslings to survive and put 

on weight during the winter. (2) Intraspecific competition and predation risks may be 

low in the study system, not requiring a very high level of protection from the males. 

(3) There may be additional costs to males during the winter that were not quantified 

in this study. (4) The extra energy that was predicted to be accumulated by males 

during the winter may be vital to survival and successful breeding o f the pair during 

the following summer. This last explanation covers such possibilities as differential 

migration costs for large males and small females, and the fact that males may need to 

have higher energy stores when arriving on the breeding grounds to allow territory 

establishment. Further work to examine these possibilities should be conducted to 

include differential migratory and breeding costs to males and females.
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Chapter 6

Integrating variation in foraging efficiency and interference with depletion in an 

individuals-based simulation model: the case o f the barnacle goose flock.
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6.1 Abstract

The distribution of animals through a landscape is the result o f a dynamic process of 

decisions taken at the level of the individual. An individuals-based model is 

developed here that explores the processes that result in the observed distribution of 

barnacle geese in a flock. Individuals in the simulation model differ in maximum 

intake rate (foraging efficiency) and in the detrimental affect of interference 

competition on intake rate (susceptibility to interference). Barnacle geese form family 

groups that remain together through most o f the winter, and paired birds with no 

goslings associate through the entire winter. Foraging flocks deplete the food resource 

as they move through the landscape on foot. Therefore, depletion was incorporated in 

the simulation model along with differences in foraging parameters between 

individuals and their social status. Two levels of interference were modelled, and 

three different movement decision rules were used to investigate flock structure and 

individual energy intake. The shape of the flock after 50 time steps and the 

distribution of units through the flock closely resembled that seen in the field. Intake 

rates were found to be highest in juveniles within a family group, but this was at the 

expense of their parents when compared to adult geese with no goslings. This may 

result in a parent-offspring conflict that leads to the splitting up o f families towards 

the end of the winter. Depletion of food resources in the centre o f the flock drives the 

simulated flock expansion, with families better able to escape this depletion than 

geese of lower dominance. The study system used here therefore appears to be driven 

mostly by depletion, with foraging efficiency and susceptibility to interference being 

important details that allow a greater understanding of the dynamics that operate 

within a foraging barnacle goose flock.
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6.2 Introduction

The way in which animals use space has been a major area o f research for many years 

(Amlaner & Macdonald 1980; Priede & Smith 1992; Maher & Lott 1995; Adams 

2001). Theoretical models of the distribution of animals in a landscape have 

proliferated in parallel with empirical studies (Hanski & Thomas 1994; Moen et al. 

1997; Rushton et al. 1997; Rushton et al. 1999; South et al. 2000; Lindenmayer et al. 

2001; South & Kenward 2001). The ideal-free distribution (Fretwell & Lucas 1970) is 

the central theory of how animals distribute themselves between patches within a 

habitat. This theory is based on game theory and the costs and benefits o f occupying 

one patch over another, given the distribution of other animals in the same landscape. 

The ideal-free distribution is recognised as being an oversimplified representation of 

reality, but of use as a starting point for developing more complex models (Ollason & 

Yearsley 2001). One such model development is the ideal-despotic distribution, which 

reflects that animals are not “free” to move to some patches, as competitive abilities 

vary, and a “despot” within one patch may prevent other animals from entering that 

patch through competitive exclusion. Another form of competition that can alter the 

optimal choices of animals is interference competition. Interference competition is 

defined as the short-term, reversible reduction in intake rate caused by the presence of 

others (Goss-Custard 1980; Sutherland 1983). Individuals may vary in their 

susceptibility to this reduced intake rate, with some individuals having a much 

reduced intake rate in the presence o f competitors, whereas other individuals do not 

suffer the same reduction. One example of this phenomenon is the oystercatcher, 

where subdominant individuals suffer a reduction in intake rate as competitor density 

increases, but dominant individuals maintain the same intake rate over all competitor
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densities (Ens & Goss-Custard 1984). Hassell & Varley (1969) derived an equation 

that described interference competition:

/=0AT'"

where /  is the calculated intake rate, Q is the Quest constant, a measure o f the intake 

rate in the absence o f any competitors (foraging efficiency), N  is the number o f 

competitors, and m is the interference constant (susceptibility to interference). The 

interference constant is measured as the gradient of the slope that relates log intake 

rate to log competitor density.

The developments of the Fretwell & Lucas’ ideal-free distribution and Hassell & 

Varley’s interference equation have led to a body of theory to explain the distribution 

o f animals within a landscape. However, where consumers occur in high numbers, the 

resources that are being consumed may be depleted. Where depletion occurs unevenly 

across a landscape, the relative profitability of different patches in that landscape will 

change with depletion. The body of theory behind the effects on animal distribution of 

depletion is much smaller than for interference, and the model of Sutherland & 

Anderson (1993) provides one o f the clearest examples o f how resource depletion 

affects animal distribution. Sutherland (1996) suggests that although depletion is not 

as theoretically elegant as interference, it may be of much greater importance in many 

systems. Most models of vertebrate distributions across a landscape either concentrate 

on interference (van der Meer & Ens 1997; Stillman et al. 1997; Caldow et al. 1999; 

Stillman et al. 2000b) or depletion (Sutherland & Anderson 1993; Percival et al. 

1996), but very few incorporate elements o f both (Goss-Custard et al. 1995b).
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The “ideal” part of the ideal-free distribution refers to the assumed ideal knowledge 

that an individual within a landscape has of the entire landscape. In the ideal-free 

model, individuals have full knowledge of how resources and competitors are 

distributed over the landscape. In reality, this assumption will be violated in most 

situations, as the individual will often not be able to sample the entire landscape. In 

many circumstances, it may be reasonable to assume that an individual only has 

complete knowledge of the area immediately adjacent to it, for example where the 

individual’s view is obscured by dense vegetation, or some other obstruction. It may 

also be reasonable to assume that an individual can guess what the distribution of 

resources is from previous experience (Bernstein et al. 1988). In this way, an 

individual leams about the environment through repeated sampling (often known as 

Bayesian foraging). Stillman et al. (2000b) modelled the behaviour and distribution of 

foraging redshank {Tringa totanus) under three different assumptions o f knowledge, 

and found that increased levels of knowledge led to increased foraging success. 

Farnsworth & Beecham (1999) modelled a hypothetical group o f herbivores where 

individuals behaved according to various rules, ranging from random diffusion and 

Bayesian rules to the ideal-free distribution. Again, they showed that constraining the 

movement patterns of foragers from the ideal-free distribution had potentially 

profound effects on intake rates and distributions of animals. The method of 

simulating animal distributions across a landscape with the assumption of limited 

global knowledge is likely to reflect actual distributions more accurately as it is based 

on the biological reality of the processes that lead to animal distributions. Specifically, 

these processes are the movements of individuals from one patch to an adjacent patch 

rather than from one area o f the landscape to another, unconnected area, something 

that might be biologically impossible.
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The entire population of Svalbard barnacle geese spends the winter period (from the 

end of September to the start o f May) on the Solway Firtb, UK. During these months, 

geese feed in large flocks (of up to several thousand individuals) on saltmarsh and 

pasture grasses, such as Festuca rubra and Lolium perenne (Owen & Kerb es 1971). 

Barnacle geese are monogamous, stay with the same mate for many seasons and 

exhibit extended parental care through most of the winter (Black & Owen 1989a). 

Therefore, frocks are composed of family groups with up to four or five goslings 

(although usually one or two), paired birds with no goslings and single geese with no 

mate. These families, pairs and single geese move as indivisible units within the frock, 

with members of each unit staying within several metres o f other members o f the unit 

(Black & Owen 1989b). A linear dominance hierarchy is found within the frock, with 

family birds winning aggressive encounters over paired geese, which defeat single 

geese (Black & Owen 1989b). Success in aggressive encounters depends more on the 

size o f the family unit rather than the body size of interacting geese (Black & Owen 

1989b). These units have been consistently observed in the same positions within a 

frock, with families being found at the expanding edges of the frock, whilst single 

geese are found towards the centre of the frock (Black & Owen 1989b; Black et al. 

1992). Barnacle goose frocks tend to land in the centre of fields, and graze their way 

towards the edges (Black & Owen 1989b), which creates the situation where the 

centre o f frocks experience depleted grass swards, whereas the edges o f the frock feed 

over undepleted swards. This pattern of depletion and the observed dominance 

hierarchy has led to the hypothesis that families dominate the edge positions where a 

higher food intake rate can be achieved (Black et al. 1992).
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Differences between the individuals within a unit occur as well as differences between 

types o f unit. Earlier work (Chapter 4) has shown how foraging efficiency varies 

according to bill size, and therefore between the sexes. It has also been shown that the 

proportion of time spent feeding varies between males and females, and whether 

individuals are part of a family unit or not (Chapter 5). Interference can be measured 

as the reduction in the proportion of time spent feeding at different densities of geese. 

It may be assumed that members of more dominant units will be less affected by high 

densities of geese than subdominant units as in the oystercatcher (Ens and Goss- 

Custard 1984). However, earlier work (Chapter 5) showed that the proportion of time 

spent feeding was lower in dominant units than in subdominant units. The data were 

not sufficient to demonstrate whether there was an interaction o f unit type (family, 

pair or single) with sex and age (adult male and female or juvenile). However, Fig. 6.1 

shows that there is a trend towards members of family units being more adversely 

affected by interference than the subdominant geese, and males being more affected 

than females and juveniles. This statistically non-significant pattern is biologically 

sensible as male geese are the protector class, and will have to spend more time 

protecting their mate and gosling’s access to food resources when more competitors 

are present than when few are present. Chapter 5 suggested that there were slight costs 

to parental geese in terms of their intake rates due to a reduction in time spent feeding. 

This pattern of goslings benefiting from their parents’ protection at the expense of the 

parents’ ability to forage may lead to parent-offspring conflict in the long-term if the 

parent geese are unable to accumulate enough food due to the protection they provide 

to their goslings.
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Figure 6.1: The median proportion of time spent feeding for male, female and juvenile 
barnacle geese observed in (a) families, (b) pairs, and (c) single geese at different local 
densities. Low local density is equivalent to <4 competitors in a 5 goose-length radius, 

medium is 5-10 competitors, and high is >10 competitors. The numbers above the graphs 
show the sample sizes for each point. Adult barnacle geese in tend to spend a reduced amount 

of time feeding when in high density when in a family or a pair. Juvenile geese appear to 
spend a high proportion of time feeding, even at high local densities of competitors.

In this chapter, a spatially explicit, individuals-based simulation model of barnacle 

geese foraging in a flock is developed. There are several objectives to this study. (1) 

By incorporating variation in interference, variation in foraging efficiency, resource 

depletion and social behaviour into a spatially explicit model, the development of a 

realistic simulation of group foraging is built for barnacle geese. The simulation 

model is based on behavioural decisions, with units moving within a flock, attempting 

to maximise intake rates. This should provide a greater understanding of the processes 

involved in the exploitation o f resources by group-living animals. (2) The existing 

hypothesis that explains the spatial arrangement of units in a flock (Black et al. 1992)
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can be evaluated. (3) The costs and benefits to individual geese within the flock are 

assessed in terms of their ability to maximise their intake rates. In Chapter 5, the 

results indicated that there may be a cost of reproduction. In this chapter, the 

relationship between energy acquisition and family status is modelled fi*om individual 

behavioural decisions, using game theory.
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6.3 Methods

6.3.1 Study species and site

This study was built around the barnacle goose flocks that feed, during the winter, on 

pasture fields dominated by Lolium perenne at the Wildfowl & Wetlands Trust 

reserve at Caerlaverock, UK. The reserve comprises 11 pasture fields that are 

regularly used by barnacle goose flocks throughout the winter period. After dawn, 

flocks o f geese fly off roost sites on the Solway Firth mud flats and sandbanks to 

adjacent foraging sites. Flocks are observed to land in the centre of fields, and slowly 

graze their way to the boundaries (Black & Owen, 1989b). Once a flock has landed in 

a field, and started foraging, the geese move on foot rather than flying from one part 

of the flock to another.

The foraging data used to parameterise this simulation model have been analysed and 

presented in Chapters 3, 4 and 5.

6.3.2 Model structure

As the questions to be addressed by this simulation model were at the scale of the 

individual flock, the model environment was assumed to be restricted to the scale o f a 

single field. The environment was of finite size (100 cells by 100 cells), split into 

regular hexagons, each cell being 10 m^. Therefore, the total model environment 

matched the size o f many pasture fields on the Solway Firth (10 ha). Each cell had a 

known food resource level, set at the start of the simulation to be equivalent to a
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sward height of 2 cm, as this was a common resource level. The edge of the 

environment was firmly delimited so that any foragers that reach the edge only had 

the choice o f moving back into the defined environment. This situation accurately 

reflected reality where fields were bounded by fences or hedges.

The individuals (units) set within the model environment were defined as being a 

family group, a pair, or a single adult goose. Families comprised an adult male, an 

adult female and one gosling, pairs an adult male and an adult female, and single 

geese. Adult male geese were assigned a bill length of 2.96 cm, females a bill length 

of 2.86 cm, goslings and single geese were both assigned bill lengths o f 2.91 cm in the 

simulation. Bill length was varied with age and sex as it has been found (Chapter 5) 

that variation in foraging efficiency closely followed variation in bill length. Single 

geese were assigned the mean bill length of male and female geese to simplify the 

simulation, and because the questions of interest in this chapter concern differences 

between families and pairs mostly. Each unit was assigned with a global linear 

dominance hierarchy at the start of the simulation. Families were dominant over pairs, 

which were dominant over single geese. There were 50 families, 150 pairs and 150 

single geese within the model. These values were chosen as they reflected the usual 

proportions found in flocks during the study period, and equated to a flock size of 600 

individuals, equivalent to the mean flock size observed (WWT unpublished data). The 

most dominant units were always allowed to make the first choices in the simulation 

model.

At the start o f the simulation, all units in the flock were placed in the central cell. The 

simulation model was run in discrete time steps of one minute. At each time step, the
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foragers were selected, one at a time in order of the linear dominance hierarchy, to 

choose whether to move from their current position to another position. Members of 

each unit always moved synchronously, and were only allowed to move to one o f the 

six neighbouring cells, or remain in the current cell at each time step, as this followed 

the realistic assumption of units only having local knowledge. The decision to move 

was based upon maximising energy intake rate. The expected intake rates in the 

current cell and in the six surrounding cells were calculated for the next time step, and 

the unit moved to the cell that provided the highest intake rate. Where cells had equal 

expected intake rates, one cell was chosen at random. This process was repeated for 

all units in the frock so that they were all given the opportunity to move at each time 

step. As foraging efficiency and susceptibility to interference varied between 

members of a unit, a comparison was made of the outputs o f three separate 

simulations that used three separate movement rules. These were based on 

maximising the intake for the unit as a whole (summed expected intake o f all unit 

members), the highest ranking member o f the unit (always the male), or the lowest 

ranking member of the unit (the gosling in families, the female in pairs). The rules 

used to govern movement decisions in barnacle geese have not been assessed 

previously, but the three rules used here are all plausible candidate rules.

