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Abstract

In many areas, wildlife populations have increased substantially in their
local density because of a loss of natural controls or some artificially supplemented
resource. These populations are often managed to avoid harmful effects on other
wildlife species and human-wildlife conflicts. Many species are managed using
lethal population reduction, but in those that are resistant to these means or where
the method is unpalatable due to public concern, fertility control is becoming
increasingly common. This method seeks to reduce the population size of some
target problem species by capturing, sterilizing, and releasing individuals back into
their habitat. Fertility control is often paired with vaccination programs because
each has synergistic effects. Sterilization reduces the population size, making it
easier to achieve a higher vaccination proportions for herd immunity. However,
these programs have uncertain effects on both the basic biology, population
demographics, and disease epidemiology. The current literature makes strongly
countered species-specific conclusions. It is also unclear if fertility control is an
effective method at reducing the population size in an economically viable way,
compared to lethal removal.

Here I use computer simulations, cross sectional surveys, and long-term
monitoring of two populations, the street dogs (Canis lupus familiaris) of

Rajasthan, India, and the raccoons (Procyon lotor) of the Columbus Zoo and



Aquarium, to investigate what impact fertility control makes on the populations it
targets. In Chapter 2, I exposed replicate simulated populations to various control
schemes to see which most lowered the population size and increased vaccination
coverage. In Chapter 3, I report the results of surveys of dogs from several real
world Indian cities with varied histories of fertility control for several diseases. In
Chapters 4 and 5, I report the results of a randomized control study on raccoons,
which measured differences in parasite load and survival among control,
vaccinated and vaccinated/sterilized individuals.

My work demonstrates that fertility control programs can be more effective
than lethal control, although the methods used to locate sexually intact individuals
for treatment can significantly affect the results. In Chapter 3, I found that intact
dogs living in cities with more fertility control had significantly lower prevalence
of several diseases compared to those dogs living in cities with less fertility control.
This is especially significant because the interventions only vaccinated against
rabies, meaning that the fertility control affected local disease epidemiology. This
indicates that the sterilization program buffered treated individuals’ ability to
resist or spread disease enough to lower exposure to non-treated individuals. I
found that sterilization and vaccination in raccoons did not affect the apparent
monthly survival rates, but lowered parasite prevalence in males. However, female
raccoon parasite prevalence was negatively affected by sterilization. I suggest that
the sterilization method used does not eliminate hormone production, causing

females to increase the length or intensity of their reproductive seasons. As a



whole, this work highlights the importance of understanding the secondary effects
of intervention policies. I show that altering reproductive behavior can cause

dramatic changes to population dynamics and epidemiology.



Dedication

Dedicated to Phillip, I hope you enjoy the chase, but please don’t catch the

antelopes.
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Chapter 1: Introduction

Anthropogenic impacts on the environment do not always result in the decline or
eradication of affected species; conversely, some have adapted well to fragmented
landscapes (Bradley & Altizer 2007, Gehrt et al. 2002, Hughes & Macdonald 2013). As
these species’ population sizes dramatically increase, wildlife managers come under
additional pressure to intervene because these problem wildlife can predate on less
abundant species (Barton & Roth 2007) or spread species-jumping pathogens (Reece
2007). Traditionally, these interventions take the form of lethal depopulation and attempt
to depress population density (Sillero-Zubiri et al. 2009). However, by removing
individuals, lethal control interrupts the social and territorial relationships between
remaining individuals which may increase the spread of disease (Donelly et al. 2006,
Vicente et al. 2007). The lowered density in depopulated areas could also draw in
individuals from outside the treatment area at the landscape scale (Killian et al. 2007).
Both public ethical concern and resistance to depopulation by certain species has caused
biologists to pursue fertility control as an alternative method (Killian et al. 2007).

Animal Birth Control (ABC) programs use varied methods, but generally seek to
slowly lower the density of target species by reducing their reproductive rate (Killian et al.
2007, Kirkpatrick et al. 2011, Gray & Cameron 2010, Reece 2007). “Success” for ABC
programs is normally defined as a reduction in the population size, but some programs
use this decline only as a means to eliminate some particularly problematic pathogen such
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as rabies with concurrent vaccination (Reece 2007). In zoos, fertility control is becoming
increasingly common, as they struggle to house species with high reproduction rates or
costly requirements (Kirkpatrick et al. 2011). Advances in the use of the injectable
sterilizing vaccines against gonadotropin-releasing hormone (GnRH) and porcine zona
pellucida (PZP) have produced promising results with species such as white tailed deer
(Odocoileus virginianus, Rutberg et al. 2004), African elephants (Loxodonta africana,
Delsink et al. 2006), and American black bears (Ursus americana, Lane et al. 2007). In
areas without the resources for new techniques or in species where they have not been
tested, surgical sterilization is still common. This process can either entail complete
sterilization, where the ovaries/testes are removed by spay/castration, or functional
sterilization, where egg/sperm are blocked from exit by tubal ligation/vasectomy.
Functional sterilization leaves hormone production intact and is the preferred method
when managers want hormone-linked behaviors (such as territoriality) to be maintained
(Bromley & Gese 2001) and spay/castration is preferred when managers what to eliminate
those behaviors (Reece 2005)

The domestic dog, Canis lupus familiaris, is the most abundant large mammal
with at least 700 million individuals worldwide (Hughes & Macdonald 2013) and is
responsible for 55,000 human deaths each year from rabies (Knobel et al. 2005). While
vaccination and licensing laws in the developed world have eliminated canine rabies and
keep their populations in check, dogs in developing nations have little to no oversight on
breeding and rabies vaccination is sporadic (Butcher 1999, Hughes & Macdonald 2013,
Reece 2007). In India, street dogs make up a large proportion of the urban dog population,
and the temporal pattern of attacks on humans is strongly associated with the period after
the breeding season when bitches are caring for litters (Reece et al. 2013). ABC programs

targeting street dog rabies in Indian cities have eliminated human rabies cases (Reece et
2



al. 2007) and lowered the bite rates (Reece et al. 2013) in the areas they operate, but not
all municipalities have invested in these programs (Yoak et al. 2014).

In the eastern US, the role of an urban mesopredator and scavenger is filled by the
common raccoon (Procyon lotor) whose populations can become very dense (Rosatte et
al. 2007, Smith & Engeman 2002) and carry a large number of diseases (Berentsen et al.
2013, Hirsch et al. 2013, Junge et al. 2007, Page et al. 2008). Raccoons are hunted in
some areas of the US (Hodges et al. 2000), but in many areas their populations are
unmanaged, leading to expensive damage to crops (Beasley & Rhodes Jr 2008), heavy
predation on already threatened wildlife (Barton & Roth 2007), and disease spillover
(Gavin et al. 2002, LoGuidice 2003). When raccoons are managed though lethal
depopulation, the population returns to the same, if not higher, population density in a
short time period (~1 year) after the intervention concludes (Rosatte et al. 2007). There is
disagreement on whether the repopulation occurs because of local reproduction (Rosatte
et al. 2007) or dispersal into the treated zone from outside the treatment area (Barton &
Roth 2007). Zoos in the US have a substantial incentive to manage the raccoon population
on their grounds because their captive animals come from broad taxonomic distributions
with variable susceptibility to raccoon pathogens. Because of their resistance to
depopulation and the concern about their pathogens some zoos have begun fertility
control programs targeting raccoons on their grounds (Myers et al. 2004).

The research presented here investigates the effects that fertility control has on
population disease dynamics as well as population size and demographics in two species
of urban carnivore: the domestic dog (Canis lupus familiaris) and common raccoon
(Procyon lotor). These studies seek to increase both the basic and applied knowledge
surrounding fertility control by better understanding how the structure of ABC programs

influences their effectiveness and how individuals and populations respond to
3



sterilization. A better understanding of how to control wildlife populations using
sterilization programs could give managers a powerful tool to minimize human-wildlife
conflicts.

In chapter two, I produced a spatially explicit agent based model of the female dog
population in Jaipur, India, which modeled the seasonality of breeding, variable dog
movement, stochastic death, and various dog population capture and control method
strategies. Using this model, we tested which methods best reduced the dog population
size and favorably altered age demographics by directly contrasting fertility control and
lethal control. Using a survey of sterile dog locations around the city to inform fertility
control produces the lowest population size, highest sterilization percentage, and lowest
proportion of the population under three months old.

In chapter three, I investigated three cities in Rajasthan, India for the prevalence
of several canine pathogens in their sexually intact street dog population. The three
locations varied in their history of fertility control implementation; ranging from none, to
7 years, to 17 years of ABC. For six of ten diseases examined, there was a trend toward
healthier dogs in cities with more ABC. For two diseases, there was no effect of location
and tick infestations were more prevalent in ABC cities. Because this study only focuses
on the sexually intact dogs living each city, it establishes that ABC programs can have
spillover effects even for non-targeted individuals and non-vaccinated diseases.

In chapter four, I examined the effect of vaccination and sterilization on the
apparent survival of raccoons living on the grounds of the Columbus Zoo and Aquarium.
Individuals were split into three treatment groups; a group which was sterilized and
vaccinated, a group which was vaccinated, and a control group. We were not able to
discern between a Barker Robust Design model that included the effect of vaccination and

sterilization from a null model that predicts no difference between treatment groups.
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In chapter five, I describe the effects of the treatment groups from the previous
chapter on gastrointestinal helminths. Male raccoons that received any treatment at all
had significantly lower parasite loads compared to control males, likely because the
treatment included an anti-helminthic drug. Females that were sterilized, however, had
significantly higher parasite compared to both other female treatment groups, possibly

because the sterilization method caused changes to female behavior.



Chapter 2: Optimizing street dog control programs using

agent based models.

ABTRACT

Street dog populations in the developing world are managed by a patchwork of
local practitioners, government programs, and non-governmental organizations with
varied effectiveness. Lethal removal is still practiced commonly while competing
vaccination and fertility control methods have begun to be adopted. Identifying which
method provides the most cost effective management is needed to inform dog population
managers. Here we describe an agent-based model with which we sought to simulate the
population of street dogs in Jaipur, a typical Indian city, then apply various lethal and
fertility control methodologies to identify the best options. This spatially explicit model
includes accurate temporal and demographic details of street dog populations in order to
replicate real world systems. Control regimes for both lethal and fertility control
methods that focus their efforts around the city were tested for their effects on
population size, age structure, vaccination coverage, as well as the number of dogs that
are handled. Models were run for 15 years to show the long term effects of any
intervention. We show that fertility control outperforms lethal removal programs at
reducing the population size while vaccinating a significant proportion of the population.
Lethal programs skewed population demographics towards younger dogs. We also show

that targeting city districts with high percentages of unsterilized dogs yields better
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results than targeting districts with high numbers of unsterilized dogs or randomly

targeting districts.

INTRODUCTION

Domestic dogs are the most common large carnivore with a global population of
700 million (Hughes & Macdonald 2013). Street dog population densities in urban
environments can be high with estimates ranging from 88 to 250/km? (Matter et al. 2000,
Townsend et al. 2013). Higher densities of dogs, compared to other predators, are possible
because of human tolerance and supplementation of their diets with leftovers, refuse, and
offal (Butler & du Toit 2002). Controlling their populations in developing nations is an
important issue, as they spread rabies and other zoonoses, threaten local wildlife, and
often live with low quality of life (Hughes & Macdonald 2013, Lacerda et al. 2009, Totton
et al. 2011, Yoak et al. 2014). Dogs in natural areas have been shown to create artificial
edge effects in intact forest ranges by disrupting wildlife behavior and land use (Lacerda
et al. 2009). Street dogs regularly come in contact with wildlife (Butler et al. 2004) and
commonly carry zoonotic and sylvatic diseases such as leishmaniasis (Ashford et al. 1998),
canine distemper, canine parvovirus, and ehrlichiosis (Butler et al. 2004, Yoak et al.2014).
In India alone, canine rabies kills 20,000 people each year, with patients predominately
coming from the lowest income classes (Sudarshan et al. 2007) and dog-transmitted cystic
echinococcosis costs the nation $212.35 million per year (Singh et al. 2014). Disease
spillover from domestic dog populations into wildlife populations has been confirmed for
multiple events and this risk could be eliminated or at least mitigated by reducing local
dog density (Cleaveland et al. 2000).

