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ABSTRACT
BIOECONOMIC MODELS OF BOVINE TUBERCULOSIS IN MICHIGAN WHITE-
TAILED DEER: AN ANALYSIS OF ECOLOGICAL THRESHOLDS AND
ECONOMIC TRADEOFFS IN WILDLIFE DISEASE MANAGEMENT
By

Eli P. Fenichel

Wildlife diseases threaten human and domestic animal health, natural resource-
based recreation, and conservation of biodiversity. Yet knowledge of wildlife disease
management is limited and the few options available for disease control are nonselective
with respect to infected animals. The ecological literature has focused on identifying a
host population density threshold (exogenously determined by ecological parameters)
below which a disease naturally dissipates, and suggests using population controls to
achieve that density. But human actions that influence wildlife habitats can also affect
disease spread. There are likely tradeoffs between the two types of controls.

Bioeconomic models are useful for assessing economic and ecological tradeoffs
associated with different management choices. A bioeconomic model, using bovine
tuberculosis (Mycobaterium bovis) in Michigan white-tailed deer (Odocoileus
virginianus) as case study, is developed to examine the use of population density and
environmental controls. The host-density threshold is shown to be endogenously
determined by both ecological and economic forces. However, the disease is not
optimally eradicated, due to costs associated with the nonselective nature of the controls.
This model is then expanded to allow targeting by sex, with males assumed to be the
“risker” subpopulation. This improved target leads to more control over the host-density

threshold, resulting in lower control costs and the optimal eradication of the disease.



Copyright by
Eli Paul Fenichel
2005



ACKNOWLEDGMENTS

A number of people helped me with my research and the writing of this thesis. I
am extremely grateful for the continued help of my major professor, Dr. Rick Horan, his
mentoring, hours of answer questions, and the funding he provided me with. Dr.
Christopher Wolf and Dr. Graham Hickling, the rest of my committee, have also been
extremely helpful, making themselves accessible, answering questions, and providing
addition tools and resources for my research. I would also like thank Dr. Clifford Weil
and Dr. Jack Cortney for there help programming and troubleshooting my Mathematica
code. Comments provided by Dr. Jean Tsao and Dr. Jim Bence also added to this work.

More generally, the above listed people, and the faculty and graduate students in
the agricultural economics and fisheries and wildlife departments made the time spent on
this work much more enjoyable.

Also, I would not have succeeded without the support of my wife, Tonka. Her
continued support, tolerance, and interest in what I have spent my time doing was a great

help in completing this work.

v



TABLE OF CONTENTS

LIST OF
A B L S .o vii
LIST OF
FIGURES . .. e viii
KEY TO ABBREVIATIONS AND SYMBOLS. ... X
CHAPTER 1
INTRODUCTION. ... ettt e e 1
The Wildlife-Human-Disease SyStem............ccoveiviiiiiiiiii i eeeee e, 1
BIOCCONOMICS. . .ttt 8
A Conceptual Framework of the Wildlife-Human-Disease System................. 19
DiSEASE €COLOZY oottt et et e 19
The effects of disease on economic values................cooeiiiinn... 21
The link between economic signals and human responses................... 24
A Mathematical Model........ ... 26
Understanding the biological system...............c.coviiviiiiiiniinniinnn.. 26
The Planner........oouiii i e 28
Outline of this ThesiS.......ovuiiii i e 31
CHAPTER 2

ECOLOGICAL THRESHOLDS AND ECONOMIC TRADE-OFFS: CONSIDERING
CO-DETERMINATION IN WILDLIFE DISEASE MANAGEMENT......................33

