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ABSTRACT

Foxes (Vulpes vulpes) are considered to be a pest in many parts of the world because of
their predation on livestock, poultry and game. Predation poses costs to farmers in
terms of loss of stock and measures taken to prevent losses. This thesis aimed to assess
the costs of fox predation in Britain and the factors that influence them. Such research

1S an 1mportant step towards the effective and efficient management of fox predation.

Questionnaire surveys of sheep farmers, free-range poultry producers. outdoor pig
producers and game interests were carried out to collect data on the perceptions of stock
losses to foxes, along with information on farm characteristics. husbandry and fox
control. Regression analyses were used to determine what factors influenced the
incidence and level of fox predation. Economic models were developed to assess the

farmers’ costs of predation and identify financially efficient management strategies.

For all producer types, reported fox predation losses were low on the majority of
holdings, although high predation levels were reported on a few individual farms.
Variation in fox predation between holdings was associated with regional location,
flock or herd size and the level of fox control on farms. Fox population density was

only associated with predation losses in the case of sheep.

Effective measures for preventing fox predation were identified for two producer types:
indoor lambing for sheep and electric fencing for pig producers. Financial analysis
indicated that the optimal strategy for a sheep farmer, in terms of minimising total costs
of predation, was to house all ewes and lambs for less than a day. According to the
analysis, housing ewes was a more cost-etfective strategy than additional fox control.
Expenditure on fencing solely to prevent fox predation was only worthwhile for some
pig producers. In both cases, analyses indicated that, to meet cost-minimising

objectives. some predation losses should be tolerated.

The economic framework developed here can be used for future evaluations of livestock
predation and management strategies from the farmer’s point ot view. In addition.
identification of the factors influencing fox predation should help target research and

strategies to manage the problem.




CONTENTS

Page
ABSTRACT 2
Li1ST OF TABLES 9
LIST OF FIGURES 15
A CKNOWLEDGEMENTS 20
AUTHOR’S DECLARATION 22
CHAPTER 1: INTRODUCTION AND LITERATURE REVIEW 23
[.1 Introduction 23
1.2 Analysis of vertebrate pest management 24
1.2.1 Applications of economics to vertebrate pest management 25
1.2.2 Valuing predation losses 27
1.2.3 Approaches relevant to the economic analysis of 29
predation losses
1.2.4 Pest abundance and pest damage 33
1.3 Fox distribution and pest status worldwide 33
.4 Status of foxes in Britain 35
1.4.1 Population estimates for the whole of Britain 35
1.4.2 Local and regional fox population estimates 36
.5 Management of fox populations in Britain 38
1.5.1 Reasons for management of fox populations 38

[.5.2 Methods used to manage fox populations and published 39
information on fox population management
1.5.2.1 Hunting with dogs
1.5.2.2 Management by parties other than organised

hunts

1.5.3 Effectiveness of fox population management 43

[.5.4 Other factors influencing fox population densities 46

1.6 Foxes and agriculture in Britain 438
[.6.1 The fox as a pest 438

1.6.2 Collection of data on livestock predation 49

1.7 Aims and outline of thesis 50
CHAPTER 2: FACTORS INFLUENCING PERCEIVED FOX PREDATION OF 52

LAMBS ON SHEEP FARMS

2.1 Introduction 52
2.2 Methods 57
2.2.1 Questionnaire survey of sheep farmers 57
2.2.2 Regional representativeness of sample S7
2.2.3 Relative fox population density estimates 57
2.2.4 Analyses 62
2.2.5 Relability ratings 63



2.3 Results
2.3.1
2.3.2

2.4

2.5
2.6

CHAPTER 3:

2.3.3

64
Relative fox population density estimates 67
Factors related to the occurrence of perceived fox 69

predation of lambs

2.3.2.1 Farm location

2.3.2.2 Farm size, lambing rates and stocking densities

2.3.2.3 Land uses surrounding farms

2.3.2.4 Lambing indoors and multiple births

2.3.2.5 Timing of lambing

2.3.2.6  Sheep breed

2.3.2.7 Lamb mortality due to causes other than
predation

2.3.2.8 Fox control and relative fox population density

Model relating the occurrence of perceived fox predation 73
of lambs to farm characteristics

2.3.4 Factors related to the scale of perceived fox predation of 75
lambs
2.3.4.1  Surrounding land-uses and farm location
2.3.4.2 Farm size, lambing rates and stocking densities
2.3.4.3 Lambing indoors and multiple births
2.3.4.4 Timing of lambing
2.3.4.5  Sheep breed
2.3.4.6 Lamb mortality due to causes other than
predation
2.3.4°7 Fox control and relative tox population density
2.3.5 Model relating the scale of perceived fox predation of 77
lambs to tarm characteristics
2.3.6 Associations between respondent reliability ratings for 79
lamb losses and perceived fox predation of lambs
Discussion 83
2.4.1 Data rehability 83
2.4.1.1  Accuracy of lamb loss figures
2.4.1.2 Sample bias and comparison with the literature
2.4.1.3 Respondent reliability ratings

2.4.2

Farm characteristics influencing the occurrence and scale 89
of perceived fox predation of lambs

2.4.2.1 Farm location and the influence of farm size
2.4.2.2 Relative fox abundance and fox control
2.4.2.3  Surrounding land-uses
2.4.2.4 Husbandry techniques
Conclusions 95
Summary 96
FINANCIAL ANALYSIS OF FOX PREDATION AND PREVENTIVE 104
MEASURES ON SHEEP FARMS
Introduction 104
Theoretical model 105

Empirical analysis

3.3.1

Fox population density estimates

111
111



3.4
3.5

3.6
3.7

CHAPTER 4:

4.1
4.2
4.3

4.4

4.5

4.6
4.7

CHAPTER 5:

S.1
J.2

3.3.2 Monetary valuation of lamb losses

3.3.3 Expenditure on indoor housing

3.3.4 Specification of model relating expected lamb losses to
expenditure on indoor housing

Model output

Discussion

3.5.1 Data rehability

3.5.2 Model criticism

3.5.3 Model output

Conclusions

Summary

STATIC FINANCIAL ANALYSIS OF FOX CONTROL ON SHEEP

FARMS
Introduction

Theoretical background
Empirical analysis

4.3.1 Costs of fox control
Model output

4.4.1 Modelling the total costs of lamb losses, preventive
measures and fox control

Discussion

4.5.1 Model criticism

4.5.2 Model output

4.5.3 Assumptions and realism of analysis
4.5.3.1 Fox population density and lamb losses

4.5.3.2 Ecological considerations

4.5.3.3 Costs of fox control

4.5.3.3  Applicability of analysis
Conclusions

Summary

IMPACT OF FOXES ON FREE-RANGE POULTRY PRODUCTION

Introduction
Methods
5.2.1 Questionnaire surveys

5.2.1.1  Chicken producers
5.2.1.2  Turkey producers
5.2.1.3 Egg producers
5.2.1.4 Goose producers
5.2.2 Relative fox density estimates
5.2.3 Analyses
5.2.3.1 Temporal distribution of predation
5.2.3.2  Effectiveness of fencing
5.2.3.3  Factors influencing reported fox predation ot
chickens
5.2.4 Modelling the farmers’ costs of poultry predation by

foxes

112
114
[16

120
122
[22
123
125
128
129

137

137
139
143
144
146
148

150
150
151
152

157
159

168
168
171

171

172
173

174



5.3

5.4

3.5
5.6

CHAPTER 6:
6.1
6.2

6.3

6.4

6.5

5.2.4.1 Theoretical model

5.2.4.2  Valuation of costs of poultry predation by
foxes
5.2.4.3  Valuation of expenditure on fencing
5.2.4.4 Empirical estimation of model
Results
5.3.1 Relative fox population density estimates