Historically, lethal removal has been the preferred method of canine control; more

recently however, it has been shown to be less effective and more expensive over time
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compared to birth control programs (WHO 2005). Additionally, simulations of lethal
removal’s effect on disease progression in wildlife show that it may increase infection
intensity and spillover risk (Choisy & Rohani 2006). Canine control programs using trap-
neuter-vaccination-release have already arisen in an attempt to curtail dog population
sizes and reduce the incidence of rabies in those areas where lethal control was already
culturally prohibited (Reece 2007). These programs catch free-roaming dogs on the street,
neuter and vaccinate them against rabies, then return sterilized individuals back to the
point of capture within a few days (Reece & Chawla 2006). A focus on female dogs is
commonly used by these animal birth control (ABC) programs, as any reduction of the
intact female population has a much greater effect on reproduction compared to spreading
effort across both sexes (WHO/WSPA 1990). These programs have produced effective
results; in Jaipur, capital of the state of Rajasthan, India, the Help in Suffering (HIS) ABC
program has brought the local human rabies incidence to zero and reduced the dog
population by at least 28% (Reece and Chawla 2006). As ABC programs are begun in other
Indian cities (Totton et al. 2011), there is increasing need for rigorous data collection
methods to compare success between regions. However, long term programs to monitor
the effectiveness of intervention present a challenge to small ABC programs, either from a
lack of funds or if the benefits for starting one are unclear.

Our goal was to build a demographically accurate and spatially explicit model of a
free roaming dog population to investigate how to best maximize the effect of intervention.
We seek to produce collection methods that keep the costs of intervention for NGOs low
while reducing dog population sizes. We are investigating how altering the search methods
used by control programs impacts their efficacy and how intervention affects dog

population demographics.



To simulate the effects of different survey methods on dog control programs, we
developed an agent-based model (ABM) of the female dog population of Jaipur, India.
ABMs have been used address large scale ecological management questions in general
(Bonnell et al. 2010) and canid behavior in particular (Belsare & Gompper 2014, Pitt et al.
2003). To standardize the presentation of processes and results we use the updated
Overview, Design concepts, and Details (ODD) protocol for describing ABMs (Grimm et
al. 2010). We produced a model dog population that matches the demographics of
northwest India’s street dogs (Hiby et al. 2011) as well as their locally seasonal breeding
(Chawla and Reece 2002) and daily movement patterns (unpublished data from J Reece).
Evaluating how vastly different resource intensive management policies affect the same
population over a long period of time in the real world would clearly be impossible and
highlights the value of modeling in dog management. A spatially discrete ABM, as opposed
to more traditional modeling approaches, captures the variation in dog movement and
survival while better accounting for variations in dog density across the city. Using this
ABM, we investigated a) the relative effects of lethal control and fertility control and b) the
effects of various strategies used by control programs to target dogs for either lethal or
fertility control on resulting dog demographics. These iterations are carried out without

having to invest any of the capital that limits experimentation in this system.

METHODS
We initially developed a spatially explicit model of the dog population of Jaipur,
India that realistically matched its seasonal and demographic traits. Then, various search

strategies for both lethal and fertility control methods were tested



Model Description

This model was created using Netlogo v5.04 (Wilensky 1999). A map of Jaipur was
rasterized using GIMP 2 photo editing software to produce a background landscape. Both
packages are open source and are available free for download from
http://ccl.northwestern.edu/netlogo/ and http://www.gimp.org/ respectively. Models
were run using the Ohio Supercomputer Center’s assistance (www.osc.edu).
Purpose

The purpose of this model is to test the effect that altering capture protocols has
on ABC and lethal removal management programs on street dog populations; program
effectiveness is measured by the number of surgeries/euthanasia, population
demographics, final population size, and for ABC methods, the sterilization/vaccination

percentage achieved.

Entities, state variables, and scales

In our model we included dog agents and ABC capture team agents, as well as their
interactions with the landscape. The environment is made up of a 256 x 356 square cell
grid, where each cell is roughly a 50 m x 50 m area of Jaipur. A rasterized map was
produced using Google Earth and imported into the model. As HIS personnel split the city
into more manageable areas when investigating the real world population, we assigned
cells to one of 18 zones for use in the surveillance process. These city zones were based on
groupings of real world neighborhoods in Jaipur and show some variation in size and

shape (Fig 1). Agents are described in table 1.
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Table 1. Agent parameters for dogs and ABC capture (dog control) teams.

Agent  Parameter Meaning Default Reference
Value or
Range
Dog L Location in the city -
M The number of patches a lzl/l.ult{gomlal Derlvi(ll_ fflorg
dog moves each day 1stribution unpublishe
(see text) data from Reece
Aa Adult dog yearly survival 0.8 Reece et al.
rate ’ 2008
A Juvenile dog (< 1y) yearly Reece et al.
: 0.25
survival rate 2008
p Average number' of puppies Chawla & Reece
produced during each 2.82 5002
reproductive event
.0004 - .
. Derived from
R Chance of reproduction per .0075 Chawla & Reece
day (Varies
2002
seasonally)
ABC
Capture L Location in the city - -
Team

11




The main agents are dogs, representing individual bitches that make up the whole
female street dog population. Dog agents have several state variables specific to each dog:
age, sterilization status, movement pattern, and location.

In those models that examine the effects of intervention, a second agent class
representing the dog control capture team is included. The capture team agent’s only state
variables are the search method being used and location.

Patches, or cells, exist in square grid and form the landscape of which the city is
formed. In these patches, dogs and capture team agents carry out their actions. Each patch
is assigned a zone number depending on where it falls in the map of Jaipur. To represent
heterogeneity in habitat quality throughout the city, each zone has a carrying capacity that
is drawn each model run from a uniform distribution +/- 20% from the mean carrying
capacity. This mean carrying capacity was calculated to allow the model dog population
size to be equivalent to the real-world Jaipur’s known population size (Hiby et al. 2011)
on the model’s map.

A single time step is equivalent to one day. Dogs move, breed, and die; ABC vans
spawn and sterilize each time step. All versions of the model includes a five year “burn-in”
where the population of dogs runs with no intervention to reduce the effects of initial
parameters.

Process Overview and Scheduling

To initialize the model, the city map is imported (Fig. 1) and an initial population
of 25,000 female dogs is created. We parameterized the model by altering breeding
success at a set local density to have a natural stable population of approximately 25,000
females in the non-intervention model. This figure is modified from the population

estimate from Jaipur (Hiby et al. 2011) and a 1:1 sex ratio (Reece and Chawla 2006) while
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accounting for growth in the city’s human population. Dog agents are randomly seeded
around the map within the city boundaries and their age distribution matches published
information (Reece et al. 2008).

Dogs can be seen as the black (sexually intact) and grey (sterilized) dots. A
control van can be seen as the grey car. Shades of the background environment indicate

different zones

13



Figure 1. The model area seeded with agents.
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A diagram of the model processes can be found in figure 2. Each time step, dogs
move, then potentially breed and die, then update their state variables. Next, a survey may
be performed that determines the location of each dog, both sexually intact and neutered.
This survey is only performed once per year. Next, two capture team agents have an 88%
chance to spawn in a manner matching the particular search method being used. This
spawn rate matches the real world days off from holidays, weather, or mechanical
problems (J. Reece, pers comm). The different models are as follows:

e Under the non-intervention model, the dog capture teams never spawn and no
dogs are ever altered, simulating the natural population size and structure with
no intervention.

e The spatially-random ABC model places two dog capture teams in two randomly
derived locations around the city map and they sterilize dog agents.

e The informed-absolute ABC model places two dog control teams in two semi-
random locations around the city with the chance of being spawned in a certain
zone being weighted by the absolute number of dogs in that zone compared to
other zones. For example, if a three zone city had 100, 50, and 40 intact bitches
in each zone respectively; each day until the next survey is completed, it would
choose to move to the first zone one 52.6% of the time. The second zone would be
selected 26.3% of the time and the third zone 21.1% of the time, focusing effort on
areas that have higher numbers of intact females. The generalized equation is as
follows:

Ndogs in zone x

Probability to choose Zone X =
dogs in all zones

e The informed-percentage ABC model places two dog control teams in two semi-

random locations similar to the informed-absolute method, only using the
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percentage of unsterilized dogs in the zones instead of the absolute number of
them to weight the chance of spawning in each zone. This weighting produces a
greater chance of ABC vans spawning in zones with high proportions of intact
individuals.

e The spatially-random lethal model is identical to the spatially-random ABC
method, only instead of sterilizing dog agents, these control teams euthanize
them instead.

e The informed-absolute lethal model is identical to the informed-absolute ABC

method, but like the other lethal method, euthanizes dogs instead.

There is no informed-percentage lethal model as there are no sterilizations

performed during lethal models to inform the capture team’s selection of a location.
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Figure 2. Flowchart depicting processes in the spatially explicit, agent based model of
bitches in Jaipur.
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Design concepts

Basic Principles

Emergence: The overall and zone-specific dog populations, sterilization
percentages, and age structures emerge from the processes of ABC treatment, mortality,
and reproduction. The number of surgeries or euthanasia performed emerges from the
interplay between population size and ABC or lethal removal treatment.

Adaptation: Dog agents limit their reproduction if their local dog density is higher
than the zone’s carrying capacity in the breeding submodel. Capture teams under the
informed-absolute and informed-percentage search methods used (sometimes outdated)
information from the last city-wide survey about the location of intact dogs to choose
where to spawn each time step.

Objectives: The general objective of intervention regimes was to reduce the dog
population size, have a high sterilization/vaccination percentage, and to do so in as few
actions as possible. However, these objectives are analyzed only at the end of each
computational run and do not impact any decisions by dogs or capture teams during a run.

Interaction: The only interaction between dogs was indirect limiting of breeding
success based on local population density. Capture teams in ABC models collected dogs in
a small radius and altered their sexually intact status to neutered. In lethal removal
models, capture teams collect dogs in an identical manner to the ABC model; however,
instead of altering sexually-intact status, they remove the dog agent from the landscape.

Stochasticity: Daily dog movements, survival, reproduction, and dog collection
figures each introduced stochastic effects into the model. Each time step, the order each
dog performed its actions was randomized to avoid any unintended benefits to first—acting

individuals.
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Collectives: For purposes of the surveys, the dogs within in a single zone are
collectively analyzed to produce the figures on percentage and absolute number of intact
dogs. Collection team agents use the same information (the yearly survey of dog locations)
but make their decisions about where to go independently of one another.

Observation: The seasonal breeding causes a variation of +/- 1000 dogs in the
model within a year, so to account for this variation, an average of the daily population
size, percentage of the population under 3 months, and sterilization percentage from the
past year is produced each time step. These year-long averages are the figures used for
analysis of their respective variables.

Initialization

25,000 dog agents are spawned randomly around the city map and are given a
randomized age structure matching published information (Reece et al. 2008, Hiby et al.
2011). Before any data recording or ABC treatments are begun, a “burn in” period of 5

years is run to remove any effects of the initial population characteristics.
Input Data

The main model input is the distribution of city zones. These are taken from the

real-world locations of neighborhoods used for local government management.

Submodels

Movement: Each step, dogs selected a random direction then moved forward a
number of patches drawn from a multinomial distribution calculated from the real-world
movements of Jaipur dogs. Unpublished data from Reece’s work (et al. unpublished data)
on the fecundity of street dog included data on where dogs were captured both an initial
and second time, and how much time had passed between the two events. Using this
information, km moved per day was calculated for 256 dogs and then the data summarized
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by a multinomial distribution with 31% of individuals not moving at all. For individuals
who do move, the distance is calculated from a random lognormal distribution with a
mean of -3.40 and standard-deviation of 1.86. Any negative movement distances were
altered to 0. Each dog recalculates their movement each day. These movement rates
capture the variability in dog territory size and movement patterns in Jaipur.