INtrOdUCHION. ...\ e 33

StUAY Area..... ettt 36

A Model of Wildlife Disease with Human-Environmental Interactions........... 37

Ecological Thresholds........ ..o, 43

A Bioeconomic Model...........ooviiiiii i 47

Economic Specification and Optimality Conditions........................ 47

Characterizing the double-singular solution........................coeeee.e. 51

Characterizing the partial-singular solution...................c.ooeviaai 53

Numerical EXample........o.ooiiiiiiii 54

Characterizing the phase plane.................cooiiiiiiiiiiiiiiiii 54

The optimal path. ..o e, 56

Endogenous ecological and economic thresholds........................... 59

SeNnSItIVIEY ANALYSIS. . ..utiiet ittt e 61

Discussion and ConcluSION. ..........couiitiiiii e e 65
CHAPTER 3

SEXUAL DISCRIMINATION IN WILDLIFE DISEASE MANAGEMENT.............69

INtrOdUCHION. ... e 69

A Model of Infectious Disease TranSmiSSION..........coueeeuiveinieneiiiiiininnnnn. 70



Ecological Thresholds...........oooiiiiiiiii e, 77

Economic Specification...........c.oviuiiiiiiiii i 78
Optimal Management...........ovuiiiiiiiieiteat e 79
Numerical EXample........o.ooiiiiiii e 86
Sensitivity ANalySiS.......ouiiniii it 92
Discussion and ConcCluSION. .........oiiiii e 95

CHAPTER 4

CON CULSION . Lo e e e e 98
General Conclusions and DiSCUSSION. .......uuvviiiitiiiiiiie e iiinnanes 98
Caveats and Directions for Future Research.........................cooii. .. 102

APPENDIX A. CALIBRATION FOR THE ECOLOGICAL ECONOMICS

THRESHOLD MODEL IN CHAPTER 2. e 107
APPENDIX B. CALIBRATION FOR THE SEX EXPLICIT MODEL IN

CHAPTER 3.t 108
REFERENCES . ... 111

vi



LIST OF TABLES

TABLE 2.1 Parameter values and descriptions. Methods of calculation are described in
APPENAIX L. .ot e 46

TABLE 3.1. This table illustrates all 27 possible combinations of controls. Max and min
represent constrained controls at their maximum and minimum levels respectively.
Singular represents when a control may follow a singular solution (the first order
condition associated with it vanishes)...............ooiiiiiiiii i 83

TABLE 3.2. Parameter values and descriptions. Methods of calculation are described in
APPENdiX L. ... e 87

Vil



LIST OF FIGURES

FIGURE 1.1. The logistic growth function in the absence of harvesting................... 12

FIGURE 1.2. Phase-plane diagram illustrating the effects harvesting has on a population
that grows according to the logistic growth equation..................ccoviiiiiiiiiniin.n. 12

FIGURE 1.3. Phase-plane diagram illustrating the economically optimal harvest - a
saddle path. ... e 16

FIGURE 1.4. A conceptual framework for understanding a human-wildlife-disease
system. The grey region on the bottom is the part of the system where biologist have
traditionally focused their effort, and the white, upper region is where economist have
traditionally focused their effort. Notice that there a number of connections between
these to regions, indicated by arrows and boxes that overlap both regions. Relationships
represented by solid lines are considered in this thesis, while relationships represented by
dotted lines are left for future consideration.............c.oooviiiiiiiiiiiiiiiiie, 20

FIGURE 2.1. The relationship between the host-density threshold and feeding for a
prevalence Of 0.025. .. ... e 45

FIGURE 2.2. Phase-plane diagram illustrating dynamics and the simulated optimal
trajectory, see detailed explanation in teXt.............cooviiiiiiiiiiiiiiiiiiiieeaae 55

FIGURE 2.3. This phase-plane shows the optimal interior cycle when the discount rate
is increased to 15%, holding all other parameters constant. On comparing the results
with Figure 2.2, it is clear that by changing this one parameter the optimal disease
prevalence does not approach zero and the optimal trajectory remains well above the x —
G 1 58

FIGURE 2.4. Phase plane showing how the /=0 and /=" frontiers, and the

N =0and the 6 = 0isocline change when v is decreased from 1 (black) to 0.95 (gray).
The phase dynamics are the same as those in figure 2.2. The solid single arrows indicate
how the isoclines shift, and solid double arrow indicates how the focus point shifts with
@ AECTEASE TN Vene ettt ettt e e e e 64

