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Emerging infectious diseases in wild animals threaten global biodiversity as
well as domestic animal and human health. Their unprecedented increase in
conjunction with anthropogenically induced range shifts of endemic pathogens
exposes hosts to novel parasite combinations, lending urgency to research on disease
dynamics in wildlife systems. In natural populations, hosts must concurrently battle
infection from multiple parasite species. Host fitness, disease severity, transmission
rate, host susceptibility, and effective control all depend on the dynamics of the
parasite community. However, the bulk of research on infectious diseases—their
transmission and fitness effects—is limited to one-host and one-parasite systems. It
has become apparent that a broader perspective, which incorporates interactions
among pathogens within and between hosts, is necessary to predict the outcome of co-

infection. In this dissertation, I examined the role of co-infection for host
immunology, host fitness, and disease dynamics. Specifically, I examined the role of
two intestinal parasites, coccidia and nematodes, and two intracellular pathogens,
Brucella abortus and Mycobacterium tuberculosis, in a free-ranging population of
African buffalo.
First, I examined coccidia and nematode infection patterns in buffalo at
Hluhluwe Imfolozi Park (HIP), South Africa, to test the hypothesis that co-infection
and season interact to influence the distribution and severity of infections (Chapter 2).
I tested for a role of infection and co-infection on three proxies for host fitness: host
pregnancy, host body condition, and parasite aggregation. By examining host fitness
costs across seasons and in different demographic groups, this work showed that the
effects of infection were most pronounced in the dry season and with co-infection.
Then, I investigated the infection patterns, host fitness, and population level
consequences of B. abortus infection in African buffalo of Kruger National Park
(KNP), South Africa. I evaluated the use of an enzyme-linked immunosorbent assay
(ELISA, IDEXX Brucellosis Serum Ab Test) for diagnosis of brucellosis, the disease
caused by B. abortus (Chapter 3), and applied it to understand the environmental and
demographic variation in the individual-level survival and fecundity costs of infection
(Chapter 4). Brucellosis infection was associated with increased mortality and
condition-dependent reductions in reproductive success. By summarizing these
individual level consequences with a mathematical model, I explored how condition-

dependent variability in vital rate parameters and disease effects translates into
contrasting outcomes of brucellosis infection for population growth.
Finally, I re-examined the influence of co-infection in the context of
brucellosis by investigating how an emerging pathogen, M. bovis, the causative agent
of bovine tuberculosis (bTB), alters host immunity, infection patterns, fitness costs,
and the dynamics of brucellosis infection (Chapter 5). These results showed a positive
association of bTB and brucellosis infections among hosts, and altered survival,
susceptibility, and immunity with infection. Together, these studies demonstrate the
importance of understanding the strength, direction, and context-dependency of
interactions between co-infecting pathogens.
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1 – General Introduction
In wildlife populations, hosts are commonly co-infected with multiple parasites
species. Despite the ubiquity of co-infection, parasitology research has historically
been limited to one-host, one-parasite systems (Pedersen and Fenton, 2007). While
these studies have documented important effects of disease on individual host health
(Neta et al., 2010), host population dynamics (Pedersen and Greives, 2008), and
ecosystem health (Hatcher et al., 2012), mounting evidence suggests that interactions
among co-infecting parasites play a fundamental role in the dynamics of infection
(Jolles et al., 2008; Telfer et al., 2010; Pedersen and Antonovics, 2013) and the nature
of host-parasite interactions (Fenton, 2013). Co-infecting pathogens can be the most
important predictors of subsequent infections (Telfer et al., 2010) as well as moderate
the survival and fecundity costs of infection Graham et al., 2005; Pedersen and
Greives, 2008). These studies highlight the importance of considering parasite
interactions in natural populations. However, predicting the outcome of co-infection
for host populations and disease dynamics requires an understanding of the processes
driving both within host interactions and between host transmission dynamics.
Community ecology and immunology provide a framework examine the
interactions among co-infecting species. Within the host, parasites may interact
directly, by competing for host resources, or indirectly, mediated through the host
immune system (Pedersen and Fenton, 2007). For example, if parasite species are
cleared by the same effector mechanisms, immune activation by one pathogen might
!
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enhance clearance of the other pathogen (Stewart et al., 1999; Pedersen and Fenton,
2007). Conversely, for parasites regulated by opposite immunological mechanisms,
such the immune responses to micro-parasites (bacteria, viruses) and macro-parasites
(helminthes, ticks), immune activation by one parasite may result in increased
transmission or severity of other parasites (Graham et al., 2005). The magnitude and
direction of these direct and indirect effects is important because they predict opposite
host fitness and epidemiological consequences of co-infection. A few studies have
explicitly linked within-host processes to population level disease patterns, thereby
clarifying the mechanisms regulating disease dynamics (Abu-Raddad et al., 2006;
Wearing and Rohani, 2006). Therefore, a better knowledge of the ecological and
immunological context of co-infection is essential for predicting their implications for
wildlife disease management.
This dissertation research aims to understand how within-host processes
translate to population level disease dynamics and host fitness. I investigated the
interactions between (1) two groups of intestinal parasites, coccidia and nematodes
and (2) the immune mediated interactions between two facultative intracellular
pathogens, Mycobacterium bovis and Brucella abortus in African buffalo (Syncerus
caffer). In chapter 2, I examined coccidia and nematode infection patterns in buffalo
at Hluhluwe Imfolozi Park (HIP), South Africa, to test the hypothesis that co-infection
and season interact to influence the distribution and severity of infections. Nematode
parasites are a diverse group of macroparasitic (extracellular parasites) worms and
!
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coccidia are highly immunogenic protozoan microparasites (intracellular parasites).
Interactions between coccidia and nematode parasites have been well documented in
experimental laboratory systems (Cox, 2001), emphasizing the importance of the
opposite and cross-regulating immune responses they invoke (denoted T helper type 1,
Th1 vs T helper type 2, Th2 respectively, Morel and Oriss, 1998). As a result, hosts
have difficulty simultaneously mounting a strong response to both parasites and have
been shown to experience increased disease severity (Graham, 2008; Jolles et al.,
2008). I tested for a role of infection and co-infection on three proxies for host fitness:
host pregnancy, host body condition, and parasite aggregation. Variation in
demographic (age, sex) and seasonal (wet vs. dry) sampling conditions allowed me to
explore when the effects of co-infection were most pronounced. These results show
that demographic and seasonal variation may mediate the effects of parasites and their
interactions on the distribution and fitness costs of infection.
In chapters 3 and 4, I investigated the patterns of brucellosis infection in
African buffalo of Kruger National Park (KNP), South Africa. Brucellosis is a disease
of economic and zoonotic importance, especially in sub-Saharan Africa where the
epidemiology and impact of the infection remain relatively undocumented
(McDermott and Arimi, 2002). In chapter 3, I evaluated the use of an enzyme-linked
immunosorbent assay (ELISA, IDEXX Brucellosis Serum Ab Test) for diagnosis of
brucellosis in African buffalo. I compared the ELISA to two additional serological
tests, the Rose Bengal test and the complement fixation test. I optimized the ELISA’s
!
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cut-off value for buffalo within KNP and estimated its sensitivity and specificity. This
work shows that after adjustment of cut-off values for South African conditions, the
IDEXX Brucellosis Serum Ab Test could be a valuable test for diagnosis of
brucellosis in Kruger National Park’s African buffalo.
In chapter 4, I applied the diagnostic tools evaluated in chapter 3 to understand
brucellosis’ infection patterns and fitness costs. I combined a geographically
extensive, 7-year dataset compiled as part of KNP’s brucellosis surveillance effort,
with data from a longitudinal study where brucellosis infection, survival and
reproduction were monitored for four years in 146 individual buffalo to investigate
landscape-level variation in brucellosis prevalence and its resource-dependent fitness
effects. Brucellosis infection was associated with increased mortality and conditiondependent reductions in reproductive success. I used a mathematical model to explore
how resource-driven variability in vital rates and disease effects among buffalo herds
may translate to contrasting outcomes of brucellosis infection for herd health. These
results suggest that brucellosis infection can potentially result in reduced population
growth rates, and because fecundity reductions due to brucellosis were driven by
females in poor condition, the disease may contribute to population regulation by
imposing a density-dependent growth decrement on buffalo populations.
My final chapter re-examined the influence of co-infection in the context of
brucellosis, by investigating how an emerging disease, bovine tuberculosis (bTB)
alters the infection patterns, fitness costs, and dynamics of brucellosis infection. Both
!
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B. abortus and M. bovis are intracellular bacteria and upon exposure to bTB or
brucellosis infection, hosts up-regulate their immune response that is directed towards
controlling intracellular bacterial infections. By contrast, during the chronic stages of
infection, both bacteria interact with the host's immune system to cause local immunesuppression. Within KNP, bTB has been spreading south to north within the park
since its introduction in the late 1960s. It is present in southern herds at 40-50%
prevalence and 20-30% in the central area. In this chapter, I investigated if immunemediated interactions between brucellosis and TB may alter the dynamics of
brucellosis infection. I measured three proxies for host immunity (lymphocyte
proliferation, the concentration of interferon gamma, and the bactericidal killing
capacity of whole blood) to examine how immunity changes through the course of
infection and co-infection. I then tested for parallel changes in the susceptibility to or
mortality costs of infection to explore if the immune-mediated changes associated with
bTB infection could be responsible for the observed infection patterns. I observed a
strong positive association of TB and brucellosis infections among hosts, and altered
survival, susceptibility, and immunity with infection. Therefore, these results
emphasize the importance of understanding how the introduction of new diseases
affects the fitness costs and dynamics of native pathogens. The ability to predict the
outcome of co-infection may be important to mitigate the impacts of new diseases on
host populations.
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In conclusion, these studies demonstrate the importance of understanding the
strength, direction, and context-dependency of interactions between co-infecting
pathogens. They contribute to a growing field linking within host processes to disease
dynamics in the wild (Wearing and Rohani, 2006; Ezenwa et al., 2010; Fenton, 2013)
and emphasize the value of applying an ecological and immunological framework to
understanding disease patterns in natural populations.
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2 – Costs of co-infection in a seasonal environment: gastrointestinal parasites in
African buffalo