Mortality: Individual dogs over one year old and within the city boundaries have a
chance of natural death corresponding to the published A, = 0.70 of sterilized bitches older
than one year in Jaipur city (Reece et al. 2008) This survival estimate produced expected
lifespans that closely matched the published 3.8 years expected lifespan at a year old.
Puppies and juveniles have a substantially lower yearly survival in the real world and we
found that the published juvenile A; = 0.25 produced the expected 1.3 years expected
lifespan at birth (Reece et al. 2008). Individuals that have wandered out of the city into
the surrounding countryside have a substantially lower survival rate to mimic the paucity
of food and other important canine resources outside the city.

Breeding: Each intact bitch over eight months old had a seasonally adjusted chance
of reproducing and immediately whelping a litter. The seasonal rate is taken from the
percentage of bitches that were pregnant at the time of capture by the ABC program
(Chawla and Reece 2002). Each successful reproductive event produces a small number
of female puppies with a normal distribution (u = 2.81, ¢ = 1). This matches the mean of
5.62 fetuses per pregnant bitch in Jaipur, (this figure did not discern the sex of the fetus)
while keeping some natural variation (Chawla and Reece 2002).

Abandonment: Each day, a small number of dogs (u = 2, o = 1, rounded to nearest
non-negative integer) with an age of 1.5 years were created randomly around the city,

representing the abandonment of pet dogs after they have passed being a puppy. No
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figures are available due to its rare nature, but this is a significant point of concern for ABC
programs (J Reece, pers comm).

Sterilization: In models with ABC, dog control agents each collected several (u = 6,
o = 2, rounded to nearest integer) of the nearest sexually intact dogs and altered their
status to sterilized, eliminating their ability to reproduce. This figure matched the average
dogs collected by HIS in Jaipur by each van. Dog control agents then disappeared.

Euthanasia: In those models which used lethal control, the dog agents which have
been selected by dog control agents are removed entirely. Dog control agents then

disappeared.

STATISTICAL ANALYSIS

The model produced information on the dog population, sterilization percentage,
and number of surgeries performed. Each dog management regime was repeated for 40
trials to ensure we detected stochastic variation in the model outcomes but did not create
false significance through over-repetition. A local sensitivity analysis was performed to
assess the effects of minor variations (+5%) of parameters on model results. While some
parameter variation had significant effects on model results, each dog management
regime was similarly affected and none changed the ordinal ranking of each regime’s
efficacy (Appendix A). Each simulation was run using a Linux OS based super-computing
center (www.osc.edu).

The comparisons between control regimes was assessed using one way ANOVA
with a post —hoc Tukey’s test using SPSS v22 statistical software (IBM Corporation). All

figures were created using Sigma Plot 12.5 (Systat Software).
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RESULTS

Effect on population size

The method of dog collection showed significant impacts on the dog population
size (F= 188.506, dfpum=5, dféenum=234, p < 0.05) and the results can be seen in Fig 3a.
Informed-percentage ABC reduced the dog population compared to the non-intervention
model more than any other method (followed by informed-absolute ABC, spatially-
random ABC, then both lethal control methods. The two lethal control models showed no
significant difference from each other.
Effect on puppy percentage

The method of dog collection showed significant differences in the proportion of
the population under 3 months of age (puppies, Fig. 3b). Informed-percentage ABC
achieved the lowest puppy percentage compared to all other models (F = 312.370, dfaum=5,
dfaenum=234, p< 0.005). All ABC models significantly lowered the puppy percentage
compared to the non-intervention model while all lethal control models raised it. There

were significant differences between all methods except the two lethal methods.
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Figure 3. The mean female dog population size, percentage under three months of age,
the number of interventions performed, and sterilization/vaccination percentages for
each model's treatments.

ABC-based models are stimpled, Lethal-control is striped, and non-intervention
is solid. Significance groupings are denoted by matching letters.
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Effect on number of interventions performed

The five models with some level of intervention (either surgeries or euthanasia)
showed little difference in the number of interventions performed (Fig. 3¢). The informed-
percentage model performed significantly fewer interventions (F = 10.863, df,um=4,
dfaenum=195, p < 0.05) than all other models but as this difference in interventions amounts
to under a 0.5% decrease, it is likely not ecologically relevant.
Effect on sterilization/vaccination percentage

When comparing the three ABC models (Fig 3d), the informed-percentage ABC
method produced significantly higher sterilization/vaccination proportions compared to
either the informed-absolute or spatially random methods (F = 20.686, df.um=2,
dfgenum=117, p < 0.05). These other ABC models had no significant differences in
sterilization/vaccination percentage.
Effect on age demographics

Each model produced significantly different age distributions. The non-
intervention model had a life expectancy of 1.16 years at birth and 3.68 at one year and all
three ABC methods had increased life expectancies with the informed-percentage ABC
having the highest at 2.99 years at birth and 3.82 years at one year. Both lethal methods
lowered life expectancy to ~0.65 years at birth and ~3.25 years at one year.
Validation

A local sensitivity analysis for adult survival rate, juvenile survival rate, daily
chance to spawn control agents, average number of dogs abandoned per day, average
control agent bag limit, maximum inter-zone variability on carrying capacity, and baseline
carrying capacity was performed for both absolute informed ABC and Lethal models. The
results for the effect of each parameter on dog population sizes and number of

interventions performed can be seen in supplementary tables 1 and 2 in appendix A,
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respectively. We utilized a pattern-oriented modeling approach to validate this population
(Grimm & Railsback 2005) Our ABC model achievements in the decline of the population
size matched the reported decline in the real-world population in both the timespan and
severity of the decline. Any lethal control programs in similar environments are generally

not performed with significant monitoring effort so validation is difficult.

DISCUSSION

This model demonstrates the benefits in both scientific and economic terms that
ecological modeling can bring to veterinarians working with street dogs. Enormous
efforts are undertaken every day by animal welfare organizations, public health
departments, and veterinarians but the paucity of rigorous scientific data often produced
limits their ability to influence donors, scientists, and governments to invest in their
work. A yearly survey for sexually intact dogs spread around the city can help focus ABC
efforts, and bring significantly better management results. For dog population managers,
this means a more effective program through an increase in the percentage of the
population sterilized and vaccinated against diseases, notably rabies.

Perhaps most importantly, the informed-percentage ABC method achieved
significantly lower population sizes, higher sterilization/vaccinations percentages, and
lower percentages of the population under three months old compared to all other
methods tested. This effect showed the greater efficacy of the informed-percentage
method at targeting collection efforts in those areas that warrant them the most. The
greater sterilization numbers caused a faster reduction in the population size, potentially
reducing the number of surgeries that must be performed in the future to maintain a

lower population.
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All three ABC-based models outperformed the two lethal removal-based models
at population reduction and demographic shifting while utilizing near equivalent
numbers of interventions (surgeries or euthanasia). This effect is likely due to ABC
limiting a population’s ability to increase in size by increasing the proportion of sterilized
individuals that are still competing for local resources but lack the ability to use them for
reproduction. Lethal control quickly reduces the population, but once depressed
densities are reached, it still has a large ability to “bounce back” because intact bitches
can quickly replace removed dogs. The magnitude of effort required for an effective
lethal control program is greater than those programs utilizing ABC methods, making
them the favorable method in areas where the pool of available resources for an
undertaking is small.

As ABC programs normally vaccinate each sterilized dog before release and
improvements in vaccine’s protective period in street dogs mean each will likely be
protected for its entire lifetime, eliminating the need for a second capture to re-vaccinate
(Coyne et al. 2001). Rabies incidence in street dog populations has been shown to be
more sensitive to an increase in the vaccination percentage than a reduction in the
population size (Morters et al. 2013). Therefore, the higher rate of sterilization (and
thus, vaccination) in the informed-percentage ABC capture method (66.73%) than in the
spatially-random ABC (52.93%) and informed-absolute ABC methods (58.70%) may be
an especially important epidemiologically .

As puppies play a larger role in the spread of disease because of their naive
immune system, they are a key section of the population (Fontanarrosa et al. 2006).
Both of our lethal control models reduced the dog population by ~5,500 total dogs but
they actually increased the absolute number of puppies in the city by ~250 compared to

the non-intervention model, resulting in a dramatic rise in the proportion of puppies.
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Lethal control programs, both in the real world (Killian et al.2007) and in our model
here, target individuals of all ages but are replaced by only young individuals, driving the
population’s age distribution downward. This suggests lethal control results in a trade off
between the benefits of reducing the population size and the potential costs of these
shifted demographics potentially increasing disease spread. This trade off does not arise
under non-lethal control, where both population size and proportion of puppies are
reduced relative to the non-intervention model.

Parameterization of the model used data from Jaipur when possible (Table 1). We
do not suggest that the behavior of model agents are perfect representations of the
behavior of individual dogs, but rather accurate simulations of the dog population as a
whole. With a greater understanding of street dog population demography and the
impacts of ABC programs, it will be easier to accurately predict the state of a dog
population before, during, and after an intervention.

The actual costs to perform a lethal control program are unavailable but would
likely mean lower per dog price compared to the ABC methods. However, this price does
not include the human rabies costs (deaths, post exposure treatments) and it is
important to remember that a reduction in the expenses in dog control do not necessarily
results in lowered costs for the city as a whole. The cost of performing this yearly survey
is estimated to be $106.39 (¥6,580), including the gas and salaries of the veterinary
technicians involved required to fully survey Jaipur city (Pers comm J Reece). As the
current approximate price per capture, surgery, and vaccination is $10.07 (¥ 623) (Per
comm J Reece) any potential benefit to changing dog collection methods would only
need to reduce the number of surgeries by 11 to be economically viable for an ABC
program. Our results show a slight, but statistically significant, difference in the number

of surgeries performed after 15 years of informed-absolute ABC intervention and the
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lowered population size and higher sterilization/vaccination figures point to an even
more significant potential future reduction. As the cost of a survey to determine the
location of intact dogs is comparatively small compared to the yearly operating budgets
of most programs and utilizes freely available information and programs, we highly

recommend its inclusion in any ABC program.
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Chapter 3: Disease control through fertility control:
Secondary benefits of animal birth control in Indian street

dogs.

ABTRACT

We sought to (1) survey street dogs for a wide range of diseases in three cities in
Rajasthan, India and (2) evaluate the links between the health of non-treated dogs and
both the presence and duration of animal birth control (ABC) programs.