5.3.2 Temporal distribution of predation
5.3.3 Effectiveness of fencing

5.3.3.1 Effectiveness at preventing entry of foxes
5.3.3.2  Effectiveness at preventing entry of unwanted
animals

5.3.3.3  Effectiveness at preventing escapees

5.3.4 Factors influencing reported fox predation of chickens
5.3.4.1 Univariate analyses
5.3.4.2 Overall logistic regression model

5.3.5 Modelling the farmers’ costs of poultry predation by
foxes
5.3.5.1 Empirical estimation of model

Discussion

5.4.1 Data rehability

5.4.2 Reported fox predation of poultry
5.4.3 Eftectiveness of fencing

5.4.4 Costs of poultry predation by foxes
Conclusions

Summary

IMPACT OF FOXES ON OUTDOOR PIG PRODUCTION

Introduction
Methods
6.2.1 Questionnaire survey of outdoor pig producers
6.2.2 Relative tox population density estimates
6.2.3 Factors influencing reported fox predation of piglets
6.2.4 Costs of piglet predation by toxes
6.2.4.1 Theoretical model
6.2.4.2 Valuation of piglet losses due to fox predation
and expenditure on boundary fencing
6.2.4.3 Empirical estimation of the model
Results
6.3.1 Relative fox population density estimates
6.3.2 Factors influencing reported fox predation of piglets
6.3.3 Costs of piglet predation by toxes
6.3.3.1 Empirical estimation of the model
Discussion
6.4.1 Datareliability

6.4.2 Reported piglet predation by foxes

6.4.3 Costs of piglet predation by foxes
6.4.4 Model criticism

Conclusions

180
191
193
193

202

204

210
210
211
213
214
216

217

226

226
227

227
228

228
229

233
234

239
240

247
247
248
249
251

25



6.6

CHAPTER 7:

7.1
7.2

1.3

1.4

7.5
7.6

CHAPTER 8:
8.1

8.2
8.3

8.4
8.5

APPENDICES

Summary

IMPACT OF FOXES ON GAME INTERESTS: PREDATION OF
RELEASED PHEASANTS
Introduction

Methods

7.2.1 Questionnaire survey of gamekeepers and estates
7.2.2 Relative fox population density estimates

7.2.3  Factors influencing reported fox predation of pheasants
from release pens

Costs of pheasant predation by foxes from release pens
7.2.4.1 Theoretical model

7.2.4.2  Valuation of pheasant losses due to fox
predation from release pens

Expenditure on fox control by gamekeepers
Expenditure on release pens and associated
preventive measures

1.2.4

1.2.4.3
7.2.4.4

7.2.4.5 Empirical estimation of the model
7.2.5 Fox control and estimated relative fox density
Results
7.3.1 Relative fox population density estimates

7.3.2 Factors influencing tox predation of pheasants from
release pens

7.3.3 Costs of pheasant predation by tfoxes from release pens
7.3.3.1  Empirical estimation ot the model

7.3.4 Fox contro] and estimated relative fox density

Discussion

7.4.1 Data reliability

7.4.2 Reported fox predation of pheasants from release pens
7.4.3 Costs of fox predation of pheasants from release pens
7.4.4 Fox control and fox density

Conclusions

Summary

OVERALL DISCUSSION AND CONCLUSIONS
Predation losses to toxes
8.1.1 Factors influencing fox predation
8.1.2 Fox control, abundance and predation
Costs of fox predation
Data rehiability
8.3.1 Questionnaire survey data
8.3.2 Fox population density estimates
Wider economic impacts of fox predation
Future work

Appendix A: Questionnaire form for sheep producer survey

253

201

261
265
265
266
267

2772
273

277
277

280

283
284
284
285
287
289
289
291

299
299
299
301
303
3035
3035
306
306
308

312
312



Appendix B:
Appendix C:
Appendix D:
Appendix E:
Appendix F:

Appendix G:
Appendix H:

REFERENCES

Summary of the variables and codes used in Chapters 2. 3
and 4 analyses

Questionnaire forms for free-range poultry producer
Surveys

Summary of the variables and codes used in Chapter 5
logistic regression analyses for chicken and egg producer
data

Questionnaire form for outdoor pig producer survey
Summary of the variables and codes used in Chapter 6
regression analyses

Questionnaire form for survey of game interests
Summary of the variables and codes used in Chapter /
regression analyses

335



CHAPTER 2
Table 2.1:

Table 2.2:

Table 2.3:

Table 2.4:

Table 2.5:

Table 2.6:

Table 2.7:
Table 2.8:

Table 2.9:

Table 2.10:

Table 2.11:

Table 2.12:

Table 2.13:

Table 2.14:

Table 2.15:

Table 2.16:

LIST OF TABLES

Allocations of postcodes to regions using Royal Mail System
Regions defined by postcode and their MAFF census counterparts

Regions used to calculate relative fox density estimates (Webbon
2002)

Land class groups used to calculate relative fox density estimates
(Webbon 2002)

Survey returns and data from 1999 MAFF and Scottish Executive
June Censuses on sheep holdings by region

Reported losses of lambs between birth and weaning to fox
predation, all predation and other causes

Relative tox densities based on regions (Webbon 2002)
Relative fox densities based on land class groups (Webbon 2002)

Cross-tabulation of frequencies of occurrence of perceived fox
predation of lambs by country within UK

Cross-tabulation of frequencies of occurrence of perceived fox
predation of lambs by postcode-derived region

Cross-tabulation of frequencies of occurrence of perceived fox
predation of lambs by farm type

Cross-tabulation of frequencies of occurrence of perceived fox
predation of lambs by month lambing took place

Parameter estimates and significance test statistics for overall

logistic regression model describing variation in the occurrence of

perceived fox predation of lambs between tarms

Parameter estimates and t-test statistics for univariate regression
analyses relating location variables to the scale of perceived fox

predation ot lambs

Parameter estimates and t-test statistics for overall multiple linear

regression model explaining variation in the scale of perceived fox

predation of lambs

Mean rank in Kruskal-Wallis analysis of variance of number of
lambs reported killed by foxes for each loss reliability rating

Page

59

59

60

Ol

05

66

68
68

69

69

70

72

74

73

78

3 |



Table 2.17:

Table 2.18:

Table 2.19:

Table 2.20:

Table 2.21:

Table 2.22:

Table 2.23:

Table 2.24:

CHAPTER 3
Table 3.1:

Table 3.2:

Table 3.3:

Table 3.4:

Table 3.5:

Median, mean, standard deviation and number in sample of lambs
reported killed by foxes or each loss reliability rating

Cross-tabulation of frequencies of occurrence of perceived fox
predation of lambs and loss reliability rating