Intake rate in this simulation is a function of resource availability, foraging efficiency, 

and susceptibility to interference. Intake rate is calculated following the Hassell & 

Varley (1969) equation where intake (I) is measured in kJ per minute. The intake rate 

of an individual in the absence of competitors (Q) is difficult to measure in the field, 

especially when being measured in a gregarious species such as the barnacle goose. In 

this study, Q is assumed to equal the product of the proportion of time spent feeding.
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the number of bites taken of the food resource in a particular period of time, and the 

amount o f food taken at each bite (see Chapters 4 and 5; Appendix 6 .6 ). Interference- 

free intake rate varied according to bill length, as larger bills have been measured to 

take larger amounts of food at each bite, and therefore larger billed individuals are 

more efficient. The interference-free intake rate also varied according to the resource 

level of each cell, according to the empirical functional response equation derived in 

Chapter 5. The proportion of time spent feeding has been found to vary with unit type 

(family, pair or single goose) and sex, but did not significantly vary according to the 

density o f neighbouring geese (Chapter 5). Therefore, it might be reasonable to 

assume that the susceptibility to interference (m) does not differ between or within 

units. Figure 6.1 shows that there is a trend in the median proportion o f time spent 

feeding that suggests that geese in families spend less time feeding than paired or 

single geese, and that males spend a lower proportion of time feeding than females 

and goslings when there is a higher density o f neighbouring geese. This suggests that 

there may be an important biological difference that was not detected by the statistics 

due to low sample sizes. For this reason, variation in susceptibility to interference was 

included within the simulation model. Observed values of m across species vary 

between zero and one, with a tendency towards zero (Sutherland 1983; Arditi & 

Akcakaya 1990; Sutherland 1996). Firstly, interference was included as a weak 

function o f competitor density. The mean interference value for each unit was set to 

0 .1 , with variation within each unit so that in families, the value was 0 . 2  for males, 0 . 1  

for females and 0.0 for goslings. For pairs the values were 0.15 and 0.05 for males 

and females respectively. For single geese, the value was 0.1 in both sexes. In the 

second simulation, the interference constant was increased to higher levels, so that 

family geese had values of 1.0, 0.5 and 0.0 for males, females and goslings, 0.75 and
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0.25 for paired males and females, and 0.5 for single geese. These values of the 

interference constant are completely opposite to the normal expected pattern where 

dominant individuals maintain a high intake rate in high densities, whereas 

subdominants have a reduced intake rate. However, because of the extended parental 

care observed within geese, where parents spend time protecting the feeding 

opportunities for their goslings, this special case is likely to arise.

Intake rates, in terms of the amount of biomass ingested, for each unit in each cell 

were summed to give a total level of grazing per cell for each time step of the 

simulation. This total grazing level was then used to calculate the resource level of 

each cell for the next time step of the simulation. In this way, foraging decisions are 

based upon each forager’s own foraging efficiency, the effect o f competitor’s 

decisions and the resource level of neighbouring cells. Fifty time steps (of one minute 

each) were used in the simulation as this represented a typical period of flock 

residence in one field. This length of time also prevented units reaching the edge of 

the cellular environment, as the aims of this chatper are best examined without the 

complications that would arise if  units reached the edge o f the field.

6.3.3 Summary o f  model assumptions

1) Three stable units were identified: family (male, female and gosling), pair (male 

and female) and single goose (with mean characteristics o f male and female).

2) Movement around the model environment depended on attempting to maximise 

intake rate (in terms of energy consumed).
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3) Movement occurred in a realistic manner, assuming ideal knowledge of only the 

neighbouring cells, and no knowledge of more distant cells.

4) Movement decisions were taken in order of the dominance hierarchy.

5) Movement decisions were based on maximising the intake rate o f the protector 

(male) or protected (juvenile in a family group, female in a pair) member of the 

unit, or the unit as a whole.

6 ) Foraging efficiency varied according to bill length (therefore between males, 

females and goslings).

7) Interference-free intake rate (Q) varied according to resource level and foraging 

efficiency.

8 ) The interference constant (m) varied according to sex and unit size, with family 

males being the most susceptible to interference.

9) Actual intake rate varied according to interference-free intake rate, the number of 

immediate neighbours and the interference constant.

10) Two levels of m were simulated, low and high.

6.3.4 Outputs o f  the model

Two outputs were investigated in this chapter: the distance moved by units, and the 

intake rates of the members o f each unit type. The mean value of each output was 

recorded for 500 iterations of the simulation model at each level o f variation (three 

movement decision rules and two levels of interference). The standard deviation of 

these 500 means was examined to determine the extent of the variation in the outputs. 

500 iterations is a suitable number of repeats as the results demonstrate that standard 

errors are small. Simple comparisons were conducted on these values, and
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representative iterations were used to illustrate the processes that led to the final 

outputs.
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6.4 Results

6.4.1 Spatial structure o f  the flock

For the three decision rules and two levels of interference simulated, family units 

were consistently predicted to be furthest from the origin o f the frock (Fig. 6.2). The 

mean distance from the origin for pairs was found to be between 0.9 and 1.1 cells less 

than for families (Fig. 6.2). Single geese were found to be closest to the origin on 

average, between 4.2 and 4.6 cells closer than families (Fig. 6.2). These differences 

led to the overall spatial distribution of unit types in the frock at the end of the 

simulation runs of 50 time steps (Fig. 6.3). There was substantial overlap between unit 

types (Figs. 6.2 and 6.3), but the patterns were consistent enough to conclude that 

family units were predicted to be found at the edge of the frock, while single geese 

tended to be found in the more central positions under all situations tested. This 

general result closely matched the real situation, where family geese are found at the 

edge of frocks, while single geese are found toward the centre (Black & Owen 1989b 

found that families were seen in “edge” positions in 95.5% of cases, whereas non

family adults were found in “edge” positions in 67% of cases.). Under high 

interference, all unit types consistently tended to be further from the origin than under 

low interference (Fig. 6.2).
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Figure 6.2; The modelled distance from the origin o f  the flock for the three decision rules and 
two interference levels. Values are the mean distances (+ standard deviation) for each unit 
type over 500 iterations o f  each simulation Families move further than pairs, which move 

further than single geese do Under high interference, all units tend to move slightly further.

The final distribution of units within the model environment was found to resemble an 

annulus (Fig. 6.3). This pattern indicated the central cells were completely avoided by 

the end of the 50 time steps. The reason for this avoidance, and the resulting 

concentration of units towards the edge of the model environment reflected the 

depletion of food resources in the central area (Fig. 6.4). The distribution of units was 

consistent over the six situations that reflect differences in foraging efficiency and 

interference that affect movement decisions.
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Figure 6.3: Representative exam ples o f  the final flock structure at the end o f  50 tim e steps for 
low (a, c and e) and high (b, d and f) interference values. The results for the different decision 

rules are shown for the unit as a w hole m aking the m ovem ent decisions (a and b), the 
protected class m aking the decisions (c and d) and the protector class m aking the decisions (e 

and f). Fam ily units tend to be found towards the edge o f the flock, while single geese are
m ore often found tow ards the centre.

B y  lo o k in g  at th e  p o s itio n s  o f  th e  d iffe ren t u n it ty p es  th ro u g h  th e  50  tim e  step s , the  

p ro c e sse s  th a t led  to  the  final d is tr ib u tio n  w ere  d isce rn ed . F ig u re  6 .5 sh o w s th e  tim e  

se rie s  p lo ts  o f  th e  m ean  d is ta n c e  from  the  flock  o rig in  fo r each  u n it ty p e  fo r th e  th ree
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d e c is io n  ru le s  and  tw o  leve ls  o f  in te rfe re n ce  ap p lied . T h e  p a tte rn s  w e re  c o n s is te n t 

b e tw e e n  all six  s itu a tio n s  as w o u ld  be  ex p ec ted  from  th e  s im ila r ity  o f  th e  final 

p o s itio n s  in  th e  flock . G en era lly , th e  d iffe re n c es  in fina l p o s itio n  in  th e  f lo ck  w ere  

d e te rm in e d  in  th e  firs t five  to  10 tim e  steps, w ith  fam ily  u n its  m o v in g  to  th e  o u te rm o st 

p o s itio n s  early , w h ile  s in g le  geese  rem a in ed  m u ch  m o re  se d e n ta ry  o v e r  th e  sam e  

p e rio d . A fte r  th is  in itia l p h ase , the  m ean  ra te s  o f  m o v e m e n t from  th e  o rig in  re m a in e d  

s im ila r  a m o n g s t all u n it ty p e s  u n d e r th e  low  in te rfe re n ce  s im u la tio n s . H o w e v e r, u n d e r 

h ig h  in te rfe re n ce , p a irs  ap p eared  to  ca tch  up w ith  fam ily  g ro u p s  to w a rd s  th e  end  o f  

th e  50 tim e  s tep s  (F ig . 6 .5).

F ig u re  6.4; The pattern o f depletion o f food resources (m easured as sw ard height) across the 
m odel environm ent. This representative exam ple shows how the food in the centre o f  the field 

is depleted, while food levels rem ain high at the edges.
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Figure 6.5: Tim e series plots o f the m ean distance from the origin o f  the flock for family 
units, pairs and single geese under low (a, c and e) and high (b, d and f) interference. The 
decision rules are that the unit as a w hole m akes the decision (a and b), the protected class 

m akes the decision (c and d), or the protector class m akes the decision (e and f).
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6.4.2 Energy intake

Over the three different decision rules applied, the mean total energy intake o f unit 

members did not vary greatly (Fig. 6 .6 ). At low interference levels, males had a 

higher total intake than females in both family units and pairs, and juveniles had a 

higher total intake than adults in family groups (Fig. 6 .6 a, c, e). At high interference 

levels, females were found to have a slightly higher energy intake than males, but 

again, juveniles had a higher intake than either adult sex (Fig. 6 .6 b, d, f). The time 

series plots in Fig. 6.7 show how these differences arose. During the first 10 time 

steps of each simulation at low interference levels, all adults had low intake rates that 

increased in later time steps (Fig. 6.7a, c, e). However, the juvenile geese in family 

units had consistent intake rates over the course o f the 50 time steps. Males had higher 

intake rates than females, both in family units and pairs. Adults in pairs consistently 

had higher intake rates than family adults. At high interference levels, intake rates in 

adults were again found to be lower in early time steps when compared to later time 

steps (Fig. 6.7b, d, f). Family units had lower intake rates than pairs over the entire 50 

time steps, but in this case males had a lower intake rate than females, with juveniles 

having a consistently high intake rate as before.
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Figure 6.6; The modelled total energy intake under low (a, c and e) and high (b, d and f) 
interference. The decision rules are that the unit as a whole makes the decision (a and b), the 
protected class makes the decision (c and d), or the protector class makes the decision (e and 

f). Values are the mean intakes (+ standard deviation, which are often too small to see) for 
each sex and age class over 500 iterations o f  each simulation. Family adults have a reduced 

intake compared to paired birds and juveniles have a higher intake than their parents.
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Figure 6.7: Time series plots o f  the mean cumulative intake for male, female and juveniles in 
family units, males and females in pairs and single geese under low (a, c and e) and high (b, d 
and f) interference. The decision rules are that the unit as a whole makes the decision (a and 
b), the protected class makes the decision (c and d), or the protector class makes the decision

(e and f).
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6.5 Discussion

Depletion of resources and interference competition have been recognised as being 

potentially important determinants o f behaviour in animals that live in groups 

(Sutherland 1996). However, integrating these two processes has seldom been 

attempted before, as depletion does not lend itself well to mathematical modelling. 

The application of a simulation model to this problem has allowed the examination of 

the effects of both depletion and interference on habitat use, using barnacle goose 

flocks as the study system. The inclusion of the complexity that results from the 

extended parental care and stability of pair bonds in barnacle geese during the winter 

has also allowed the comparison of three different decision rules in terms of the 

spatial structure of the flock and the relative success of different members o f the 

flock. The currency of success has been assumed to be energy intake. This chapter has 

elucidated the processes of importance in barnacle goose flocks, but is also of more 

general relevance as it has developed a realistic simulation of the use o f space by non

ideal-free foragers.

6.5.1 Flock structure

The annulus shape o f the flock at the final time step in the simulation model reflects 

the general pattern seen in the field (Black & Owen 1989b). Expansion away from the 

point of flock arrival has also been observed (C. Carbone unpublished data). The 

results of the simulation model developed in this chapter also matched the distribution 

of families, pairs and single geese within the flock (Black & Owen 1989b; Black et al. 

1992). These predicted patterns were robust over the range of interference and
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decision rules used in this chapter, suggesting that the magnitude o f interference and 

the variation in decision rules were not determining the final spatial structure of the 

flock. The shape of the flock is actually likely to have been determined by the 

depletion of resources, and the resulting reduction in intake rate, as this was consistent 

across all scenarios. Movement away from the origin of the flock was probably 

associated with this escape from resource depletion. However, the distance moved 

from the origin varied between different unit types. There are two interacting forces 

that may have driven the distribution of units within the flock. These are the order of 

movement, and the depletion of food resources. Movement opportunities were offered 

to the units in the simulation in order of dominance, with the most dominant 

individuals choosing first, and the subdominants choosing later. Therefore, the most 

dominant units (the family units) always had the first option to move to the outermost 

positions in the flock, while the subdominants (single geese) would be constrained to 

be closer to the origin of the flock. Single geese were, on average, found to be more 

than four cells closer to the origin than family units were on average at the end of the 

50 time steps (Fig. 6.2). Figure 6.5 shows the movement of units away from the flock 

origin over the course of the 50 time steps in this study. The difference in average 

distance from the origin between family units and single geese was formed during the 

first 1 0  time steps, when the flock was still concentrated in the central cells o f the 

model environment. During this period, the dominant units moved outwards, away 

from depletion and interference, reducing the number of competitors remaining in the 

central cells. Therefore, single geese had the option to move to high competitor 

density cells where food supplies were high, or remain in low competitor density cells 

where food supplies were depleted. For some of these subdominant units, the cost-
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benefit balance led to them remaining and suffering high depletion rather than high 

interference.

These explanations for the final distribution of individual units through the flock 

demonstrate the complexity that can arise from including depletion with variation in 

susceptibility to interference and foraging efficiency in a study system where social 

behaviour is observed. Depletion of food resources in the centre o f the field appears to 

have been the driving factor that leads to flock expansion, with differences between 

individual units leading to the stratification of unit types. The fact that the simulation 

model predicted the spatial pattern o f individuals as observed in the field supports the 

fact that the model may reflect the reality of the processes that occur in goose flocks. 

Therefore, the results on variation in total intake between units and members o f units 

are likely to be robust also. These results are now discussed in more detail.

6.5.2 Energy accumulation

Earlier work (Chapter 5) suggested that there was a slight cost o f reproduction to adult 

barnacle geese in terms of a reduction in net energy accumulated over the entire 

winter period. This result is contra to the result o f Black et al. (1992), who suggested 

that adult barnacle geese that associated with goslings in the winter had a higher net 

energy level than those that did not. Their conclusion was based on the fact that 

barnacle goose families were more likely to be found on the outermost edge of a 

foraging flock where food supplies were highest. The view was that these families 

dominated the best resources, to the exclusion of pairs and single geese, ensuring that 

the family members achieved a higher total intake than the other units. However, the
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results of this chapter suggest that family units may not be dominating the best 

resources at the edge, but are better able to escape depleted food supplies and 

interference competition than units lower in the dominance hierarchy. Therefore, the 

dominant units may be seen as attempting to make the best of a bad job. Does this 

simulation produce results that concur with those presented in Chapter 5, or is the 

Black et al. (1992) view of increased intake for family units found?

The general result was that in both low and high interference levels, geese in pairs 

were predicted to have a higher total intake rate than adult geese in families, for both 

sexes (Fig. 6 .6 ). In the low interference examples, male geese were predicted to have 

a higher total intake than females, as predicted in Chapter 5. However, in the high 

interference example, the opposite case was found with female geese having a higher 

total intake than males. As outlined in section 6.2, the magnitude o f interference 

competition in barnacle geese was expected to be low. No interaction o f family status 

and competitor density on the proportion of time spent feeding was found due to a low 

sample size, however, the trends shown in Fig. 6.1 indicated a weak relationship. The 

low interference examples were likely to reflect reality more closely than the high 

interference examples used in this chapter. These results showed that the balance 

between variation in susceptibility to interference and variation in foraging efficiency 

is important in determining the final energy intake.

The interference constant assigned to adult geese in families was higher than that 

given to paired adults, for both sexes. The fact that family geese were found in areas 

that had higher food availability did not balance out the negative effects of parent 

geese protecting their goslings at the expense o f foraging. Although this difference in
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total intake was small, it would accumulate over the winter season so that parent geese 

would have a lower energy state than non-parent geese toward the spring migration 

time. This difference may well be an important factor that leads to families breaking 

up at the end of the winter period (Black & Owen 1989a). The parent-offspring 

conflict that may arise is the balance between ensuring the survival of goslings and 

that o f their own survival on migration and subsequent reproductive output. Juveniles 

were assumed to have a zero susceptibility to interference, as their parents protected 

them from competition. For this reason, juveniles were predicted to have a higher total 

intake than their parents in all situations explored.