Viral and bacterial disease prevalences were assessed in 240 sexually intact street
dogs from Jaipur, Jodhpur, and Sawai Madhopur cities in September 2012. Those
individuals and 50 additional dogs were surveyed for the prevalence of ticks and given
body condition scores. The presence of an ABC program was associated with significantly
lowered prevalence of open wounds likely caused by fighting, infectious canine hepatitis
(ICH), Ehrlichia canis, Leptospira interrogans serovars, flea infestations, and higher
overall body condition scores. Dogs in cities with ABC programs had significantly higher
prevalences of Brown Dog Tick (Rhipicephalus sanguineus) infestations. Canine
Distemper Virus (CDV), Canine Parvovirus (CPV), and Brucella canis prevalence was not
significantly different between cities. This study is the first to demonstrate the health

benefits of ABC on non-vaccinated non-treated diseases.
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INTRODUCTION

Street dogs are common in the developing world, and often live with little or no
veterinary care, consuming refuse and feces to survive (Butler and du Toit 2002, Butler et
al. 2004, Reece et al. 2008). India’s large population of street dogs originates from a
unique combination of local tolerance, abundant food, shelter, breeding opportunities,
and ineffective dog control policies (Reece 2007). Compounding the issue, vulture
populations on the Indian subcontinent have undergone dramatic (>95%) declines and
carcasses that would normally be consumed by vultures now supplement dog diets
(Markandya et al. 2008). Surveys of Indian dog population sizes are scarce, but at one
rubbish dump in Rajasthan, the population has increased from 60 dogs in 1992 to 1200
individuals nine years later (unpublished results in Prakash et al. 2003). Dog bites account
for 90% of the human post exposure rabies treatments and 96.5% of the 20,000 human
rabies deaths in India (Knobel et al. 2005, Kale et al. 2006). Canine and rabies control are
both being addressed by canine animal birth control (ABC) and vaccination programs in
urban centers to reduce canine reproductive capability and the progression of rabies
(Reece 2007). Several Indian cities began to use ABC programs in the early 1990s as an
alternative to culling strategies (including conscious electrocution, beatings, and
strychnine poisoning, Reece 2007) which may, counter-intuitively, increase rabies
incidence. By disrupting canine social structures, culling often leads to increased fighting
and rabies transmission opportunities (Donnelly et al. 2006, Reece & Chawla 2006,
Killian et al. 2007). ABC programs seek to produce a socially stable, but declining, street
dog population through ovariohysterectomy and castration of a majority of dogs and is

advocated by all major international dog control organizations (WHO 2004, ICAM 2007).
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When sterilized in this manner, normal canine hormonal cycling is halted, decreasing
conspecific aggression, breeding behavior, and aggregation around bitches in estrus,
behaviors that are high-risk factors for disease transmission (Killian et al. 2007). ABC
programs in Jaipur and Jodhpur, two cities in the northwestern Indian state of Rajasthan,
have been highly effective in reducing the street dog population and rabies incidence
(Reece & Chawla 2006, Totton et al. 2010b). Additionally, dogs which have previously
been treated by an ABC program have significantly superior health compared to their
sexually intact neighbors in the same city (Totton et al. 2011). This effect was attributed to
the behavioral changes and lowered energy requirements of sterilized dogs compared to
intact dogs which must care for pups and maintain territories (O’Farrell & Peachey 1990,
Totton et al. 2011).

This study seeks to demonstrate if treated dog’s behavioral changes, reduction in
dog density, and lowered energy requirements caused by sterilization substantially affect
the cycling of common canine diseases. The ABC programs in this survey vaccinate solely
against rabies, so our reported disease prevalences are not affected by direct vaccination
or treatments of these diseases. Since this work only examines sexually intact dogs that
have not been through an ABC program, it highlights the benefits of having sterilized
neighbors where other investigators report the benefits to the individual dog that is
sterilized (Totton et al. 2011). This also illustrates health benefits for proximate humans
and wildlife susceptible to similar disease pressures. Additionally, this study is the first to

survey multiple diseases over several different localities with large numbers of dogs
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MATERIALS AND METHODS

Study Area

A cross sectional survey of canid disease was performed in three different Indian
cities, Jaipur (26°55° N, 75°49’ E), Jodhpur (26°17’ N, 73°01" E), and Sawai Madhopur
(25°59’ N, 76°22’ E). All three cities are within Rajasthan, the arid northwestern state of
India (Fig 4). Jaipur is a large city with an estimated 36,580 dogs (Hiby et al 2011) and
has been serviced by the Help in Suffering ABC program since 1994 (Reece & Chawla
2006). Jodhpur is another large city with an estimated 24,853 dogs (Hiby et al. 2011) that
has been serviced by the Marwar Animal Protection Trust ABC program since 2004.
Although the proportion varies yearly, roughly 80% of bitches are sterilized in these cities
(Hiby et al. 2011). The third location, Sawai Madhopur, is a smaller city on the edge of
Ranthambore National Park and has never had any ABC or large rabies vaccination
program. No rigorous estimate of dog population numbers in Sawai Madhopur has been
made, though if estimates of dogs/human ratios in another small Rajasthani city with
limited ABC, Jaisalmer, holds, a rough estimate of ~4500 dogs is reached (Census 2011,

Hiby et al. 2011).
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Figure 4. The study cities of Jaipur, Jodhpur, and Sawai Madhopur in the state of
Rajasthan, India.
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Survey Procedures

Dogs in Jaipur and Jodhpur were collected by their respective ABC programs, Help
In Suffering and the Marwar Animal Protection Trust, and sampled immediately prior to
sterilization. In Sawai Madhopur, dogs were hand caught in the early morning and
restrained for sampling and rabies vaccination. Dogs were selected for sampling solely on
the basis they were on the street with unrestrained movement (unchained/unfenced).

Blood was tested for the presence of immunoglobulin G for canine distemper virus
(CDV), canine parvovirus (CPV), Leptospira interrogans serovars, Brucella canis,
Ehrlichia canis, and infectious canine hepatitis (ICH) using commercially available ELISA
testing kits (Immunocomb® Kkits, BioGal Labs, Kibbutz Galed, Israel, 19240). The L.
interrogans test looked for serovars canicola, icterohemorrhagiae copenhagi,
icterohemorrhagiae RGA, pomona, and grippotyphosa but did not differentiate between
them. Additionally, immunoglobulin M values were gathered for canine distemper virus
and canine parvovirus, providing information about what disease stage an individual dog
is currently experiencing (susceptible, active infection, gaining immunity, immune,
immune re-exposed). The test specificity and sensitivity information is available online
and is proofed for dogs (BioGal 2011, see Supplementary Table 3 in Appendix B).

Dogs were given a brief physical examination to provide a body condition score
(based off a simplified scale from Totton et al. 2011) and checked for the presence of ticks,
fleas, and open wounds. The body condition scores (1-4) corresponds to weight classes of
emaciated (1), underweight (2), healthy weight (3), and obese (4). In analysis, body
conditions of 3 and 4 were combined because of the absence of obese body condition dogs.
Before release, Sawai Madhopur dogs were vaccinated against rabies (ImRab 3®, Merial

Ltd, Duluth, GA, 30096).
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Statistical Analysis

The observed relative risk and 95% confidence intervals were calculated for each
disease and compared between cities. Relative risk was derived using binary
presence/absence of disease. Body conditions scores and the relationship of host traits
(e.g. age, sex, location, concurrent secondary infections, fight wounds) were analyzed for
significant relationships to infection status using Fisher’s exact test. For traits other than
sample source location, dogs from each city were pooled together for analysis. Bonferroni’s

correction was used to account for multiple tests.

RESULTS

The prevalence of diseases and body condition scores, the significance of the
pairwise comparisons between cities, and the total effect of location in predicting disease
prevalence are shown in Table 2. There were significant effects of location on body
condition scores, tick, flea, fight wound, E. canis, Leptospira serovars, and infectious
canine hepatitis presence. In the case of each of these diseases, with the exception of ticks,
the direction of the effect showed a positive influence of ABC on dog health.

Location had a significant effect (p = 0.0001) on the proportion of dogs currently
infested with ticks (all identified to be in the R. sanguineus species complex). In pairwise
comparisons for ticks, Jaipur and Jodhpur differed significantly from Sawai Madhopur
(both p = 0.0001) but did not differ from each other (p = 0.131).

We found similar results for body condition, with the fewest number of low body
condition dogs (emaciated) and the highest body condition (healthy weight) dogs in the

ABC cities compared to the non-ABC city. For each of the other diseases for which location
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was a significant predictor, significant pairwise comparisons show lowered disease
prevalence as the duration of ABC increased.

Other conditions important to dog health were observed but not comprehensively
evaluated because of their rarity. Several dogs presented with suspected Babesia
canis/gibsoni and Leishmania sp. infections but no confirmatory test was locally
available. Some dogs presented with canine transmissible venereal tumors, however as

many early stage tumors can easily go undiagnosed, it was not recorded for this survey.
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Table 2. The prevalence (and number surveyed) of body condition scores and diseases
in the three study cities of Jaipur (17 y of ABC), Jodhpur (7 y of ABC), and Sawai
Madhopur (no ABC). When there are significant differences between cities it is indicated
by * and the superscript indicates statistically significant groupings by using pairwise
comparisons.

- More ABC Less ABC
Disease Jaipur Jodhpur Sawal Madnopur
Body Condition Score* n=1064 n = 83 AB n=1018
1 (Emaciated) 22.65% 42.17% 45.54%
2 (Low Weight) 48.11% 45.78% 37.62%
3 (Healthy) 29.95% 12.05% 16.83%
Ticks* n=1204 n=_834A n=488
53.33% 63.86% 25.00%
Fleas* n=1204 n=_834 n==643
4.17% 1.20% 26.56%
Fight Wounds* n=1534 n=_884 n=10238
3.92% 6.83% 25.49%
CPV n =100 n=178 n=60
Susceptible 14.00% 24.36% 18.33%
Infected 1.00% 3.85% 6.67%
Immune 85.00% 71.79 75.00%
CDV n =100 n=178 n =60
Susceptible 34.00% 33.33% 15.00%
Infected 28.00% 30.77% 36.67%
Immune 38.00% 35.90% 48.33%
Ehrlichia canis* n=1004 n=79B8 n=60¢
45.00% 58.23% 76.67%
Leptospira serovars*® n=1004 n=774 n=584
12.00% 7.79% 39.66%
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Table 2: Continued

More ABC
Less ABC
Disease Jaipur Jodhpur St blatlhopun
Infectious Canine Hepatitis* n=1004 n=784 n=603%
74.00% 92.31% 96.67%
Brucella canis n =100 n=179 n=58
10.00% 5.06% 3.45%
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DISCUSSION

We found that ABC areas exhibited lower prevalence of disease in unsterilized and
untreated dogs for seven (body condition score, fleas, fight wounds, CDV, E. canis,
Leptospira serovars, and ICH) of the ten conditions. CPV and B. canis seroprevalence did
not differ significantly among cities. The E. canis prevalences in Jaipur differed
significantly from both Jodhpur and Sawai Madhopur. The ABC program in Jaipur has
operated for 17 years, in contrast to 7 years in Jodhpur and not at all in Sawai Madhopur.
Thus, for these conditions, prevalence is also affected by the duration of ABC. The
association between the presence of ABC programs and a lower prevalence of infection
may result from the ABC-driven decline of the dog population size as well as the behavioral
and immunological changes. Importantly, ABC programs appear to influence disease
dynamics in the entire dog population, and not just treated dogs, since this survey only
included sexually intact dogs who had not undergone sterilization and vaccination. We
argue that untreated dogs were less likely to be exposed to infection because neighboring
ABC-treated dogs were healthier (Totton et al. 2011), more capable of resisting infection,
and less likely to transmit disease.

While most of the disorders in this survey are unlikely to be affected by climatic
conditions, leptospirosis in India is one that may be heavily influenced by the availability
of other principal hosts (particularly rodents) and high rainfall levels (Venkataraman and
Nedunchelliyan 1992). The yearly average rainfall for Jaipur, Jodhpur, and Sawai
Madhopur is 60, 30, and 75 cm, respectively (Singh et al. 1974). While all three cities had
experienced a moderately heavy monsoon season in the months prior to this survey, the

mildly damper conditions in Sawai Madhopur may cause higher numbers of Leptospira
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infections, unrelated to ABC coverage. Therefore, we recommend additional investigation
with methods that differentiate between Leptospira serovars.

We found significantly fewer open wounds in the cities with ABC coverage. Based
on concurrent behavioral observations and wound morphology (A.J. Yoak and J.F. Reece,
pers. obs.), we suggest that the majority of these are received by fighting with other dogs.
As the sterilization programs in Jaipur and Jodhpur halts hormonal cycling in bitches,
they do not enter estrus and thus do not elicit competition and congregation over breeding
opportunities. Breeding associated fighting was seen nearly every day of the week-long
survey in Sawai Madhopur and never in the other cities (surveys were performed during
the established breeding season). This decrease in incidental biting may substantially
lower the rabies transmission rate by reducing pre-symptomatic transmission, benefiting
dogs, humans, and wildlife (Killian et al. 2007).