Erin E. Gorsich,Vanessa O. Ezenwa, Anna E. Jolles

Currently in review in the Journal of Animal Ecology
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ABSTRACT
Co-infections are common in natural populations and interactions among coinfecting parasites can significantly alter the transmission and host fitness costs of
infection. Because both exposure and susceptibility vary over time, predicting the
consequences of parasite interactions on host fitness and disease dynamics may
require detailed information on their effects across different environmental (season)
and host demographic (age, sex) conditions. This study examines five years of
seasonal health and co-infection patterns in African buffalo (Syncerus caffer). We use
data on two groups of gastrointestinal parasites, coccidia and nematodes, to test the
hypothesis that co-infection and season interact to influence (1) the distribution and
severity of infections and (2) three proxies for host fitness: host pregnancy, host body
condition, and parasite aggregation. Our results suggest that season-dependent
interactions between nematodes and coccidia affect the distribution and severity of
infections. Coccidia prevalence, coccidia intensity and nematode prevalence were
sensitive to factors that influence host immunity and exposure (age, sex, and season)
but nematode intensity was most strongly predicted by co-infection with coccidia and
its interaction with season. Body condition was negatively associated with nematode
burdens and had context dependent associations with coccidia. However, the
influence of co-infection on host body condition and parasite aggregation occurred in
the early wet seasonal. Co-infected buffalo in the early wet season were in worse
condition, had a less aggregated distribution of nematode parasites, and lower
!
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nematode infection intensity than buffalo infected with nematodes alone. We did not
detect an effect of infection or co-infection on pregnancy. These results suggest that
demographic and seasonal variation may mediate the effects of parasites, and their
interactions, on the distribution and fitness costs of infection.
INTRODUCTION
In free ranging populations, hosts are commonly co-infected with more than
one parasite species. Co-infecting parasites may interact, and mounting evidence
suggests that these interactions are critical to understanding the dynamics of host and
parasite communities in the wild (Telfer et al., 2008; Ezenwa and Jolles, 2011). Coinfecting parasites have been shown to alter infection risk (Telfer et al., 2010),
infection burdens (Pedersen and Antonovics, 2013), and the fitness consequences of
infection (Graham et al., 2005). For example, competition between co-infecting
parasites may result in decreased infection severity (Dobson and Barnes, 1995);
alternatively, suppression of the host immune response by one parasite may increase
the likelihood or severity of infection with another parasite (Su et al., 2005; Bandilla et
al., 2006). These studies highlight the importance of parasite interactions, yet our
ability to predict the dynamics and host fitness consequences of interacting parasites in
the wild remains limited.
Gastrointestinal (GI) parasites are ubiquitous, taxonomically diverse, and cause
mortality, or declines in condition and / or reproduction in a variety of livestock
(Larsson et al., 2006) and wildlife systems (Gulland, 1992; Stien et al., 2002; Pedersen
!
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and Greives, 2008). GI parasites can affect their hosts by directly consuming host
resources or indirectly by damaging intestinal function (Stewart and Penzhorn, 2004),
altering host behavior (Adelman and Martin, 2009), or disrupting the control of coinfecting parasites (Jolles et al., 2008). The magnitude of these direct and indirect
effects, and thus their impact on host fitness is likely to be dependent on the host
immune response (e.g. Adelman et al., 2013). Seasonal resource availability is
directly related to the host immune response (Demas, 2004; Altizer et al., 2006) and
mediates the intensity of infection (Ezenwa, 2004) and host survival (Pedersen and
Greives, 2008). In young animals or sub-optimal environmental conditions, hosts
prioritize growth and self-maintenance over immunity (Cotter et al., 2011; Eraud et
al., 2008), potentially resulting in seasonal increases in infection severity. Thus,
predicting the consequences of parasites and parasite interactions on host fitness and
disease dynamics may require detailed information on the effects of GI parasites on
individual condition and fitness across different environmental (season) and host
demographic (age, sex) conditions.
Interactions between coccidia and nematode parasites, two common
components of GI parasite communities, have been well documented in laboratory
systems (Cox, 2001). Nematode parasites are a diverse group of macroparasitic
(extracellular parasites) worms and coccidia are highly immunogenic protozoan
microparasites (intracellular parasites). Coccidia replicate within the epithelial cells of
the intestinal mucosa, often resulting in physical damage and activation of the mucosal
!
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immune system (Stewart and Penzhorn, 2004). The host immune system likely plays
an important role in the interactions between nematodes and coccidia because
intracellular and extracellular parasites invoke opposite and cross-regulating immune
responses (denoted T helper type 1, Th1 vs T helper type 2, Th2 respectively, Morel
and Oriss, 1998). As a result, hosts have difficulty simultaneously mounting a strong
response to co-infection by intracellular and extracellular parasites, leading to
increased disease severity in co-infected animals (Graham, 2008; Jolles et al., 2008).
Thus, immune-mediated interactions between coccidia and nematodes are likely
because of their shared location within the host gastrointestinal tract and the opposing
immune responses they invoke.
This study explores how coccidia-nematode co-infection influences the
prevalence, intensity, and fitness costs of infection in African buffalo, a host
commonly co-infected with both parasites (Quandt et al., 1997; Penzhorn, 2000). Like
most ruminants, buffalo body condition (Ezenwa et al., 2009; Parker et al., 2009) and
some immune responses (Beechler et al., 2012) vary seasonally with resource quality.
Buffalo body condition mirrors resource quality at a 2-4 month lag (based on fecal
nitrogen; (Ryan et al., 2012) and thus, buffalo reach peak condition in the late wet
season/early dry season and are in the poorest condition in the late dry season/early
wet season (Caron et al., 2003). Further, both coccidia and nematodes have a fecaloral transmission route where infective stages can accumulate in the external
environment, and, as a result, exposure is known to vary seasonally (Horak et al.,
!
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1994; Stewart and Penzhorn 2004). Exposure, immunity, and mortality may all
influence the distribution of parasites among hosts, or parasite aggregation (Wilson et
al., 2002). Because host immune responses and parasite exposure vary over time, we
predict that the strength of immune mediated interactions, and thus the fitness costs of
co-infection, will be exacerbated during times when animals are in poor condition. If
host mortality is dose-dependent, then reduced parasite aggregation may be indicative
of mortality in highly infected individuals. We use a 5-year dataset on seasonal health
and infection patterns of 1375 African buffalo to establish seasonal patterns of
infection and co-infection. We, then examine three proxies for host fitness—host
pregnancy, host body condition and parasite aggregation —to evaluate how coinfection and season interact to influence host fitness.
METHODS
Study Site and population
African buffalo (Syncerus caffer) were sampled at Hluhluwe-iMfolozi Park
(HIP), located in KwaZulu-Natal, South Africa (28°14’S, 31°54’-32°03’N), as part of
a test-and-cull program aimed at limiting the spread of bovine tuberculosis. HIP is
home to approximately 3,000 buffalo in fairly stable herds of 70-180 individuals
across its 900km2 area. Rainfall is seasonal, occurring from September/October to
March/April and varies geographically throughout the park (Berkeley and Linklater,
2010). Buffalo were captured annually from 2002 to 2006 between April and October.
Different areas of the park were targeted each year, resulting in 1375 sampled buffalo.
!
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Buffalo were herded using a helicopter into a capture corral within the park and all
captured buffalo were marked with brands to allow identification in subsequent
captures. Each animal was monitored for infections, age, sex, and body condition.
Because HIP’s captures were conducted to control bovine tuberculosis (bTB) spread
through the park, bTB positive animals were culled. Branded individuals were
released and if recaptured, were not included in this study’s analysis to avoid
pseudoreplication.
Coccidia and nematode infection status
We determined coccidia and nematode infection status by examining fecal
samples collected rectally while the buffalo were immobilized (Jolles et al., 2008). We
performed oocyst and egg counts using a modification of the McMaster Faecal egg
counting technique (MAFF, 1980). Fecal oocyst / egg counts were conducted at the
KwaZulu-Natal State Veterinary Laboratory (Allerton, South Africa) until 2005 and
subsequently performed in our field laboratory in HIP following protocols described
previously (Ezenwa, 2003). Counts are expressed as eggs or oocysts per gram feces.
The species of coccidia affecting buffalo remain unknown, but studies in South
African cattle have found most of the Eimeria species, including the highly virulent,
E. bovis and E. zuernii (Matjila and Penzhorn, 2002). Gastrointestinal nematode
infections in buffalo at HIP are caused primarily by the genera Haemonchus and
Cooperia (Jolles et al., 2008) although others have also been identified in buffalo in
the region (Hoberg et al., 2008; Budischak et al., 2012; Taylor et al., 2013) For this
!
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analysis, the fecal egg / oocyst data analyzed are taxonomically coarse, and for our
purposes are lumped into all stronglye nematode species and coccidia species.
Buffalo Age and Body Condition
Age was assessed by a combination of tooth emergence and wear patterns as
described in Jolles (2007). We estimated age in juveniles without permanent incisors
(< 2 years) based on body size and horn development. For animals between ages 2-5
years old, we assessed age from incisor emergence patterns (Grimsdell, 1973) and we
estimated age with tooth wear of the first incisor for buffalo greater then 6 years old
(Jolles, 2007). Body condition was assessed on a scale of 1 to 5 by palpation of four
main areas where fat is stored on buffalo: ribs, spine, hips, and the base of the tail.
Details of this method and validation based on kidney fat have been described
previously Ezenwa et al. (2009).
Statistical Analysis
We examine coccidia and nematode infections using two important and related
indices of infection: parasite prevalence (number positive/ total sampled) and parasite
intensity (count of eggs or oocysts per gram feces in infected animals). To determine
the main predictors of both parasite infections, we used generalized linear models and
performed model selection on four dependent variables: (1) nematode intensity, (2)
coccidia intensity, (3) nematode prevalence, and (4) coccidia prevalence. For
consistency, we refer to the counts of eggs/oocysts in infected buffalo only as parasite
!
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intensity and the log transformed egg/oocyst counts that include uninfected individuals
as infection burdens. All model selection considered the effects of age, sex, season,
and co-infecting parasite burdens. Host age was included in the models as a
categorical variable (calf, juvenile, sub-adult, adult, and senescent, represented as 0, 12, 3-4, 5-13, 14+) because this provided a better fit than representing age as a linear
predictor. Sampling year was included as a categorical covariate in all models to
account for annual variation in buffalo capture areas and environmental conditions.
Based on the biology of the region and the structure of the data, season was included
in the models as a binomial variable with two options: the late dry / early wet season
(September-October) and the late wet season/early dry season (April-June). These
categories encompass the transitional times between the wet and dry season. In the
late dry/ early wet season, buffalo are in poor condition but forage quality is
improving from early wet season rainfall while in the late wet/ early dry season
buffalo are in better condition, but forage availability is diminishing. For brevity, we
refer to these seasons as the early and late wet season, respectively.
We analyzed parasite prevalence using generalized linear models with
binomial error structure and a logit link function. Because gastrointestinal parasites
are commonly aggregated across hosts, we tested the fit of the binomial models, which
assumes the variance is associated with the mean (Wilson and Grenfell, 1997).
Parasite intensity was analyzed using generalized linear models with quasipoisson
error structure and a log link function. Quassi-poisson error structures were chosen
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over the more traditional method of log transforming egg counts and assuming
normality because it is more robust to highly overdispersed data, such as count data
(Hoef and Boveng, 2007). Model selection for models predicting parasite prevalence
were based on the AIC values of all potential models. All two-way interactions
among host age, host sex, season, and co-infection were considered. Model selection
for models predicting parasite prevalence was based on the AIC values of all potential
models and model selection for models predicting parasite intensity was based on
qAIC (Anderson et al., 1994; Richards, 2008). We report the top six models for each
dependent variable (Table A.1) and because models within 2 AIC values of the model
with the lowest AIC value provide similar fit to the data (Burnham and Anderson
2002), we report the model with the lowest number of parameters within 2 of the
minimum AIC value.
To test the hypothesis that infection and co-infection will affect host fitness,
we used generalized linear models of host condition and pregnancy. Host body
condition was modeled using a generalized linear model assuming normally
distributed errors and host pregnancy was modeled with a binomial error structure and
a logit link function. We tested their associations with coccidia burdens, nematode
burdens, and season after accounting for age, sex, and sampling year. Model selection
was conducted as described above based on AIC values. Because we were interested
in the costs of co-infection in different seasons, we considered all potential 3-way
interactions and tested if model fit was significantly improved with a three-way
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interaction between season, coccidia burdens and nematode burdens with a drop in
deviance test.
Aggregation was assessed based on the corrected moment estimate, k (Wilson
et al., 2002). The corrected moment estimate is calculated with the mean (m) and
variance (s2) of the parasite distribution, k= (m2-s2/n)/(s2-m). Thus, higher values of k
indicate lower aggregation. Less aggregated (higher k) or more even distribution of
parasites tend to be truncated, compared to highly aggregated distributions, i.e. they
include fewer hosts with very heavy parasite burdens. A drop in parasite aggregation
in a host population can thus be indicative of mortality of highly infected individuals
(Wilson et al., 2002; Jolles et al., 2008). We compare aggregation among groups of
buffalo to test for infection-related mortality among groups of buffalo, assuming that
increased mortality with season or co-infection will result in a less aggregated (higher
k) or more even distribution of parasites. We compared nematode aggregation among
coccidia positive and negative buffalo in both seasons. Because we were concerned
that high intensities of both infections in calves could be responsible for this pattern,
we repeated the analysis on calf and non-calf buffalo. We used bootstrap tests to
evaluate the observed differences in aggregation (k) among groups. For example,
when testing how nematode aggregation differs in singly infected vs co-infected