Differences in individuals within winter foraging frocks were included to reflect 

differences in foraging efficiency and susceptibility to interference according to 

variation in bill length, sex, age and the type of unit that they are part o f (family, pair 

or single geese). Realistic values of the interference constant are likely to be low, but 

the evidence suggests that male parents are more susceptible to interference than 

goslings or adult geese not in family groups (Fig. 6.1). Differences in foraging 

efficiency between the sexes, however, are likely to be large (Chapters 4 and 5). The 

results o f this chapter suggest that depletion of food resources is likely to influence 

the shape of the frock within the environment, and depletion along with dominance 

rank are likely to influence the spatial distribution of foragers within the frock. This 

chapter, coupled with earlier work (Chapter 5) suggests that adult geese in family 

groups are at a disadvantage in terms of energy intake compared to adult geese 

without goslings because they suffer more from interference. These results were 

robust over the two levels of interference competition tested, and using the three 

decision rules based on different members o f units.
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Taken together, the results of these simulation models suggest that the depletion of 

food resources is the main driving force behind barnacle goose flock dynamics, but 

that the variation in susceptibility to interference and the variation in foraging 

efficiency all influenced the outputs of this spatially-explicit simulation model. The 

results also suggest that there is a cost of reproduction on the wintering grounds in 

terms o f the total energy that can be accumulated, which may lead to the parent- 

offspring conflict that arises at the end of the winter season and results in the break-up 

of families. This type of process-based model that builds up from simple behaviours 

and decision rules allows a thorough examination of the factors that might determine 

the distribution of animals within a landscape. This particular study has suggested that 

the distribution of barnacle geese within a flock is determined mostly by resource 

depletion, and that resource levels, interacting with foraging efficiency and 

susceptibility to interference may determine energy accumulation.
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6.6 Appendix

Parameterised equations used within simulation model

• Pecks per minute o f  active feeding (?):

p  =  - (0 089 xS))

Where S  is the observed sward height.

• Intake per bite o f  dry grass matter (1 mg):

j  _  ĵ q(-4.I5I + (10.461 xlogB) + (0.235 x logS))

Where B is the bill length
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Chapter 7

The use o f behaviour-based depletion models in conservation planning: examples

with the Svalbard barnacle goose.
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BOX

The effects o f grazing on grass growth

Introduction

The short-term effect of grazing on grass is to reduce biomass levels 

(depletion). However, over the medium term, grazing may also have a negative 

(undercompensatory), neutral (compensatory) or positive (overcompensatory) effect 

on growth rates (McNaughton 1983). Overcompensatory growth is required to support 

the herbivore optimisation hypothesis, which states that an optimum level o f grazing 

exists that maximises the growth rate of plants (Dyer 1975, McNaughton 1979). Thus, 

grazers should regulate grazing pressure to this optimum level to maximise plant 

growth and, therefore, intake rate.

If  herbivores live at very high densities due to limited habitat availability, 

average grazing pressure may be above the predicted optimum level. However, if 

herbivores have a range that is unlimited, the average grazing pressure across this 

range will be well below the optimum level. Therefore, given a potential range that is 

much larger than is required to support the grazers, the herbivore optimisation 

hypothesis predicts that activity should be concentrated in a limited area that leads to 

the optimum level of grazing being exhibited, whilst areas outside this range are left 

ungrazed.

Overcompensatory growth is central to the herbivore optimisation hypothesis. 

If  growth rates are not affected (or are negatively affected) by grazing, then 

herbivores will not be expected to aggregate in a particular area to maintain the 

optimum grazing level. To measure the effects of grazing pressure on the growth rate
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of plants, observations o f individual plants faced with different levels of defoliation 

are needed. This was conducted experimentally on the Solway Firth during the winter 

and spring o f 1999/2000. The aim of the experiment was to simulate a variety of 

grazing levels on individual tillers of Lolium perenne, and to quantify the response in 

growth rate o f these individual tillers in the following couple o f weeks. Barnacle 

goose flocks revisit fields (food patches) on average once every 5 to 10 days (own 

observations). Given that a prediction of the herbivore optimisation hypothesis is that 

herbivores should revisit food patches at an interval that maximises food growth rates, 

it was predicted that growth rates o f grass would show a response to grazing over one 

or two weeks.

Four specific hypotheses were tested:

1) Growth rates in the spring are higher than in winter.

2) Moderate levels of artificial grazing lead to overcompensatory growth.

3) High levels o f artificial grazing lead to undercompensatory growth.

4) Grazing of senescent or mature leaves does not lead to overcompensatory growth, 

but grazing o f young leaves may.

Methods

This study was carried out on one of the Lolium perenne dominated pasture 

fields at the WWT reserve at Caerlaverock on the Solway Firth that is regularly used 

by barnacle goose flocks. The experiment was started by first marking 80 tillers of 

grass with small pieces o f wire in the winter (December), and another 80 in the spring 

(March) within a square experimental arena of 10 x 10 m. Each leaf on every tiller 

was measured to the nearest 0.5 mm before being partially defoliated and remeasured. 

The experiment was designed as a two-factor analysis o f variance. Four levels of
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defoliation were applied to the tillers -  high (being the removal o f all leafy material), 

medium (being the total removal o f one of the three leaves), low (being less than half 

o f the length of one of the leaves), or none (control). O f the medium and low grazing 

categories, ten tillers had the growing leaf clipped, ten had the mature leaf clipped, ten 

had the senescent leaf clipped. The tillers were enclosed within a chicken-wire fence 

during the growth period, with each treatment separated from the others. At the end of 

each experiment, all leaves on every tiller were remeasured. Several tillers were not 

relocated at the end of the experiments (three in winter, one in spring).

Growth rates are expressed as total leaf growth per tiller in millimetres per day 

(the net change in total leaf length, summed across senescing, mature and growing 

leaves). A generalised linear model (GLM) was conducted in S-PLUS 2000 (Mathsoft 

1999), using growth per day as the dependent variable. The season (winter or spring) 

was included to explain the differences in daily growth rate according to differences 

in temperature, day length and other conditions that may have changed between the 

experiment periods (hypothesis 1). The proportion o f the tiller that was removed to 

simulate grazing, and its square, were used as explanatory variables to test whether 

growth rates increased under moderate grazing pressure, and whether growth rates 

declined under high grazing pressure in comparison to no grazing (hypotheses 2  and

3). Because the growth response may have been different in winter and spring, the 

interaction of season and the proportion of tiller removed, and season and the square 

o f the proportion o f tiller removed were also included (hypotheses 1-3). The age of 

the leaf that was removed was also included as an explanatory variable to test whether 

growth responded to grazing the different leaves o f a grass tiller (hypothesis 4). Terms 

were also included for the interactions between the age o f the grazed leaf and the 

proportion of the tiller removed, and the age of the grazed leaf and the square of the
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proportion o f the tiller removed. These terms were included to test whether growth 

rates varied depending on which leaf was grazed (hypotheses 2—4).

The full model was run with all the explanatory variables included. Backwards 

stepwise deletion o f explanatory variables was conducted on the interaction terms, 

and then on the main terms, to assess their importance in explaining the variation in 

tiller growth rates. Variables that did not significantly improve the model (at the 5% 

level), as tested by likelihood ratio tests, were removed. When the most parsimonious 

model was found, any explanatory variables that included more than two factors were 

compared with post-hoc multiple comparison Tukey tests (Zar 1999).

Results

The initial size o f the tiller was not important in this model (Fi,i4 9  = 0.62, NS). 

The season in which the experiment was conducted was a highly significant term 

(Fi,i5 i = 67.19, p < 0.0001), in that growth was higher in the spring than in the winter 

(Figs. B1 and B2). Neither the proportion o f the tiller grazed, nor its square were 

significant in the model (F 1 , 1 5 0  = 126, p = 0.07 and Fi,h 8  = 0.0014, NS respectively. 

Fig. B l). The interactions o f season and the proportion of tiller removed and season 

and the square of the proportion o f tiller removed were not significant either (F 1J 3 9  = 

0.031, NS and Fi,Mo = 1.20, NS respectively). The age of the leaf that was clipped was 

a significant term in the model (F4 J 5 4  = 4.08, p < 0.005, Fig. B2), though neither the 

interaction o f the age o f the grazed leaf and the proportion o f the tiller removed, nor 

the age of the grazed leaf and the square o f the proportion o f the tiller removed were 

significant (F3 ,h 4  = 0.71, NS and F 3 4 4 7  = 1.30, NS respectively).
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0.3 0.5 0.7
Proportion of tiller experimentally grazed

F ig u re  B l: G row th rates o f  experim entally clipped Lolium perenne tillers in response to the 
proportion o f the tiller that was clipped. U nder the herbivore optim isation hypothesis, 

m oderate levels o f  clipping would be expected to increase grow th rates. Spring ( • )  and 
w inter (X ) growth rates differed significantly.

Growth rates when mature leaves were clipped were lower than the unclipped 

controls, though this was not significant (q = 2.06, crit = 2.76, NS, Fig. B2). Contrary 

to expectations, growth rates were found to be higher when senescing leaves were 

clipped when compared to no simulated grazing, although not significantly so (q = 

0.56, crit = 2.76, NS, Fig. B2). Again, contrary to expectations, clipping growing 

leaves led to a lower growth rate than in undipped controls, but again this trend was 

not significant (q = 1.45, crit = 2.76, NS, Fig. B2). The only significant difference in 

growth rate between the groups of tillers that had a single leaf clipped was where 

clipping the mature leaf led to a lower growth rate than when the senescent leaf was 

clipped (q = 3.09, crit = 2.76, p < 0.01, Fig. B2).
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E 0.5

growing mature

Leaf clipped

sen escing

Figure B2: M ean grow th rates (+se) o f  tillers in relation to the leaf that w as experim entally 
clipped in w inter (white) and spring (grey). G row th rates were significantly higher in the 
spring than winter, and trends in response to experim ental treatm ent w ere sim ilar in both 

seasons. G row th rates were significantly higher when senescent leaves w ere clipped when 
com pared to when m ature leaves were clipped. No other com parisons w ere significant.

Discussion

T hese results sh ow  that grow th rates o f  individual L o liu m  p e r e n n e  tillers 

undergo com pensatory grow th in response to grazing. N o  ev id en ce  w a s found for 

under- or overcom pensatory grow th in this study as grow th rate did not vary w ith  the 

proportion o f  the tiller that w as artificia lly  grazed (F ig. B l ) .  T he grow th rate o f  the 

entire grass tiller w as found to change w hen  different parts o f  it w ere rem oved, 

although m ost d ifferen ces w ere n on -sign ifican t (F ig. B 2).

The im plications o f  this study for the grazing behaviour o f  barnacle geese  

{B ra n ta  le u c o p s is )  are n ow  d iscussed . B arnacle g eese  forage in flo ck s, u su a lly  v isitin g  

a num ber o f  different fie ld s in the course o f  the day. T h ese g e e se  are ideally  

position ed  to take advantage o f  the herbivore optim isation  h yp oth esis  b ecau se they
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have a large available area of possible feeding sites on tbeir wintering grounds. If  

grass grew in an overcompensatory manner, geese that concentrated grazing on only a 

portion o f the available area could maximise tbeir food intake rates. Conversely, if  

grass growth were undercompensatory, intake rates would be maximised by avoiding 

previously grazed areas for the period o f time over which the reduced growth occurs. 

Because neither o f these scenarios were found, it is concluded that geese should not 

show any preference for feeding in a field that has previously been grazed over a field 

that has not previously been grazed, given the same initial biomass. This conclusion 

has implications for the study o f goose grazing through simulation models. Spatial 

structuring o f a model environment should be on a scale that is suitable to the study. If 

overcompensatory growth had been found in this system, the suitable scale would 

then be the size o f a flock. The area o f grass that a flock had previously been grazing 

would therefore show a different growth rate to an adjacent area that had not been 

grazed. Because growth has been shown to be compensatory, it can be assumed that 

whether an area has been grazed or not, the growth rate of the grass remains the same. 

This allows a great simplification of simulation models to a homogeneous landscape 

in terms of grass growth rates.
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7.1 Abstract

The ways in which animals react to their environment partly determines their 

probability of surviving and breeding. This chapter describes the use of a behaviour- 

based simulation model that gives outputs at the level o f the whole population. The 

model is a physiologically structured deterministic depletion model with resource 

regrowth, using energy as the model currency. This simulation model was applied to 

the wintering Svalbard barnacle goose (Branta leucopsis) population to examine the 

predicted response of the population under four novel environmental scenarios. The 

current conservation strategy for the Svalbard barnacle goose on its wintering grounds 

is based on ensuring overwinter survival and accumulation o f body reserves for 

migration and breeding, as well as reducing conflict with farmers around the Solway 

Firth, UK. The model landscape reflected variation in two important determinants of 

behaviour: food availability and disturbance intensity. Foragers were distributed 

according to the ideal-free distribution with no interference, based upon the 

instantaneous energy intake rates expected in different patches. Food availability 

determined the instantaneous intake rate, and disturbance intensity partly determined 

the proportion of time spent feeding. Two model outputs were chosen to reflect the 

conservation goals for barnacle geese: the energy level o f geese at the end of the 

winter and the cumulative use o f conflict areas. The current conservation management 

goals are aimed at maximising the former and minimising the latter. The novel 

scenarios represented tests of the sensitivity of these outputs in relation to 

perturbations in disturbance intensity, sward height, temperature, habitat availability 

and population size, but are also plausible situations that may impact upon the 

conservation o f this population. It was found that the final energy level was strongly

170



Chapter 7

influenced by the availability of reduced disturbance feeding areas and the sward 

height found within them, along with the size of the population that was consuming 

the food supply. Ensuring that large amounts of disturbance-free feeding areas exist 

with well-maintained swards is important in reducing the likelihood of overwinter 

starvation and increasing the probability of breeding. It was also found that the use of 

the conflict areas of the Solway Firth was minimised by maintaining a large 

disturbance-free feeding area with a well-maintained sward. The current reserve 

network is predicted to be at capacity, and the Barnacle Goose Management Scheme 

area appears to be approaching capacity. Any further increase in population size is 

likely to lead to a rapid increase in the use of conflict areas. The successful 

conservation of the Svalbard barnacle goose population appears to be highly 

dependent upon the maintenance o f the reserve network, with dedicated management 

of swards to ensure that the vegetation does not become unsuitable for barnacle goose 

grazing. A flexible approach towards future designation of protected areas, either as 

reserves or under management agreements, is advocated to allow the continued 

conservation of this population in an uncertain world.
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7.2 Introduction

Conservation planners often require rapid responses to urgent questions about how 

environmental change may affect a population of animals (Pettifor et al. 2000b). 

Urgent issues such as imminent habitat loss require quick answers that cannot be 

approached from an experimental or empirical angle. However predictions may be 

made through mathematical models. Accurately predicting the population effects of 

such environmental changes, especially when they are novel changes, is difficult 

when using simple extrapolation from current conditions. However, behaviour-based 

models may be very useful for making predictions about population processes in a 

novel environment because they work on the evolutionary principle of optimising 

fitness (Goss-Custard et al. 1995c; Sutherland 1996; Bradbury et al. 2001; Pettifor et 

al. 2000a). Such simulation models have been used to examine different management 

scenarios in several species of bird (Sutherland & Allport 1994; Sutherland & 

Anderson 1993; Percival et al. 1998; Sutherland & Dolman 1994; Goss-Custard et al. 

1995c; Pettifor et al. 2000a, b).

The entire population of Svalbard barnacle geese (Branta leucopsis) overwinters on 

the Solway Firth, UK (54°N, 3°W) between September and May each year. The 

population reached a historical minimum of 400 birds in the late 1940s, probably due 

to hunting and intense disturbance during World War II (Owen & Nordenhaug 1977). 

Since that time, a suite of conservation initiatives including protection from hunting 

throughout their annual range has led to the population size increasing to over 2 0 0 0 0  

individuals (Wildfowl & Wetlands Trust, unpublished data). However, the Svalbard 

barnacle goose population has one o f the most restricted wintering ranges o f any
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goose population (Madsen et al. 1999). The population is protected under the EU 

Wild Birds Directive (79/409/EEC) and the Bonn Convention on the Conservation of 

Migratory Species of Wild Animals (1979), as the possibility of future declines due to 

environmental stochasticity cannot be ruled out (Beissinger & Westphal 1998) 

because their winter range is highly restricted.