Dogs from ABC cities had higher prevalences of R. sanguineus ticks. This may be
because ABC centers facilitate the transfer of ticks by housing dogs in close contact and
there may be differences in the availability of alternate hosts or environmental conditions
between cities. Protocols to mitigate the risk of tick spread (use of cypermethrin spray)
should be implemented in ABC programs as suggested by Totton (et al. 2011).
Nevertheless, dogs in ABC cities still had significantly lower prevalence of infection by the
tick-borne spirochaete bacterium E. canis, which suggests that factors other than tick
density influence ehrlichiosis in these dogs.

The dogs sampled here may represent a subset of the more catchable dogs,
although this is difficult to assess. As our study cities are not perfectly comparable with
respect to their dog population size, human demographics, or environmental conditions,
the claim that ABC will lower the prevalence of non-targeted diseases in street dog

populations must be tempered. However, we would predict that many of the differences
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between cities would expect to result in greater disease prevalences in ABC cities (e.g.,
greater dog populations mean a larger pool of susceptible individuals), in contrast with
our findings. We suggest that by sterilizing and vaccinating against rabies, ABC programs
yield a healthier and more stable street dog population with lowered disease prevalence.
This has significant impacts for developing nations like India, where dogs live in close

contact with both humans and endangered wildlife.

CONCLUSION

Dogs in cities with ABC programs showed a significantly lower prevalence of
several diseases important to both dog and wildlife health. Only tick prevalence was higher
in ABC cities; and we echo others’ calls to include an ectoparasite control procedure in
ABC program design (Totton et al. 2011). Even so, untreated dogs in these ABC cities were

still significantly healthier than those in the city not undergoing ABC.
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Chapter 4: Short term survival of raccoons is unaltered by a

wildlife fertility control program

Andrew J. Yoak, Gwen Myers, Michael Barrie, Randall Junge, Barbara Wolfe, Priya

Bapodra, Matthew R. O’Connor, Stanley D. Gehrt, Ian M. Hamilton

ABSTRACT

Fertility control programs are increasingly important in wildlife
management practices. Because sterilization limits the ability for treated
individuals to allocate energy towards reproduction away from other potential
energy allocations (e.g. fighting disease), there is some evidence that fertility
control can increase survival of targeted individuals. Here we present a
randomized control study that investigates the survival of wild raccoons living on
grounds of a large suburban zoo. Treatments were split into three groups varying
in the application of sterilization and vaccines to assess the effect of each
independently. Monthly survival rates were assessed using a Barker Robust Design
model with 3.5 years of capture data. We found equivalent support for two models
in which survival was influenced by treatment group and a model in which all
treatment groups had equivalent survival rates (AICc = 1886.51 and 1886.44,

respectively). Apparent monthly survival was high (95%+) for all groups. This
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study provides no support for any substantial survival gains to sterilized or

vaccinated raccoons.

INTRODUCTION

Animal birth control (ABC, also called trap-neuter-release) is often heralded as a
solution to wildlife overpopulation, especially for some species that flourish in ecosystems
heavily modified by anthropogenic change (Garside et al. 2014, Killian et al 2007, Yoak et
al. 2014). Generally, ABC programs collect animals from a target species, sometimes
specifically selecting females as their sterilization more significantly affects population
growth than males (Reece 2007), and neuter them either by complete sterilization
(castration/spay) or functional sterilization (vasectomy/tubal ligation). Often, these
programs are combined with a vaccination protocol targeting a specific disease of concern
in an attempt to reduce its prevalence as the population size is lowered. The choice of
sterilization method is important, as maintaining normal hormone production would not
alter potentially key behaviors (territory maintenance, reproduction associated behaviors,
etc.) that, depending on the species, may be best eliminated (Bromley & Gese 2001b).
Using fertility control over more traditional practices like culling can be highly
controversial (Killian et al. 2007) and any treatment’s success can be dramatically affected
by a multitude of species-specific factors (Caughley et al. 1992). For example, fertility
control schemes with cats in the USA have been largely ineffective (Anderson et al. 2004)
but ABC in Indian street dogs has been remarkably successful (Reece 2007). Other non-
surgical methods have controlled insect populations using inherited sterility by genetic
modification (Gemmell et al. 2013) and for limiting reproduction in a broad range of

wildlife species using contraceptive vaccines (Kirkpatrick et al. 2011).
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When individuals in the population have their health buffered by fertility control,
it can have a beneficial effect on survival for both treated and non-treated members of the
population (reviewed by Gray & Cameron 2010). Sexually intact dogs living in cities with
ABC programs had lowered prevalence of several viral and bacterial pathogens compared
to similar dogs living in ABC-free cities. (Yoak et al. 2014). If an intervention reduces the
prevalence of the targeted disease, for instance the immuno-suppressive canine distemper
virus, it may increase the ability to resist other secondary non-targeted diseases.
Additionally, if ABC limits energy expenditure on reproduction, those resources could be
shifted towards normal homeostasis (Totton et al. 2011).

Raccoons (Procyon lotor) are a widely distributed and abundant mesopredator in
the United States. They can have significant ecological impacts and are important in the
disease dynamics of several serious pathogens, particularly rabies (Gehrt 2003, Rossatte
et al. 2006, Hirsch et al. 2013). In zoos, raccoon predation on collection animals is of some
concern, but the majority of the threat is perceived to be from the pathogens they carry
(Junge et al. 2007), most notably Baylisascaris procyonis (Kazacos et al. 1991), canine
distemper virus (Appel et al. 1994), and rabies (Slavinski et al. 2012). In zoos, lethal
removal of raccoons is a common practice (Pers Obs, A. Yoak) despite minimal evidence
to support its effectiveness. To our knowledge, there have been no published reports
outlining methods or results of this management approach. Outside of zoos, two separate
experimental lethal removals of raccoons intended to reduce the predation rates on sea
turtles (several species - Ratnaswamy et al. 1997, Caretta caretta - Barton & Roth 2007)
resulted in minimal gains to turtle nest success. Rosatte (et al. 2007) showed
recolonization of the depopulated areas occurs quickly (< 1 year) and mostly occurred not
because of invasion from the surrounding non-culled areas, but from local reproduction

by surviving residents.
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In an attempt to reduce the risks associated with raccoons on zoo grounds, the
Columbus Zoo and Aquarium began a Raccoon Health Program (RHP) in 2002 (Myers et
al. 2004). Initially, the program followed a standard trap-neuter-vaccinate-release
protocol, but in 2011, the RHP was restructured to a randomized control trial with more
rigorous data collection. As this was the first program of its kind for raccoons, it was
unclear how wild raccoons would respond to vaccination and sterilization. Here we
describe this new RHP study as it investigates the effects that sterilization and vaccination
have on raccoon survival by creating three treatment groups: a control (non-intervention),
a vaccine-only group (who were given several vaccines against common pathogens, anti-
parasitics, and care for injuries), and a vaccine-and-sterilization group (who received all
the treatments of the vaccine-only group but were also sterilized using tubal ligation and
vasectomy). We predict raccoon survival of vaccine-and-sterilization individuals will be
higher than vaccine-only individuals whose survival will be higher than the control group.
We hypothesize that vaccination directly protects against pathogens, antiparasite
treatment directly protects against parasites, and sterilization results in both reduced
energetic expenditure to reproductive activities and, potentially, increased ability to resist

infections.

METHODS

Ethics statement

The methods we employ in this study were approved by the Columbus Zoo animal
care committee and follow guidelines set by the American Society of Mammalogists

(Gannon et al. 2007).
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Study area

This research was performed on the grounds of The Columbus Zoo and Aquarium,
a semi-urban zoological park (40. 156° N, 83.118° W; Fig 5). The zoo covers 0.465 km2 and
an additional 0.174 km2 expansion was added during the final year of this study. The area
around the zoo is predominantly housing developments and young mixed-oak forest with
a large river running along the western edge.
Capture Methods

Live-trapping targeting raccoons began in Oct. 2011 and ended Sept. 2014 with
yearly winter breaks (approximately 3-4 months) in collection effort. Twenty-nine
Tomahawk traps (Tomahawk Live-Trap Co., Tomahawk, WI, USA) spaced at ~100 m
intervals (Fig. 5) were placed around zoo grounds out of view of visitor areas and 23
capture sessions were performed, each consisting of seven consecutive trap-nights.
Raccoons are nocturnal and active mostly at night (Gehrt 2003) so traps were opened in
the evening (18:30-20:30), set with wet cat food (9Lives, Del Monte Foods, San Fransisco,
USA ), and closed in the morning (6:00-8:00). Incidentally captured feral cats were taken

to the Delaware Country Humane Society and non-target native species were released.
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Figure 5. The grounds of the Columbus Zoo and Aquarium and the locations of raccoon
traps.
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Upon capture, animals were anesthetized with 4-5 mg/kg of tiletamine/zolazepam
(Telazol) (Kreeger & Arnemo 2007) then, if undergoing surgical procedures, intubated and
maintained using 1-1.5% isoflurane gas. Using a low dose of Telazol allowed raccoons to
quickly recover and minimized the impact of trap-induced stress on future trapping
success (Gehrt et al. 2001) and allowed veterinary staff more control on sedation. New
individuals were randomly assigned to either “Control”, “Vaccine-only”, or “Vaccine-and-
Sterilization” treatment groups. All individuals were given an ear tag, intra-scapular PIT
tag, rabies vaccine (IMRAB 3, Merial), treatment for trap injuries, and when recovered
fully from anesthetic, released at the area they were trapped. Animals in the control group
were given no additional treatment. Animals in the vaccine-only group were given vaccines
that protected against ten of the most common viral and bacterial raccoon pathogens
(Feline rhinotracheitis, feline calicivirus, panleukopenia, canine distemper, canine
adenovirus type 2, canine cornonavirus, canine parainfluenza, canine parvovirus, and the
Canicola and Icterohaemorragiae serovars of Leptospira) as well as palliative care
against any natural injuries (open wounds, broken teeth, etc.), moxidectin against
intestinal parasites, and frontline plus spray (fipronil and s-methoprene) against ticks and
fleas. Vaccine-and-Sterilization individuals received those same additional treatments but
were also sterilized by either tubal ligation or vasectomy. This sterilization technique
maintains normal hormone production and was selected in an attempt to limit behavioral
differences between groups.

Raccoons captured before the 2011 season were treated with a non-standardized
treatment protocol most resembling the vaccine-and-sterilization group because they
received some vaccines and were sterilized with tubal ligation and vasectomy. To ensure
consistent methods, these individuals were considered part of a separately analyzed

“Original Program” group.
48



Mark-Recapture Analysis

We estimated treatment group survival using a Barker Robust Design structure
model (Kendall et al. 2013) in program MARK (White & Burnham 1990) v8.0. This hybrid
type model combines the model structure of Pollack’s (1982) robust design, (allowing for
small, closed, secondary capture periods within the normal open sessions) and the
increased observation types (dead recoveries and non-trap sightings) possible in Barker’s
(1997) model. Thus, we are able to more accurately estimate survival by using information
that would have been excluded from other models. For a description of how program

MARK assesses survival, please see figure 6 and box 1.

Box 1. This information is a summarization of Kendall’s (et al. 2013) model. A
Barker Robust Design model (fig 6) in Program MARK uses a capture history format
characterized by a series of secondary captures (each a night of trapping, 1) which are
grouped together into single primary sessions (T). Within a primary session, the
population is considered closed with no death. This assumption is obviously inaccurate,
however it greatly increases the accuracy of the model’s estimations and, when secondary
periods cover a short time span, this assumption is only a minor alteration. The probability
of capturing individuals is informed by nightly capture sessions, which allows both the
probability of being available for capture (ax) and the probability of capturing individuals

given they are available for capture (px).
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Between primary capture periods, marked individuals can be sighted alive by some
auxiliary event or their body can be recovered. This allows survival (Sx) to be assessed
separately from individual’s fidelity to the capture area (Fx).