buffalo, we randomized coccidia infection status among all observed worm burdens,
and then compared the observed difference in worm aggregation to the distribution of
differences from 10, 000 bootstrap runs to assess the likelihood of observing our
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results if there was no difference in worm aggregation between coccidia-positive and
coccidia-negative buffalo. In these analyses, we included only infected animals so our
measure of aggregation is independent of differences in parasite exposure. All data
analyses were conducted in R version 2.15.2 (R core development team).
RESULTS
GI PARASITE PREVALENCE AND INTENSITY IN AFRICAN BUFFALO
Of the 1375 buffalo sampled, the overall coccidia prevalence was 30.8% and
coccidia intensity ranged from 11 to 65600 opg. The nematode prevalence was 70%
and nematode intensity ranged from 10 to 9700 epg. Infection prevalence and
intensity were associated with age, sex, season, and co-infecting parasite burdens
(Table 2.1).
Age, Sex, and Seasonal correlates of infection
The prevalence of both nematodes and coccidia was lower in older age
categories (Table 2.1; drop-in-deviance nematode: p<0.0001, coccidia: p<0.0001), but
coccidia prevalence had a more pronounced reduction with age than nematode
prevalence (Figure 2.1a). Nematode prevalence decreased from 86% in calves to 63%
in senescent buffalo while coccidia prevalence decreased from 64% to 9%. The
intensity of both parasites was also higher in calves and juveniles compared to older
age classes (Figure 2.1b).
Coccidia parasites and nematode parasites had different association patterns
with sex. Nematode prevalence was higher in female buffalo compared to male
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buffalo, but nematode intensity did not vary between sexes (Figure 2.1c,d).
Conversely, coccidia prevalence was not different between sexes but coccidia intensity
was higher in male buffalo. The significant interaction between season and sex
indicates that sex differences in coccidia intensity were limited to the late wet season
(season×sex, β= -1.352, p=0.002).
Parasite prevalence was highly season-dependent. Nematode prevalence and
coccidia prevalence were both higher in the early wet compared to the late wet season
(Figure 2.1e). The average nematode prevalence after accounting for other predictors
was estimated to be 73.75% (95% confidence interval from 65.03 to 80.81%) in the
late wet season and 86.12% (95% confidence interval from 78.52% to 91.33%) in the
early wet season. Similarly, the average coccidia prevalence was estimated to be
2.92% (95% confidence interval from 1.47% to 5.73%) in the late wet season and
15.59% (95% confidence interval from 8.24% to 27.53%) in early wet season.
Coccidia intensity was also significantly higher in the early wet season (mean intensity
in the early wet=47.23; late wet =21.84) but there was no main effect of season on
nematode intensity (Figure 2.1f).
Co-infections
Coccidia and nematode parasites were positively associated in all analyses of
infection prevalence (Table 2.1). Based on models of the odds of nematode infection,
a 100-fold increase in coccidia burdens was associated with odds of nematode
infection 2.259 times higher than in singly infected buffalo (95% confidence interval
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from 1.662 to 3.071). This pattern was consistent across sexes, seasons, and age
categories (Figure 2.2a). Similarly, models explaining the odds of coccidia infection
showed that increasing nematode burdens in young (calf, juvenile, subadult) and old
(senescent) but not prime-aged buffalo (adult) were associated with increased odds of
coccidia infection (Figure 2.2b).
Coccidia and nematode parasites were also positively associated in analyses of
infection intensity (Figure 2.3a,b). However, log transformed nematode burdens
explained only 2.4% of the variation in models explaining coccidia intensity and this
positive association only suggestively occurred in calves (calf×coinfection β=0.434,
p=0.059). Log transformed coccidia burdens explained much more variation: 21.3%
of the variation in models of nematode intensity was explained by co-infection with
coccidia. In addition to the positive main effect of coccidia burdens on nematode
intensity, co-infection also mediated associations with age category and season (Figure
2.3 c,d). Irrespective of coccidia infection status, calves always had higher nematode
intensities in the early wet season compared to the late wet season. In non-calf
buffalo, coccidia negative individuals did not differ in their nematode intensities
between seasons. By contrast, in buffalo older than 1 year, nematode burdens were
lower in the early wet season than in late wet season among buffalo co-infected with
coccidia.
GI PARASITES AND HOST FITNESS
Associations with host body condition and pregnancy
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After accounting for age and yearly variation, neither coccidia nor nematodes
were associated with host pregnancy (Table A.1). After accounting for sampling year,
season was the only significant predictor of pregnancy. The odds of pregnancy were
estimated to be higher in the early wet season than in the late wet season by 5.254
(95% confidence interval from 4.150 to 6.651; F2, 531=5.336, p <0.0001).
Host body condition was associated with season, gastrointestinal nematodes,
and their interactions with other environmental, demographic, and infection variables.
Seasonality and age explained the largest amount of variation in body condition
(22.5% and 53.5% respectively), with GI nematodes and coccidia accounting for 2.6%
and 3.7% of variation, respectively. Buffalo were in poor condition in the early wet
season as were older and worm-infected buffalo. There was no main effect of sex on
body condition (Table 2.2).
After accounting for host demographic and environmental variables,
uninfected buffalo had the highest mean body condition. The mean body condition
score for uninfected buffalo was estimated to be 3.372 (95% confidence interval from
3.253 to 3.490). Increasing nematode burdens were associated with reduced body
condition. A 100-fold increase in nematode burdens was associated with a reduction
in the mean host body condition score by -0.082 (95% confidence interval from -0.046
to -0.120). We did not observe a main effect of coccidia, although its interactions with
other variables are discussed below.
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We predicted that the fitness costs of co-infection would be exacerbated in the
early wet season when buffalo are in poor condition. In support of this prediction, the
best-fitting model of host body condition included an interaction between season,
coccidia, and nematodes (drop-in-deviance, coccidia×nematodes×season, p<0.009).
In the late wet season, when buffalo were in higher body condition overall, buffalo
free from both coccidia and worms displayed the highest body condition, compared to
similar condition scores in all other groups (Figure 2.4 a). Co-infected buffalo fared
no worse than singly infected buffalo, in terms of body condition. Conversely, in the
early wet season, co-infected buffalo had significantly lower body condition than
uninfected or singly infected buffalo (Figure 2.4b). Buffalo co-infected with both
parasites had an estimated mean body condition of 2.719 (95% confidence interval
from 2.490 to 2.948), which is lower than expected if both parasites reduced condition
additively.
Co-infection and seasonal patterns of parasite aggregation
Because host body condition varied with co-infection and season, we used
parasite aggregation as a proxy for mortality to test for a role of seasonal mortality in
buffalo with heavy nematode infections. We predicted that the fitness costs of coinfection would be exacerbated during times when buffalo are in poor condition (early
wet season). For buffalo sampled in the early wet season, we therefore expected a less
aggregated (higher k) distribution of nematodes in buffalo co-infected with coccidia
than in singly-infected buffalo.
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Consistent with this expectation, nematode distributions in the early wet season
were less aggregated in non-calf buffalo co-infected with coccidia compared to buffalo
with nematode infections alone (cocc+ k= 0. 753, cocc- k=0. 245, p-value= 0.020;
Figure 2.5). There was no significant difference in aggregation in the late wet season
(cocc+ k= 0.747, cocc- k=0.944, p-value=0.111). The range of nematode intensity in
the early wet season was 50 to 9700 eggs/g in singly infected buffalo and 50 to 7331
eggs/g in co-infected buffalo, indicating that the right side of the distribution was
truncated in co-infected buffalo. In calves, coccidia positive buffalo had consistently
lower aggregation in all seasons, but no patterns were significant (early wet: cocc+ k=
1.208, cocc- k=3.383; late wet: cocc+ k= 0.243, cocc- k= 1.138). We focused on
nematode aggregation in this analysis, because nematodes directly affect host body
condition in our study system. Coccidia was not associated with hast body condition;
as such, we would not expect to see host mortality to be strongly driven by variation in
coccidia burdens.
DISCUSSION
African buffalo showed similar age and seasonal patterns of infection as other
African ungulates (Pfukenyi et al., 2007; Gwaze et al., 2009; Turner and Getz, 2010)
and ungulates in more temperate climates (Pyziel et al., 2011). Young buffalo had the
highest prevalence and intensity of both gastrointestinal parasites, presumably because
young animals are immunologically naïve and initially less able to prevent parasite
establishment and reproduction (Gasbarre et al., 2001; Stewart and Penzhorn, 2004).
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Our data showed a stronger reduction in coccidia prevalence and intensity with age
than in nematodes, suggesting adaptive immunity to coccidia may be more effective
than immunity to a relatively long-lived nematode community (Maizels et al., 2004).
Similar results were found for in free ranging populations of springbok and zebra at
Etosha National Park (Turner and Getz, 2010)
Buffalo had higher coccidia prevalence, coccidia intensity, and nematode
prevalence in September-October, which corresponds with the early wet season and
end of the dry season. These seasonal patterns may result from differences in egg and
oocyt shedding related to variation in host condition, nutrition, and immunity. Parasite
egg and oocyt intensities may reflect the host’s ability to regulate the survival
/expulsion (Balic et al., 2002), growth, and reproduction (Rowe et al., 2008) of
parasites it has been exposed to. Parasite intensity in African buffalo has been
negatively associated with body condition (Ezenwa and Jolles, 2008), host immunity
(Beechler et al., 2012) and diet quality (Ezenwa, 2004). Because forage quality
decreases throughout the dry season, buffalo reach their lowest body condition at the
end of the dry season and beginning of the wet season (Caron et al., 2003; Ryan et al.,
2012). Seasonal differences in egg counts could, therefore, be related to the low body
condition observed in the early wet season if animals in poor condition after the dry
season are less able to control their parasite infections. Two alternative but nonexclusive hypotheses are that seasonal patterns may also be driven by hypobiosis, or
the overwintering of larvae in cool or dry conditions (Rossanigo and Gruner, 1995).
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Hypobiosis, has been well characterized in temperate systems (Eysker, 1993), and
results in oocysts / eggs building up in the environment until favorable conditions
occur. Although it does not always occur in sub-tropical conditions (El-Azazy, 1995;
Gatongi et al., 1998) low levels of hypobiosis have been noted in South Africa’s
eastern Cape Province (Boomker et al., 1989; Horak et al., 1994) and the Zimbabwean
Highveld (Pandey, 1990). In combination, condition-related release of parasites from
host immune control and hypobiosis may result in large numbers of infective stages in
the environment during a time when many hosts are less able to defend themselves
against parasite invasion, leading to a strong seasonal signal in parasite abundance.
Gastrointestinal nematode and coccidia infections were positively associated in
buffalo, both in terms of likelihood of infection, and infection intensity. When
interpreting co-infection patterns, caution must be exercised to guard against spurious
correlations reflecting commonalities in exposure and age patterns of infection rather
than interactions among parasites (Behnke et al., 2005; Fenton et al., 2010). Young
buffalo were indeed more prone to both coccidia and nematode infections, but the two
remained positively associated when controlling for host age. The similar life cycles
of coccidia and nematodes make correlated exposure likely, as both parasites’ life
cycles include fecal-oral transmission and larval development in the environment
(Stewart and Penzhorn, 2004). However, the contrasting seasonal nematode intensity
patterns we observed for different age groups of buffalo suggests that common
exposure may not be the only process underlying associations between nematodes and
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coccidia in buffalo. In buffalo less than one year old, co-infected hosts had higher
nematode intensities in the early wet season as predicted if common exposure is
important in this system. However, in older buffalo, coccidia infection status made no
difference to nematode intensity in the early wet season, because nematode intensity in
coccidia-positives declined from the late wet season (April-June) to the subsequent
early wet season (September-October; Fig. 3d). One mechanism that might explain
this pattern is disproportionate mortality of co-infected buffalo with the highest
nematode burdens over the dry season. Concordant with this idea, the distribution of
nematodes among buffalo was truncated in the early wet compared to the late wet
season. And, although aggregation did not significantly vary in calves, the distribution
of nematodes was consistently less aggregated in co-infected buffalo regardless of
season. Perhaps the lack of seasonal variation in calves indicates that calves are the
most vulnerable to mortality from co-infection, likely because they have not
developed an acquired immune response. Calves harbor the highest burdens of both
coccidia and nematodes and are typically the most vulnerable to mortality in savanna
ungulates (Gaillard et al., 1998).
Gastrointestinal parasites have been linked to declines in host condition in
livestock (Stewart and Penzhorn, 2004) and wildlife (Irvine et al., 2006). Studies also
suggest that associations with host condition are often age and sex-specific (Stien et
al., 2002; Craig et al., 2008; Turner et al., 2012). For example, in free ranging
populations of springbok, strongyle burdens were only associated with reduced body
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condition in adult females, while coccidia burdens were not associated with condition
in any age category (Turner et al., 2012). In Soay sheep, both coccidia and nematodes
were negatively associated with August weight in adults, but only nematodes were
negatively associated with condition in yearlings and lambs (Craig et al., 2008). We
observed lower body condition with increasing nematode burdens in all ages, and
reductions in condition with coccidia burdens only in senescent buffalo. While the
direction of causality is often unclear for associations between body condition and
infection (Behnke et al., 2005; Fenton et al., 2010), experimental work has shown that
GI nematodes cause declines in body condition in this buffalo population (Ezenwa et
al., 2010) and in other wild (Craig et al., 2008; Pedersen and Greives, 2008) and
domestic species (Hoglund et al., 2013).
In our study, effects of co-infection on host body condition were magnified
following resource restriction during the dry season: co-infected buffalo had lower
body condition scores than uninfected and singly-infected buffalo in the late dry/ early
wet season (September-October). This result ties in with previous findings where body
condition was lower in buffalo co-infected with gastrointestinal nematodes and
Mycobacterium bovis (causative agent of bovine tuberculosis; Jolles et al., 2008).
During periods of resource restriction, animals may be less able to balance competing
metabolic demands, sharpening trade-offs between immunity and self-maintenance, or
among different immune functions (Eraud et al., 2008; Ezenwa & Jolles 2011). These