Food availability and anthropogenic disturbance have been found to influence 

distributions o f pink-footed geese (Madsen 1985; Gill 1996; Gill et al. 1996), white- 

fronted geese (Owen 1972), brent geese (Rowcliffe et al. 1995; Percival et al. 1998), 

Greenland barnacle geese (Percival 1993) and Svalbard barnacle geese (Owen & 

Campbell 1974; Chapters 2 and 3) during winter. Svalbard barnacle geese mainly feed 

on saltmarsh and pasture grasses (e.g. Festuca rubra and Lolium perenne). 

Historically, the population was concentrated on Solway Firth saltmarsh, but as the 

population increased in numbers and pasture fields received artificial nutrient 

enhancement, the winter range expanded into this new habitat (Owen et al. 1987). 

Currently, the population spends most of the time on pasture fields up to 5 km from 

the coast (Owen & Campbell 1974; Owen et al. 1987). The change in habitat use 

resulted in a conflict o f interest between farmers and barnacle geese, due to the 

grazing competition between geese and livestock. Initially, farmers scared geese from 

pasture fields, however the introduction of the Barnacle Goose Management Scheme 

(BGMS) has led to a situation where both the farmer and the geese benefit (Chapter 

2). Not all areas where geese forage are covered by the BGMS, and there are still 

farmers who do not benefit from conflict-reducing measures. The use of these areas 

(termed conflict areas from here on) by barnacle geese is o f concern because of the

173



Chapter 7

reduction in forage for livestock, and because of the reduction in good will towards 

barnacle goose conservation caused by this.

Conditions during the non-breeding season can have knock-on effects on the breeding 

success o f migratory species such as the barnacle goose (Sutherland & Dolman 1994). 

Svalbard barnacle geese have a short breeding season in which to raise goslings to a 

size and condition suitable to allow successful migration to the wintering area. The 

timing of snow melt in spring has a large influence on breeding success (Prop et al. 

1984; Prop & de Vries 1993), as a reduction in the time available for breeding limits 

the size of goslings at autumn migration. It has been observed that geese that depart 

from spring staging areas with the largest fat stores are the most successful breeders 

(Prop & Black 1998), probably due to the higher attendance rate at the nest of geese 

observed with larger fat stores (Prop et al. 1984). The final fat store level (energy 

level) o f geese at the end of the winter period may be a good indicator of population 

health for two reasons. Firstly, geese with low energy reserves are more likely to die 

on migration than those with higher energy reserves are. Secondly, amongst those 

geese that arrive on the breeding grounds, the size o f the energy reserve is an 

important factor in determining breeding success.

This chapter describes the development of a behaviour-based deterministic depletion 

model with resource regrowth that has been used to explore the possible implications 

o f novel environmental changes on the Solway Firth for the population of barnacle 

geese that overwinter there. Simulation models o f this type may be o f use in situations 

where the time available for collecting relevant data from the field is limited, as they 

are based on a simplification o f reality, and therefore use few parameters. They have
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also been shown to provide accurate results over a range of spatial scales, 

demonstrating that, in principle, they can be useful simplifications (Gill et al. 2001a). 

These types of model are based on the ideal-free distribution (Fretwell & Lucas 1970) 

with no interference competition, which leads animals to aggregate in the most 

profitable patch. Behavioural decisions on where to forage are made by maximising 

instantaneous energy intake rates, as determined by an empirically derived functional 

response (Chapter 5). Two model outputs have been chosen to investigate barnacle 

goose conservation on the Solway Firth. The first output is the energy level of geese 

at the end of the winter, which is of value in assessing the potential survival and 

breeding success of geese, as outlined above. The second output is the cumulative use 

of the conflict areas o f the Solway Firth by barnacle geese (measured as the summed 

daily density of geese). By using both these outputs together, a picture of how 

barnacle goose conservation management may be improved or adapted to fit the novel 

scenarios were found. The aims of this study are to demonstrate the usefulness of 

simple behaviour-based simulation models in conservation planning generally, and to 

explore how conservation management may need to be changed for the barnacle 

goose in the future. Four novel environmental scenarios have been examined 

individually in relation to barnacle goose conservation:

(1) Variation in land management.

The current land management regimes can broadly be split into the reserve network, 

BGMS and conflict areas. The majority o f land in these three areas is used for the 

grazing of cattle and sheep in summer. Disturbance levels in winter on the three areas 

vary considerably. The reserve network has no deliberate scaring of geese, and 

incidental disturbance levels are reduced to a minimum to benefit the geese. The
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BGMS areas are managed to reduce deliberate scaring in return for area payments, but 

incidental disturbance from normal farm practice is not limited. The BGMS is 

subdivided into two payment tiers, based on the accepted levels o f scaring. However, 

previous work (Chapter 2) has shown that the use of these two tiers by barnacle geese 

does not differ significantly, probably due to the geese not perceiving the difference 

between the two tiers. For that reason, the BGMS is treated as a single unit in terms of 

disturbance level for the rest of this study. On the conflict areas, scaring is not limited, 

and it is consequently the most disturbed area. Future priorities in barnacle goose 

conservation management may change, meaning that the BGMS and reserve network 

areas may alter in size. The expansion and the contraction of the reserve network or 

the BGMS were explored here, and compared to the current situation. These 

simulations may help to inform decision-makers about what the optimum strategy 

would be without the expense and risk of altering land management directly.

(2) Variation in initial sward height.

Just as changes in agricultural practice in the past influenced the change in goose 

distribution from saltmarsh to pasture areas, future changes in agricultural practice 

may influence future distributions of geese. The situation after the recent foot and 

mouth disease (FMD) epidemic is a good example of where farm management may 

have a major impact on goose distributions because of large-scale changes in grazing 

regimes. In Cumbria and Dumfries & Galloway in 2001, the outbreak o f FMD led to 

the culling of many cattle and sheep from the Solway Firth area. This resulted in 

lower grazing pressure through the summer and autumn on fields used by barnacle 

geese in the winter. The impacts of changes in grazing regimes were predicted, and 

may be validated against the actual situation as part of an ongoing study by WWT.
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(3) Variation in temperature and habitat area.

Beyond the scope of habitat management is global climate change. It is accepted that 

the global climate will warm by several degrees this century (IPCC 1996), but 

possible regional and sub-regional effects are less well known. It has been suggested 

that daily temperatures around the Solway Firth during the winter and spring months 

will increase by around 3°C over the next 80-100 years, using current global climate 

model assumptions (Hulme et al. 2001). However, it has also been suggested that the 

north Atlantic conveyor that brings warm winters to the UK may stall, and reduce 

temperatures in north west Europe (Schiller et al. 1997). In either case, it is likely that 

sea-level rise will occur on a global scale as global temperatures rise, due to the 

thermal expansion of seawater and the melting of ice caps (IPCC 1996). This will 

cause many coastal areas to be flooded. In this simulation the assumption that the 

reserve network would be disproportionately affected by habitat loss due to climate 

change was made. This was based on the fact that the barnacle goose reserves on the 

Solway Firth are found to be concentrated on the coast. Reserves were established in 

these areas over the last 50 years as they received the highest levels of goose grazing.

(4) Variation in population size.

The future trajectory o f the Svalbard population of barnacle geese is uncertain 

(Pettifor et al. 2000a). The affects of population fluctuations were explored with the 

aim of detecting whether winter density dependence may impact upon the population 

and whether the current distribution of barnacle geese on the Solway Firth is likely to 

change.
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7.3 Methods

7.3.1 Study site

The area o f foraging habitat used by barnacle geese around the Solway Firth has 

increased as the population size has increased (Owen et al. 1987). The current range 

can be quite well defined as barnacle geese revisit most sites many times during the 

winter period. Using a geographical information system map o f the Solway Firth 

developed by WWT, the total foraging habitat was measured to cover 4800 ha. This 

habitat was broken down into the three main land-use types defined in this study as 

the reserve network, BGMS and conflict areas. These land-use types were measured 

to cover approximately 1000 ha for the reserve network, 1300 ha for the BGMS and 

2500 ha for the conflict area. Although heterogeneity within each of these areas is 

expected in terms of the forage quality and disturbance intensity, these factors were 

ignored for the purposes o f simplifying the simulation in line with the aims of this 

study.

7.3.2 Model structure

The total available habitat used by barnacle geese on the Solway Firth was split into 

10 ha cells, which is approximately the size of fields on the Solway Firth. Each cell 

was allocated a food resource level and a level of disturbance intensity corresponding 

to whether the cell is part of the reserve network, the BGMS or in the conflict area. 

This representation therefore took food density and disturbance into account, both 

factors that are acknowledged as being important determinants o f goose distributions
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(Owen 1973; Owen & Campbell 1974; Percival 1993; Vickery et al. 1995; Madsen 

1995; Gill 1996; Gill et al. 1996). The model used gross energy intake as the currency 

that decisions were based upon. Basal metabolic rate (BMR) was calculated from the 

equation of Aschoff & Pohl (1970) for non-passerines. Different activities had 

different energy costs in terms of multipliers of BMR (values taken from Black et al. 

1992; section 7.6 Appendix), and ingesting food replenished energy stores at a rate 

determined by the mass of food eaten, and its energy value (Black et al. 1992).

Barnacle geese were introduced to the model environment on the first day of the 

simulation (equivalent to the C* October). They were distributed according to the 

ideal-free distribution with no interference. The distribution was based on maximising 

the instantaneous energy intake rate. Instantaneous intake rate was dependent upon 

food resource levels, as defined by the empirically derived functional response 

(Chapter 5; Appendix 7.6). The foragers in the model were assigned to feed in the 

patch that maximised potential gross instantaneous energy intake rate. Where more 

than one patch had equally high potential intake rates, the foragers split between them 

in equal numbers. As the intensity of disturbance increased from reserve area to 

BGMS area to conflict areas, it was assumed that the proportion of time spent 

foraging decreased. The decrease in time spent feeding was estimated from observed 

disturbance events. Escape flights were usually observed when flocks were disturbed, 

and the additional energy cost o f increased flight in disturbed sites was included in the 

model as a multiple of BMR. In the reserve network, it was estimated that flying took 

up 5% of the available daylight hours, whilst in the BGMS and conflict area it took up 

10% and 15% respectively, based on estimates in the field. While feeding, depletion 

o f the food resources in each patch occurred at a rate defined by the instantaneous
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intake rate o f an individual forager, the time spent feeding and the number of foragers 

in a patch. As well as depletion, food regeneration occurred via empirically derived 

grass growth and senescence rates that depended upon daytime temperature, day 

length and competition between plants for light (Appendix 7.6).

Foragers were offered the choice to redistribute themselves amongst the patches 100 

times per day based upon the balance of food depletion and regrowth. Although flock 

movements on the Solway Firth are not observed this frequently, it was assumed that 

geese are constantly evaluating current feeding conditions. It was also assumed that 

there were no explicit costs of redistribution amongst patches, and foraging was 

limited to daylight hours only. Thermoregulatory costs were included within the 

simulation model as a multiple of the daily energy expenditure for the modelled day 

and night temperatures. These costs were increased as temperature fell, and were 

scaled according to the thermoregulatory costs measured by Stahl (2001). Energy 

levels were calculated as the difference between energy intake and energy 

expenditure, ignoring assimilation and mobilisation costs. Energy levels were 

measured relative to initial levels at the start o f the simulation, but negative energy 

levels did not lead to starvation, as actual fat stores are positive upon arrival. The 

simulation was run for the entire period that the Svalbard barnacle goose population is 

observed on the Solway Firth (from October to May).

7.3.3 Field data

Behavioural data were collected over two whole winters (1998/1999 and 1999/2000) 

from the Wildfowl & Wetlands Trust reserve at Caerlaverock. Two methods were
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used, flock scanning and focal watches of individuals (Altmann 1974; Chapters 3 and 

5). Flock scans were used to quantify the proportion of time spent feeding in relation 

to sward height (a measure of food resource density), day length and the time of day 

(Chapter 3). Focal watches of individuals were used to measure peck rates. These 

peck rates were used in conjunction with bite size data collected on captive geese at 

the University o f Groningen in spring 2001, to determine the shape o f the functional 

response (Chapter 5).

Grass growth was quantified by using moveable grazing exclosures, and measuring 

growth and senescence of individual grass tillers in the winter of 1998/1999 following 

the methods of McNaughton et al. (1996). Six exclosures were in use at any one time, 

providing a continuous measure of growth rates through the winter period. In each 

exclosure, five tillers were marked with fine electrical wire at the base of the tiller. 

The length of each leaf was measured to the nearest 0.5 mm. Fourteen days later, each 

leaf was remeasured, providing a gross growth and gross senescence rate for each 

tiller. These data were converted to mean daily tiller growth and mean daily tiller 

senescence per exclosure and analysed with generalised linear models (GLMs). 

Backward stepwise GLMs were used to test the effects of temperature, day length and 

mean tiller size per exclosure (used as a measure o f competition between tillers for 

light), using likelihood ratio tests to find the most parsimonious model. Tiller 

densities were also measured over the study fields by taking 1 0  samples of turf 

(diameter 6  cm) per field over five fields of the WWT reserve at Caerlaverock. The 

number of individual grass tillers was counted for each sample o f turf, and this was 

converted into a density in tillers per square metre. By combining tiller density with 

net tiller growth, a measure of biomass growth rate per square metre was calculated.

181



Chapter 7

Sward heights were measured from fields that are regularly used by bamaele geese 

around the Solway Firth in October 2001, and on the Wildfowl & Wetlands Trust 

reserve in October 1998 and October 1999.

7.3.4 Sensitivity to behaviour parameters

Behaviour in the simulation model was based on observations in the field. The 

simulation used the average responses observed in the field, all o f which have been 

found to be statistically significant elsewhere (Chapters 3 and 5). However, the 

outputs of the simulation will be sensitive to errors in these parameter estimates. To 

test this sensitivity, and hence the importance of the parameters in driving the 

simulation outputs, the modelled behavioural parameters were varied. The modelled 

peck rate, bite size and proportion of time feeding were individually increased or 

decreased by 1 0 % and 2 0 % at each time step.

7.3.5 Simulation model application 

Four novel scenarios were modelled:

(1) Variation in land management.

The null case was taken to be the current situation where the reserve network covers 

approximately 1000 ha, the BGMS covers 1300 ha, and the conflict areas cover 2500 

ha. Four other situations were compared to this null case. The first resulted in an 

increase in the size of the reserve network, at the expense o f conflict areas. The 

second resulted in an increase in the BGMS area, again at the expense of the conflict
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areas. Situations three and four were reductions in the area of the reserve network and 

the BGMS respectively, with the habitat being replaced by the conflict areas. Each of 

these four situations was run for an increase or reduction in size by 500 and 1000 ha.

(2) Variation in initial sward height.

The null case was taken to be that of a non-FMD year, where grazing by cattle and 

sheep over the whole Solway Firth maintained a short sward into the autumn at the 

time of barnacle goose arrival (5.5 cm, as measured in 1998 and 1999). This was 

compared to three further possible situations. The first may occur if low stock grazing 

pressure across the whole barnacle goose range were found, with every field having a 

higher initial sward height (taken to be 11 cm). The second may occur if  the reserve 

network retained a short sward, but fields outside the reserve network had a longer 

sward when geese first arrived. The third situation may occur if  the fields outside the 

reserve network managed to maintain a short sward, but the reserve network was 

unable to. This final situation most closely reflects that found after the 2001 FMD 

outbreak. The reserve relies on letting its fields over the summer to neighbouring 

farmers, which was not possible during 2001. However, farmers outside the reserve 

network either escaped the cull and managed to maintain some grazing, or took 

repeated cuts for silage and hay, maintaining a short sward.

(3) Variation in temperature and habitat area.

Temperature was varied over the winter so that day and night temperatures were 

either 3°C cooler or 3°C warmer than found during the 1999/2000 winter season, 

whilst keeping habitat area the same as found in 1999/2000. Then, temperature was 

varied again, but this time with simulated habitat loss. Reducing the total available
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habitat area -  removing up to 700 ha of the reserve network was used to simulate 

habitat loss. This amount of habitat loss was chosen as it represents the loss o f the 

areas of the reserve network most susceptible to coastal inundation.

(4) Variation in population size.