For example, a capture history for a 3 night capture session repeated twice would
have the following format):

LLLDLLLD

With L representing potential capture by the regular capture protocol and D
representing an opportunity for either an auxiliary observation outside the normal
capture program or the recovery of a carcass. An individual capture history of:

10021111

would represent an individual captured during the first night of the first session
(100), seen sometime between capture sessions (2), captured every night of the second
capture session (111), and whose carcass was recovered after the second session (1).

The Barker Robust Design model creates estimates of:

S (probability of survival from the previous time period),

r (probability that a deceased individual will be recovered),

R (probability that a surviving individual is detected by auxiliary observation),

R’ (probability that an individual is reported by auxiliary observation while alive
then later dies in that same time period),

a’ (probability that an individual is available for detection, contingent upon it
being previously unavailable in the prior time period),

a”(probability that an individual is available for detection, contingent upon it
being previously available in the prior time period),

F (probability than an individual stays in the the study area given it survives the

prior time period),
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p (probability that an individual is captured when it was available and alive)
and fo (the probability that an individual is seen by auxiliary observation when it

is available and alive).
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Figure 6. A Barker Robust Design model structure (see box 1 for parameter
description).

Several model structures were run, all focusing on survival variation between
treatment groups. Other model parameters that were likely not affected by any of our
treatments (i.e. the probability individuals are available to be detected and the probability
of detection) were considered equivalent values across treatment group divisions. The

survival parameter was tested for the effects of treatment type (original program, control,
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vaccine-only, and vaccine-and-sterilization), sex, a two season (winter/not winter) yearly
variation (adapted from Troyer et al. 2014), and the interactive effects between each. The
“winter” time period consists of the 3-4 month halt in trapping effort and “not winter” is
the remainder of the year. A parameterization of the effect of treatment group type in
which pre-2011 original program raccoons were combined with the full treatment (because
of similarities between these two groups) was also investigated. Model selection was
performed using Akaike’s information criterion with a correction for finite sample sizes

(AICo).

RESULTS

We captured 111 individual raccoons in 263 secondary sessions over 153 capture
nights (4437 trap-nights). Two individuals were immediately euthanized due to serious
injury and were excluded from analysis. Thirty-two raccoons were placed in the control
group, 31 into the vaccine-only group, and 30 into the vaccine-and-sterilization group.
Eighteen raccoons from the original program were recaptured throughout the course of
this study. Three deceased marked individuals, all from the vaccine-group, were recovered
on grounds by zoo staff.

The ten models with the lowest AIC. values are shown in table 3. The model which
posited survival was affected by the three treatment groups (in which original program
raccoons were pooled into full treatment) and a null model (wherein all treatment groups
have equivalent survival) were indistinguishable from each other using AIC. values. The
next two most parsimonious models, in which survival was affected by the season and by
sex, were less supported, however AAIC. was still under 2. The apparent monthly survival

rates when treatment groups are pooled together and when they are split into three groups
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(when original treatment individuals are grouped into vaccine-and-treatment) are all over

95%. These values are shown in figure 7a and 7b, respectively.
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Table 3 Model comparison for Barker Robust Design model structure analysis of

raccoon survival rates.

Variable definitions can be found in box 1. Model parameterizations were performed investigating the effect of our four treatment

groups (original program, control, vaccine-only, and vaccine-and-sterilization), three reduced treatment groups (wherein

original program is combined with vaccine-and-sterilization), sex, and a two-season (winter/not winter) variable; interactions

between each of the variables were also performed AIC.is Akaike’s Information Criterion corrected for small samples sizes,

AAIC.is the difference between the current and top-ranked model, model weight is the probability that this model is the best fit,

model likelihood is the relative support for the model, parameters is the number of parameters in the model, deviance is model

deviance. (.) following a parameter indicates that the value is constant.

Model Model
Model AIC. AAIC. Parameters Deviance
Weight Likelihood

S() +r()+R()+R()+a()+

1886.44 0.00 0.291 1.00 8 1433.63
a’() + F () +p() +f(.)
S(3 treatment groups) + r(.) +
R()+R()+a()+a”()+F()+ 1886.51 0.09 0.281 0.97 10 1429.40
p() +fo(-)
S(season) + r(.) + R(.) + R'(.) +

1888.13 1.70 0.124 0.42 9 1433.19
a’(.)+a”() + F () +p() +fo(.)
S(sex) +r(.)+R()+R()+a’()+

1888.34 1.90 0.112 0.39 9 1433.39
a’() + F () +pQ) +f()
S(4 treatment groups) + r(.) +
R()+R()+a()+a”()+F()+ 1888.68 2.24 0.088 0.33 11 1429.40
p() +fo(-)
S(3 treatment group x sex) + r(.)
+R()+R()+a()+a”’()+F() 1889.57 3.13 0.056 0.21 13 1425.88
+p() +fo()
S(season x sex) + r(.) + R(.) +
R() +a()+a’() + F()+p() 1889.93 3.49 0.047 0.17 11 1430.65
+fo(.)
S(season x 3 treatment group) +
r(.) + R()+R()+a()+a”()+ 1890.03 3.59 0.044 0.16 13 1426.34

F () +p(.) +fo()

Continued below
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Table 3 Continued
S(4 treatment group x sex) + r(.)

+R()+R()+a()+a”’()+F() 1894.05 7.61 0.006 0.02 15 1425.88
+p(.) +fo())

S(season x 4 treatment group) +

r(.) +R()+R()+a()+a”’()+ 1894.51 8.07 0.005 0.01 15 1426.34
F () +p() +f()
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DISCUSSION

As common as raccoons are in the urban landscape, there are surprisingly large
gaps in the knowledge base about their ecology and behavior (Gehrt 2003). Our goal was
to track individuals over their lifespan to measure the impact intervention policies had on
their demographics. Although we hypothesized that raccoon survival would benefit from
this intervention (because of reduced disease load and reduced allocation of energy to
reproduction), we found that apparent survival rates were not strongly affected by
functional sterilization (tubal ligation and vasectomy), at least on this time scale (3.5
years). The difference in AICc values for a null model, in which survival does not vary with
sex, season, or treatment, and a model in which survival was affected by treatment was
close to zero. For the model in which survival differences among treatments were
included, vaccine-and-sterilization individuals had the highest rate of survival, and

vaccine only individuals the lowest, but, overall, survival was generally high (Figure 7).
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Figure 7. Apparent monthly raccoon survival for the top two ranked models a. no
difference between treatments and b. survival differing by treatment group (when the
original program group is combined with vaccine-and-sterilization) with 95% confidence
intervals.
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Fertility control (employing various methods) has increased the survival rate of
horses (Turner & Kirkpatrick 2002), rabbits (Williams et al. 2007), and coyotes (for 2 of
three study years, Bromley & Gese 2001b). Sterilization that reduces all reproductive
behavior is predicted to decrease the transmission of Brucella abortus in bison (Bison
bison) as most infections occur because of contact with post-parturient material and from
mother to calf through milk (Miller et al. 2004). In captive mice, the method of
sterilization employed (complete vs. functional) did not influence the effectiveness of
reducing population growth rates (Chambers et al. 1999), suggesting that there were not
additional increases or decreases in mortality associated with the type of fertility control.
How this might translate to a wild environment where disease and behavioral differences
could substantially alter survival is unclear. Other studies have found fertility control can
have potentially negative effects on survival. For example, tubal ligated brushtail possums
(Trichosurus vulpecula) had increased Leptospira interrogans serovar balcanica
transmission rates compared to non-treated populations because of higher contact rates
as the hormonally normal female continuously copulated to become pregnant (Caley &
Ramsey 2001). Our study does not support either positive or negative influence of tubal
ligation on apparent survival, but if higher contact rates and subsequent infection
prevalence were predominantly in low-mortality diseases, it would not be detected here.

While one model in which season affected survival had a AAICec under 2, this was
the only high ranking model that utilized survival. Others have found no seasonal survival
trend (Troyer et al. 2014). This raccoon population does have substantial food
supplements from human trash which could either better prepare them for winter
hardship or sustain them throughout it. The slightly lower survival rates for vaccine-only
raccoons, seen in Fig. 7b, may also illustrate some of the peculiar conditions experienced

by this raccoon population. For example, the vaccine-only raccoon P219 was killed after
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entering the lion enclosure and unknown individuals have been reported to be killed by
alligators in the past; these are likely not common causes of death for Ohio raccoons. This
study is the first to measure survival in a population of raccoons living on zoo grounds but
it appears they are not significantly different from populations living in other areas (Troyer
et al. 2014).

Our methods likely have little impact on herd immunity as only 2/3 of individuals
in the program received vaccinations and it can be assumed that other unknown raccoons
either on zoo grounds or on its’ periphery play a role in disease dynamics. Schubert (et al.
1998) found that a canine distemper virus vaccination program focusing on raccoons
reduced the probability that individuals were infected with the virus; however, reducing
this burden did not increase local raccoon abundance, indicating that distemper was not
a significant limit to population growth. Canine distemper has been cited as a major source
of mortality in unharvested and high-density populations (Riley et al. 1998), both of which
apply to our study location. This would be expected to produce an increase in raccoon
survival because of reduced disease-related mortality (not only against distemper) but our
results do not support this effect.

In summary, these results do not suggest sterilization, vaccination, anti-helminthic
treatments, or palliative care increase the survival of treated individuals as predicted over
the time scale of this study. Population managers should not be concerned that by
implementing a fertility control intervention there will be negative effects, at least for

survival rate, on raccoon enrolled in the program.

59



ACKNOWLEDGEMENTS

Our field assistants, A Del Rio, M Estes, D Luevano, J Quellhorst, and M Yount,
provided invaluable support. L. Bigelow, MJ King T Wilhelm assisted with raccoon
treatment. W Kendall assisted with model creation in MARK. D Bolen, J Hellman, L
Hoskins, I Ligocki, and S Phang provided comments on an earlier version of this
manuscript. This work was funded by The Columbus Zoo- Ohio State University

cooperative grants program.

60



Chapter 5: A wild raccoon health program’s effects on

parasite load

Andrew J. Yoak, Gwen Myers, Michael Barrie, Randall Junge, Barbara Wolfe, Priya

Bapodra, Matthew R. O’Connor, Stanley D. Gehrt, Ian M. Hamilton

Abstract

Zoos represent a risky environment for the spread of pathogens as exotic animals
from disparate locations mix with native wildlife living on the zoo grounds. Keepers
typically mitigate the risks of disease spillover by removing local species that represent the
most serious threats; however these eradications are rarely complete. When these species
repopulate, it is often done rapidly and the resulting population can have lowered group
immunocompetency or skewed demographics that may increase the probability or severity
of outbreaks. A potential alternative to lethal depopulation is a vaccination and
sterilization campaign to produce a smaller, potentially healthier population by surgically
limiting reproduction and protecting against targeted diseases. However, these fertility
control programs focus mostly on post-intervention abundance, rather than the direct
consequences of fertility control on the health of targeted individuals. Here we describe
the results of a randomized control trial that measures the effect of vaccination and
sterilization on parasite prevalence in common raccoons (Procyon lotor) living on the
grounds of a large suburban zoo. We predicted lowered parasite prevalence in those

groups which received vaccination or vaccination and sterilization (vasectomy or tubal
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ligation) compared to controls. We found that vaccination, but not sterilization, reduced
parasite prevalence in males. However, females who had been vaccinated and
concurrently sterilized had higher parasite loads compared to control females. We suggest
that tubal ligation may increase contact rates and facilitate parasite transmission. This
suggests that the method of sterilization and sex being targeted may have an important

role in determining the success of interventions.