Overall model fit, parameter estimates and significance tests for

variables in multiple logistic regression model explaining variation
In occurrence of perceived fox predation of lambs, including
dummy variables coding for reliability ratings of 3 and 4

Overall model fit, parameter estimates and significance tests for
variables in multiple logistic regression model explaining variation
In occurrence of perceived fox predation of lambs. including
dummy variables coding for reliability ratings of 3 and 5

Overall model fit, parameter estimates and significance tests for
variables in multiple logistic regression model explaining variation
In occurrence of perceived fox predation of lambs, including
dummy variables coding for reliability ratings of 4 and 5

Mean rank in Kruskal-Wallis analysis of variance of logged
number of lambs perceived killed by foxes per ewe tor each loss
reliability rating

Overall model fit, parameter estimates and significance test
statistics for variables in linear regression model explaining
variation in perceived scale of fox predation of lambs, including
dummy variables coding for reliability ratings ot 3 and 5

Overall model fit, parameter estimates and significance test
statistics for variables in linear regression model explaining
variation in perceived scale of fox predation of lambs, including
dummy variables coding for reliability ratings of 4 and 5

Predicted association between the probability of lamb predation
occurring and expenditure on indoor housing

Pay-off matrix indicating lamb loss due to fox predation outcomes
according to expenditure on indoor housing

Absolute fox density estimates based on regions

Summary statistics for the cost of lamb losses to foxes per ewe and
expenditure on indoor housing for the sample

Coefficient estimates and significance test statistics for logistic
regression model describing variation in the likelithood of fox

predation of lambs (In[p/(1-pi)])

31

81

82

33

33

34

84

08

110

| 12

116

118

10



Table 3.6: Coetficient estimates and significance test statistics for linear

regression model describing variation in the costs of lamb losses to
fox predation on farms where predation occurred (L))

CHAPTER 4

Table 4.1:  Coefficient estimates and significance test statistics for linear
regression model describing variation in the costs of fox control
(Ki)

Table 4.2 Pay-off matrix illustrating the expected outcomes of fox control in

terms of lamb losses for a farm of 200 hectares with 800 ewes in
the Southwest region, with game rearing in its surroundings and 7

foxes on its land, where all ewes are lambed indoors and kept
inside for one day

Table 4.3: Output of model giving total and marginal benefits and costs of
fox control according to number of foxes left and number of foxes
killed tor a 200 hectare farm with 800 ewes in the Southwest, with
game rearing in its surroundings, where all ewes are lambed
indoors and kept 1nside for one day

CHAPTER 5

Table 5.1: Reported losses of turkeys in 1998 to tox predation, all predation,
other causes and 1n total

Table 5.2: Reported losses of geese in 1999 to fox predation, all predation.
other causes and 1n total

Table 5.3: Reported losses of table chickens during last growing cycle to fox
predation, all predation, other causes and 1n total

Table 5.4 Reported losses of laying hens during last laying cycle to fox
predation, all predation, other causes and 1n total

Table 5.5: Percentage of poultry producer respondents with various factor
levels for husbandry, fencing, farm surroundings, farm location,
fox control and fox predation factors by producer type

Table 5.6: Summary statistics on flock size and foxes killed for poultry
producers by producer type

Table 5.7: Spearman’s rank correlation associations between land class and
regional fox density and the percentage and number of birds
reported killed by foxes and the number of foxes killed on farms 1n

the last year by poultry producer type

[ 19

[45

|46

147

[83

| 84

185

| 86

187

| |



Table 5.8:

Table 5.9:

Table 5.10:

Table 5.11:

Table 5.12:

Table 5.13:

Table 5.14:

Table 5.15:

Table 5.16:

Table 5.17:

Observed and expected frequencies of fence effectiveness ratings
for preventing foxes from entering areas where birds were Kept for
tested fence types and chi-square statistics for associations

between frequencies, with equal expected frequencies for each
rating

Observed and expected frequencies of fence effectiveness ratings
for preventing foxes from entering areas where birds were kept for
tested fence types and chi-square statistics for associations
between frequencies, with expected frequencies for each rating
proportionate to those of the sample

Observed and expected frequencies of fence effectiveness ratings
for preventing all unwanted animals from entering areas where
birds were kept for tested fence types and chi-square statistics for

associations between frequencies, with equal expected frequencies
for each rating

Observed and expected frequencies of fence effectiveness ratings
for preventing all unwanted animals from entering areas where
birds were kept for tested fence types and chi-square statistics for
associations between frequencies, with expected frequencies for

each rating proportionate to those of the sample

Observed and expected frequencies of fence effectiveness ratings
for preventing birds from escaping for tested fence types and chi-
square statistics for associations between frequencies, with equal
expected frequencies for each rating

Observed and expected frequencies of fence effectiveness ratings
for preventing birds from escaping for tested fence types and chi-
square statistics for associations between frequencies, with
expected frequencies for each rating proportionate to those of the
sample

Coetficient estimates and significance test statistics for variables
that were significantly related to the occurrence of reported fox
predation of chickens in univariate logistic regression analyses

Coefficient estimates and significance test statistics for overall
logistic regression model describing variation 1n the occurrence of
reported fox predation of chickens between farms

Summary statistics for the reported costs of fox kills, stress and the
reported value of one bird killed by a fox and for estimated output

losses due to fox predation for each poultry producer type

Summary statistics for expenditure on fencing per bird per vear
and for expenditure on fence maintenance per bird per year for

each poultry producer type

196

197

198

199

200

201

202

206

207



Table 5.18:  Coefficient estimates and adjusted R* values for regression models

estimated for relationship between poultry losses to foxes and
expenditure on fencing

CHAPTER 6

Table 6.1: Characteristics of pig producer sample in terms of use of possible
anti-predation measures, fencing, fox predation. farm surroundings
and location and reported fox predation

Table 6.2: Summary statistics on reported losses of piglets to fox predation.
all predation and all causes between birth and weaning.

Table 6.3: Summary statistics for numbers of sows, piglets born and fox
control

Table 6.4: Coefficient estimates and significance test results for multivariate
logistic regression model 1 explaining variation in the occurrence
of reported fox predation of piglets

Table 6.5: Coetticient estimates and significance test results for multivariate
logistic regression model 2 explaining variation in the occurrence
of reported fox predation of piglets

Table 6.6 Summary statistics of estimated and reported costs of piglet losses
to foxes per sow per year

Table 6.7: Summary statistics ot expenditure on fence maintenance and total
expenditure on fencing per sow per year

Table 6.8: Model output for regression models with piglet losses to foxes per
sow as the dependent variable La;; = f(MF;;)

Table 6.9: Coefficient estimates and significance test results for multiple

linear regression model with piglet loss to foxes per sow as the
dependent variable

Table 6.10: Variation in optimal expenditure on fence maintenance per sow
per year (MF;*) and optimal losses ot piglets the farmer should
accept per sow per year (La;*) with the values of V;, Eas;, Mid; and

EL,

CHAPTER 7

Table 7.1: Characteristics of game interest sample in terms of use of various
release pen preventive measures, land uses surrounding shoots,
location and reported fox predation of pheasants in release pens

Table 7.2: Summary statistics on reported losses of pheasants from release

pens due to fox predation, all predation and other causes

209

| I
e
N

237

238

239

240

241

241

243

244

246

274

276



Table 7.3:

Table 7.4:

Table 7.5:

Table 7.6:

Table 7.7:

Table 7.8:

Table 7.9:

Summary statistics for pheasants released, shoot area. foxes killed
on shoot and losses to foxes as percentages out of totals

Coefficient estimates and significance test statistic for logistic

regression model with best accuracy for predicting the likelihood
of reported fox predation of pheasants

Coeftficient estimates and t-test statistics for best-fit linear

regression model explaining variation in the scale of reported fox
predation of pheasants

Coeftficient estimates and t-test statistics for linear regression
model of pheasant bag against total income per shoot day

Summary statistics of values of pheasant losses and expenditure on
keeper tox control and release pens and preventive measures

Model output for regression models with pheasant losses to foxes
(plus 0.01) as the dependent variable, Lc;; = f(MF;)

Estimated coefficients and t-test statistics for relationship between
regional fox density (log-transformed) and expenditure on keeper
fox control per fox killed (log-transtormed)

276

278

279

280

2380

282

284

14



CHAPTER 1
Figure 1.1a:

Figure 1.1b:

CHAPTER 2
Figure 2.1:

Figure 2.2:

Figure 2.3:
Figure 2.4:

Figure 2.5:

Figure 2.6:

Figure 2.7a:

Figure 2.7b:

CHAPTER 3
Figure 3.1:

Figure 3.2:

Figure 3.3:

LIST OF FIGURES

The disease-loss expenditure frontier (from Mclnerney et al.
1992 and Mclnerney 1996)

Marginal cost (MC) and marginal benefit (MB) curves for
control of stock mortality, illustrating the optimal point where
curves intersect (Exy/Ly)

Location of the farms of sheep farmer questionnaire respondents
by postcode-derived region

Pie-chart showing the percentage of hill, upland and lowland
farms in sheep farm sample

Histogram of number of ewes per holding
Histogram of responses for reported lamb mortality due to foxes

Histogram of responses to question about changes in number of
lambs killed by foxes over last five years

Histogram of reported number of foxes killed per hectare on
sheep farms 1n the last year

Scatter plot of the number of lambs reported killed by foxes
against regional fox density

Scatter plot of the percentage of lambs born reported killed by
foxes against regional fox density

Reported costs of lamb losses to foxes per ewe compared to
estimated monetary lamb loss due to fox predation per ewe

Relationship between expected lamb loss (Z) and expenditure on

indoor housing per ewe (Y-D) for various values of dummy
variables and N (lambing ewes) and two different levels of Y

Relationship between total costs of fox predation (housing plus
lamb losses) (7C) and expenditure on indoor housing per ewe

(Y-D) for various values of dummy variables and N (lambing
ewes) and two different levels of Y

Page

32

97

98

99
100

101

102

103

103

130

31

132

15



Figure 3.4:

Figure 3.5:

Figure 3.6:

Figure 3.7:

CHAPTER 4
Figure 4.1

Figure 4.2;

Figure 4.3:

Figure 4.4:

Relationships between expenditure on indoor housing (Y-D) and
both expected lamb losses due to fox predation (Z) and total costs
of fox predation (housing plus lamb losses) (TC). showing the
optimal point where total costs are minimised, for a farm with
200 lambing ewes (N = 200), a fox density of 0.03 per hectare (X
= 0.03) 1n Southwest England (SW = 1)

3-D plot illustrating the relationship between expected lamb loss
to foxes per ewe (Z) and both the number of days for which ewes
and lambs are housed (D) and expenditure on indoor housing per

ewe per day (Y) for the estimated model for a farm in the
Southwest with 200 ewes and 0.03 foxes per hectare

3-D plot illustrating the relationship between total costs of fox
predation (indoor housing plus lamb loss) per ewe (7C) and both
the number of days for which ewes and lambs are housed (D)
and expenditure on indoor housing per ewe per day (Y) for the
estimated model for a farm in the Southwest with 200 ewes and
0.03 toxes per hectare

Plot of standardised residuals against standardised predicted
values from regression of In-cost of lamb losses to foxes per ewe

against 7 regressors

Cost of killing the next fox per ewe in terms of number of foxes
on the farm for various farm areas and number of lambing ewes
according to estimated model

Total lamb loss due to fox predation, costs of fox control and
costs of lamb losses plus control for each tox killed tfrom a

starting density of 0.035 foxes per hectare on a 200 hectare farm
in the Southwest with 800 ewes, where all ewes are lambed

indoors for one day and there 1s game rearing in the
surroundings, showing the optimal point where the total costs of
lamb losses plus fox control are minimised

Marginal lamb loss due to fox predation, cost of fox control and
cost of lamb loss plus fox control for each fox killed from a
starting density of 0.035 foxes per hectare on a 200 hectare farm
in the Southwest with 800 ewes, where all ewes are lambed
indoors for one day and there i1s game rearing 1n the
surroundings, showing the optimal point where the total costs of
lamb losses plus fox control are minimised

Marginal cost of lamb losses plus fox control for each fox killed
on 200 hectare farms with a fox population starting density of
0.035 foxes per hectare and various characteristics

133

| 34

135

136

160

161

162

163

16



Figure 4.5a:

Figure 4.5a:

Figure 4.6:

Figure 4.7

Figure 4.8:

CHAPTER 5
Figure 3.1

Figure 5.2:

Figure 5.3:

Figure 5.4:

Figure 5.5:

Ficure 5.6:

Marginal cost of lamb loss plus fox control for each fox killed on
farms with all ewes housed indoors for one day and 4 foxes in

total (O = 4) (densities, X, varying with area) and various size
characteristics

Marginal cost of lamb loss plus fox control for each fox killed on
farms with all ewes housed indoors for one day (Y =0.15, D = 1)
and a fox population density of 0.04 foxes per hectare (X = 0.04)

(total fox numbers, Q, varying with area) and various size
characteristics

3-D plots for expected lamb loss to foxes per ewe (Z) against
both the number of days for which ewes and lambs are housed
(D) and expenditure on indoor housing per ewe per day (Y) for
seven different numbers of foxes on the farm (Q) from a starting

density ((Jp) of 7 for a 200 hectare farm in the Southwest with
300 ewes and game rearing in the surroundings

3-D plots for total costs of fox predation per ewe (7'C) against
both the number of days for which ewes and lambs are housed
(D) and expenditure on indoor housing per ewe per day (Y) for
seven different numbers of foxes on the farm (Q) from a starting
density ((Qp) of 7 for a 200 hectare farm 1n the Southwest with
300 ewes and game rearing in the surroundings

Plot of standardised residuals against standardised predicted
values for In cost of killing the next fox per ewe (K;) according to

the model In(K;) = -2.80 + -0.478.In(Q;) + 0.0011.S; — 0.0008.N;

Histogram of percentage of tlock reported killed by foxes by
poultry producer type

Histogram of percentage of farms that reported fox predation
according to poultry producer type

Histogram of producers reporting goose and turkey depredation
by foxes per month

Reported costs of losses of turkeys to foxes per turkey compared
to estimated output losses due to fox predation per turkey

Reported costs of losses of geese to foxes per goose compared to
estimated output losses due to fox predation per goose