Total population size was varied in this simulation so that the lowest population size 

considered was 3000 individuals, and the largest 38000 individuals, at increments of 

5000 individuals.
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7.4 Results

7.4.1 Field data

The results o f the studies of behavioural data have been presented fully elsewhere 

(Chapters 3 and 5), so only data on resource regrowth are presented here. Daily 

growth per tiller was found to be dependent on day temperature (F ] , 9 4  = 44.36, p < 

0.0001), day length (Fi , 9 4  = 21.51, p < 0.0001) and average tiller size (Fi , 9 4  = 4.23, p < 

0.05). An increase in temperature led to an increase in daily growth (parameter 

estimate = 0.22, se = 0.03). The affects o f day length and tiller size were two orders of 

magnitude weaker (see Appendix 7.6). The daily senescence per tiller was also found 

to be dependent on day temperature (Fi, 9 4  = 15.74, p < 0.0005), day length (F ] , 9 4  = 

16.24, p < 0.0005) and average tiller size (Fi, 9 4  = 75.57, p < 0.0001). Again, daily 

temperature was the major factor determining daily senescence (parameter estimate = 

-0.051, se = 0 .0 1 ), while average tiller size and day length were found to have weaker 

effects (see Appendix 7.6). The density of tillers was not found to vary between the 

five fields measured (F4 ,4 s = 1.83, NS), with a mean of 16206 tillers per m^ (se = 665).

7.4.2 Sensitivity to behaviour parameters

The results of the sensitivity analyses are shown in Figure 7.1. A positive correlation 

between peck rate, bite size, proportion o f time feeding and the final energy level was 

found. The final energy level was sensitive to both the peck rate and bite size, and 

most sensitive to variation in the proportion of time spent feeding. By increasing the 

peck rate or bite size by 20%, a 113% increase in final energy level was found over
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the null case. By increasing the proportion o f time spent feeding by 20%, a 171% 

increase was found.

The cumulative density of geese on conflict areas was less sensitive to changes in all 

the parameter estimates of foraging behaviour. By increasing peck rate or bite size by 

20%, a 35% increase in the cumulative goose density was found over the null case. 

An increase in the proportion o f time spent feeding by 20% resulted in a 39% increase 

in cumulative goose density on conflict areas.
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Figure 7.1; Sensitivity analyses o f  the final energy level and the use o f  different areas o f  the 
Solway Firth. The three foraging behaviour parameters used within the model were increased 

and decreased by 10% and 20%. The left-hand column shows the sensitivity o f  the final 
energy level to variation in the peck rate (top), bite size (middle) and proportion o f  time 
feeding (bottom). The nght-hand column shows the sensitivity o f  the use o f  the reserve 

network (black), the BGMS (green) and the conflict areas (pink) to variation in the same three
foraging parameters.
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7.4.3 Simulation model application

(1) Variation in land management

The final energy level of barnacle geese increased when the reserve network or 

BGMS were expanded, and decreased when they were contracted (Fig. 7.2). A 41% 

increase in the final energy level was found if the reserve network was expanded by 

500 ha, and a 93% increase was found if the reserve network was doubled in size 

(increased by 1000 ha). This compares to a 31% and 73% increase if  the BGMS was 

expanded by 500 or 1000 ha respectively. Therefore, expanding the reserve, as 

opposed to the BGMS, led to a higher energy level for barnacle geese, although the 

differences were not large. Contracting the reserve network by 500 and 1000 ha led to 

a decrease in the final energy level of 36% and 69% respectively. The removal of 

1 0 0 0  ha of reserve habitat would lead to the total elimination of reserve areas on the 

Solway Firth. The effect of removal of the same amount o f BGMS habitat was smaller 

in magnitude, with reductions in the final energy level of 22% and 39% for a 500 and 

1 0 0 0  ha loss respectively.

In terms of the use o f conflict areas by barnacle geese, an expansion in the area of the 

reserve network or BGMS area to cover areas that were previously conflict areas led 

to a decrease in the cumulative daily density of geese on the conflict areas, (Fig. 7.3a). 

The density of geese on conflict areas was reduced by 25% and 62% when the reserve 

network was increased in area by 500 and 1000 ha. However, when the BGMS was 

increased, the density on conflict areas was reduced by 28% and 67% for the same 

increase in area. A reduction in the area of the reserve network by 500 and 1000 ha 

led to an increase in the use of conflict areas by 19% and 38% respectively (Fig.
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7.3b). The same changes in area of the BGMS led to an increase o f 23% and 45% 

respectively.
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Figure 7.2: The final net energy gamed per goose under different land management scenarios. 
Expansion and contraction o f  the reserve network (grey background) and BGMS (white 
background) were simulated. The increase in the area o f  the reserve network and BGMS 

resulted from changing the disturbance status o f  500 (Treatments R1 and B1 respectively) or 
1000 (Treatments R2 and 82 ) ha o f  conflict area. A decrease in the area o f  the reserve 

network and BGMS resulted from changing the disturbance status o f  500 (Treatments R3 and 
83) or 1000 (Treatments R4 and 84) ha to conflict area.
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Figure 7.3: The summed daily goose densities on the reserve network, 8G M S and conflict 
areas under the different land management scenarios, (a) Null scenario and the four treatments 
that increase the size o f  the reserve network (R1 and R2) or the 8G M S (81 and 82). (b) Null 
scenano and the four treatments that reduce the size o f  the reserve network (R3 and R4) or the 

8G M S (83  and 84). Note treatment R4 completely removes the reserve network.
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(2) Variation in initial sward height.

Any reduction in summer grazing management on the Solway Firth under the 

situations explored in the simulation model predict that the final energy level would 

be adversely affected (Fig. 7.4). The only situation that led to geese within the model 

achieving a net increase in energy levels by the end of the winter was the one which 

most closely matched the current situation (Treatment 3). If sward heights were 

constant and high across the whole of the wintering range, the final energy level was 

shown to decline the most.
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> -2000000

-4000000 -

-6000000
N ull 1 2 

T r e a t m e n t

Figure 7.4: The final net energy gained per goose under different initial sward height 
conditions. The null case was that observed during the winters of 1998/1999. Treatment 1 was 
the situation where all areas experienced lower cattle and sheep grazing during the summer. 
Treatment 2 was the situation where the sward height on the reserve network was kept low, 

but was higher outside the reserve network. Treatment 3 was the reverse case where the 
reserve network had a long sward height, but the non-reserve areas had a lower sward height.

Changes in the initial sward height also had a large affect on the cumulative goose 

densities that use the reserve network, BGMS and conflict areas (Fig. 7.5). When 

initial sward heights were high in all areas, no use of conflict areas was found. 

However, when sward heights were high in the reserve network and at normal levels
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outside the reserve, an increase in goose density of 95% on the conflict areas was 

found, along with the total avoidance of the reserve network.
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F ig u re  7.5: The sum m ed daily goose densities on the reserve netw ork, BGM S and conflict 
areas under different initial sward height conditions. The treatm ents are the sam e as in Fig.

7.4.

(3) Variation in temperature and habitat area.

An increase in temperature alone led to an increase in the final energy level of 

barnacle geese (Fig. 7.6). By increasing daily temperatures by 3°C, an increase in 

energy level of 11% was achieved. By reducing daily temperatures by the same 

amount, a reduction of 2 % was found, implying greater benefits of increased 

temperatures. However, when the reserve habitat was reduced in area in the model, 

this situation reversed, with warmer temperatures leading to a reduced final energy 

level (Fig. 7.7). For example, when 500 ha of reserve habitat was removed in the 

model, the final energy level was 7% lower in warmer temperatures, and 3% higher in 

cooler temperatures than under current temperatures.
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Figure 7.6: The final net energy gained per goose under different temperature regimes. At 
daily temperatures 3°C above that currently experienced (red), final energy level was higher 
than at current conditions (black), which were, in turn, higher than under cooler conditions

(blue)
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Figure 7.7: The final net energy gained per goose under different temperature and habitat loss 
scenarios. At zero habitat loss, the situation is as seen in Fig. 7.6. As habitat loss increased, 

the size o f  the reserve network was reduced under the three temperature scenarios. The effect 
o f  habitat loss was most severe under warmer conditions (red) and least severe under cooler

conditions (blue).

The use of conflict areas was lower under all temperature regimes than in the reserve 

network or BGMS at current habitat availability (Fig. 7.8). An increase in temperature
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led to a reduction in the use of conflict areas by 16%, and a decrease in temperature 

was led to an increase in use of conflict areas by 6 %. However, when reserve habitat 

was removed, the use of conflict areas increased (Fig. 7.9). The affect of removing 

500 ha of reserve habitat was a 45% increase in the use of conflict areas under current 

temperature regimes. This result was more sensitive under warmer conditions, with an 

increase of 60% predicted for the same amount o f habitat lost when daily 

temperatures were 3°C higher.
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Figure 7.8; The summed daily goose densities on the reserve network, BGMS and conflict 
areas under different temperature regimes. The use o f  the conflict areas is always less than 

that on the reserve network and BGMS. Under warmer conditions (red) the density o f  geese 
that used the conflict areas was lower than that found under current conditions (black), and 

the highest usage o f  these areas was found under cooler conditions (blue). The use o f  the 
reserve network and BGMS increased in warmer conditions, and declined in cooler

conditions.
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Figure 7.9: The summed daily goose densities on the reserve network, BGMS and conflict 
areas under different temperature regimes when the availability o f  the reserve habitat varied.

As the reserve habitat was removed, the total use o f  the reserve network decreased as 
depletion occurred faster, the use o f  the BGMS increased slightly initially, only to fall back 
again as reserve habitat loss became more severe. The use o f  the conflict areas increased as 

reserve habitat was lost, but did not reach the level o f  the other areas over the range o f  habitat 
loss investigated here. The increase in use o f  the conflict areas was more rapid than the 

decline in use o f  the reserve network, and that mcrease was most dramatic under warmer
conditions (red).

(4) Variation in population size.

Generally, a reduction in population size led to an increase in final energy level of 

geese (Fig. 7.10). Over the population sizes modelled, the final energy level varied by 

over 100%. At large population sizes, the final energy level was low, suggesting that a 

population-level density dependent reduction in survival or breeding success may feed 

through from the wintering period of the annual cycle. The pattern of energy level 

against population size was not a simple decline, however. This was probably due to 

the total depletion of certain areas, causing a shift to a different land-use type, with the 

associated shift to a higher sward height, and a different disturbance regime.

The use of the conflict areas was minimal in populations of less than 18000 

individuals. However, once above that size, the density of geese on the conflict areas 

increased rapidly (Fig. 7.11). The use of the reserve network was high and relatively
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constant above the 8000 individuals level. This simulation suggested that the reserve 

network is used to capacity at current population levels (23000 individuals), and that 

the BGMS is currently approaching capacity.
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Figure 7.10; The final energy level per goose at different total population sizes.

  B G M S
  C o n f lic t  a r e a
  R e s e r v e

2000  -

1500 -

§  500 -

0 10000 20000 30000 40000

P o p u la t io n  s i z e

Figure 7.11: The summed daily goose densities on the reserve network (black), BGMS 
(green) and conflict areas (pink) at a range o f  total population sizes. At the current population 
size o f  around 23000 individuals, a small change in population size may lead to a substantial

change in the use o f  conflict areas.
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7.5 Discussion

This chapter has described the development o f a behaviour-based simulation model 

that was used to explore four scenarios that are of relevance to the continued 

successful conservation of the Svalbard barnacle goose. By examining the total net 

energy accumulated by geese at the end o f the winter, a better idea o f how annual 

survival and fecundity rates may vary under these novel scenarios can be gained. The 

use of conflict areas on the Solway Firth is an important issue with respect to the 

conservation goals of this population on its wintering grounds. The use o f simulation 

models in this case can inform policy makers on how best to manage various possible 

changes to the environment. The analyses o f the sensitivity o f the outputs to variation 

in the foraging behaviour parameters indicate the importance o f obtaining accurate 

parameter estimates in order to arrive at informed policy decisions (Fig. 7.1). The 

estimates for peck rates and the proportion of time spent feeding have been well 

described in earlier work, with large amounts of data collected in the field (Chapters 3 

and 5). The estimation of bite size at different sward heights was conducted on 

repeated observations of only four captive geese (Chapter 4). Therefore, this 

parameter estimate was most likely to provide error in this simulation model, even 

though the estimates o f simulated bite size in this model were o f the same magnitude 

as found in earlier studies (Drent & Swierstra 1977; Black et al. 1992). The final 

energy level o f geese in the simulation was more sensitive to the behaviour 

parameters than the use of the conflict areas, implying that the results in terms of the 

use of conflict areas were more robust than the predictions o f final energy level.
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This discussion is broken up into five sections, four discussing the results of the 

simulation models, and the fifth discussing the application o f behaviour-based 

simulation models to conservation in general.

(1) Variation in land management.

Converting conflict areas into either reserve or BGMS areas had direct benefits for 

geese in the model, in terms of final energy level (Fig. 7.2). By expanding the reduced 

disturbance areas (i.e. the reserve network or BGMS), the geese spent less time 

escaping from disturbance events, and more time feeding. However, the differences 

between the final net energy gain achieved under the expansion simulations were very 

similar for both the reserve network and the BGMS. For example, the expansion of 

the reserve network by 500 ha only increased the final energy level o f the geese by 

8% over that found when the BGMS was increased by 500 ha. These results suggest 

that the benefit to the geese was similar no-matter which lower disturbance area was 

increased (Fig. 7.2). However, the reduction simulations show that the maintenance of 

a core reserve network is important for keeping the population secure from starvation 

or breeding failure. The results also suggested that the final net energy gain per goose 

was quite sensitive to changes in land management towards reduced disturbance. By 

converting only 40% of the conflict area into reserve habitat, a 93% increase in the 

final energy level was predicted. This means that expanding the reserve network by 

only a small amount is likely to be highly beneficial to the population o f geese in 

terms of survival and breeding prospects.

The variation predicted in the intensity of use o f conflict areas by barnacle geese was 

also high. By converting 40% of the conflict area into reserve habitat, the remaining
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conflict area received a summed density of geese over the winter that was 62% below 

the null case. The use of the conflict area did not differ greatly between the situation 

where conflict areas were converted to reserve or BGMS habitat. The reduction in 

size of the reserve and BGMS habitat led to an increased density of geese in conflict 

areas, thus potentially exacerbating the problems of conflict (Fig. 7.3b). Therefore, it 

appears that maintaining the current reserve and BGMS network is important in 

minimising conflict outside these areas, but that the management option (i.e. reserve 

or BGMS) chosen is not important. Taken together, the final energy level results and 

the use of conflict area results suggest that the reserve network is a better overall 

conservation tool for barnacle geese. The BGMS is just as good as the reserve 

network in reducing conflict, but the maintenance of the reserve network appears 

more important than the BGMS in terms of population health.

(2) Variation in initial sward height.

It has been shown elsewhere (Chapter 5) that the peak in instantaneous intake rate in 

barnacle geese is at sward heights around 2-3 cm. Above and below this level, intake 

rate declined. By increasing the initial sward height on the Solway Firth to high levels 

(11 cm), a much reduced intake rate was predicted. Not only would this lead to lower 

intake rates at the time of observation, but also swards would not be depleted to their 

optimum levels, leading to longer-term impacts. This has been shown in Treatment 1 

of Fig. 7.4, where long swards over the whole of the current winter range were 

predicted to lead to a negative final energy level. A similar, but less severe, situation 

was found when the reserve network had a normal initial sward height (5.5 cm in 

1998/1999 and 1999/2000 at WWT Caerlaverock), but other areas had a high sward 

height. The current situation after the FMD outbreak in Cumbria and Dumfries &
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Galloway is, however, not like either of these situations. The local farmers, although 

unable to graze cattle and sheep in their fields for most of the previous summer, have 

cut their fields for silage and, in doing so, have maintained a sward height that is more 

similar to that found when the fields are grazed by livestock during the summer. 

However, the reserve network has not been able to conduct the same management due 

to limited resources. Treatment 3 reflects this situation most closely. The simulation 

model predicted that the final accumulated energy level would be 36% less than in the 

null case.