FIGURE 3.1. This figure illustrates the path resulting from following the optimal
feedback rules in N-0 space by population and aggregated.....................oooeiiiinn.n. 88

FIGURE 3.2. The optimal time path for harvests by sex under different assumptions
about pseudo-vertical tranSmMISSION. .......outirtitt ittt e e 89

FIGURE 3.3. The optimal level of feeding under different assumptions about vertical
162001300V T1S) o) 4 A O 90

viil



FIGURE 3.4. The time path of disease prevalence in males and females under differing
assumptions about pseudo-vertical tranSmMiSSION. .........oouviuieiinriinieieiiiiieanaananns 94

1X



KEY TO ABBREVIATIONS AND SYMBOLS

ABBREVIATIONS

Abbreviation Full text

bTB bovine tuberculosis

SI susceptible-infected

s.t. subject to

MRAP most rapid approach path

LHS left-hand-side

RHS right-hand-side

SYMBOLS

Symbol Description

N Used to denote a population or stock of wild animals

G Is a growth function (usually the logistic growth function)

t Represents time

r Represents the intrinsic rate of growth

k Represents carrying capacity

h Is a harvest of wildlife (fish or deer)

p Is the value of harvested unit of wildlife

C Is a cost function (chapter 1) and Is a contact function
(chapters 2-3)

p Is the discount rate

H Is a Hamiltonian

A Is a co-state variable

® Is a function

* Represents an equilibrium solution

S Is a susceptible population

1 Is an infected population

R Is a recovered population

VA Is a growth function (usually the logistic growth function)

T Is a transmission function

A Is a function representing disease induced mortality

f Represents alterations to wildlife habitat, specifically in
the case studies supplemental feeding

D Is a function that describes damage to the livestock sector
by infected wildlife

SNB Is a social net benefits function

T Parameter associated with feedings effect on carrying
capacity

b Represents the per-capita birth rate

v Represents the (pseudo-)vertical
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Represents the per-capital natural mortality rate

Is the transmission coefficient

Is a shifting parameter that describes transmission
dynamics

Is a parameter associated with the effect of feeding on
disease transmission

Is a the disease induced mortality rate

Is a parameter associated with the effect of feeding on
disease induced mortality

Is the prevalence of disease in a population

Is the host-density threshold

Is the per unit cost of harvesting

Is the catachablity coefficient

Is the per unit cost of supplemental feeding
Is a co-state variable

Is the maximum amount of feeding feasible (this is an
exogenous upper bound on feeding)

A function representing a golden rule

A function representing a golden rule
Denotes the male subpopulation

Denotes the female subpopulation

Indexes M and F

Is the proportion of offspring that are male
A function

A function

Indexes M and F
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Another area of interest is sensitivity to starting values. Chapter 2 showed that
higher initial levels of prevalence may increase the chance that eradication will be
optimal. Efforts were made to calibrate this model in a similar fashion to those in
Chapter 2, however since parameters from various sources were used the aggregate
prevalence rate in this model was slightly higher. When prevalence was scaled to a

lower aggregate prevalence it was also optimal to eradicate disease.

3.8 Discussion and Conclusion
It can be expected that concern over wildlife disease will continue to grow as human
encroachment into wild lands intensifies, stressing ecological systems and making them
more susceptible to both infection and the severe adverse consequences of infection (i.e.,
extinction in the case of threatened or endangered species) (Daszak et al. 2001). Such
changes may also lead to more opportunities for close contact between wildlife and
humans and domesticated animals. Yet, there is surprisingly little research on the
management of wildlife diseases, as current approaches are rooted in those originally
developed for livestock disease problems (Nishi et al. 2002). In this chapter, we build
on earlier work to explore how the ability to target subpopulations affects tradeoffs in a
jointly determined ecological and economic system.

The model presented in Chapter 2 is expanded into a sex-specific model that
allows disease transmission to vary among and between male and female
subpopulations. Furthermore, it was possible to discriminate between males and females

so that harvesting effort is preferentially targeted.
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By incorporating more ecological detail than previous models, we show how
wildlife managers can target an observable risk factor to cost-effectively eradicate a
wildlife disease. Indeed, prior work did not explicitly incorporated sex or other easily
observed risk factors in analyses of wildlife disease control management plans.”