INTRODUCTION

Zoos are important locations for conservation science and endangered species
recovery. In addition, there are often resident populations of locally common wildlife
living on zoo grounds. Interactions between these resident species and zoo collection
animals may be of concern because disease spillover events from wildlife to collection
animals have occurred in rabbits (Sato et al. 2002), ratites (Kazacos et al. 1991), multiple
large cat species (Nagao et al. 2011, Appel et al. 1994), and many others.

Fertility control has been explored as a potential method of problem wildlife
species management (Killian et al. 2007) by seeking to reduce both the absolute number
of individuals and, in conjunction with vaccination schemes, the disease prevalence in a
target population. Fertility control utilizing surgical intervention can be categorized as
complete (removal of gonads, i.e. castration and spay) or functional (maintenance of
normal hormone production, i.e. tubal ligation and vasectomy) sterilizations. These
programs are often performed along-side vaccination programs to target specific diseases
of concern (Killian et al. 2007).

Fertility control programs have been found to impact disease (Totton et al. 2011,

Yoak et al. 2014). Reece and Chawla (2006) showed a significant reduction in the free-
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roaming dog (Canis lupus familiaris) population and complete elimination of human
rabies deaths in a densely populated Indian city over eight years by using large scale dog
vaccination and complete sterilization of bitches. Totton (et al. 2011) showed that
completely sterilized free roaming dogs had higher body conditions compared to their
sexually intact conspecifics in the same location, which they suggest is due to a lack of
engagement in reproductive behaviors (territory maintenance, fetal investment, increased
contact rates, etc.) which allocate energetic resources away from fighting pathogens.
Further, dogs living in cities with high sterilization proportions were significantly
healthier compared to sexually intact dogs living in other cities with lower sterilization
proportions (Yoak et al. 2014). These individuals who have higher overall body condition
and health should shed fewer parasites even if they become infected (Ezenwa 2004). In
contrast, functional sterilization though tubal ligation, which renders females sexually
active but sterile, may actually increase disease prevalence of sexually transmitted or
contact-dependent diseases by increasing contact rates because of constant hormonal
cycling (Caley & Ramsey 2001).

In zoos in Eastern North America, a common species of concern, is the Northern
raccoon (Procyon lotor). Raccoons are susceptible to many common, highly infectious
diseases including canine distemper virus (CDV) (Cranfield et al. 1984), feline parvovirus,
canine adenovirus type-1, Leptospira serovars (Junge et al. 2007, Jardine et al. 2011),
rabies (Berentsen et al. 2013) and Baylisascaris procyonis helminths (Page et al. 2008).
B. procyonis can cause potentially life threatening disease in humans (Gavin et al. 2002),
placing park visitors at risk as well. Raccoons are often considered “unwelcome” in other
nations (Garcia et al. 2011) as they have a high propensity to invade outside of their natural
range and wherever they populate, tend to predate on native wildlife (Barton & Roth 2007,

Garcia et al. 2011, Tkeda et al. 2004) and spread pathogens (Ikeda et al. 2004, LoGiudice
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2003). Both inside and outside of zoos, issues with raccoon populations have been
traditionally addressed by lethal removal, however these depopulation programs
sometimes fail to halt the issue of concern (Ratnaswamy et al. 1997) and the treated areas
are repopulated quickly (<1 year, Rosatte et al. 2007). Barton and Roth (2007) found that
lethal depopulation achieved a male:female skew of 10:1. They suggested this was driven
by male-biased dispersal from other areas potentially bringing diseases not previously
present in the focal area, in opposition to Rosatte (et al. 2007), who found that local
reproduction by remnant raccoons was a more important driver of repopulation. Lethal
removal can actually increase both the prevalence of contact dependent diseases and the
absolute number of infected individuals by increasing the birth rate in a depressed density
population (Choisy & Rohani 2006).

Because of the threats that raccoons and their pathogens pose and instigated by
known contact events between raccoons and captive animals, the Columbus Zoo and
Aquarium began a Raccoon Heath Program (RHP) in 2002 which attempts to lower the
raccoon population size while buffering their health against disease through vaccination
and functional sterilization (Myers et al. 2004). This sterilization method maintains
normal hormone production, in contrast to ovariohysterectomy or castration, was chosen
to minimize any hormonally driven change in raccoon behavior. In 2011, we introduced a
randomized control study that measures the impacts of sterilization and vaccination on
raccoon health by splitting the population into varying treatment groups: control (the non-
intervention group), vaccine-only (who received a series of vaccines and anti-parasitic
drugs), and vaccine-and-sterilization (which were functionally sterilized in addition to
receiving the vaccine-only group’s treatments). We predicted that both vaccine-only and
vaccine-and-sterilization treatments would exhibit lower parasite loads than controls

groups, because of the benefits of anti-parasitic drug treatment. We predicted that parasite
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loads would be further reduced in the vaccine-and-sterilization treatment females because
these animals can allocate more of their energy to resisting infection. This beneficial effect
of energy allocation should not be present in vaccine-and-sterilization male, which still
undergo spermatogenesis and engage in reproductive behaviors. As such, we predicted

there would be no difference between the two male intervention groups.

METHODS

Ethics statement

All methods presented here were approved by the Columbus Zoo animal care
committee (protocol approved 7/5/2011) and follow guidelines set by the American
Society of Mammalogists (Gannon & Sikes 2007)

Study area

The Columbus Zoo and Aquarium is a large suburban zoological park outside of
Columbus, OH, USA (40. 156° N, 83.118° W) with 10,000+ captive animals on grounds
and covers approximately 0.465 km2. An additional 0.174 km2 expansion was added
during the final year of this study, converting a grassland to mimic an African savannah
complete with exotic fauna. The surrounding area is mixed oak forest, housing
developments, and the park abuts a large river.

Study Species

The raccoon is a common mesopredator that has successfully adapted to living
around human development. Raccoon behavior is complex and shows considerable
variation over temporal and spatial scales (Gehrt & Frizell 1998, Pitt et al. 2008, Prange
et al. 2011). The breeding season occurs during the spring (Mar — May) and during this

time period males shift their territories to increase contacts with females (Gehrt & Fritzell
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1998). During the breeding season, larger, more dominant males consort with many
females while most females consort with one male (Gehrt & Fritzell 1999). Adult female
raccoons are the sole caretakers of young and have high (~95%) yearly pregnancy rates
(Asanto et al. 2003) and will continue estrous late into the season if the first pregnancy
fails or the female is not impregnated (Gehrt & Fritzell 1996). Male territories have been
found by some (Fritzell 1978) but it is typically observed that raccoons occupy overlapping
home ranges, occasionally forming coalitions that can then quickly dissolve (Gehrt &
Fritzell 1998, Prange et al. 2011). Raccoons, although previously thought to be nearly
entirely solitary, have recently been shown to contain complex social networks that are

unaffected by genetic relatedness (Prange et al. 2011, Hirsch et al. 2013).

Capture Methods

Raccoons were trapped for the final seven days of each of the following 23 months:
Oct and Nov 2011, Mar-Oct 2012, Apr-Sept 2013, and Mar-Sept 2014. Trapping was halted
for winter months (on average for 3-4 months) when low temperatures reduced raccoon
activity and to minimize impacts on raccoon health. In total, the trapping period consisted
of 23 sessions, utilizing 29 Tomahawk live traps spaced evenly around the zoo at
approximately 100 m apart (see fig 5). Traps were set in the evening between 18:30-20:30
and closed in the morning between 6:00-8:00. Non-target native species were
immediately released and feral cats were taken to the Delaware County Humane Society.

Upon capture, animals were anesthetized with Telazol and if new to the program,
were randomly assigned to one of three treatment groups (described below). All
individuals received an ID ear tag, intra-scapular PIT tag, rabies vaccine (IMRAB 3 TF,
Merial), and were then released within 12 hours at their original trap location. The rabies

vaccine likely had no impact on survival as the raccoon variant rabies strain was not
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present in central Ohio at the time of this study (Berentsen et al. 2013). All individuals
received supportive care for any injuries sustained because of the trap.

Raccoons were assigned to one of three treatment groups: control, vaccine-only,
and vaccine-and-sterilization. Control group raccoons received no additional treatment.
Vaccine-only animals received three additional vaccines against the diseases of most
concern: A combination feline rhinotracheitis-calci-panleukopenia vaccine (Merial), a
canine distemper-adenovirus type 2-coronavirus-parainfluenza-parvovirus vaccine with a
Leptospira canicola-icterohaemorrhagiae bacterin  (Recombitek C6, Merial).
Additionally, this group was administered a weight-specific dose of the anti-helminthic
drug moxidectin (ProHeart6, Fort Dodge), sprayed with tick and flea preventatives
fipronil and S-methoprene (Frontline Plus, Merial), and palliative care even for non-trap
induced wounds (broken teeth, old lacerations). Vaccine-and-sterilization individuals
received the same treatments as the vaccine-only treatment, but in addition, were
sterilized by either tubal ligation or vasectomy (where appropriate). Both vaccine-only and
vaccine-and-sterilization individuals’ vaccines were re-administered if it had been over a
year since the last booster, following veterinary advice.

Parasite Collection and Testing

While animals were anesthetized, fecal samples were taken rectally and individuals
were thoroughly searched for fleas and ticks. Some individuals’ colons did not contain
enough fecal material for testing so samples were not collected at every capture. Samples
were tested in the Columbus Zoo diagnostic lab within 24 hours by centrifugal float and
smear tests for the presence of intestinal parasites. Infestation intensity measurement

methods varied throughout the study, so we utilize only presence or absence here.
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Identification to genus was made, when possible, based on egg shape and a single egg was
enough to confirm infection.
Statistical Analysis

Differences between groups were assessed using generalized estimating equations
(GEE) in SPSS v22 (IBM Corporation) with raccoon ID as a subject variable and the days
since the individual’s first treatment began as within-subject variable. This method allows
multiple captures from some individuals to not overly influence the results. To ensure any
differences between groups were not influenced by non-random initial differences in
parasite load, presence of parasites at the initial capture (before any treatment had been
given) were compared between sexes and treatment groups. To test for differences among
treatments, we used only recaptures (i.e. captures after the individual entered the
program). Treatment group, sex, and season were included as fixed effects in the model,
along with the interaction of sex and treatment group. Seasonality of infection was
investigated using a two season variable: wherein “Spring” captures included Mar-June
and “Fall” included July-Nov (adapted from Mitchell et al. 1999). We built separate
models for the following response variables: presence/absence of both any parasite and
each parasite species individually (using a binomial logistic model) and the absolute

number of individual intestinal helminth species (using a Poisson log-link model).

RESULTS

Initial differences between groups

There were significant differences at the initial capture between the sexes for
Toxocara and between treatment groups for Trichuris infection. We did not find

significant differences between treatment groups, sex, or season for parasite presence of
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any other species, or for parasite species abundance (see Suplementary Table 4 in
Appendix C).
Ectoparasites

We did not find significant effects of treatment group, sex, season, or the

interaction of sex and treatment group on the presence of ectoparasites (ticks and fleas)
(Table 4).
Gastrointestinal Helminths

There was a significant effect of the interaction between sex and treatment groups
on endoparasite presence and helminth species count. Vaccine-only and vaccine-and-
sterilization males had significantly lower general parasite prevalence compared to control
males (Fig 8). The vaccine-and-sterilization group females had significantly higher general

parasite load compared to vaccine-only and control females (Fig 8).
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Baylisascaris procyonis presence was significantly affected by the season (Fig 9a),
with higher disease load in the fall (EMM: 0.29, CI: 0.14-0.51) compared to spring (EMM:
0.08, CI: 0.03-0.22), but not raccoon sex or treatment group (Table 4, Fig 9b, and Fig 9c).
For the other individual parasite species, there were no significant effects of season, sex,
treatment group, or the interaction between treatment group and sex on probability of
infection. Some calculations of treatment group by sex and treatment group could not be
performed because the low prevalence of infection caused incomplete separation of the

data.
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Table 4 The effects of seasonality, sex, treatment group, and the interaction between
treatment group and sex on gastrointestinal helminth prevalence and abundance, as well

as ectoparasite load for all captures past the initial treatment date.