The variation in the use of the different areas in the different treatments was also large 

(Fig. 7.5). In the case where the entire wintering range had a higher sward height, the 

population was predicted to spend the entire winter in the reserve network. In the case 

where the sward height on the reserve was at the normal level, but elsewhere it was 

higher, the use of the conflict area was zero, the reserve received 13% higher annual 

densities and the BGMS received 64% higher annual densities than in the null case. In 

the final case, which most accurately reflected the current situation, geese were 

predicted to avoid the reserve completely. Also, the use of the BGMS was predicted 

to be 4% lower than the null case, and the use of the conflict area was predicted to be 

95% higher than the null case. These results suggest that the response of barnacle 

geese in terms of energy level and distribution appears to be highly sensitive to initial 

sward height and the spatial distribution of these different sward heights through the 

different disturbance regimes on the Solway Firth. Therefore, controlling the sward 

height at the start o f the winter appears to be a vital part o f successful conservation 

management for the population. Validation of the outputs o f this model will be 

undertaken by WWT at the end of the current winter season (2002). If  the population
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responds as predicted by this simulation, it seems likely that there will be reduced 

breeding success in the summer o f 2002, and the use o f the conflict areas will be 

higher than normal, whilst the reserve network should be avoided by barnacle geese.

(3) Variation in temperature and habitat area.

Predicting the impact of possible climate change on the population of Svalbard 

barnacle geese is a difficult task to carry out accurately. The temperature changes 

used in this simulation model are predicted to occur over the next 80-100 years. 

During this time, it is likely that many other changes will happen, especially through 

farm management, disturbance regime and population size change. However, the 

results presented here are indicative of the sort o f responses that might be expected 

under these climate change scenarios. The effects of temperature change alone on 

energy level were predicted to be small (Fig. 7.6). Through reduced thermoregulatory 

costs and increased growth rates of forage species due to increases in temperature, a 

warmer environment was predicted to lead to an increase in energy level at the end of 

winter. The effects of cooling were predicted to be of a smaller magnitude than the 

effects of warming. However, the removal of reserve habitat (making total available 

habitat area smaller) was predicted to lead to a rapid decline in energy level as more 

reserve was removed (Fig. 7.7). The effect of habitat removal was steeper in warm 

conditions than in cool conditions. This is likely to have been a result o f the more 

rapid growth rates of grass under warmer conditions. When the reserve network was 

large, the model predicted that geese concentrated in this area at the start o f the winter 

period, until the grass had been depleted to a low level, at which time they moved to 

the BGMS, and then to the conflict area. When the reserve network was small, this 

shift to the more disturbed areas occurred at an earlier stage in the winter, reducing
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the amount o f energy that could be accumulated whilst feeding in this protected 

habitat. Because the initial sward height throughout the Solway Firth was above the 

optimum level, depletion was required to make the sward more profitable. However, 

because the proportion of time available for feeding on the BGMS and conflict area 

was lower than that in the reserve network due to increased disturbance, it took longer 

to deplete swards in these areas to the optimum level. When this was coupled with an 

increased growth rate of grass, the time required to deplete the sward increased, 

resulting in long periods when swards were above their optimum level. In cooler 

conditions, when swards grew at a slower rate, the population of geese depleted the 

sward more rapidly to a level where high intake rates could be achieved. This 

interaction of temperature and habitat availability demonstrates how important the 

reserve network is to the survival and fecundity of the barnacle goose population.

The total goose density on the conflict areas was predicted to decrease under warmer 

conditions (Fig. 7.8). This resulted from the fact that food resource regrowth was 

more rapid under warmer conditions, which extended the time that geese spent on the 

reserve network before it was depleted to a low level, and then also extended the time 

that geese spent on the BGMS. This reduced the period toward the end of the winter 

when geese were predicted to be on the conflict areas. However, when reserve habitat 

was removed, the reduction in use of the conflict areas due to changes in temperatures 

was found to be smaller than the increase in use due to habitat loss (Fig. 7.9). Again, 

when reserve habitat was reduced in area, the food in the reserve network was 

depleted more rapidly, and initiated a shift onto other areas at an earlier stage in the 

winter than would otherwise have been found. This resulted in an elongated period of 

use on the conflict areas. This shift was again predicted to be more dramatic in a
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warmer environment, although over the range of habitat loss considered in this 

simulation use of conflict areas was always predicted to be higher in cooler conditions 

than in warmer conditions. The movement of geese onto conflict areas due to 

temperature change and habitat loss again demonstrated the importance of 

maintaining the current reserve network in the future. Loss o f reserve habitat due to 

inundation by the sea, or coastal erosion should therefore be protected against in the 

future. A flexible approach to reserve designation is advocated here -  where the 

expansion of the reserve network should be continued if habitat loss occurs.

(4) Variation in population size.

At low population sizes, the predicted final energy level was generally higher than 

that predicted at high population sizes (Fig. 7.10). Because this simulation used a 

constant, finite winter habitat area, the population density increased as population size 

increased. Therefore, the reduction in the final energy level appears to be a density- 

dependent effect that may contribute to limiting the population growth. The decline in 

the final energy level was not a simple function of the increase in population size. 

This result was due to the interaction of population size, depletion rate and 

disturbance regime. As the population increased, depletion of the preferred sites 

accelerated, bringing about an earlier shift from reserve, to BGMS, to conflict area. 

As depletion initially brings about an improvement in sward quality for grazing geese, 

intake initially increased as grazing duration increased, and then declined as depletion 

took the sward height below the optimal profitability level.

As the population of Svalbard barnacle geese increased on the Solway Firth, it was 

observed that the range of the population expanded (Owen et al. 1987). Therefore, it
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seems likely that the situation found here, where habitat availability appears to have 

reduced final energy level at high population sizes, would not occur and geese would 

adapt their range. At the lowest population sizes explored in this simulation, the 

reserve network was capable o f holding the entire population, but as populatoin size 

increases, leading to increased depletion in this area, movement out o f the reserve 

network was predicted (Fig. 7.11). The use of the reserve network was predicted to 

reach a maximum level at a population size of 8000 individuals by this simulation. 

Owen et al. (1987) observed a similar pattern as suggested here, and they predicted 

that further population size increases would lead to further conflict between geese and 

farmers. The introduction of the BGMS in 1994 reduced this conflict in some areas. In 

the simulation, the use of the BGMS increased as the reserve network reached 

capacity, and the use of the BGMS continued to increase rapidly as population size 

increased up to 23000 individuals. The simulation model predicted that use of conflict 

areas would increase as population sizes increased above 13000-18000. The increase 

of use in the conflict areas in the model was very rapid as both the reserve network 

and the BGMS reached capacity.

(5) Conclusions

The four scenarios explored individually are all connected as they all show how 

varying food availability and disturbance regime can affect the population in terms of 

the overwinter distribution of individuals, and also the potential for survival and 

breeding. Two general results can be distilled from these examinations. Firstly, the 

population of barnacle geese that overwinters on the Solway Firth strongly relies on 

reduced-disturbance feeding areas. Escaping disturbance is energetically costly, and is 

mutually incompatible with feeding. Therefore disturbance has a negative affect on
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the final energy level of geese. The reserve network, as the least disturbed area, is 

vital in ensuring a high energy level for the population at the end of the overwintering 

period. However, the reserve network and the BGMS are both key elements in 

reducing conflict. Secondly, ensuring a suitable initial food resource level is 

important. As shown earlier (Chapter 5), a high sward height is unsuitable in terms of 

ensuring a high energy intake rate for barnacle geese. However, the need to maintain a 

relatively short sward prevents a large number of geese being sustained in a limited 

area for a long period of time as depletion rapidly occurs. Therefore, the habitat needs 

of a large population of geese are extensive in the absence of rapid resource regrowth. 

Increasing the rate of grass regrowth reduces the area of habitat required, but is a 

difficult management objective to achieve beyond fertilising existing pastures, or 

reseeding pastures with faster growing varieties of grasses.

The implications for successful conservation management of this predictive approach 

based on a behaviour-based simulation model are wide-ranging. The use o f simulation 

models brings the mechanisms of a successful strategy into focus. Behavioural 

ecology has been recognised as being important in making predictions about 

population dynamics (Sutherland 1996; Bradbury et al. 2001; Pettifor et al. 2000a). 

However, this mechanistic approach also allows greater detail to be distilled about the 

underlying reasons for such changes. In this chapter, the interaction o f barnacle geese 

with farming interests has been explored with respect to the successful management 

of the whole system for the benefit o f geese and farmers rather than simply focussing 

on the biology of the species of conservation concern. This simulation model did not 

make predictions about the future population size of barnacle geese under different 

management systems, but pointed towards the factors that determine survival and
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fecundity rates, the actual population parameters that are o f greatest importance in 

population conservation management. For example, the results o f the simulation 

model in this chapter indicated that the reserve network is important in ensuring the 

survival o f the population at current levels. The reduction in the final energy level at 

the end o f the winter brought about by reducing the reserve network in size is likely to 

lead to lower survival and breeding success. However, it may be even more important 

to note that reducing either the reserve network or the BGMS in size led to an increase 

in the use of conflict areas. Because conservation is a political, as well as a biological, 

process, any increase in conflict may lead to a reduction in the will to maintain the 

conservation goals for barnacle geese. Investigating the prospects for conservation 

success from both these points of view is therefore very important.

How reliable are the predictions made through behaviour-based simulation models? 

Quantitative predictions about the outcomes of the different scenarios have been 

made, but are they accurate enough to base real decisions on? Because the simulation 

model is based on the average observed behavioural responses to environmental 

parameters, the outputs have ignored the variance in the responses. The analyses of 

sensitivity to foraging behaviour parameters (Fig. 7.1) showed that the accurate 

estimation of these parameters is very important in making accurate predictions, as a 

small amount of variation in any of these parameters generated large variation in the 

final energy level. The use of the conflict areas was less sensitive to variation in these 

parameters however. The four novel scenarios explored here show how sensitive the 

chosen outputs are to variation in particular environmental parameters (disturbance 

intensity, sward height, temperature, habitat availability, population size). The 

exploration of variation in the initial sward height in the context of the FMD outbreak
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showed that the outputs of the simulation are highly sensitive to the distribution of 

food supplies though the winter range. At the centre of this simulation model is the 

functional response o f intake rate to food availability. Therefore, the shape and nature 

o f the functional response will drive the relationships between intake rates against 

food availability, and goose distribution against intake rates. The functional response 

used in this study was dome-shaped, similar to that found in barnacle geese in the 

Netherlands by van der Wal et al. (1998), rather than o f a Rolling (1959) Type II 

response. Using a classical Type II response in place o f the empirically-derived 

functional response would affect the outputs of the model drastically as the preference 

for intermediate sward heights is removed, and instead a preference for the longest 

sward heights would be found. This would lead to geese in the model using a larger 

foraging area, rather than concentrating in certain areas, which improves the sward in 

terms of intake rates using the empirically-derived functional response.

Another assumption of the simulation model that may have a large affect on the 

outputs is the way geese chose to distribute themselves. Firstly, the ideal-free 

distribution with no interference was used to distribute the foragers amongst the 

available resource patches. This resulted in foragers within the model forming clumps 

in the most profitable patches rather than distributing themselves either far away from 

potential competitors, or at some intermediate state. The method that was used best 

reflects the current understanding of barnacle goose competition. A dominance 

hierarchy is observed in wintering Svalbard barnacle geese, where families are 

dominant over paired birds with no goslings, which are dominant over singletons 

(Black & Owen 1989b). Large barnacle goose flocks are found over the entire winter 

range, which appear to have an internal spatial structure in terms of dominance
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hierarchies, but all flocks have members o f all social classes within them (Black & 

Owen 1989b; Black et al. 1992). Therefore, interference competition is likely to 

happen at the spatial scale of the single flock. However, it has been shown elsewhere 

(Chapter 3) that more time is spent in feeding activity in large flocks, whereas less 

time would be spent feeding, and more time vigilant and aggressive, if  interference 

competition were important determinants of behaviour. This result therefore 

suggested that clumping of geese together is beneficial, rather than detrimental. The 

other part o f selecting which patch to feed in is the choice o f a measure of patch 

profitability. In the simulation model, instantaneous energy intake rate was selected as 

being the most appropriate. An alternative would be to adopt a Baysian approach, and 

assume that the geese in the simulation are able to leam which patches are more 

highly disturbed, and incorporate a cost of disturbance in selecting where to forage. 

This approach was not taken because in the field most disturbances are ad hoc. In the 

conflict areas, fields can be left disturbance-free for long periods. All over the Solway 

Firth disturbance is also sourced from roads and from everyday farm activities. These 

disturbance events are generally infrequent in any one place, vary over small spatial 

scales and therefore disturbance levels are unlikely to be predictable by geese. 

Therefore, the behavioural response to disturbance is seen as being reactive, rather 

than proactive, on the part of the foraging barnacle geese.

The use of behaviour-based models as part of a general conservation toolbox allows a 

wide range of novel scenarios to be explored with the aim of improving management 

and planning for the future. Behaviour-based simulation models are based on the 

biology and pattern of the system under examination, incorporating the underlying 

mechanisms, thus allowing more accurate predictions to be made. The simulation
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model presented here can be classified as a simple depletion model (Sutherland & 

Anderson 1993), and although it is simple in terms of the number o f parameters, it 

requires a good understanding of the ecology of the study species, and a knowledge of 

the important factors that influence the system of which it forms a part. The sensitivity 

of the outputs to variation in the behavioural parameters showed that imperfect 

knowledge in the biology could lead to erroneous predictions. This knowledge 

becomes especially relevant if  the species under examination is little studied, and is in 

need of immediate conservation action. The misapplication o f models based on too 

little ecological understanding, and taking conclusions beyond the level where 

knowledge allows may lead to management decisions that are actually detrimental to 

the population under scrutiny.
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7.6 Appendix

Energy costs for different activities as multipliers of BMR
Feeding 2.0
Vigilance 2.1
Aggression 6.4
Resting 1.0

Parameterised equations used within the simulation model
• D ay tem perature  fTd X^):

Td = 4.96 + ((20.07 - 4.96) / 2) x (1 + sin(27t x (D - 192.97) / 365))

Where D  is the day of the winter season, measured as days from 1 October.

• N ight tem perature  (Tn X ):

Tn = 1.28 + ((8.49 - 1.28) / 2) x (1 + sin(27i x (D - 196.72) / 365))

• D aylight between dawn and dusk (L minutes):

L = 462.39 + ((1023.87 - 462.39) / 2) x (1 + sin(27i x (D - 174.74) / 365))

• Pecks p e r  m inute o f  active fee d in g  (?):

p  = ■ roogP ^s))

Where S  is the observed sward height.

• Intake p e r  bite o f  dry grass m atter (I mg):

I  =  + (10.461 xlog(2.91)) + (0.235 x  logS))

•  Proportion o f  tim e spent feed in g  (M):

M  =  1  /  ( 1  +  ( 1  x S ) -  (O.OOI xL) -  (2.665 xV ) + (2.777 x V  x  V ))jj

Where V is the proportion of the daylight period that has passed.

• L e a f  grow th p e r  day (G mm):

G = (0.007 X C) + (0.222 x Td) - (0.002 x L) + 0.650 

Where C is the average tiller size (in mm of leaf) in the exclosure.

• L e a f  senescence p e r  day  (H mm):

H = (-0.012 X C) - (0.052 x Td) + (0.001 x L) - 0.151
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Chapter 8

Conclusion.
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This thesis begins with an overview of a current conservation issue involving the 

Svalbard barnacle goose population on the Solway Firth. It was found that, while the 

Barnacle Goose Management Scheme has resulted in an increase in the number of 

geese using areas that previously had been used only at low densities, further 

improvements could be made (Chapter 2). Decisions to change the management of the 

landscape for wild animals should be informed with the best possible information, 

otherwise the results of such changes may be costly in terms of money and time 

wasted as well as the erosion of conservation priorities. In Chapter 7, it was 

demonstrated how a simple simulation model can be used to inform these decisions 

across a wide range of conservation imperatives. This simulation model was built 

around behavioural decisions that were based on cost-benefit analysis, the process that 

forms the observed distribution of animals through a landscape. These behavioural 

decisions, in the case of the barnacle goose, are largely constrained by the density of 

available food and the amount of time at hand in which to consume it (Chapter 3).

The chapters described above are based on the simplifying assumption that animals in 

a population behave according to the average trait value for the population. The 

population average value for the proportion of time spent feeding, for example, can be 

derived in two polarised ways. Firstly, all animals may behave in such a way that the 

individual mean proportion o f time spent feeding is equal to the population mean. 