!

29!

!

scarcity-driven trade-offs may underlie the observed seasonal association between coinfection and poor body condition.
In this study, we did not detect any effects of parasites, alone or in
combination, on host pregnancy. While female ungulates in poor condition are less
likely to conceive and carry pregnancies to term in some species (VanRooyen, 1993;
Piasecke et al., 2009), the effects of body condition and parasite infection on
reproduction are very difficult to disentangle without experimental studies.
Accordingly, other observational studies on fitness effects in ungulates have also
failed to find strong evidence for a negative effect of parasites on reproductive fitness
(Irvine et al., 2006; Hughes et al., 2009). However, experimental nematode removal
in Svalbard reindeer found that nematodes removal increased pregnancy rates through
a positive effect on body condition (Stien et al., 2002).
Our data revealed two interesting patterns of nematode aggregation in our
study population. First, for buffalo only infected with nematodes, aggregation was far
less in the late wet season than in the subsequent early wet season. This decrease in
heterogeneity suggests that differences among hosts in susceptibility and /or exposure
to nematodes are accentuated during the dry season. This is consistent with previous
work indicating that energetic trade-offs during resource restriction can cause changes
in immunity and infection in this and other mammalian study systems (Ezenwa, 2004;
Martin et al., 2008). Second, for buffalo co-infected with coccidia, heterogeneity in
nematode burdens did NOT decrease from the late wet season to early wet season,
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leading to a truncated nematode distribution in co-infected buffalo when compared to
buffalo with nematodes only, in the early wet season. This contrasts with other studies
in wild mammals, where co-infection has been implicated as a cause for heterogeneity
in worm burdens (Cattadori et al., 2008), because here heterogeneity in worm burdens
was lower for co-infected than singly infected buffalo. At least two explanations for
this unusual pattern are possible: Coccidia infection may dampen seasonal changes in
immunity that we hypothesize underlie the dramatic increase in aggregation in
coccidia negative buffalo after the dry season. Alternatively (but not exclusively), coinfected buffalo with very high nematode burdens may suffer a disproportionately
high mortality risk over the dry season; loss of these individuals may balance out the
increase in worm aggregation we would expect to see based on our findings for
buffalo with only nematode infection. We cannot address the first hypothesis with our
current data. However, the fact that nematode burdens are lower after the dry season
than before for buffalo co-infected with coccidia supports the notion that co-infected
buffalo might suffer increased mortality during this period. This interpretation is also
consistent with lower body condition in co-infected buffalo in Sep-Oct, as observed
for this population. In combination, these data suggest that there are season-dependent
mortality costs of co-infection.
Conclusions
We examined the hypothesis that co-infecting parasites and season interact to
shape parasite infection patterns and effects on host fitness. Our results show that co!
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infecting parasites and season influence the prevalence and intensity of` GI parasites.
Coccidia prevalence, coccidia intensity and nematode prevalence were sensitive to
factors that influence host immunity and exposure (age, sex, and season) but nematode
intensity was most strongly predicted by co-infection with coccidia and its interaction
with season. We also found that associations of co-infection with both body condition
and parasite aggregation were heavily dependent on season, with contrasting patterns
in the wet and dry seasons. This study demonstrates the importance of demographic
and seasonal variation in the effects of parasite interactions on the distribution and
fitness costs of infection in free-living wildlife populations. Longitudinal and
experimental studies including explicit measurement of immune parameters and host
nutrition will be essential to continued progress towards understanding the
mechanisms underlying parasite infection patterns in wildlife, and their effects on host
fitness.
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0.759