Treatment Treatment
Season Group (df =  Group + Sex
(df=1) Sex (df=1) 2) (df =2)
Parasite Type _ _ _ _
X?=1.992, X?=0.443, X*=3.918, X*=13.932,
Count p=0.158 p=0.506 p=0.141 p=0.001
Any
Intestinal
X?=0.177, X2=0.991, X2=4.591, x2=6.911,
Parasite p=0.674 p=0.320 p=0.101 p=0.032
Presence
Ancyclostom ¥2=0.508 ¥2=0.390
R R N/A N/A
a# p=0.476 p=0.533
Baylisascaris X*=4.150, X*=0.001, X*=2.098, X*=5.137,
P=0.042 p=0.971 p=0.350 p=0.077
Capillaria* X*=0.655, X*=0.038, N/A N/A
p=0.418 p=0.846
Coccidiat X*=0.094, X*=0.845, X*=1.723, N/A
p=0.759 p=0.358 p=0.423
Trichuris* X*=0.616 X*=0-225, N/A N/A
p=0.433 p=0.635
Any ¥2=0.010, X?=2.000, X?=0.712, X*=4.393,
Ectoparasite p=0.921 p=0.156 p=0.700 p=0.111

Tindicates the Treatment group + Sex interaction was removed because prevalence was so low the

data were quasi-separated. ¥Treatment group and Treatment group+sex were removed because of

low prevalence causing quasi-separation.
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DISCUSSION

Here we demonstrate that at minimum, a vaccination/anti-parasitic treatment is
effective in reducing both the overall occurrence and species abundance of intestinal
parasite infection in male raccoons. It is unsurprising that there are no differences in
parasite load between the two higher intervention male treatment groups because vaccine-
and-sterilization males differed from vaccine-only males in the additional burden of
undergoing a surgical procedure but should not differ substantially in behavior (Bromley
and Gese 2001b). Vasectomies do not affect spermatogenesis in male domestic cattle over
the short term (20 weeks, Amann 1962) however it appears to slow spermatogenesis over
the a longer time period (20+ years) in humans (Xiang et al. 2013). It is unclear to what
effect vasectomy has on spermatogenesis at the time scale relevant to our study (1 month
— 3.5 years), but if a reduction occurs, it may release a non-insignificant amount of energy
for alternative use (Thomsen et al. 2006). At least for male parasite load, we find support
for our hypothesis that vaccination/anti-helminthic treatment has a beneficial effect and
that sterilization has no effect. Additional work should be performed to determine the
effect of vasectomy on raccoon spermatogenesis.

For females, however, we did not find a difference between control and vaccine-
only groups and found higher parasite loads in the vaccine-and-sterilization group.
Whereas our vaccine-only females could become pregnant and then should then cease
their reproductive behavior (Gehrt & Fritzell 1996), tubal ligated females may have
continuously expressed courtship and copulation behaviors, resulting in increased
breeding season length for these females. As a result, diseases may have increased
transmission rates because of changes to reproductive contacts (Caley & Ramsey 2001) or

because a greater allostatic load would increase immunosuppression (Eberhardt et al.
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2013). Female brushtail possums (Trichosurus vulpecula), a species with similar ecology,
that underwent tubal ligation showed significantly higher transmission rates of a contact
dependent pathogen (Leptospira interrogans serovar balcanica) than unsterilized
controls (Caley and Ramsey 2001).

Raccoon helminth epidemiology is complex, and while our treatments have a
significant effect on prevalence, there are numerous other factors that may influence
parasite load (Wright and Gompper 2005). As the anti-helminthic treatments discussed
here only clear the digestive tract of helminths of current infestations and provide minimal
future protection (Pers Communication, Gehrt and Prange), re-infection is assumed to be
an important factor in our treated groups. Gastro-intestinal parasite epidemiology is
complex, especially considering parasite species have varying life history characteristics
and that anti-helminthic treatments have produced mixed results (Foster et al. 2006).
Experimentally increasing raccoon contact rates using food supplementation increased
the overall prevalence and abundance of gastrointestinal helminths, mostly those parasite
species that are directly transmitted between hosts (Wright & Gompper 2005).

Wildlife fertility control has been shown to increase the overall health of both the
targeted individuals (Totten et al. 2011) and neighboring conspecifics (Yoak et al. 2014).
Immunosuppressed or energetically depleted individuals suffer higher mortality rates
from infection and shed significantly more parasite eggs when infected (Ezenwa 2004).
Here we show raccoon parasite load is measurably affected by supportive care and
vaccination. However, we did not find a beneficial effect of sterilization on parasite load.
Male parasite load is more positively influenced by anti-helminthic and vaccine treatment
while females are most dramatically and negatively affected by tubal ligation. Rigorous
zoo raccoon management plans that incorporate anti-helminthic and vaccination

treatments may see benefits from a lowered force of infection from their resident native
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wildlife to both visitors and collection animals. Future studies should evaluate the effects
of complete gonadectomy, which may reduce behaviors that increase potentially disease

spreading contacts and decrease reproduction-related stressors.
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Chapter 6: Conclusion

Wildlife fertility control is being expanded to new species as its effects become
better understood and the barriers to entry are lowered (Grey & Cameron 2010, Killian et
al. 2007). The method of sterilization and specific traits of the species it is applied to
appears to have a large effect on the success or failure of any population control program
(Caley & Ramsey 2001, Kirkpatrick et al. 2011, Reece 2007). Here, I've sought to explore
the effects of two fertility control programs in two disparate species.

In chapter 2, I found that street dog fertility control outperformed lethal control
program at reducing the population size in an agent based model of a street dog
population. Additionally, ABC did not produce the potentially negative skew toward a
younger population that occurs in lethal programs, while simultaneously vaccinating a
high proportion of the population. In chapter 3, we explored the effect that past
investment into ABC programs by three Indian cities had on disease prevalence in sexually
intact street dogs. There was a general trend towards lowered prevalence in those cities
with longer ABC programs, showing that ABC enhanced the overall health of even non-
treated dogs. Chapters 4 and 5 reported the results of a sterilization and vaccination
program in a raccoon population living on grounds of a large zoo. We found minimal
effects on survival rates, but sex-dependent differences on general parasite presence.
Males benefited from treatment, but sterilized females experienced a negative effect. This
result highlights how influential the sterilization method can be and due to differences in
reproductive behavior between sexes, how the sexes experience sterilization differently.

We were able to examine the effect of fertility control on both the targeted

individuals (in raccoons) and their conspecific neighbors (in dogs) by utilizing diverse
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research methods. This body of work examined many facets of fertility control with both
modeling and real-world studies.

Canine fertility control is well established and an effective method for controlling
dog populations in areas where they are not strictly managed by private individuals (Reece
& Chawla 2006, WHO/WSPA 1990). This work confirms and expands on the current
literature of dog population management (Reece & Chawla 2006, Totton et al. 2011, Yoak
et al. 2014) by demonstrating explicitly the beneficial results of fertility control over lethal
control when applied to the same population and creates a tool that can be used to test
other hypotheses of disease ecology or demographic shifts (Chapter 2).

Raccoon fertility control may be a viable option for zoo managers, but should be
combined with a vaccination program targeting specific diseases of concern (Myers et al.
2004, Schubert et al. 1998). Other studies have demonstrated that tubal ligation has
significant effects on the behavior of females (Caley & Ramsey 2001) and chapter 5 seems
to confirm this in female raccoons. Because of these potentially negative behavioral side

effects, complete sterilization should be investigated as an alternative.
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Appendix A: Model Local Sensitivity Analysis (Chapter 2)
Table 5. Local sensitivity analysis of the relative effect on dog population size for
Informed-Absolute ABC and Informed-Absolute Lethal control methods

Parameter _ Reference  Reference  Quality Of ' oo o\ posi i athal's- Lethal s+
Meaning of Parameter Value Source Knowledge
A Surv Adult yearly survival rate 07 Ree;gozt al 5 1457 1345 1828 1678
J Surv Juvenile Yearly Survival Rate 0.25 Ree;:goest al 5 2445 2536 2143 21.79
Daily Chance Daily chance_ of dog control agents 0.88 Unpublished 5 1692 1468 1916 19.37
being spawned data from Reece
Released Dogs ~ /érag¢ number of owned dogs 2 No data 1 2266 2237 1949 2065
abandoned each day available
Bag Limit Average number of dogs caught by 65 Unpublished 5 1632 1355  19.06 1978
each control van data from Reece
Maxi iff N
Zone Variability aximum percentage difference 20% o data 2 203 19 194 211
between each zone's carrying capacity available
Limi i N
K imit on Qensny around a dog above 081 o.data 9 2560 2599 20,94 2150
which they cannot breed. available

Table 6. Local sensitivity analysis of the relative effect on the number of interventions
(surgeries/euthanasia) performed for Informed-Absolute ABC and Informed-Absolute

Lethal control methods.
Parameter _ Reference  Reference  Qualityof ')\ ) po o) othals- Lethal s+
Meaning of Parameter Value Source Knowledge
A Surv Adult yearly survival rate 0.7 Reeggozt al. 5 19950 19.348 19988  20.016
Isurv Juvenile Yearly Survival Rate 0.25 Reeggo';f al. 5 2021 2005 1999 = 199
Daily ch f | lish
Daily Chance DIV chance of dog control agents 0gg  Unpublished 20956 20530 21021 21024
being spawned data from Reece
A ber of d d No dat
Released Dogs ' C'2g¢ numberotowned dogs 2 0 data 1 20073 19986 19.968  19.947
abandoned each day available
Bag Limit  \Verage number of dogs caught by g5  Unpublished 20943 20009 21074 20,943
each control van data from Reece
Zone Variability | Mamumpercentage difference 20% No data 2 19902 19901 19979 19.987
between each zone's carrying capacity available
Limi i N
K imit on t?lensny around a dog above 081 o.data ) 20227 20078 19994 20035
which they cannot breed. available
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Appendix B: Test kit sensitivity and specific (Chapter 3)

Table 7. Sensitivity and specificity of BioGal ELISA test kits

Disease Sensitivity  Specificity
Brucella canis 98% 93%
Ehrlichia canis 100% 94.1%
Leptospira serovars 80% 60%
Infectious Canine Hepatitis 98% 86%

Canine Parvovirus
IgM 91.4% 90.8%
IgG 997% 100%
Canine Distemper Virus
IgM 93.1% 95.5%
IeG 95% 100%
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Appendix C: Drivers of parasite presence (Chapter 5)

Table 8. The comparisons between individuals' general parasite presence based on
seasonality, sex, and treatment group.

Season (df=1)

Sex (df=1)

Treatment

Group (df = 2)

Parasite Species
Count
Any Intestinal

Parasite Presence

Ancyclostoma X2=0.585, p=0.444 X2=1.642, p=0.200 X?=0.493, p=0.781
Baylisascaris X2=0.202, p=0.653 X2=0.893, p=0.345 X2=0.118, p=0.943
Capillaria X2=0.211, p=0.646 X2=0.010, p=0.919 X2=1.966, p=0.161
Coccidia ¥X2=0.121, p=0.728 X2=2.238, p=0.135 X2=1.456, p=0.483
Toxocara X2=1678.500, p=0.000  ¥3*=0.520, p=0.471 X2=0.895, p=0.639
Trichuris X2=0.002, p=0.967 X2=0.192, p=0.662 ¥X2=1521.612, p=0.000
Any Ectoparasite X2=0.227, p=0.634 X2=1.290, p=0.256 X2=1.446, p=0.485

X2=0.491, p=0.483

X2=0.014, p=0.906

X#=0.005, p=0.943

X2=0.881, p=0.348

X2=1.208, p=0.537

X2=0.068, p=0.967
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