Rather, the primary focus has been on lowering aggregate host densities. However, in
this chapter we show that the host-density threshold can be significantly more complex
when a population may be divided in subpopulations using demographic features such as
sex. This creates additional tradeoffs and opportunities to manage an infected wildlife
population for both wildlife benefits and disease control. These additional opportunities
allow the population to be managed in a less costly manner than would be possible by
just considering the aggregate population.

The results in this chapter may be compared to the results from the homogeneous
population model in Chapter 2. In both cases, managers are faced with economic trade-
offs to manage host density and the host-density threshold, at which the disease will
dissipate naturally. However, these two models result in qualitatively different
outcomes, specifically that when targeting is possible disease eradication is more likely
to be optimal. This happens because the ability to target a specific risk-factor (sex)
buffers the simple two-way trade-off between managing the aggregate host-density
threshold and the aggregate host density. In the sex-specific model, a complex array of

tradeoffs emerges and these may be exploited to make disease control and eradication

> Brooks and Lebreton (2001) incorporate age (stage which is observable as eggs, juveniles, and adults)
in their management problem of yellow-legged herring gulls, Larus cachinnans, however they assume a

stable population structure represents a steady state solution and the socially optimal stock of gulls. The
gulls represent a nuisance but are protected so that there is a trade-off between harvesting and protecting
the gulls. They do not carry a disease.
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less costly. Moreover, disease prevalence is lowered faster and without forgoing as

much in situ deer productivity.
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CHAPTER 4

CONCLUSION

4.1 General Conclusions and Discussion

The emergence of new wildlife diseases threatens human and domestic animal health
(particularly livestock), natural resource-based recreation, and conservation of
biodiversity worldwide (Simonetti 1995), and managers have few options to control
wildlife disease. If it were easy to identify and treat or remove infected wildlife,
management would be straight forward. But this is not the case. Outwards signs of
many wildlife diseases are rare and only appear in the final stages of infection (Williams
et al. 2002; Lanfrachi et al. 2003).

Knowledge of wildlife disease management is limited. The ecological literature
focuses on identifying a host-density threshold that can be used to guide population
control approaches (such as harvesting, contraceptives, and vaccination — since
vaccination eliminates animals form the susceptible population), as disease prevalence
begins to decline for population densities below this threshold (e.g., Barlow 1991b;
Roberts 1996; Smith and Cheeseman 2002). The host-density threshold in these studies
is exogenously determined by ecological parameters, since population controls do not
directly affect the disease transmission process. In addition to focusing on the host-
density threshold, the ecological literature assumes eradication of the disease is an
appropriate goal, and has ignored any resource allocation tradeoffs that this goal implies

in world of scarce resources.
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It is clear that the problem of managing wildlife disease is an economic problem
subject to biological constraints. While others have identified the problem of wildlife
disease management in this way (Bicknell et al. 1999; Horan and Wolf 2005), the first
chapter of this thesis explicitly constructs a conceptual framework to identify
interconnections and feedbacks among the ecological and economic systems. The
potential for bioeconomic models to help identify economically efficient management
solutions to wildlife disease problems is demonstrated. This framework also highlights
the need for interdisciplinary cooperation in modeling wildlife disease management.

Harvest-based management options to control host density have limited
effectiveness since harvests are non-selective with respect to disease status, and so it
makes sense to explore whether other options may be of use. One option that has been
proposed for use in conjunction with host-density control is environmental or habitat
manipulation (Wobeser 2002). Indeed, it is clear that interactions between humans and
wildlife habitat can influence disease in wildlife (Daszak 2001).