-

! 1.041 (0.344)
0.002
! 2.622 (0.665)
<0.0001

! 1.112 (0.171)
<0.0001
!1.014 (0.367)
0.006
! 0.396 (0.155)
0.011
! 1.139 (0.825)
0.092
0.376
0.899
0.955
0.917

Age Category
Juv.
SA
0.326
" -3.367 (1.359)
0.013
0.616
0.819

Senes
! 0.791 (0.210)
<0.001
! 1.815 (0.213)
<0.0001
0.129
! 1.102 (0.485)
0.023

Season
(Early Wet)

! 1.119 (0.263)
<0.0001

-

-

"-0.359 (0.135)
<0.001

Sex
(Male)

! 0.177 (0.034)
<0.0001
0.157
! 0.110 (0.022)
<0.0001
0.501

Co-infection

Age×season 2
season×coinf
Age×coinf 3
season×sex

Age×coinf 1

2. Age×Season & Season×coinfeciton: This pattern is explained in detail in Figure 2c, d. Briefly, calves showed different seasonal patterns than other
aged buffalo, with high nematode burdens in September-October (calf×season, β= 1.595, p<0.0001). Adults co-infected with coccidia had increased
loads in April-June (season×coinfection, β=-0.080, p=0.011).
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3. Age×Co-infection & Season×sex: Coccidia intensity was suggestively associated with nematode burdens in calves but there is no association in
other ages (calf×coinfection β=0.434, p=0.059). Males were associated with higher coccidia intensities in the late wet season only (sex×season, β=
1.352, p=0.002).

-

Interaction
Terms

1. Age×coinf: Coccidia prevalence was positively associated with nematode burdens in juvenile, subadult, and senescent buffalo, but only suggestively
associated in adults (p=0.0157).

Nematode
Prevalence
Coccidia
Prevalence
Nematode
Intensity
Coccidia
Intensity

Calf

Table 2.1 Associations are shown between infections and host demographics (age category and sex), season, and co-infecting
parasite burdens (coinf). The age categories presented include, calves (0 yrs), juveniles (Juv. 1- 2yr), sub-adults (SA, 3-4yrs),
adults (5 to 13yrs) and senescent buffalo (sens >14yrs). The reference group is singly infected adult female buffalo in the late
wet season. Arrows represent the direction of significant associations occurring from other in other ages, in males, in the early
wet season, and with co-infection. Parameter values and standard errors (β(SE)) are displayed for interactions with p-values
≤0.05, non-significant associations are represented with a dash, and no p-value is given for terms that were removed based on
AIC/qAIC model selection. All models accounted for sample year.
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Table 2.2 Summary of the age, season, and infection correlates of host body condition.
Parameter values and standard errors of the GLM, F-value, and significance are shown
for the final model of buffalo body condition (N=1375). Coccidia and nematode
parasites are represented as log transformed egg or oocyst counts. Arrows for age
categories indicate if body condition is increased or decreased from adult buffalo and
arrows for season indicate the difference from April-June. The full, final model is
shown in Appendix A.2.
Parameter
Calf
Juvenile
Subadult
Senescent
Season (Sept-Oct)
Coccidia
Nematode
Age×Coccidia

Subadult
Senescent

Season×Coccidia
Season×Nematode
Nematode×Coccidia
Season×Nematode×Coccidia

!

!
!
!
"
"
"
!
"
!
"

Estimates (SE)
0.920 (0.126)
0.624 (0.056)
0.320 (0.067)
- 0.352 (0.067)
- 0.506 (0.074)
- 0.032 (0.067)
- 0.018 (0.008)
0.062 (0.030)
- 0.072 (0.041)
0.044 (0.029)
0.016 (0.013)
0.006 (0.002)
- 0.013 (0.005)

F-value
7.304
11.166
4.756
- 5.899
- 6.836
- 1.287
- 2.189
2.109
- 1.744
1.511
1.268
2.370
- 2.606

p-value
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
0.198
0.031
0.035
0.081
0.131
0.205
0.017
0.009
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Figure 2.1 Age, sex and seasonal patterns of infection. Both parasites had the highest
(a) prevalence (sample size for calf, juvenile, subadult, adult, and senescent
respectively: N= 91, 555, 221, 326, 182) and (b) mean intensity in young buffalo
(nematode N= 78, 448, 129, 208, 100; coccidia N=58, 237, 55, 60, 14). (c) Males had
higher estimated nematode prevalence and (d) similar nematode intensity to females.
Males had higher estimated coccidia intensity and similar coccidia prevalence
compared to female buffalo. (e) The estimated nematode prevalence, coccidia
prevalence, and (f) mean coccidia intensity were all increased in the early wet season
compared to the late wet season. * Indicates significant differences at p<0.05.
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Figure 2.2 Co-infection is associated with higher prevalence. (a) Prevalence of
nematodes is higher in buffalo co-infected with coccidia (C+) compared to coccidia
negative buffalo (C -) in all age categories. (b) Prevalence of coccidia is higher in
buffalo co-infected with nematodes (N+) compared to nematode negative buffalo (N-)
in calf, juvenile, subadult, and senescent buffalo but not adult buffalo.
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Figure 2.3 Co-infection is associated with increased intensity for both (a) nematodes
and (b) coccidia. Co-infection with coccidia alters the seasonal patterns of nematode
intensity. (c) In calves, mean nematode intensity is higher in early wet season than in
the late wet season independent of co-infection with coccidia. (d) No seasonal
variation was observed in non-calf (buffalo >1yr, juvenile through senescent)
coccidia– buffalo. Non-calf coccidia positive buffalo have higher mean worm
burdens in the late wet season. Calf vs. non-calf division is based on model paramters
(Table 2.1).
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Figure 2.4 Predicted mean and standard error body condition scores show associations
with co-infection and season. Co-infected buffalo had much lower condition in
September-October but in April-June co-infected buffalo were in better condition in
the early dry season than expected if condition decreased additively with both
infections. Coccidia infection status is represented with C- and C+; nematode
infection status is represented with N- and N+.
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Figure 2.5 Season and co-infection differences in nematode aggregation (a) in calves
and (b) non-calves. (c) In non-calves, the distribution of nematode intensities in AprilJune shows that k is not significantly different in coccidia positive vs. negative
buffalo. (d) In the early wet season coccidia positive buffalo have a truncated
distribution, resulting in significantly reduced aggregation. Coccidia infection status
is represented with C- and C+.
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3 – Evaluation of the sensitivity and specificity of an ELISA for diagnosing
brucellosis in African buffalo
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ABSTRACT
Brucellosis is a disease of veterinary and public health importance worldwide.
In sub-Saharan Africa, where this disease has been detected in several free-ranging
wildlife species, successful disease control may be dependent on accurate detection in
wildlife reservoirs, including African buffalo (Syncerus caffer). This study estimates
the sensitivity and specificity of a commercial enzyme-linked immunosorbent assay
(IDEXX Brucellosis Serum Ab Test) for brucellosis based on a dataset of 571 serum
samples from 258 buffalo located within the Kruger National Park, South Africa. We
define a pseudo-gold standard test result as those buffalo that were consistently
positive or negative on two additional serological tests, namely the Rose Bengal test
(RBT) and the complement fixation test (CFT). The ELISA’s cut-off value was
optimized using receiver operating characteristics (ROC) analysis, the pseudo-gold
standard, and an optimal threshold criterion that maximizes both sensitivity and
specificity. Then, the ELISA’s sensitivity, specificity, and cut-off values were
evaluated using Bayesian Latent Class Analysis. Latent Class Models allow
estimation of sensitivity and specificity when there is no gold standard. We estimate
the ELISA to have a high sensitivity of 0.932 (95% BCI from 0.816-0.994) and
acceptable specificity of 0.853 (95% BCI from 0.755-0.965). Therefore, this study
shows that after adjustment of cut-off values for South African conditions, the IDEXX
Brucellosis Serum Ab Test could be a valuable test for diagnosis of brucellosis in
Kruger National Park’s African buffalo.
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INTRODUCTION
Brucellosis is an important veterinary public health issue and one of the most
common zoonotic diseases worldwide (McDermott and Arimi, 2002). Brucella
abortus, the pathogenic bacteria responsible for bovine brucellosis, causes a sub-acute
to chronic form of disease in many ungulate species including African buffalo, elk,
bison, eland, waterbuck, impala and cattle (Godfroid, 2002). Brucellosis transmission
occurs primarily when bacteria are shed from infected animals around birthing
periods. Bacteria are shed in birth products, aborted fetuses, and intermittently
through unpasteurized milk (Rhyan et al., 2009). Infection is characterized by
abortions, high morbidity rates, and reduced survival (Joly and Messier, 2005) and, as
a leading cause of cattle morbidity worldwide, accurate disease detection is essential
for public health (Godfroid et al., 2011). These concerns have motivated successful
‘test-and-slaughter’ programs in industrialized countries that have virtually eliminated
the disease except in areas adjacent to wildlife reservoirs. Research efforts aimed at
understanding infection in wildlife and minimizing transmission between wildlife and
livestock are essential for disease management (Kilpatrick et al., 2009; Gomo et al.,
2012). As such, the development and validation of reliable diagnostic tests for
brucellosis in wildlife is a priority.
Brucellosis has been maintained endemically in African buffalo (Syncerus
caffer) in Kruger National Park (KNP), South Africa (Chapparo et al., 1990), since its
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speculated introduction from European cattle (Gradwell et al., 1977). In African
buffalo, diagnosis is based on three indirect diagnostic tests that measure the host’s
antibody response rather than the presence of B. abortus organisms: the Rose Bengal
test (RBT), complement fixation test (CFT), and serum agglutination test (SAT; Herr
and Marshall, 1981; Chapparo et al., 1990). Information on antibody responses to B.
abortus infection have been determined from experimental infections in cattle (Nielsen
et al., 1984). The Serum Agglutination Test (SAT) was one of the first serological
tests for brucellosis and is based primarily on IgM antibodies because they are the
most active agglutinins (Nielsen, 2002). This test causes many false positives and has
been discontinued by the World Organization for Animal Health (OIE; Nielsen and
Ewalt, 2008). The RBT and CFT are often used in combination for accurate diagnosis
in cattle, with the RBT used as a screening test and the CFT used as a confirmatory
test. However, application of the complement fixation test requires precise
measurements, standardized conditions and specialized reagents, making it difficult to
implement under field conditions. As a result, it is being replaced by ELISA
diagnostic tests, which also measure the host’s antibody response (Godfroid et al.,
2010). All three tests (RBT, CFT, ELISA) are recommended by the OIE as valuable
livestock diagnostic tests (Nielsen and Ewalt, 2008), but the direct application of these
tests from cattle populations to African buffalo populations is problematic because test
sensitivity and specificity will vary among species and none of these tests has been
validated in African buffalo.
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Traditional estimates of diagnostic test sensitivity and specificity are based on
direct comparisons against an established gold standard diagnostic test (detection of
Brucella organisms by culture methods; Pfeiffer, 2010). A gold standard is assumed
to have 100% sensitivity and specificity. Because true gold standard test results are
often costly or impractical to obtain, especially in wildlife systems, a new test’s
accuracy is commonly estimated by comparing it to a reference tests with a known
error rate (Buck and Gart, 1966). Methods to evaluate a new diagnostic test when the
error rate of a reference test is unknown have only recently been developed (Enoe et
al., 2000). Hui and Walter (1980) showed that maximum likelihood techniques could
be used to estimate test accuracies and disease prevalence when there is uncertainty in
the sensitivity and specificity of the tests used. Techniques that build on Hui and
Walter’s framework are called latent class analyses because they use the observed
frequency of diagnostic test results to estimate a latent variable, the true disease status,
from which the new diagnostic test can be evaluated (Branscum et al., 2005).
This analysis follows an increasing trend in the use of a Bayesian framework
for latent class analysis (Bronsvoort et al., 2010; Rahman et al., 2013). The Bayesian
framework provides an intuitive technique to combine multiple diagnostic tests, and
has been used for estimating test accuracy in many study systems, including Foot and
Mouth disease in buffalo (Engel et al., 2008), tuberculosis in cattle (Alvarez et al.,
2012), and brucellosis in a range of host species (Matope et al., 2011; Munoz et al.,
2012; Rahman et al., 2013). The assumptions and modifications used in latent class
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analyses have been reviewed in general for latent class techniques (Enoe et al., 2000)
and more specifically for Bayesian analysis (Branscum et al., 2005).
This paper aims to evaluate the utility of an ELISA (IDEXX Brucellosis Serum
Ab Test) in improving the diagnosis of brucellosis in an important wildlife host,
African buffalo. First, we optimized ELISA cut-off values based on a pseudo-gold
standard created from a subset of sampled buffalo that consistently tested seropositive
or seronegative on both the RBT and CFT. Second, the entire distribution of test
responses is used in Bayesian latent class modeling to estimate the sensitivity and
specificity of the ELISA. Because accurate estimates of tests sensitivity and
specificity require correctly representing covariance among tests (conditional
dependences) among tests, this analysis uses model selection to compare models
ranging from no covariance among tests (conditional independence) to models that
represent conditional dependence among all three serological tests.
METHODS
Animal captures and test methods
Serum samples were collected from a cohort of 202 female buffalo from herds
in two areas of southern Kruger National Park, South Africa, the Lower Sabie and the
Crocodile Bridge area. Buffalo were captured approximately every six months
between 2008 and 2010 as part of an ongoing disease study. Fifty-two animals died
throughout the study period and were replaced with additional buffalo, resulting in 571
samples collected from 254 buffalo. No buffalo were sampled less than six months
!