Secondly, animals may vary in their strategies, with some consistently feeding for a 

lower proportion of time, while others consistently feed for a higher proportion of 

time. While the mean values for the population will be the same, there may be 

biologically relevant differences between individuals if the latter case were true. This 

may lead to some individuals having a higher probability o f starvation or predation
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than others. Chapter 4 investigated one example of differences between individuals, 

namely foraging efficiency. The amount of food consumed per bite was found to vary 

between individuals, and this inter-individual variation was explained by variation in 

bill length. As male barnacle geese are larger than females, this led to the hypothesis 

that activity budgets should differ between the sexes, with males spending less time 

feeding. The extended parental care that is observed in barnacle geese through the 

winter, and the pair-bond that lasts over a number of years adds, to the complexity of 

the situation. Chapter 5 concluded that male barnacle geese should be able to attain a 

larger energy store by the end o f the winter than females, even though males spend 

less time feeding, and more time protecting their mate and goslings. There was also a 

slight cost o f reproduction in terms of a reduced energy store in family geese o f both 

sexes.

Chapter 6 looks further at these differences between individuals. By building an 

individuals-based simulation model that incorporated differences in foraging 

efficiency and susceptibility to interference, the potential costs o f reproduction were 

explored, as were the differences in final energy levels between the sexes. The results 

o f the simulation model strengthened the argument that there may be a cost of 

reproduction in terms of reduced energy stores compared to adult geese with no 

goslings. The results also agree with the conclusions o f Chapter 5 in terms of the 

differences between the sexes -  female geese appear to accumulate less energy than 

males due to their reduced foraging efficiency.

The most parsimonious model for any given situation is a trade-off between greater 

realism and increasing complexity, whereby the best model is realistic, but simple.

212



Chapter 8

The two simulation modelling approaches demonstrated in this thesis, individuals- 

based and depletion models, require different amounts o f data, and simulate different 

degrees of biological realism. The outputs of the individuals-based simulation model 

in Chapter 6 were highly dependent on accurate parameterisation -  the energy intake 

results from the two different interference levels were quite different. The depletion 

model on Chapter 7 required much less parameterisation, and was useful for showing 

differences in the number of geese using different areas o f the Solway, and general 

patterns of energy accumulation, but ignored the fact that individuals vary in their 

ability to accumulate energy. The balance between simple models with quick answers 

and more complex models with a higher demand for parameterisation is not a simple 

problem to resolve. Both approaches require a good understanding of the natural 

history and general biology of the species in question, as simulation models developed 

without that knowledge may provide spurious results. In this thesis, the two modelling 

approaches were used to address very different questions, one that was at a fine spatial 

and temporal scale (Chapter 6) and one that was at a larger scale (Chapter 7). It is my 

opinion that the type of model used to address a particular question should be 

appropriate to both the question, and the amount of knowledge available.

In terms o f simulation modelling in conservation biology, the aim should be to gain 

sufficient understanding o f the study species and system that allows the researcher to 

answer questions that are relevant to the efficient protection of the study species. 

Behaviour-based approaches to simulating the consequences o f anthropogenic change 

on a population are a significant step forward in conservation planning as they allow 

prediction beyond the set of circumstances under which empirical studies can be 

made. While the temptation may be to apply the most complex, and therefore realistic.
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model to a species, caution should be applied since complex models suffer more from 

uncertainties in structure and parameterisation. This misapplication of simulation 

models could, therefore, lead to spurious results being used in the management of a 

critically endangered species.

Most bodies o f work raise as many questions as they answer and this thesis is no 

exception. Further work into barnacle geese on the wintering grounds is currently 

being conducted by the Wildfowl & Wetlands Trust. The question o f farmer-goose 

conflict is still relevant, and is worthy of further study, especially in these post-BSE, 

post-FMD times of change in farming practice. The integration of conservation 

objectives with farming objectives has been started on the Solway Firth, ahead of 

many other areas in the UK, and the extension of this integration is probably going to 

be of great importance to farmers and barnacle geese alike. The use o f different areas 

of the Solway Firth by individual barnacle geese, as shown in the Appendix, is not 

simple. The extension of this work will lead to an understanding of the possible 

consequences o f the loss of particular areas of habitat on this population. Both these 

questions are also open to investigation through simulation modelling. This thesis has 

explored how net accumulated energy reserves may vary between individual geese 

and between different situations, however a vital next step is the quantification o f how 

these differences affect survival and breeding success. As for extending the study into 

behaviour-based simulation models, the application of these techniques to a wider 

range o f populations and species, and the validation of the results, especially in terms 

of applying these models in a realistic landscapes.
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ABSTRACT
Radio-telemetry was used to study site fidelity and range characteristics of Svalbard 
Bamaele Geese Branta leucopsis wintering on the Solway Firth. The movements of 
18 Geese tagged in two discrete areas were tracked for 3-6 months until departure on 
the spring migration. Tagged Geese focused their activity on only a small proportion 
of the potential feeding habitat available in the region. Although a few birds from one 
area stayed there for much of the winter, the remainder caught at the same site were 
highly mobile, visiting at least two other discrete feeding areas. In contrast, almost all 
Geese trapped at the other site restricted foraging only to the capture area and 
Rockcliffe Marsh, the largest expanse of saltmarsh on the Solway. There was a 
general tendency for birds to range further afield in mid winter, probably related to 
slow vegetation growth rates and increased competition for food. All but one tagged 
bird moved to Rockcliffe prior to departure on migration. This could be related to a 
requirement for the high protein content of saltmarsh vegetation in the late spring 
and/or that this was the traditional departure site. Our results suggest that many 
Bamaele Geese on the Solway are only moderately site-faithful in comparison with 
those wintering on Islay, but in keeping with the pattem observed in The Netherlands.
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INTRODUCTION
Many species o f migratory birds, including geese, show considerable philopatry not 
only to their breeding sites but also to traditional wintering and staging areas (Owen 
1980, Robertson & Cooke 1999). This may reflect the selective advantage of having 
local knowledge of resource availability, habitat heterogeneity, vulnerability to 
predation and levels o f disturbance, or be a mechanism for individuals to maintain 
social bonds with conspecifics (for a recent review see Robertson & Cooke 1999).

Although wintering geese tend to return to the same general region, on a 
smaller scale individuals frequently move between separate feeding areas within and 
between seasons. Some of these movements are predictable; many geese show a 
pronounced habitat switch in mid winter, or in the spring prior to migration to staging 
or breeding grounds (Ydenberg & Prins 1981, Prins & Ydenberg 1985, Summers & 
Critchley 1990, McKay et a l 1994, Vickery et a l  1995). Spring shifts from 
agricultural fields to less intensively-managed areas such as saltmarsh are often 
attributed to a change in nutritional requirements from energy-dense, highly digestible 
sown grasses, to protein-rich saltmarsh grasses and herbs (Prins & Ydenberg 1985, 
McKay et a l  1994). Mid winter movements are more likely to be a consequence of 
depletion o f local food resources because of slow vegetation growth rates during cold 
weather (Owen et a l  1992, Vickery et a l 1995). Some birds may then either choose 
to disperse to a more suitable feeding site elsewhere, or are forced to do so because of 
increased competition (Hupp et a l 1996).

As a result o f protective legislation and the provision o f refuge areas, the 
Svalbard breeding population of Bamaele Geese Branta leucopsis has shown a 
remarkable recovery from around 300 birds in 1948 to c.24,000 birds in 1999-2000 
(Owen et a l 1987, WWT unpublished). The birds spend the winter on the Solway 
Firth, where they have amongst the smallest wintering range o f any goose population 
(Owen 1980). Although the population shows virtually complete philopatry to the 
Solway as a whole, very little is known about fidelity to particular feeding areas and 
variation in ranging behaviour of individuals within the region.

Previous research has examined local site fidelity o f wintering Bamaele Geese 
from both the Greenland and Russian/Baltic breeding populations using resightings of 
ringed individuals (Percival 1991, Ganter 1994). This approach, although clearly very 
useful, can only be applied within a restricted study area where ring reading is 
logistically feasible, and is not practical on the Solway where the great majority of 
past resighting effort has been concentrated around a single site. In addition, ring 
resightings are rarely frequent enough to provide detailed information on timing of 
movements. As an altemative, in our study we used radio-telemetry to locate 
individual Bamaele Geese every 2-3 days over a period o f several months. We were 
particularly interested in looking at individual variation in site fidelity, the timing and 
duration o f visits to different feeding areas, range sizes and overlap, seasonal changes 
and whether certain foraging strategies were common among different individuals. In 
addition, we wanted to compare groups of birds caught in two different parts of the 
wintering range.
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METHODS 
Study site
The Svalbard breeding population of Bamaele Geese winters on the Solway Firtb, 
soutb-west Scotland (54°57'N 3°28'W) from late September/early October until late 
April/early May, when the Geese depart on tbeir spring migration to staging areas in 
the Helgeland archipelagos, off the central Norwegian coast (65°45'N 12°E). During 
the winter, the Geese are protected not only from shooting, but also from human 
disturbance when feeding in reserves or in a network of core fields within a local 
goose management and compensation scheme. Their diet is predominantly grasses 
and herbs (Puccinellia m aritim a, Festuca rubra  and Triglochin m aritim a) and white 
clover Trifolium  repens stolons on the saltmarsh, and cultivated grasses (mainly 
Lolium  perenne  with some Agrostis and Poa  spp.) on inland pasture (Owen et al. 
1992).

The overall wintering area is small, extending no more than 50 km west to 
east, with birds rarely ranging further than 5 km from the Solway coast. However, the 
Geese only feed in a fraction of the available habitat and the range can be split into 
four discrete areas, Southemess, Caerlaverock (including Kirkconnell merse), north
west Cumbria (including Moricambe Bay) and Rockcliffe Marsh (Fig. 1). 
Caerlaverock is the traditional arrival site, and Rockcliffe Marsh the main departure 
point for most, if  not all the Geese (see Discussion). There are several reserves on the 
Solway actively managed to attract geese; Eastpark Farm (Caerlaverock) managed by 
The Wildfowl and Wetlands Tmst (WWT) since 1970 and totalling 340 ha,
Mersehead Farm (Southemess), a 250 ha reserve managed by The Royal Society for 
the Protection of Birds (RSPB) since 1993, and North Plain Farm (north-west 
Cumbria), a 72 ha reserve managed by RSPB since 1990.
Overall distribution
A full coordinated census of all bamaele geese on the Solway was carried out each 
month from mid October 1999 to March 2000. All known feeding areas were 
surveyed within a period o f one hour by a total of 1 0 - 1 2  observers, and flock locations 
and numbers o f geese recorded.
Radio-tracking
Geese were caught by cannon netting on improved pasture at two sites; Newfield 
Farm (54°57'N 3°29'W), adjacent to the WWT Caerlaverock Reserve, on 2 Nov. 
1999, and RSPB Mersehead Reserve, Southemess (54°53'N 3°41 'W) on 14 Dec.
1999 and 27 Jan. 2000. Birds were sexed by cloacal examination, aged as juvenile (<1 
year old) or adult according to plumage characteristics, weighed, measured and if not 
already ringed, fitted with a BTO metal ring and an orange plastic colour-ring 
engraved with a unique 3 letter combination. Eight adult and two juvenile males from 
the first catch at Newfield Farm (hereafter referred to as Caerlaverock Birds) and five 
adult males from each of the two following catches (hereafter referred to as 
Southemess Birds) were fitted with tail-mounted TW-3 radio-transmitters (Biotrack, 
Dorset, UK). Transmitters weighed 17g, corresponding to <1% of mean body mass of 
tagged birds (2000g, «=20). Only males were radio-tagged to maximise sample sizes 
by ensuring we did not follow both members of a pair (which remain together during 
the winter).

Movements of radio-tagged birds were followed from capture to departure 
from the Solway in late April/early May 2000, or to transmitter loss. Visits were made 
several times a week to all known feeding sites and the presence o f tagged Geese 
detected using 3-element Yagi antennae and M-57 receivers (Mariner Radar). Each 
individual was generally located a minimum of once every 3 days throughout the
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period o f transmitter attachment. Any movement between each o f the four main areas 
(Southemess, Caerlaverock, Rockcliffe Marsh or north-west Cumbria) was considered 
to have occurred mid-way between the dates of the fixes at either site.

The season was split into four stages according to the dates when transmitters 
were attached, and to an obvious pre-departure shift to Rockcliffe Marsh. These were 
2 Nov. -  13 Dec. 1999, 14 Dec. 1999 -  26 Jan. 2000, 27 Jan. -  31 March 2000 and 1 
April until departure. The last cut-off date o f 1 April was selected as several Geese 
previously feeding at Caerlaverock and Southemess moved to Rockcliffe Marsh in 
early or mid April (see Results).

From 14 December until the end of the season, birds were located as far as 
possible to particular fields by visual observations of flocks from elevated vantage 
points or by triangulation. The exception was at Rockcliffe Marsh, where although it 
was straightforward to detect the presence of tagged birds, logistical difficulties, 
including access restrictions, problems with disturbance and the absence of good 
vantage points precluded obtaining more accurate fixes.

Several measures of home range size and stmcture for birds within the 
Caerlaverock and Southemess areas were calculated using Ranges V software 
(Kenward & Hodder 1996). In order to avoid any bias resulting from unevenness in 
recording effort, fixes were only included when all potential feeding sites within these 
areas were checked by observers within a two-day period. If a tagged goose was 
located more than once within this time, a single fix per bird was selected at random. 
The purpose of this analysis was to examine range characteristics (size, overlap etc.) 
within these two areas rather than maximum range extent during the winter, which 
would be heavily dependent on whether individuals visited Rockcliffe or north-west 
Cumbria.

Range statistics calculated were (i) a minimum convex polygon (MCP) 
enclosing 1 0 0 % of fixes, which provides an indication of the maximum extent of the 
foraging area, (ii) a core range in which each goose concentrated its activity (based on 
apparent discontinuities in utilization plots) and corresponding to the area o f 85% 
cluster polygons (Cxg$) and (iii) the partial area (Cpart) of 85% cluster polygons, which 
is the area of the separate clusters divided by the area of a single polygon that would 
include all clusters (Hodder et al. 1998, Walls et al. 1999). If Cpart tends to 0, this 
indicates that the range is more fragmented, if  Cpart tends to 1 , this indicates that the 
nuclei are close to one another, and if  Cpart = 1, there is only one nucleus (Kenward 
and Hodder 1996). Ranges V software was also used to calculate the percentage 
overlap o f MCPs and core ranges among birds to determine the extent to which 
individuals used the same foraging areas during the winter.
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RESULTS
Changes in overall distribution
Numbers in the Caerlaverock area (the traditional arrival site) were high in mid 
October, but subsequently declined as geese dispersed to other feeding areas (Fig. 2). 
In the late autumn, more geese were present at Southemess than Rockcliffe Marsh, 
but this trend reversed as the season progressed until by mid March, more were at 
Rockcliffe than in any other area. Numbers in north-west Cumbria increased in mid 
winter, although in general many fewer geese were recorded there than elsewhere. 
Duration of transmitter attachment
The two juveniles caught at Caerlaverock both lost their transmitters within a week 
and were excluded from further analysis. Four adult Caerlaverock Birds and one 
Southemess Bird caught in December also lost transmitters before departure. Fixes 
from these birds were included in the results. Examination of four transmitters that 
were recovered inland (the others were lost on inter-tidal mud roost sites) indicated 
that loss was the result of moult, or breakage of tail feathers or cable ties, and not 
battery or electronics failure. Transmitters were detected easily up to 5-10 km from 
appropriate vantage points in each area, and battery strength was sufficient to provide 
strong signals throughout. All tagged Geese departed between 29 April and 8  May. 
Use of different feeding areas: general pattern
The proportion o f time spent by all Caerlaverock and Southemess Birds in each of the 
four main areas (Caerlaverock, Southemess, Rockcliffe and north-west Cumbria) 
during each period is indicated in Figure 3. From 2 November to 26 January, 
Caerlaverock Birds spent the majority o f their time (80%) feeding in the Caerlaverock 
area and the remainder at Rockcliffe Marsh. During Febmary and March, use of 
Caerlaverock declined and Rockcliffe Marsh increased, and in addition, one tagged 
bird visited Southemess and another visited north-west Cumbria for a few days. From 
1 April, tagged birds spent the majority of their time (91%) at Rockcliffe Marsh and 
very little at Caerlaverock i.e. a reversal of their distribution in November-January.