In Chapter 2, supplemental feeding is introduced as a human action that alters
wildlife habitat, and the model is applied to the case of bovine tuberculosis in Michigan
white-tailed deer. In order to investigate tradeoffs between environmental and host
population controls, standard S/ models were modified to include management actions
other than harvesting. Horan and Wolf (2005) follow a similar procedure applied to the
same case study, but they restrict their analysis to frequency-dependent transmission,

thereby eliminating the possibility of an ecologically determined host-density
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threshold.® When the opportunity set available to managers is expanded beyond
population control to also include environmental control methods, it is shown that the
host-density threshold is no longer determined only by exogenous ecological parameters,
but also by endogenous human action. Therefore, incorporation of environmental
controls makes the host-density threshold an endogenous economic-ecological threshold.
Moreover, when this model is compared to the Horan and Wolf (2005) model, the
inclusion of an ecological threshold effect allowed the disease to be managed at lower
prevalence with a larger associated population.

On a more technical note, the non-selective nature of both control instruments
(i.e., neither changes in supplemental feeding nor reduction of the overall population
differentially target infected or susceptible animals) expands our knowledge of solutions
to linear control models. A number of authors have noted that when control variables in
a linear control model cannot be used to directly target the state variables (i.e., controls
are imperfect), the solution may involve nonlinear feedback rules that may or may not
require bang-bang controls (Mesterton-Gibbons 1996; Bhat and Bhatta 2004; Horan and
Wolf 2005). Clark (1990) also noted that a lack of targetablity can lead to a
phenomenon known as “chattering”, which is a rapid switch between control rules. In
this thesis, these observations are united by examining how non-linear feedback rules
may interact with blocked intervals to create “chattering” between double-singular and
partial-singular solution feedback rules. This happens along a blocked interval frontier.
It is likely that such solutions will become increasingly common as more complex

problems are analyzed that include multiple state variables that interact with a limited

36 Upon further investigation it can be shown that when feeding is controlled in the Horan and Wolf (2005)
model an economic-ecological threshold is created.
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number of imperfectly-targeted control variables. This improved understanding of the
nature of solutions to such problems will aid researchers investigating more realistic
natural resource management problem, especially since imperfect controls are common
in natural resource management (Reed 1980; Clark 1990).

The results in both Horan and Wolf (2005) and Chapter 2 indicate it may not be
optimal to eradicate the disease due to high costs related to control and the opportunities
that must be forgone (e.g., lost deer productivity) to eradicate the disease. These high
costs are in part due to the non-selective nature of the control instruments. In Chapter 3,
we investigate the possibility of improving the targeting of controls by identifying an
observable risk factor for the disease that can be targeted. Targeting a risk factor could
help to indirectly target diseased animals, reducing the nonselectivity of controls and
also control costs. To explore this possibility sex was identified a targetable risk factor.
The model developed in Chapter 2 was expanded into a sex-specific model that allowed
disease transmission to vary between male and female subpopulations. Furthermore, it
was assumed that hunters could discriminate between males and females, so that
harvesting effort could be preferentially targeted.

The key result in Chapter 3 was that increased targetablity created a larger
opportunity set for managers, leading to greater control over the host-density threshold
and ultimately the potential for lower control costs and eradication as an optimal
outcome. This result emerged from the combination of incorporating more biological
realism and an increased ability to target the same control methods. This allows
managers to recognize a more complex array of tradeoffs that arise from economic and

ecological relationships not captured by simpler models.
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4.2 Caveats and Directions for Future Research

Care should be taken in constructing policy recommendations based on the
results of this thesis, for two reasons. First, it should be re-emphasized that, while the
numerical analysis utilized the best available data for the Michigan bTB case, research
on this system is still evolving at a fairly early stage and so knowledge of many
parameters is somewhat limited. The analysis is therefore best viewed as a numerical
example rather than a prescription for optimal management of the Michigan bTB
situation.

Second, the analysis presented here is based on a social planner’s model, and so
the results provide insights into economic and ecological tradeoffs in an efficient or first-
best setting. But the real world is decentralized and not managed efficiently, and so it
would be inappropriate to simply apply individual results, such as the result that
supplemental feeding should be maintained at positive levels, in a piecemeal fashion to
existing problems where some economic distortions are likely to persist. Indeed,
unintended consequences would be more than likely to emerge in such instances.