46

apart. We collected samples for diagnostic test validation between June 2008 and
August 2009 and again between March and October 2010 with all buffalo captured in
those periods being tested with each diagnostic test. Animals were chemically
immobilized by research veterinarians and South African National Parks (SANParks)
staff with M99 (etorphine hydrochloride) and ketamine. All procedures were
approved by Oregon State University, University of Montana, and SANParks’
Scientific Services and Institutional Animal Care and Use Committees, IACUC
(Protocol numbers: OSU No. 3822, UGA No. A201010-190-A1). Jugular blood was
collected from each animal into blood tubes and immediately stored on ice in a cooler
for transportation back to the laboratory. The blood was centrifuged at 6,000 g for 10
minutes and sera samples were separated and stored at -20°C for subsequent disease
testing.
We used three serological measures of brucellosis infection. The Rose Bengal
test (RBT) and complement fixation test (CFT) were conducted by the Onderstepoort
Veterinary Institute’s diagnostic laboratories in South Africa. The Brucellosis Serum
Ab ELISA tests (IDEXX P04130) were conducted in the field laboratory at KNP
according to kit instructions. This assay is based on detection of antibodies against the
lipopolysaccharide (LPS) antigen of smooth Brucella strains. Test results are
determined by a sample’s optical density (OD) read at 450nm compared to the positive
and negative controls:
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S/P%= [100× µ(OD450 of the paired sample wells)- µ(OD450 of negative
control wells)]/ [µ(OD450 of positive control wells) - µ(OD450 of negative
control wells)].
The cut-off value for determining seropositivity in cattle defined by IDEXX is
S/P%=120%. Additional cut off values were explored to maximize test accuracy. The
target condition for this analysis is animals that have had an immunological response
to Brucella abortus, measured by the presence of antibodies.
Selection of ELISA cut off values: ROC Curve
To optimize ELISA cut-off values, we defined a pseudo-gold standard that
estimates true disease seroprevalence. We combine the results from the CFT and RBT
into a composite reference standard (Alonzo and Pepe, 1999; Nérette et al., 2008)
where buffalo were identified as seropositive for only if they remained both RBT and
CFT positive for over a six month period and seronegative only if they remained
negative on both tests for over a six month period. The ELISA’s test results at the end
of the time period were compared to this pseudo-gold standard.
We used receiver operating characteristic (ROC) curves to optimize the
ELISA’s cut off value based on the value that maximizes both sensitivity and
specificity and display the results with two-graph receiver operating characteristic
curves (TG-ROC; Gardner and Greiner, 2006). Both graphs are commonly used tools
in assessing diagnostic test accuracy because they provide a visual representation of
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the tradeoff between sensitivity and specificity for various cut-off values. The twograph receiver operating characteristic curve plots the test sensitivity and specificity
by cut-off value. We report the cut-off value that maximizes the total sensitivity and
specificity although selection of test cut-off values remains dependent on the intended
use of the test. Sensitivity and specificity confidence intervals were drawn using
Maximum likelihood estimates with no prior prevalence assumptions with the
package, EpiR in R version 2.15.2 (Stevenson et al., 2012). The TG-ROC plot was
made in the package, DiagnosisMed (Brasil, 2010). Because sensitivity and
specificity estimates from the pseudo-gold standard analysis only include a subset of
the animals, they are likely overestimates of the true test accuracy. Thus, Bayesian
latent class models are used to more accurately assess ELISA sensitivity and
specificity.
Bayesian latent class analysis and prior estimation
Latent Class analysis allows evaluation of diagnostic tests in the absence of a
gold standard. The Bayesian extension assumes that the counts (Oi) of test results for
the three tests (eg +/+/+, +/+/-, +/-/+, +/-/-, -/+/+, -/-/+, -/+/-, -/-/-) follow a
multinomial distribution,
Oi|Sej, Spj, pi ~ multinomial(Pri, ni)