Reported costs of losses of laying hens to foxes per hen
compared to estimated output losses at point-of-lay and mid-
laying cycle due to fox predation per hen

| 64

164

165

166

167

218

219

220

221

[
b
[\

[ D
I J
'

[/



Figure 5.7:

Figure 5.8:

CHAPTER 6
Figure 6.1:

Figure 6.2:

Figure 6.3:

Figure 6.4:

Figure 6.5:

Figure 6.7:

Figure 6.7;

CHAPTER 7
Figure 7.1:

Figure 7.2:

Figure 7.3:

Figure 7.4:

Estimated output loss due to foxes per bird compared to
expenditure on fencing per bird

Estimated output loss due to foxes per bird compared to
expenditure on fence maintenance per bird

Histogram of responses for reported piglet mortality due to fox
predation

Reported costs of piglet losses to foxes per sow compared to
estimated output loss due to fox predation per sow

Total costs of tencing per sow per year compared with output
loss due to fox predation

Costs of tence maintenance per sow per year compared with
output loss due to fox predation

Relationship between piglet losses to foxes and expenditure on

fence maintenance with variation in farm characteristics,.
according to the model, In(La;;) =2.04 - 1.17-MF; + 2.18-V; -

2.58-Eas; - 2.18-Mid; - 1.60-EL,

Relationship between total costs of fox predation and
expenditure on fence maintenance with variation in farm
characteristics, showing the point where total costs are
minimised 1n each case

Histogram of the avoidable costs, or difterences between actual

and estimated optimal total costs, of fox predation to pig
producers (including the costs of piglet losses and the costs of

boundary fence maintenance)

Histogram of responses for reported pheasant mortality due to
fox predation

Losses of pheasants to foxes from release pens per pheasant
released compared with expenditure on keeper fox control per

bird released

Losses of pheasants to foxes from release pens per pheasant
released compared with expenditure on release pens and

preventive measures per bird released

Losses of pheasants to foxes from release pens per pheasant

released compared with expenditure on pen preventive measures

per bird released

255

256

257

258

259

260

292

293

294

295

| 8



Figure 7.5:

Figure 7.6:

Figure 7.7:

Losses of pheasants to foxes from release pens per pheasant

released compared with expenditure on keeper fox control plus
release pens and preventive measures per bird released

Comparison of expenditure on the two preventive measures

considered (pheasant pens and associated preventive measures
and fox control)

Association between keeper control expenditure per fox killed

and regional fox density both for actual data and relationship
modelled with regression analysis

296

297

298

19




ACKNOWLEDGEMENTS

Firstly, I would like to thank my principal supervisor, Piran White, for his advice and
support throughout the PhD process and for being a very helpful and speedy proot-
reader and editor. I would also like to thank Steve Harris for valuable input as the thesis
and research developed. Piran and Steve first proposed the project and obtained funding

for it, without which I would not have started this PhD, so I am grateful to them both for

this and for the fact that I was chosen to take up the studentship.

The research was funded by a grant from the Royal Society for the Prevention of

Cruelty to Animals and I am grateful for their support.

Both Mette Termansen and Jim Smart provided me with invaluable guidance, additional
brainpower and help. I am extremely grateful to them for the time they gave up in order
to help me. I would like to thank Riccardo Scarpa for his comments on draft chapters
and helptul advice and members of my Thesis Advisory Committee, Colin McClean,
Jon Lovett and Ed Barbier, as well as Jeremy Kemp. Colin and Mette also provided
useful comments on a previous draft of this thesis. Thanks also go to Lynda Rodwell,
Deborah Kirby, Geraldine Newton-Cross and Mark Bulling for their input and support
and to Jo Burgess for her early supervisory role, as well as to other Environment

Department staff and students.

[ am very grateful for the information and data on fox population densities provided by
Charlotte Webbon at Bristol University and for additional help from Phil Baker 1n this

respect. I would also like to thank Robbie McDonald tor the information and advice he

gave me at the start of the project.

[ would like to thank all the producers, estates and shoots who so kindly supplied me

with information for this study, without which 1t would not have been possible. I would
also like to thank: the National Sheep Association, especially Helen Owen and Dyana
LLoach, for their help in the design and distribution of the sheep producer survey: the

Blackface Sheep Breeders Association; the British Charollais Sheep Society: Richard



Kempsey, John Widdowson and members of the British Free Range Egg Producers
Association; Penny Jones, Chris Frederick and members of the Traditional Farmfresh
Turkey Association; John Walker and members of the British Goose Producers
Association; Mike Kennardsmith of West Country Free Range, Lloyd Maunder Ltd..
John Parsons and Jonathan Birnie of the NFU: Malcolm Black and Derek Wells of
Signet Livestock Business Consultancy; Andrew Sheppard at the University of Exeter:

Jonathon Reynolds and Stephen Tapper of the Game Conservancy Trust: Jed Green.

Head Keeper at Harewood House; the Soil Association; and all the other individuals

that helped me design and distribute the surveys and provided me with contacts.

In addition to academic support, I would like to thank all my friends and family for
helping me through the PhD. Special thanks go to: my brother, Thomas, as he was also
prepared to proof-read some chapters; my dad, Bob, for being so interested, his helpful
advice and for reading through reports and summaries; my mum, Tess, for always being
on my side; my housemates, Gerry and Nola, for putting up with my madness; Sonja
Teelucksingh for emotional support; Chris Schelten and Robert Rea for being tellow

nearly-there-ers; and, of course, last but definitely not least, Tom for sticking with me

and helping me relax.




AUTHOR’S DECLARATION

I declare that the work contained within this thesis is my own and has not been

submitted previously for any degree or award, with the exception of data on relative fox

population density estimates discussed in Chapter 2, Section 2.2.3, and on fox scat
production in bait marking trials discussed in Chapter 3, Section 3.3.1, which were

collected and compiled by Charlotte C. Webbon.

/@([{4 [ /ﬁ,@

Rebecca L. Moberly

AR

ey A



CHAPTER 1

INTRODUCTION AND LITERATURE REVIEW

1.1. INTRODUCTION

T'his study 1s concerned with the red fox (Vulpes vulpes) and its management 1n rural
Britain. It concentrates on the costs of foxes to agriculture in Britain, including

prevention and control, and factors influencing these costs.

For as long as there has been settled agriculture in Britain, the red fox has impinged on
people’s activities and livelihoods (Kolb 1996). The situation regarding this species in
the UK 1s complicated because it has interactions with many different economic sectors
(agriculture, forestry, wildlife conservation and recreation), as well as ecologically, via
its predation on small mammal and wild bird species. To some people the fox is
unwelcome as a predator of poultry, lambs and game, while to others its predation on
rodents and rabbits 1s beneficial. It is a hunting quarry, yet at the same time is treasured
(Macdonald 1984), as Britain's largest native mammalian predator (Kolb 1996). This
means that views on how fox populations should be managed vary, whilst fox control is
frequently carried out with no clearly specified management objectives (Harris &
Saunders 1993). The controversy surrounding fox management 1s primarily concerned
with how important predation by tfoxes 1s tor different interest groups, the effectiveness

of culling and other remedial measures and the humaneness of culling methods (Heydon

& Reynolds 2000a).