The next logical step would be to use the results of this thesis to aid in the
construction of a second-best model of management. Such a model would incorporate
the responses of individual hunters, farmers, and other relevant actors to incentives in a
decentralized economy in the presence of many economic distortions (i.e.,
inefficiencies). Indeed, human choices are based on a large number of incentives, and
not all of these are managed optimally. For example, from the above analysis it is clear
feeding should be regulated, but perhaps enforcement is likely to be imperfect. In this

more realistic case, a feeding ban may be preferable.
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Yet the social planner perspective is valuable because it reminds us that there are
real costs to acting suboptimally (even when a second-best solution is pursued).
Moreover, the social planner’s problems helps us identify costs and lost opportunities
that we must accept so that policy makers can see that these are distributed in a fair or
equitable way.

Another important caveat to the analyses presented in this thesis is that the
damage functions in Chapters 2 and 3 are taken to be exogenous. A truly optimal plan
would also consider on-farm biosecurity choices that could reduce the likelihood of
infection and hence damages to the livestock sector. Horan et al. (2004) explore this
problem and argue that the pressure to eradicate the disease may be lessened if risk
associated within the livestock sector may be directly targeted through biosecurity. This
results in the only remaining damages being incurred by deer hunters, who may be only
minimally harmed when disease prevalence is low. Future integration of these two
models, which will involve a large number of state and control variables, would allow
managers to incorporate the targetablity of jointly-determined systems and endogenous
risk.

It is also important to note that this model is not spatial and cannot account for
nonrandom movements or clumped distributions, to do so would require a spatially
explicit model. Moreover, the models presented here treat the wildlife population as
“closed” and it is assumed that disease is not spreading. This assumption may be
acceptable for the current Michigan bTB problem, but in other cases the spread of
wildlife disease is of great concern (Fulford et al. 2002). Horan et al. (2005) have made

a preliminary investigation of spatially optimal management of wildlife disease. Along
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with spatial relationships, landownership likely plays an important role in the actual
decisions agents are making. Moreover, developing effective social policies for private
lands with regard to wildlife disease may be one of the largest barriers to controlling
disease persistence and spread. The integration of these issues with the work in this
thesis would be a major advance. Finally, the models presented here are deterministic,
yet there is much uncertainty in human behavior and in disease dynamics. Stochastic
modeling efforts could be undertaken in order to understand how uncertainty may
change optimal management strategies, and to help analyze how much should be
invested in disease monitoring and surveillance programs.

The basic nature of these models has another value; one of the key contributions
of modeling can be to help identify new directions for empirical research. Some
relationships may be important for understanding management opportunities, but may be
less important for developing ecological predictive models. Such potentially important
relationships (such as pseudo-vertical transmission) were identified in this thesis.
Empirical exploration of these relationships is important to improve managers’ ability to
manage wildlife disease efficiently. For instance, it may be worth investing in a better
understanding of the pseudo-vertical transmission process since pseudo-vertical
transmission is shown to affect management outcomes. Indeed, pseudo-vertical
transmission is often vaguely-defined and it may be a more complex process than
presented here as a number of mechanisms of inter-generational transmission may be
possible (Blanchong 2003). Further investigation into these processes is merited as well

as the collection of data to allow model calibration.
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Another area of interest relates to horizontal disease dynamics, which are
unlikely to be constant and which may be affected by various types of management
intervention. Future ecological research that would improve management models
includes understanding baseline values of a contact parameter in the transmission

function and the functional relationship between management actions and this parameter.
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APPENDIX A: CALIBRATION FOR THE ECOLOGICAL ECONOMICS
THRESHOLD MODEL IN CHAPTER 2
Only three parameters differ from those used by Horan and Wolf (2005); for all