Southemess Birds spent the majority of their time (87%) at Southemess from 
14 December to 26 January, although two also visited Rockcliffe and four visited 
Caerlaverock for short periods. During Febmary and March, use o f Southemess 
declined (to 62%) and of all other areas increased. From 1 April, use of both 
Southemess and Caerlaverock by Southemess Birds declined, and o f Rockcliffe 
increased substantially (to 44%). All but one Southemess Bird stopped at Rockcliffe 
for at least a few days immediately prior to departure from the Solway.
Use of different feeding areas: individual pattern
All Caerlaverock Birds made substantial use of both the Caerlaverock and Rockcliffe 
areas (Fig. 4). Only a single individual (Bird F) visited Southemess (in mid-late 
Febmary), and another (Bird B) visited north-west Cumbria (in mid March). With the 
exception o f the goose (Bird G) that lost its transmitter in mid Febmary, all 
Caerlaverock Birds made from one to seven trips to Rockcliffe Marsh before the end 
of March. In addition, all remaining tagged Geese departed on migration from 
Rockcliffe Marsh. In some cases, these individuals had been there continuously from 
as early as Febmary, whereas others (Birds A and C) made a pre-departure shift in 
early April. During the winter, the amount of time spent at Caerlaverock or Rockcliffe 
on any particular visit varied from as little as 2 days to 2 months. Considering only 
individuals that retained their transmitters at least until the end o f Febmary, all 
Caerlaverock Birds spent 49-69% of the season at Caerlaverock, and 31-47% at 
Rockcliffe Marsh. Excluding the pre-departure period (from 1 April), 46-80% of the 
time was spent at Caerlaverock and 20-45% at Rockcliffe Marsh.
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Southemess Birds exhibited more variable strategies (Fig. 4). From the date of 
transmitter attachment (14 December or 27 January) until mid April, two birds (J and
O) never left the Southemess area and two others (I and Q) only made single visits of 
2 and 16 days, respectively to Caerlaverock. However, Birds J and O did visit 
Caerlaverock very briefly (for 3-6 days) en route to Rockcliffe Marsh at the end of the 
season. By contrast, the remaining Southemess Birds ranged much more widely 
before mid April, although the number of areas used varied considerably. During this 
time, one (Bird L) visited all four areas, two (Birds M and P) visited Southemess, 
Caerlaverock and Rockcliffe Marsh, one (Bird K) visited Southemess, Caerlaverock 
and north-west Cumbria, and one individual (Bird N) altemated between Southemess 
and Caerlaverock only. The last bird (Bird R) left Southemess within a few days of 
transmitter attachment and spent the majority of the season at Rockcliffe Marsh. 
Excluding the bird that lost its transmitter at the end of March, Southemess Birds 
spent on average 58% (max. 97%) of the season at Southemess, 23% (max. 87%) at 
Rockcliffe Marsh and 16% (max. 35%) in the Caerlaverock area. Excluding the pre
departure period (from 1 April), these values change to 64% (max. 100%) at 
Southemess, 15% (max. 80%) at Rockcliffe and 17% (max. 44%) at Caerlaverock. 
Range size and structure
Examination of incremental area plots from both Caerlaverock and Southemess 
datasets suggested that MCP and core range (Cxgs) sizes were stable once there were 
15 or more locations per individual. All individuals with fewer data were therefore 
excluded from home range analyses. Range statistics for Caerlaverock and 
Southemess Birds while at Caerlaverock, and for Southemess Birds at Southemess 
are indicated in Table 1. There were no significant correlations between the number of 
fixes or the total time spent by each individual at either Caerlaverock or Southemess, 
and range size (MCP or Cxgs) (r = 0.11-0.55, n = 7-10, all n.s.). This was despite 
some birds spending over twice as long at Southemess, or over three times as long at 
Caerlaverock compared with others.

Maximum foraging ranges (MCPs) were approximately five times larger 
(Mann Whitney U Test, Zadj=3.42, P<0.001), and core ranges (Cxgs) were two times 
greater (Mann Whitney U Test, Zadj=2.24, P<0.05) at Caerlaverock compared with 
Southemess (Table 1). The difference in Cpart values was almost significant (Mann 
Whitney U Test, Zadj=T86, P=0.06). Excluding the two birds at Caerlaverock with 
Cpart values o f 1 (i.e. with mono-nuclear core ranges), the difference became highly 
significant (Mann Whitney U Test, Zadj=3.01, P<0.005). This suggests greater overall 
patchiness in site use at Caerlaverock compared with Southemess. In addition, 
although it is difficult to draw a comparison with such small sample sizes, MCP areas 
of Southemess Birds while at Caerlaverock may have been slightly larger, Cxg$ areas 
slightly smaller, and Cpart values lower compared with Caerlaverock Birds, again 
indicating a patchier distribution and possibly more exploratory behaviour.

Overlaps between foraging ranges of individuals were high at Southemess.
The mean percentage overlaps in MCP and Cxg$ areas were 8 6 % and 64%, with 37 
MCP pairs and 21 Cxgs pairs out o f 42 paired ranges from the seven tagged Geese 
overlapping by >70%, and only one Cxgg pair overlapping by less than 40%. At 
Caerlaverock, the corresponding mean values for overlaps in MCP and Cxgs areas 
were 58% and 42% (i.e. each >20% lower than at Southemess), with only 32 MCP 
pairs and 11 Cxgs pairs out of 90 paired ranges from the 10 tagged birds overlapping 
by >70%, and 25 and 47, respectively, overlapping by less than 40%. Compared with 
those at Caerlaverock, Geese at Southemess were therefore considerably more likely 
to use the same foraging sites during the winter.
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DISCUSSION 
General pattern
Few studies have tracked movements of wintering geese more or less continuously 
over such a long period (3-6 months) from tagging to departure on migration (but see 
Summers & Critchley 1990, Hill & Frederick 1997). Our results indicated a level of 
mobility amongst Barnacle Geese on the Solway that was not at all apparent from 
monthly censuses. There is always the possibility in radio-tracking studies, which 
suffer inevitably from sample size constraints, that study birds were in some way 
unusual. However, the tagged males were selected at random, their relative use of 
different areas mirrored that of many others in the population (for example during 
Feb. and March the increase in use of Rockcliffe by Caerlaverock Birds, and the 
presence of three tagged birds amongst the contingent in north-west Cumbria; Figs. 2 
and 3), and there is therefore no reason to consider their behaviour atypical.

Individuals adopted one of a number of strategies usually common to several 
geese trapped in the same area (Fig. 4). Those caught at Caerlaverock were almost all 
fairly mobile, making the c.24 km trip to Rockcliffe Marsh on several occasions. 
Excluding the pre-departure period (from 1 April), they spent 20-45% of the season at 
Rockcliffe Marsh, compared with 46-80% at Caerlaverock. Only one Caerlaverock 
Bird visited Southemess and another went to north-west Cumbria. In contrast, four of 
the Geese trapped at Southemess were surprisingly sedentary, rarely or never moving 
from the Southemess area over a period of several months, and staying within a core 
area o f only 180-340 ha (median 250 ha; Table 1). These birds only dispersed to 
Rockcliffe Marsh at the end of the winter just prior to the spring migration, in two 
cases with a brief stop at Caerlaverock en route. Other Southemess Birds travelled 
much further afield, particularly during the mid winter, although to different areas. 
Somewhat surprisingly, although particular tagged birds frequently coincided in the 
same areas, it was exceptional for them to actually travel together (Fig. 4).

It is difficult to determine what general characteristics attracted individuals to 
forage in these four areas (see Fig. 1), especially as on the Solway as a whole, many 
apparently suitable fields and saltmarsh areas are never visited. One explanation may 
be differences in vegetation growth rates, with those core areas used routinely likely 
to be amongst the most productive. In The Netherlands, Bamaele Geese grazed most 
frequently at sites where grass growth rates were high, and as a consequence there 
was sustained regeneration o f young plants with a high protein content (Ydenberg & 
Prins 1981). Some, but not all saltmarsh areas are grazed cyclically by Brent Geese 
Branta bernicla (Rowcliffe et al. 1995). So presumably the concentration of foraging 
within relatively limited areas on the Solway may actually improve grass quality for 
the Geese. In addition, human disturbance may constrain feeding to certain areas, 
although Bamaele Geese seem generally to be less affected by this than other species 
(Madsen 1985, Percival 1993).
Individual variation
Considerable individual variability in ranging behaviour was apparent, although some 
foraging strategies were clearly common to several birds from a particular area. Part 
of the explanation may be historical tradition, with some birds simply unaware of the 
existence of altemative feeding sites. The bulk of the population always arrive 
initially at Caerlaverock at the end of the autumn migration and as this study has 
shown, depart from Rockcliffe. By contrast, Southemess was only visited by Bamaele 
Geese in any numbers from the mid 1980s, as flocks moved there increasingly earlier 
in the season (Owen et al. 1987). Use of north-west Cumbrian sites is even more 
recent, probably not in moderate numbers until the last 3 or 4 years (WWT
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Unpublished). The great majority o f birds may therefore be aware o f feeding 
opportunities at Caerlaverock and Rockcliffe, but not necessarily elsewhere, which 
may explain why some never visited Southemess or north-west Cumbria.

Alternatively, subordinate individuals may be forced out o f certain areas 
because of increased competition when resource availability declines (Hupp et a l 
1996). In Bamaele Geese, the largest family groups exploit the best feeding 
opportunities at the edge of the dock, and a dominance hierarchy is established where 
status depends on family size, then whether a bird is paired or not, and dnally 
amongst single birds, on age and experience (Black & Owen 1989, Black et a l  1992). 
Although differences in winter site fidelity appeared to be independent of age and pair 
status in the Netherlands, in the Helgeland staging areas, the most mobile Bamaele 
Geese are under three years old and unpaired (Black et a l  1991, Ganter 1994). 
Population structure
Our data suggest that a degree of segregation exists within the wintering population, 
although distinctions between sub-groups were far from clear-cut. Several 
Southemess Birds spent little or no time at Caerlaverock during most o f the winter, 
and only one Caerlaverock Bird ever went to Southemess. However, other 
Southemess Birds did spend longer at Caerlaverock, where their ranges overlapped 
with Caerlaverock Birds (Table 1), and individuals from both samples mixed at 
Rockcliffe Marsh and north-west Cumbria. Therefore, while some individuals from 
Southemess could be regarded as fairly site-faithful, many birds from both areas were 
highly mobile. This shows close parallels with the population stmcture of Bamaele 
Geese wintering in the Netherlands, but contrasts somewhat with the situation on 
Islay, where birds have a much stronger tendency to be site faithful (Percival 1991, 
Ganter 1994). It is unclear whether this apparent variation is an artefact of 
methodological differences between the three studies, or results from extrinsic factors 
such as climate (see Percival 1991).
Range characteristics
Although tagged birds differed a great deal in terms of the number and duration of 
visits to the four main feeding areas, there was much less variation in field selection 
within each area, with much of the foraging concentrated at comparatively few key 
sites. The overlaps between individuals in the maximum extent o f foraging ranges 
(MCP) and core areas (Cxgs polygons) were high (means of 42-86%) at both 
Caerlaverock and Southemess, indicating that birds were using many of the same 
fields. At Southemess, MCP areas ranged from 400-720 ha, Cxgs areas from 180-340 
ha, and Cpart values (which give an index of range patchiness) from 0.48-0.62 (Table
1). By comparison at Caerlaverock, although MCP areas were much bigger (1280- 
6950 ha), Cxgs areas were only twice as large (230-1030 ha), and ranges were in 
general much more fragmented (Cpart values of 0.09-0.28, excluding the two birds 
with mono-nuclear ranges). These differences may arise because more Geese are 
generally present at Caerlaverock than at Southemess (Fig. 2), forcing individuals to 
move more frequently to altemative feeding sites.
Seasonal changes in distribution
There was a tendency for many birds to range further afield in mid winter. Increased 
use of altemative feeding sites in Febmary and March corresponds to the period when 
temperatures are low, day length is short and consequently grass growth is likely to be 
slow. Bamaele Geese are in negative energy balance during some mid winter months, 
and tend to lose mass accumulated since arrival in the autumn despite an increase in 
foraging effort (Owen et a l  1992). By mid winter, grazing will have depleted the food 
supply at preferred sites which are less susceptible to disturbance or predation,
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resulting in increased intra-specific competition and consequent range expansion. 
Similarly, Brent Geese deplete inter-tidal algal beds within a few months after arrival 
in the UK, and are then forced to disperse to agricultural fields (Summers & Critchley 
1990, Vickery et al. 1995, Percival & Evans 1997).
Pre-departure habitat shift
With one exception, all radio-tagged Geese moved to Rockcliffe Marsh prior to 
departure on the spring migration. In fact, the remaining bird could also have stopped 
there for 1-2 days between our observations and gone undetected. That so many birds 
should show this highly consistent pattem was unexpected despite regular monitoring 
of goose numbers and distribution in previous years, emphasising an inability to 
estimate turn-over rates from counts alone without identifying known individuals.

The choice o f Rockcliffe Marsh, the largest area (c. 1000 ha) o f saltmarsh on 
the Solway as the primary departure point has a number o f plausible explanations. 
Firstly, whereas agricultural activities at Caerlaverock and Southemess begin to 
intensify in the early spring, Rockcliffe is much less disturbed during this time. In 
addition, there is a strong selective advantage to geese to maximise their intake of 
high quality forage prior to migration, and deposition of large nutrient reserves in 
wintering or staging areas is probably a pre-requisite for successful breeding (Black et 
al. 1991, Prop & Deerenberg 1991, Ebbinge & Spaans 1995). Bamaele Geese 
wintering in the Netherlands also shift from dairy pasture to saltmarsh in the spring, at 
a time when dietary protein availability in saltmarsh vegetation is at least as great as 
in the agricultural fields (Prins & Ydenberg 1985). Geese at Rockcliffe Marsh often 
graze within the mixed colony of several thousand pairs o f Lesser Black-backed 
Larus fuscus and Herring Gulls L. argentatus. Bamaele Geese in the Netherlands 
preferentially select feeding sites around gull nests, and Bazely et al. (1991) found 
that the nitrogen content of Festuca rubra was 25% greater in these than adjacent 
areas. Although we have no direct data on seasonal changes in grass quality, it seems 
likely that Geese moving to Rockcliffe will benefit from the high productivity and 
protein content o f saltmarsh plants in the spring.

However, although accumulation of nutrient reserves for migration is probably 
the primary explanation for a pre-departure shift by most Geese, it seems unlikely to 
account for the relatively brief visits to Rockcliffe by several of the Southemess 
Birds. Instead, Rockcliffe Marsh may function as a traditional departure point for 
migration. The joumey to the staging areas in Norway is long (1500 km) and 
presumably arduous, and it is possible that Bamaele Geese require the stimulus of 
large numbers o f conspecifics in addition to appropriate weather conditions, before 
they decide to depart. It is also conceivable that Geese separated during the winter 
might use this time to re-establish pair bonds or associations with others from the 
same breeding areas, assuming there could be a selective advantage to synchronise 
arrival at staging or breeding sites.

Although this study has demonstrated a high degree o f variation in site fidelity 
and ranging behaviour of wintering Bamaele Geese on the Solway, and suggested 
potential explanations for seasonal trends, many questions remain unanswered. At a 
fine scale, factors such as habitat heterogeneity, weather, day length, dominance, 
ingestion rate, changing levels of intra-specific competition, predation risk and 
susceptibility to disturbance may affect feeding site selection from day to day. Studies 
that address the importance of these topics are likely to provide fruitful avenues for 
further research.
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Fig. 1. L ocation  o f  study site and areas used by B arnacle G eese  on the So lw ay .
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F ig . 2. N um bers o f  B arnacle G eese  in different areas on the So lw ay , 1999-2000 .
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Fig. 3. The proportion o f time spent in different areas by all radio-tagged Barnacle Geese caught at 
Caerlaverock and Southerness in 1999-2000. Samples sizes are in parentheses. No shading = Caerlaverock, 
Grey fill = Rockcliffe Marsh, Black fill = Southerness and Striped fill = north-west Cumbria.
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Fig. 4. Time spent in different areas by individual radio-tagged Barnacle Geese in 1999-2000. Note that 
several birds (E, F, G, H and M) lost their transmitters before departure. Stippled = Caerlaverock, Grey fill 

= Rockcliffe Marsh, Black fill = Southerness and Striped fill = north-west Cumbria.
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