This study aims to address two of these 1ssues, by investigating the costs of fox

predation to four agricultural sectors: sheep farming, free-range poultry production,
outdoor pig production and game bird shooting interests; and determining what

preventive measures help limit these costs. These sectors were chosen because they are

those for which the costs of foxes are most significant.
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1.2. ANALYSIS OF VERTEBRATE PEST MANAGEMENT

Wildlife management implies the stewardship of a population and may be an attempt to
make it increase, decrease or harvest it for a continuing yield (Caughley & Sinclair

1994). In the case of vertebrate pests, it is usually the second of these (or holding the

scientific and social (Harris 1989: Hone 1994). A general definition is a species that
conflicts with human interests, having implications for economic systems or human
health (Conway 1981; Harris 1989; Putman 1989:; Hone 1994). It is the damage that

vertebrate pests cause that justifies their control (Hone 1994). However, pest

management 1s frequently carried out in an ad hoc fashion and the appropriateness of

management 1s rarely assessed (Shea et al. 2000).

One of the criteria for determining whether control is an appropriate management action
1s whether the benefit of carrying out control exceeds the cost and this should be
determined before a control program is instigated (Conway 1981; Caughley & Sinclair
1994) 1n order to prevent unnecessary or uneconomic control actions. For this reason
and the fact that there is generally a need to weigh-up a number of conflicting objectives
or allocate scarce resources among competing needs, economic analysis is a useful tool
for the analysis of pest management (Mumford & Norton 1984; Bicknell 1993). The
use of economic analysis for the management of arthropod, fungal and plant pests is
well established. However, its use in such decision-making for vertebrates has been
neglected (Hone 1994), probably because they cause less damage than invertebrate
organisms (Pimentel 1986; Van Vuren & Smallwood 1996). A number of economic
techniques can be applied to vertebrate pest control analysis. Four are described by
Hone (1994): marginal cost-benefit, cost-benetit and cost-ettectiveness analyses and
decision theory. Mumford and Norton (1984) recognise a further category of analysis
in pest management: the behavioural decision model, which attempts to account for the
influence of a farmer’s perceptions, personal objectives and other behavioural
characteristics on decision making. Examples of some applications of economic
analysis to vertebrate pests are outlined below. Hone (1994) provides a number of

further empirical examples, including a few applications of cost-effectiveness analysis



to pest control, whilst also illustrating that much of the work has been theoretical or

based on hypothetical situations.

I'he analysis of pest control is not only important in financial terms, but also needs to
meet soclal and moral criteria. Any control strategy should take acceptability into
account as well as effectiveness and efficiency (Reynolds & Tapper 1996; Andrew &
Robottom 2001). This thesis does not consider the ethical issues surrounding fox
culling and the different methods that are used to manage fox populations. However,

these are a significant input to pest control decision-making, and decision processes

should not neglect animal welfare.

In the resource economics literature, a distinction is often drawn between financial and
economic analysis, generally with regard to cost-benefit analysis, e.g. Swanson and
Barbier (1992). The definition of financial analysis used here is an analysis that
determines the profitability (or returns) to a project or production system using actual
market prices (Brent 1997). Therefore, financial analysis tends to assess the private
costs of a project or action to a particular individual or firm and shareholders, tor
example (Hanley et al. 2001). Economic analysis, on the other hand, extends this to
incorporate the hidden costs of externalities, adjusting market prices for distortions and
including non-market costs and benefits to assess the implications of the project or
action to society as a whole in terms of economic welfare (Barbier et al. 1997; Perry &

Randolph 1999). The distinction is therefore drawn between the costs and benefits to an

individual and the social gains and losses of an investment deciston (Dasgupta & Pearce

1978; Pearce & Moran 1994).

1.2.1. Applications of economics to vertebrate pest management

Aubert (1999) evaluated the costs and benefits of wildlife rabies control in France,
comparing the cumulative costs of the two main strategies for management of the
disease within the wildlife reservoir, foxes: lethal control and oral vaccination. The
study concluded that vaccination was the less costly of the two strategies. However, it
appeared that the benefits did not outweigh the costs for either strategy and the use of a
formal cost-benefit analysis framework in the study was not apparent. A more formal
cost-benefit framework was used to assess five possible solutions to the problem ot

brent geese grazing on farm crops in Britain (Vickery et al. 1994). These authors
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pointed out that, whilst cost-benefit analyses have been carried out to evaluate the

establishment of reserves and protection of wildlife areas, use of such analyses to

evaluate the costs and benefits of different management options for single species have
been neglected. Their analysis concentrated on the direct costs and benefits of brent

goose management to farmers and society, considering farm profits and societal levels
of taxation, and illustrated that the optimal solution from a cost-benefit analysis at the
societal level may differ from that at the farm level. Although the authors were not able
to consider all the benefits and costs of such management strategies both to farmers and
society and to conservation and wild-fowling interests, their study highlights the

difficulty in obtaining suitable data and deriving the values necessary for a full analysis

of this type.

Collins et al. (1984) also used a cost-benefit approach to assess whether the control of
black-tailed prairie dogs to increase livestock forage was economically feasible from
both the U.S. Forest Service (assumed to be an agent for society) and rancher
viewpoints. The ability of the control programs to recover initial costs depended on the
percentage of annual maintenance control, but initial costs were only covered when an
unrealistically low re-population rate was assumed. Theretore the authors concluded
that control of prairie dogs was not worthwhile in economic terms. Their analysis
neglected some of the benefits of control, as well as non-market benefits and costs, but
indicates that pest control is frequently undertaken despite the fact that it 1s not

worthwhile.

The benefits and costs of controlling coyotes to increase the hunting harvest of
pronghorn in Arizona were studied by Smith, Netff and Woolsey (1986). They
compared the predicted effects of eight different control strategies by computer
simulation and estimated the net benefits ratio of each in comparison to the strategy of
controlling in the first of ten years only. The strategy with the highest net benefits ratio
was control every second year. However, further analysis of these data by Hone (1994)

1lustrates that their conclusions would have been different if the authors had assessed

the cost-benefit ratios or costs of control only in order to decide which was the best

strategy.




Choquenot and Hone (unpublished) Incorporated bioeconomic models for the
Interactions between control operations, pig population density and lamb predation into
a financial cost-benefit analysis comparing two methods of controlling feral pigs in
Australia to reduce lamb predation by pigs. The authors were able to evaluate whether
helicopter shooting was more cost-effective than 1080 poisoning and indications were
that this depended on the standing pasture biomass. Models of increased complexity
allowed the frequency with which control should be carried out for each strategy to be
determined. The analyses illustrated that increasing the realism of models results in

higher data requirements, but that simple models are often unable to address questions

that are of much practical use.

1.2.2. Valuing predation losses

Rather than undertaking a full analysis of costs and benefits, various researchers have
simply attempted to evaluate the costs of pest damage. There are several ways of
valuing the costs of stock mortality. One approach is to use the ‘output loss’ or the
value of the animal when it is lost (Mclnerney 1987). However, this value is likely to
be difficult to estimate if the animal is not at point of sale, when the output loss is

simply the market price (Mclnerney 1987). An alternative approach is to use the
resource cost, which 1s the expenditure on the animal up to its point of death. However,
this will underestimate the ‘true’ loss or cost (Mclnerney 1987). Mclnerney et al.
(1992) argued that loss and cost should be defined as different from each other. Loss is

the benefit taken away from the farmer (losses on the output side of production), whilst
the cost (C) 1s the loss (L) plus expenditure (E) or the extra inputs due to mortality.

which include the control and prevention costs (Mclnerney ef al. 1992):
C=L+E

This approach was used by Bennett et al. (1999) to value the direct costs of endemic
diseases in farm animals, where the costs of treatment and prevention were considered
separately. These costs of treatment and prevention can be thought ot as analogous to
the costs of preventive measures and control in the case of livestock predation. It 1s
important that these costs are considered 1n an assessment of wildlife damage, in

addition to those of direct losses 1n output.