for i= 1,2… S and j= 1,2,…T

where S is the number of subpopulations and T is the number of tests. The data is
represented as two population, S=2, and three diagnostic tests, T=3. The probability of
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observing each combination of test results is a vector, defined Pri. The elements
within Pri define the probability of each given test result. For example, the probability
of getting a positive ELISA is composed of the detection rate of true positives
(sensitivity multiplied by the disease prevalence) and the false-positive rate (1specificity multiplied by the frequency of true negatives). Assuming that diagnostic
tests are independent requires 8 parameters (SeE, SeR, SeC representing ELISA, RBT
and CFT test sensitivity, respectively; SpE, SpR, SpC representing test specificity; pi,
pi2 representing prevalence) and creates the following multinomial cell probabilities:
Pr(ELISA +, RBT+, CFT+)= pi(SeE SeR SeC) + (1-pi)((1-SpE)(1-SpR)(1-SpC))
Pr(ELISA +, RBT+, CFT-)= pi(SeE SeR(1-SeC)) + (1-pi)((1-SpE)(1-SpR)SpC)
with similar extensions for the remaining probabilities.
Prior distributions for diagnostic test sensitivity and specificity were defined
using published results from test validations in cattle (Grenier et al., 2009). We set the
mode of the beta distribution as the estimates generated by a meta-analysis of
brucellosis test validations from the European Union (Grenier et al., 2009) and the 5th
percentile of the distribution as the lowest published estimate of test accuracy
(Nielsen, 2002). The lowest published estimate for ELISA accuracy was significantly
higher than estimates for the RBT and CFT (92.5%). To represent our uncertainty in
applying this sensitivity estimate, we avoid strong prior information by setting the 5th
percentile of the distribution at 70% and exploring the consequence of this assumption
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with a sensitivity analysis. The population prevalence was defined based on published
serological surveys of the Kruger National Park buffalo population (Chapparo et al.,
1990). Prior distributions were calculated by defining the mode and lower bound in
Beta Buster (http://www.epi.ucdavis.edu/ diagnostictests/ betabuster.html). This prior
information was combined with the full dataset of 571 test frequencies.
Studies have shown the importance of accurately modeling covariance between
diagnostic tests (Gardner et al., 2000). For diagnostic tests with high covariance,
assuming conditional independence (probability of an animal being positive on one
test is the same regardless of another test’s result) may generate incorrect estimates of
test accuracy. Because the RBT, CFT, and ELISA all measure the hosts’ antibody
response to Brucella smooth-lipopolysaccharide (LPS), they are likely to be
conditionally dependent (Nielsen, 2002). The use of model selection criteria, such as
Deviance Information Criteria (DIC), has been proposed as a way to analytically
compare the fit models representing different covariance assumptions (Spiegelhalter et
al., 2002). DIC is similar to Akaike’s information criterion (AIC) in that it is a model
assessment tool based on model fit and the effective number of parameters (Link and
Barker, 2010). Models with smaller DIC values are preferred and DIC values within 3
are assumed to be similar (Spiegelhalter et al., 2003).
We compared the fit of models assuming different amounts of co-variance,
ranging from models assuming no covariance (conditional independence) to models
assuming covariance among all diagnostic tests by applying a previously published
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parameterization (Rahman et al., 2013). As model complexity was added, prior values
and initial values were held constant. We also calculated conditional correlations
between tests (Georgiadis et al., 2003). Because accurately estimating additional
covariance terms requires additional data (Dendukuri et al., 2010), when correlations
are low (represented by a conditional correlation ≤0.2), assuming independence may
be preferable because the lower number of parameters reduces dependence on the
prior distribution (Georgiadis et al., 2003).
Therefore, we chose the simplest model within 3 units of the model with the
lowest DIC value (e.g. Kostoulas et al., 2006; Rahman et al., 2013) and with
conditional correlations >0.2 (Georgiadis et al., 2003). We also tested the models’
goodness-of-fit with posterior predictive p-values, where a p-value near 0.5 indicates
that the model provides an adequate fit to the data (Gelman et al., 1996). Although
these tools clarify the importance of prior information and model assumptions
(Menten et al., 2008), we ensure that model selection did not bias our sensitivity and
specificity estimates by reporting the sensitivity and specificity estimates for models
with and without assuming conditional dependence between tests. Median and 95%
Bayesian credible intervals are presented for all parameters in the best fitting model
and for ELISA sensitivity and specificity in all models. We also conducted sensitivity
analyses by (1) increasing or decreasing the mode and lower bound of the ELISA prior
distributions by 5 percentage points and (2) increasing or decreasing the prior
distributions while also reducing the confidence in the lower bounds to 70%.
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All latent class models were run in WinBugs. WinBUGS uses Markov Chain
Monte Carlo (MCMC) sampling to obtain the joint posterior distribution of the model
(Spiegelhalter et al., 2003). Models were run with two chains and 100,000 iterations
were performed for posterior inference after discarding the first 50,000 samples of the
MCMC chain to allow convergence. Convergence was visually assessed with time
series plots.
RESULTS
Sensitivity and specificity estimation using pseudo gold-standard methods
Of the 254 individuals tested with all three diagnostic tests, 153 buffalo were
sampled twice during a consecutive 6 month period and returned concordant test
results using the RBT and CFT tests. The pseudo-gold standard defined 28 positive
and 123 negative animals. Within this subset of buffalo, the ELISA had high
sensitivity and specificity values (Table 1). The sensitivity and specificity estimates
when using the kit defined cut-off of S/P% = 120 were 1 (95% confidence interval
from 0.82 to1.00) and 0.87 (95% confidence interval from 0.80 to 0.92), respectively.
The ROC curve analysis shows that test accuracy was improved with higher cut-off
values. The cut-off value with the highest sensitivity and specificity was S/P%= 159
(Figure 1). This cut-off is associated with a sensitivity of 1 (95% confidence interval
from 0.82 to 1) and a specificity of 0.93 (95% confidence interval from 0.87 to 0.97).
Cut-off values from 150 to 159 showed the same sensitivity and specificity.
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Increasing the test-cut-off value to this point increased the sensitivity without
decreasing the specificity.
Bayesian latent class analysis:
We summarized the prior distributions used in each Bayesian analysis and the
literature that defines them (Table 3.2). In all models, the frequency of test results
(Table 3.3) was combined with the prior distributions to estimate sensitivity and
specificity of the ELISA using all 571 samples.
The model assuming conditional independence between diagnostic tests had a
DIC of 63.211. The model with covariance between both RBT and CFT and between
RBT and the ELISA and the model with covariance between RBT and CFT had the
two lowest DIC values, with values of 60.149 and 61.297, respectively (Table 3.4).
These two sets of assumptions, were therefore, chosen as possible models representing
our data. Because the correlation between ELISA and RBT was minimal, we present
estimates from the model assuming covariance between RBT and CFT (Georgiadis et
al., 2003). However, the similar estimates of test sensitivity and specificity generated
from all models suggests that these estimates were robust to model assumptions.
We summarized the medians and 95% Bayesian credibility intervals of
sensitivity, specificity, covariance, and brucellosis prevalence in Table 3.5. The
ELISA sensitivity and specificity were estimated to be, Se= 0.951 (95% BCI from
0.883-0.996) and Sp= 0.882 (95% BCI from 0.841-0.978). The posterior predictive pvalue for this model was near 0.5, indicating adequate fit of the model (p=0.47). The
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ELISA is estimated to have similar sensitivity to the RBT, improved sensitivity to the
CFT, but lower specificity than both tests.
Sensitivity analyses showed that decreasing the mode of the prior distribution
by 5 decreased the median of the posterior distributions from Sensitivity= 0.951 (95%
BCI from 0.883-0.996) to 0.943 (95% BCI from 0.878- 0.989) and Specificity= 0.882
to (95% BCI from 0.841- 0.978) to 0.880 (95% BCI from 0.841- 0.968), with similar
results when prior information was also relaxed to 70% (Table 3.6). Increasing the
mode of the prior distribution by 5 also resulted in only a minor increase to
Sensitivity= 0.958 (95% BCI from 0.891-0.997) and Specificity=0.886 (95% BCI
from 0.844-0.988). 95% credible intervals overlap despite the perturbation and
relaxation of prior information, showing that the estimates of ELISA sensitivity and
specificity were influenced by the frequency of test results and, to a lesser extent, the
prior information.
DISCUSSION
Estimates from this dataset of three diagnostic tests applied to two buffalo
herds shows that the IDEXX ELISA has acceptable sensitivity and specificity for use
in wildlife studies. The Bayesian latent class analysis showed the ELISA to have a
sensitivity of 0.951 (95% BCI from 0.883-0.996) and specificity of 0.882 (95% BCI
from 0.841-0.978) when using the cut-off value of S/P%=159. The test accuracy
remained high after relaxing the prior information provided. At S/P%= 159 cut-off
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value, the results show that the ELISA has a higher median sensitivity than the CFT, a
similar sensitivity to the RBT, but a lower specificity than both the RBT and CFT.
The acceptable test accuracy found in this study was only possible after ELISA
cut-off values were optimized. The cut-off values recommended by ROC analysis
ranged from a S/P% of 150-159 and were higher than the cut-off values recommended
for cattle. This result emphasizes the importance of test optimization for each
population and species to which it is applied. In addition to species-specific
differences, there are three nonexclusive factors that could have contributed to the
shift in optimal cut-off values when used in African buffalo. First, the test is being
applied under field laboratory conditions. Serum samples for these analyses were
collected and frozen in the field at -20°C for one to three years, with temperature
fluctuations possible due to a somewhat variable power supply (though to our
knowledge no outright freezer failure occurred during the storage period of these
samples). Ideally, sample storage would use consistent and colder (-80C)
temperatures; as such, sub-optimal storage conditions might have degraded the
samples to some degree. Second, because brucellosis is endemic in this population,
many of the buffalo sampled in this study are likely to be latently infected with
brucellosis. Unlike validations based on experimental infections, the sensitivity and
specificity estimates presented here are applicable to a range of times since infection.
Finally, all diagnostic tests are susceptible to cross-reactive antibodies. Yersinia
enterocolitica O:9 shares common antigenic epitopes with Brucella abortus, and is
known to cross-react during diagnosis, but little is known about Yersinia’s presence in
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buffalo populations (Godfroid et al., 2002). ELISA optimization allows these sources
of variability to be incorporated into the estimates of test accuracy, allowing the test to
be robust to problems inherent in most field conditions.
Latent class analysis allowed the quantification of test variability and accuracy
in the absence of a gold standard. Like all model-based analyses, their implementation
involves a tradeoff between the model complexity (number of parameters) and
parsimony. Methods are available to add complexity to the Hui & Walter model,
including allowing conditional dependence between tests (Alvarez et al., 2012),
multiple populations (Munoz et al., 2012), and explicit representation of longitudinal
datasets (Norris et al., 2009). These assumptions and the prior distributions can
influence estimates (Gardner et al., 2000). The model selection performed in this
study shows that models including co-variance between RBT and CFT had improved
fit to the data compared to the model assuming conditional independence. Previous
work on brucellosis in sheep represented covariance between the RBT and the ELISA
and between the RBT and SAT (Rahman et al., 2013). Other systems, however, have
found the conditional independence model to be most appropriate (Muma et al., 2007;
Rahman et al., 2013). The results of this analysis show similar estimates of sensitivity
and specificity in all models regardless of the covariance assumption and the priors
used (Table 3.6).
The uncertainty in how any of the diagnostic tests relate to active infection in
wildlife represents a major hurdle to accurate diagnostic methods (Treanor et al.,
2011). Owing to these limitations, the results of this evaluation serve as a comparison
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among the serological tests historically used. The benefits of the ELISA are that it is
relatively inexpensive, easy to perform in field conditions, and results in a quantitative
test result. The choice of an appropriate diagnostic test, in reality, is dependent on its
intended use. For example, with a specificity of 88.2%, the ELISA may not present an
ideal diagnostic tool for use in commercial buffalo herd screening, because it would
result in many false-positive animals being removed, at an undesirably high cost to the
farmer. However, its use in combination with the CFT in samples that show
intermediate test results could improve current diagnostic methods by avoiding
misclassifications. For large-scale disease surveys, the ELISA’s improved sensitivity
and ease of use make it a valuable diagnostic tool for African buffalo.
Conclusion
Accurate disease detection and characterization of diagnostic test error are
important components of any disease monitoring and control program. In livestock
species where more detailed disease information is available, diagnostic tests must be
validated against a gold standard diagnostic test. For brucellosis in African buffalo, no
perfect diagnostic test is available. The current monitoring system takes advantage of
multiple imperfect tests by using the RBT as a screening test because of its assumed
high sensitivity and the CFT as a confirmatory test because of its assumed high
specificity. However, these tests are expensive, not amenable to field-laboratory
conditions, and are difficult to interpret when they disagree. Because of the ELISA’s
ease and rapid results, it is useful in wildlife disease settings. These results show that
the ELISA achieves a high sensitivity and reasonable specificity in field laboratory
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conditions when using cut-off values optimized for this population and local
conditions. Given the importance of brucellosis for public health in sub-Saharan
Africa, the ELISA represents a valuable tool for detection of B. abortus in one of its
wildlife reservoirs, the African buffalo.
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Pseudo-gold standard status
Positive
negative
# Misclassified/ Accuracy
Sensitivity
Specificity

ELISA > 120
positive
negative
28
0
16
107
16/ 89.4%
1 (0.82-1.00)
0.87 (0.80-0.92)

ELISA > 150-159
positive
negative
28
0
9
114
9/ 94.0%
1 (0.82-1.00)
0.93 (0.87- 0.97)

Table 3.1 Pseudo-gold standard test result frequencies and 95 % confidence estimates
of test accuracy. Results were calculated with the ELISA cut-off value recommended
for cattle (cut-off= 120) and the cut-off value determined by receiver operating
characteristic analysis (cut-off= 159). Test accuracy was improved with a higher cutoff value.
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Parameters

Mode Lower Limit
Sens 0.976
> 0.70
ELISA>159 Spec 0.975
> 0.70
Sens 0.981
> 0.21
RBT
Spec 0.998
> 0.688
Sens 0.960
> 0.23
CFT
Spec 0.998
> 0.306
LS
0.30
>0.10
Prevalence
CB
0.35
>0.10
1. Grenier et al., 2009. 2. Nielsen, 2002.