parameters not described here consult their work.”” The three parameters that differ are
the transmission coefficient (p), the disease induced mortality rate, (o), and the
coefficient for the feed effect on a, (). These parameters differ because Horan and
Wolf calibrate their model based on an assumption of frequency-dependant transmission,
while some degree of density-dependence is used here. The procedure to compute the
transmission coefficient is the same as that in Horan and Wolf (2005), except that the
contact term must be included to account for some degree of density dependence.
Assuming that & = 0.75, the transmission coefficient is derived to be p = 3.39 x 10,
The total transmission term was set equal to the total mortality under an assumption of
zero feeding and solved for a (these are the terms in the square brackets of equation 2.7).
This value was then multiplied by 1.05 (also following Horan and Wolf) so that disease
would not persist under a sustained no-feeding regime, resulting in o = 0.3556.
Following Horan and Wolf (2005), the values o were set equal to 0.2 to calibrate y = 0.5

x 107,

37 Also see the appendix for associated with the sex explicit model as some parameters are described in
more detail there, since there were greater changes in parameter values between that work and Horan and
Wolf (2005).
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APPENDIX B: CALIBRATION FOR THE SEX EXPLICIT MODEL IN
CHAPTER 3

Parameters use to calibrate the model in Chapter 3 were obtained from a variety of
sources. Though most of the calibration is similar to that in Horan and Wolf (2005) and
the calibration of the sexless model presented in Chapter 2, more details are provided in
this appendix because a greater number of parameters had to be adjusted. The initial
number of deer in the core area (deer management unit [DMU] 452), Ny, was estimated
to be 13,298 in the spring of 2002 (after the previous winter morality and prior to births)
(Hill 2002). The sex ratio of deer in Alpena, Montmorency, and Presque Isle Counties
(the area in and just north of the core) was estimated over two years and averaged to
3.035 (Sitar 1996). Given this sex ratio we compute a male population of, Ny = 3296,
and a female population, Ngg = 10,002. Core carrying capacity and feeding parameter
estimates follow Horan and Wolf (2005) & = 14,049 for the 1561 km2 core area, T =
0.00008 (based on data in O’Brien et al. 2002 and Miller et al. 2003). Estimates of
disease prevalence by sex were 2% for females and 8% for males, and are believed to
have remained fairly constant over the last few years (O'Brien et. al 2002; McCarthy and
Miller 1998).

Following Horan and Wolf (2005) the constant marginal value of a harvested
deer was p = $1270.80. The relative values reported by Loomis et al. (1987) were then
used to compute values for males and females. These were $1,534 for males and $936
for females.

To calibrate the transmission of the disease, we use Miller and Corso's (1999)

reported rates of infected contact by sex, along with survival rates from the time of

108



contact to that of infection. Based on Miller and Corso (1999) we find that Bum(1+wf) =
0.672 and Br(1+wf) = 0.1855. The calibration of the parameter w is identical to that in
Horan and Wolf (2005) and is taken from Miller et al. (2003). Assume that ¢; =1 and g;
= 0 so that within sex transmission is density-dependent but cross-sex transmission is
frequency-dependent (this would result in 0 < & < 1 for an aggregated population).
Following a similar method to Horan and Wolf (2005), after accounting for the addition
of the contact term and that some transmission is cross-sex and some within-sex, we can
solve for Py = Prv = 9.454x10” and Prr = Pmr = 3.229x107 (the difference in between
cross-sex and within-sex transmission is accounted for with the contact parameter €).
The birth rate per female was taken to be 1.22 based on an average of the yearly
birth rates reported by Sitar (1996). The sex ratio at birth was assumed to be 0.5.
Mortality parameters less disease and less harvest were computed using survival
estimates (Sitar 1996) and mortality due to hunting (McCarthy and Miller 1998)
resulting in §;, = 0.3623. We also require the additional mortality rate due to the disease
(o). It was assumed that oy = ap. The total transmission for the female population was
set equal to mortality under an assumption of zero feeding and solved for ap. This value
was then multiplied by 1.05 so that disease would not persist under a sustained no-
feeding regime, resulting in o = 0.339. Following Horan and Wolf (2005), the value of

o modified by feeding was set equal to 0.2 to solve for y = 0.5 x 10~
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