Studies estimating the costs of livestock predation by wildlife have generally estimated
total costs to farmers based on the farm-gate or market price of an animal multiplied by
the number of losses. These include Butler’s (2000) assessment of the ‘economic’ costs
of wildlife predation in Zimbabwe, with the aim of calculating the levels of
compensation for local communities suffering livestock depredation under CAMPFIRE
schemes. His valuations were in fact financial rather than economic losses and were
based on questionnaire surveys of households with livestock. Further examples are the
valuation of farm revenue losses due to fox predation of lambs on two Scottish hill
farms (White et al. 2000b), losses of livestock to snow leopards in Nepal (Oli et al
1994), total losses due to livestock predation in the United States (Conover et al. 1995)
and annual damage by wolves to livestock in Spain (Blanco et al. 1992). Andelt and
Hopper (2000) estimated the total amount that producers using guard dogs saved 1n
terms of reduced sheep losses to predators. Other estimates of the costs of agricultural

damage by pests have been based on the producers’ own estimates of damage, e.g.

Baines et al. (1995) and Moore et al. (1999).

A more sophisticated approach to valuing the financial costs of predation on livestock
was developed by Mizutani (1999) for leopards on a Kenyan ranch. This involved

estimating production models for sheep and cattle on the ranch with and without leopard

predation and calculating the cost of leopards in terms of reduced income to the farm.
Production models were used because the impact of predation one year was felt the next

year, as the animals took more than an accounting year to mature.

Total cost estimates of wildlife damage allow us to put a value to damage and may

enable assessment of whether the animal can be considered to be a pest (or 1n the case
of Butler’s (2000) study how much compensation payments should be). However,
Mclnerney et al. (1992) argued that total costs have no particular significance because

they do not allow us to make decisions about what should be done about the situation.
i.e. they are of little use in guiding resource use decisions (Mclnerney 1996 Perry &
Randolph 1999), especially if it is not possible, or will be hugely costly, to eliminate a
disease or pest (Mclnerney & Kooij 1997). Theretore, total costs alone generally do not

help us determine what management action(s) should be taken to help alleviate the

problem.




1.2.3. Approaches relevant to the economic analysis of predation losses

I'he resources spent on preventing livestock losses to predators are likely to be traded
off against the cost of these losses. Therefore it is not just the total cost of losses and
preventive and treatment measures that should be considered in an economic analysis of
predation, but how these relate to one another and therefore what is the most efficient

point in terms of resource allocation. A number of approaches could be used to analyse

the costs of predation in an economic framework, with the aim of aiding resource

allocation decisions or efficient management.

One evaluation technique used for assessing pest control is decision theory. Generally.

a tarmer has to decide what strategy or level of pest control or preventive measures to
use before the economic impact of the pest is known. If there is uncertainty about what
level of pest attack will occur, but the probability of any particular level of attack
occurring i1s known, the expected outcome of alternative strategies can be determined

(Mumford & Norton 1984; Hone 1994). Mumford and Norton (1984) suggested

knowledge of the probabilities could be based on past experience. It could incorporate
quantifiable factors, such as farm characteristics, for example. The expected outcomes

of various preventive or control strategies can be determined in monetary terms via a

pay-off matrix (Norton 1976; Mumford & Norton 1984; Hone 1994).

An alternative to risk decision models is the use of marginal analysis, where the costs of
preventive measures and/or control are compared with the benefits ot reduced losses
due to the control effort. Taylor et al. (1979) suggested that the production function
approach should be used to estimate the optimum rates of predator control and the
predator density, which is socially, economically and ecologically acceptable tor
predation of lambs by coyotes in Utah, by including predator density as an input 1n the
function. The production function approach has been used by environmental

economists to value environmental or resource quality for which there 1s no direct
market value (Adams et al. 1982; Adams & McCarl 1985: Adams er al. 1986 Ellis &
Fisher 1986: Miiler 1992; Freeman 1993; Narain & Fisher 1995; Acharya 1998). Whilst
more direct market- or resource-based approaches (as discussed above) can be used for
valuing livestock mortality due to predation, the approach illustrates how environmental

resources can be included in production functions. which could then be used for more




detailed analysis, including assessing optimal levels of use of preventive measures (as

outlined theoretically for livestock disease by Mclnerney 1996).

As predation affects losses directly, we can also consider the cost- rather than the
production-side of an operation. Fankhauser (1995) developed a cost function for sea-
level rise, incorporating the costs of emission abatement. protection costs and the costs
of damage due to sea level rise, which he used to find an optimal combination of

abatement and protection levels, by minimising the cost function (minimising total

COStS).

An alternative is to model the impact of control expenditures on losses more directly.
Mclnerney ez al. (1992) and Mclnerney (1996) proposed the disease loss-expenditure
frontier as a way of estimating the avoidable rather than total costs of livestock
mortality caused by disease in economic analysis. Mclnerney (1996) argued that such a
model was more readily applicable to disease control decisions than a production
function approach in that it was simple and easily applied empirically. The loss-
expenditure frontier gives the general relationship between disease losses (L) and
control expenditures (£) at the minimum level of output loss due to disease technically
obtainable for each specified level of expenditure; the line L'L" on Figure 1.1a. L'is the
amount of losses 1t no control measures are undertaken and losses decline with
progressive increases in expenditure, but at a declining rate because of diminishing
marginal returns to disease control effort. In theory, a farmer could choose to accept
losses of anywhere between L' and L", where livestock losses are reduced to an absolute
minimum, but to minimise total costs 1n this situation the tarmer should spend Ejs on
preventive measures and accept Ly losses. Point M defines this management strategy at
which the lowest cost can be achieved i1n this situation or the economic optimum (where
total costs Cy = Ly + Ey). This economically optimal position for disease control
expenditure versus loss to disease 1s when an additional unit of currency spent earns
exactly the same additional unit in return (Mclnerney et al. 1992). This defines the
point at which the cost of the disease 1s minimised, 1f the cost 1s defined as the loss plus
expenditures (McInerney 1996). At this point, the marginal costs of control (MC) equal
the marginal benefits of control (MB), where the benetits are defined as the reduction in
livestock losses due to control. as illustrated in Figure 1.1b. The optimal point, where

the marginal cost and marginal benefit curves intersect, defines both the optimal level of
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expenditure on control (Ey) on the x-axis and the optimal level of losses the farmer

should tolerate (Lyy), if the x-axis variable is inverse losses (i.e. benefits) rather than

expenditure.

The loss-expenditure frontiers for mastitis in the UK and Scotland have been estimated
by MclInerney et al. (1992) and Yalcin et al. (1999), respectively. Both sets of authors
estimated the expenditures and output losses associated with specific control procedures
and took the lower boundary of these points as the loss-expenditure frontier, the level of
technically minimume-attainable revenue loss (technical efficiency) under different
levels of mastitis-control expenditure. Mclnerney and Kooij (1997) used a similar total
cost approach to evaluate alternative Aujeszky’s disease (AD) control programmes.
They considered the total costs of the disease to the economy as a whole and i1dentified
the most economic AD control strategy as the one with the lowest total costs. Their
analysis indicates how, in addition to quantifying the avoidable costs of livestock
mortality, the use of a loss-expenditure type approach could inform decisions on the

allocation of resources to control expenditure and therefore identify efficient levels of

control.
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Figure 1.1a: The disease-loss expenditure frontier (from Mclnerney et al. 1992 and
Mclnerney 1996)
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Figure 1.1b: Marginal cost (MC) and marginal benefit (MB) curves for control of stock
mortality, illustrating optimal point where curves intersect (E£a/Ly)




1.2.4. Pest abundance and pest damage

T'he use of these types of analysis for the evaluation of pest management relies on the
pest management action having an effect on pest damage. In order to assess this effect.
the relationships between pest control and pest abundance and between pest abundance
and pest damage need to be specified. Hone (1994) points out that a simple relationship
between pest abundance and damage is unlikely and rare because the extent of damage
depends on a number of variables other than the pest abundance. These include the
destructive potential of each pest animal, which may vary with age, size, genotype and
environment, the duration of exposure and the resistance of the object being attacked

(Cherrett et al. 1971). Other factors may enhance susceptibility to pest damage, such as

weather conditions, disease and the availability of alternative food sources.

Consequently, direct estimates of damage functions tend to be difficult and expensive to

obtain (Choquenot & Parkes 2001).

Choquenot er al. (1997) found a positive association between predator densities and
predation of livestock for feral pigs and lambs in Australia. This relationship was
modelled by Choquenot and Hone (unpublished) in their assessment of the benefits of
control strategies to prevent predation by feral pigs. In another Australian study, fox
control was associated with lower levels of fox predation on lambs, but not with lower
fox abundance (Greentree et al. 2000). The results of other studies on vertebrate
predators, such as those on sheep predation by other canid species, have been less
conclusive (Robel er al. 1981; Landa et al. 1999). The general lack of data on
associations between vertebrate predator populations, control and damage 1s not
surprising given the fact that even linking pest population dynamics with damage or
yield loss for invertebrates and weeds, upon which a good deal more research and

theoretical modelling work has been carried out, has proved difficult because of the

complexity of the systems involved (Kropft et al. 1995; Hone 1994).

1.3. FOX DISTRIBUTION AND PEST STATUS WORLDWIDE

The red fox is a widely distributed species and is found throughout most of the northern

hemisphere from the Arctic Circle in the north to Sudan 1n the south (Harris & Lloyd
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1991; Gefen & Macdonald 2001). It is native to Europe, Africa and Asia and was
Introduced to eastern United States in the 1700s from where it spread west- and

southward. It is also present in Australia, where it was introduced around 1850 (Lever
1985).

T'he control of foxes to reduce the damage they cause as a pest takes place across much
of their range. In continental Europe, the pest status of the fox is primarily a function of
it being the wildlife reservoir for a number of diseases, of which the most significant 1s
rabies (Macdonald 1980; Anderson et al. 1981: Smith & Harris 1991: Artois 1997:
Romig et al. 1999; Chautan et al. 2000: Suppo et al. 2000; Artois et al. 2001). Foxes
are also considered a pest in many countries due to their predation of game animals.
Examples include gamebirds and hares in Scandinavia (Mircstrom et al. 1988:;
Lindstrom et al. 1994; Smedshaug et al. 1999; Kauhala et al. 2000; Kauhala 2001),
gamebirds in Italy (Lovari & Parigi 1995) and pheasants and ducks in North America
(Sargeant 1978; Sargeant et al. 1984, Sargeant et al. 1995; Schmitz & Clark 1999).
[Lamb and poultry predation by foxes also causes problems in countries other than
Britain (Rowley 1970; Coman 1985; Brochier 1989; Saunders et al. 1997; Greentree et
al. 2000).

Foxes are often a threat to endangered species (Harris & Saunders 1993; Reynolds &
Tapper 1996), especially in those areas where they are not native, such as Australia (e.g.
Kinnear et al. 1988; Abenspergtraun 1991; Cowan and Tyndale-Biscoe 1997; Risbey et
al. 2000) and California (e.g. Harding et al. 2001). Introduced toxes have contributed
to the decline and extinction of marsupial populations and adversely attfected the range
and distribution of many species in Australia (Kinnear et al. 1988; Dickman et al.
1993). In their natural range foxes also cause problems for species ot conservation
importance. Examples include passerine birds in Spain (Suarez et al. 1993), loggerhead

turtles in Turkey (Yerli et al. 1997) and songbirds in Canada (Dion et al. 1999).
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1.4. STATUS OF FOXES IN BRITAIN
1.4.1. Population estimates for the whole of Britain

Foxes are found throughout the British mainland. T'hey were (until recently) absent
from all the Scottish islands except Skye (Harris & Lloyd 1991; Harris et al. 1995), but
appear to have been introduced recently to Harris in the Outer Hebrides (Harris et al.
1995). A population estimate for the whole of Britain of 252,000 adult foxes in the
Spring, which could double by late summer with the inclusion of juventiles and itinerant
adults, was made by Macdonald et al. (1981). To calculate this figure, fox density
estimates were made for each square in a sample of 256 1km grid squares, then mean
estimated densities were calculated for Institute of Terrestrial Ecology (ITE) land

classes to obtain a map of densities across Britain.

However, this figure is unlikely to be wholly accurate (Harris et al. 1995) and an
estimate, attempting to overcome these problems, puts the total pre-breeding population
of toxes in Britain at 240,000 (195,000 in England, 23,000 in Scotland and 22,000 in
Wales), including barren vixens and itinerant foxes (Harris et al. 1995). The total urban
fox population is estimated at 33,000 (30,000 in England, 2,900 in Scotland and 100 in
Wales), whilst, if a mean litter size of five is assumed, around 425,000 cubs are born

each spring (Harris ef al. 1995). Of these estimates, those of urban populations are
likely to be more accurate because precise data (from the studies outlined below) are

available, whereas estimates for rural areas are less reliable due to paucity of population

data (Harris et al. 1995).

Rural population estimates were based on the few studies done in Britain (see below).
These density estimates were assigned to land classes and mean densities estimated as

the number of social groups per square kilometre. The number of foxes per social
group was estimated from available data on the demography of rural foxes. but this 1s
also very scarce (Harris et al. 1995). In addition, the use of land classes to extrapolate
fox densities is questionable because it relies on the assumption that fox densities are
mainly determined by landscape and habitat-related factors (Heydon er al. 2000).
Heydon ¢r al. (2000) tfound that predictions of fox densities based on landscape
variables did not always fit in with estimates of fox densities obtained by alternative

methods and hypothesised that another factor. such as culling by man. was influencing

35



fox densities in some regions. Therefore, density estimates based on regional rather
than landscape variables may be more reliable. However. it should be noted that the
quality of the original data in Harris et al.’s (1995) estimate of <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>