Beta (a, b)

Source

6.29, 1.13
6.31, 3.14
1.94, 1.02
8.08, 1.01
2.08, 1.05
2.56, 1.00

1
1

2.35, 4.14
1.96, 2.78

1, 2
1, 2
1, 2
1, 2
3

3. Chapparo et al., 1990

Table 3.2 Prior distributions for the ELISA, Rose Bengal test (RBT), and complement
fixation test (CFT), and the literature from which they were estimated. Prior
distributions were represented as beta distributions and estimated by defining the
mode and lower confidence bounds based on estimates in the literature. Population
prevalence was defined for buffalo populations in the Lower Sabie region (LS) and the
Crocodile Bridge region (CB). Prior values are given for each tests’ sensitivity (Sens)
and specificity (Spec).
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EL/RBT/CFT
EL>159 LS
CB
Total

+/+/+

+/+/-

+/-/+

+/-/-

-/+/+

-/+/-

-/-/+

-/-/-

24
21
45

28
47
75

0
0
0

19
39
58

0
3
3

3
6
9

0
0
0

161
220
381

Table 3.3 ELISA, Rose Bengal test (RBT), and complement fixation test (CFT) results
classified for the Lower Sabie region (LS) and the Crocodile Bridge (CB) region.
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Model
Conditional Independence
CD between RBT & CFT
CD between ELISA & CFT
CD between ELISA & RBT
CD between EL & RBT, RBT & CFT
CD between EL & CFT, RBT & CFT
CD between EL & RBT, EL & CFT
CD between all sensitivity
CD between all specificity

DIC
63.211
61.297
62.353
62.477
60.149
61.729
62.764
61.671
62.073

ELISA- SE
93.70 (87.54-90.13)
95.08 (88.28-99.55)
92.22 (84.83-97.29)
92.23 (84.94-97.27)
93.23 (82.05-99.35)
96.07 (89.08-99.64)
92.95 (83.79-98.04)
92.18 (83.46-97.29)
93.94 (86.51-99.26)

ELISA-SP
87.09 (83.65-90.13)
88.15 (88.41-97.81)
84.26 (74.88-88.93)
84.64 (75.73-88.99)
85.45 (75.84-96.66)
88.03 (83.89-98.02)
84.37 (74.96-88.88)
87.57 (83.78-97.96)
84.64 (75.54-89.09)

Table 3.4 Comparison of model fit based on DIC values. 95% Credibility intervals for
ELISA sensitivity (ELISA-SE) and ELISA specificity (ELISA-SP) are shown for
models assuming conditional dependence among tests and for models assuming
conditional dependence (CD) between tests. The modeled assumptions had a minimal
effect on the resulting estimates.
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Parameter
Sensitivity
Specificity

ELISA
RBT
CFT

ELISA
RBT
CFT
Population Prevalence:LS
Population Prevalence:CB

Prior

Posterior

0.879 (0.536-0.994)
0.694 (0.147-0.986)
0.704 (0.165-0.986)
0.924 (0.858-0.966)
0.918 (0.633-0.996)
0.762 (0.236-0.990)
0.347 (0.072-0.732)
0.400 (0.069-0.825)

0.951 (0.883-0.996)
0.959 (0.701-0.999)
0.360 (0.254-0.457)
0.882 (0.841-0.978)
0.959 (0.701-0.999)
0.996 (0.984-0.999)
0.241 (0.183-0.321)
0.232 (0.179-0.332)

Table 3.5 Summary of prior and posterior distributions for Bayesian latent class
analysis of ELISA, Rose Bengal test (RBT), and complement fixation test (CFT)
accuracy. Prior information for the sensitivity and specificity of each test is
summarized by the median and 95th percentile of their distribution. Median parameter
estimates and 95% Bayesian credibility intervals are listed for the model assuming
covariance between the RBT and CFT.
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Model Specification
CD between RBT & CFT
Priors decreased by 5; 70% confidence
Priors increased by 5; 70% confidence
Priors decreased by 5; 95% confidence
Priors increased by 5; 95% confidence

ELISA Se (95%Crl)
0.951 (0.883-0.996)
0.947 (0.878-0.994)
0.951 (0.882-0.997)
0.943 (0.878-0.989)
0.958 (0.891-0.997)

ELISA Sp (95%Crl)
0.882 (0.841-0.978)
0.879 (0.839-0.969)
0.882 (0.841-0.983)
0.880 (0.841-0.968)
0.886 (0.844-0.988)

Table 3.6 Sensitivity analyses of model assumptions and prior information. To adjust
prior information about ELISA accuracy, the mode and lower bound were
increased/decreased by 5 percentage points and the confidence in the priors was
relaxed.
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Figure 3.1 Two-graph receiver operating characteristic curve that plots sensitivity and
specificity, and their non-parametric confidence bands as a function of test cut-off
value. Vertical dashed lines show the cut-off values selected by ROC analysis for
further investigation (S/P%=150-159).
!
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4 – Context-dependent consequences of chronic disease in a natural mammalian
host population.

Erin E. Gorsich, Paul C. Cross, Roy B. Bengis, Vanessa O. Ezenwa, Anna E. Jolles

Currently in preparation for Ecology
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ABSTRACT
Chronic infections may have negative impacts on wildlife populations, yet
their effects are difficult to detect in the absence of long-term population monitoring.
Brucella abortus, the bacteria responsible for bovine brucellosis, causes chronic
infections, abortions and reduced condition in wild and domestic ungulates. However,
the causes and consequences of variation in brucellosis infection prevalence in wild
ungulate populations are poorly understood. We report the infection patterns and
fitness consequences of bovine brucellosis in African buffalo based on (1) seven years
of cross-sectional disease surveys and (2) a four-year longitudinal study in Kruger
National Park (KNP), South Africa. Brucellosis prevalence in buffalo herds ranged
from 9.4% to 47.6%, increased with age until adulthood (>6), and varied throughout
KNP by geology and latitude. Brucellosis infection was associated with increased
mortality and condition-dependent reductions in reproductive success. Female
brucellosis-positive buffalo in poor condition were less likely to be observed with a
calf but had similar pregnancy rates to brucellosis-negative females of comparable
age. We used a matrix population model to translate these observed infection patterns
and effects on survival and fecundity to the population level. !Our results suggest that
brucellosis infection can potentially result in reduced population growth rates, and
because fecundity reductions due to brucellosis were driven by females in poor
condition, the disease may contribute to population regulation by imposing a densitydependent growth decrement on buffalo populations. Our data also revealed striking
geographic variation in infection patterns and the fitness consequences of disease.
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Continued monitoring might focus on understanding the mechanisms driving spatiotemporal variation in brucellosis infection, enabling adaptive wildlife management
aimed at optimizing wildlife health and preventing spill-over to livestock
INTRODUCTION
Infectious diseases may have negative consequences for individual animals and
host populations (Anderson and May, 1978; Tompkins et al., 2011). Overwhelming
evidence shows that diseases can reduce survival and fecundity at the individual level
(Alexander & Appel, 1994; Joly & Messier, 2005; Craig et al., 2006). Evidence for
disease impacts at the population level, however, remain largely limited to epidemics
of virulent or emerging infections in endangered populations (Van Riper et al., 1986;
Thorne and Williams, 1988; Daszak et al., 2003; McCallum et al., 2009).
Experimental parasite removal in a few key systems (Hudson et al., 1992; Gulland et
al., 1993) and theoretical models (McCallum, 1994) show that endemic parasites can
also influence populations and this regulation can occur in the absence of overt
mortality. Yet, empirical support for endemic and persistent infections regulating host
population remains limited, especially for microparasitic infections, which tend to be
more difficult to monitor over extended time periods in wildlife, because diagnosis
typically requires invasive sampling (but see Burthe et al., 2008; Honer et al., 2012).
Quantifying the effects of endemic pathogens in wildlife is further complicated
by the fact that the survival and fecundity costs of persistent infections are likely to
vary with resource availability or host body condition (Beldomenico and Begon,
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2010). Recent research suggests that this heterogeneity may be critical to
transmission, disease severity, and the population-level impacts of pathogens (Burthe
et al., 2008; Hoye et al., 2012; Zhang et al., 2012). For example, the synergy between
condition and disease at the population level was experimentally demonstrated in a
study simultaneously supplementing food and removing intestinal parasites in a wild
mice population (Peromyscus leucopus and Peromyscus maniculatus). The effects of
parasites were exacerbated in the absence of food supplementation (Pedersen and
Greives, 2008), suggesting that the extent of host population regulation by parasites
may be dependent on individual level host condition. Associations of host condition
or resources with individual-level disease susceptibility (Diaz and Alonso, 2003) and
severity are numerous (Turner et al., 2012), as are associations among disease and host
population dynamics (Cattadori et al., 2005). Further, the effect of pathogens may
vary with demographic and environmental conditions such as age, sex, and geographic
locaiton that modify access to resources, competition, and social status (Honer et al.,
2012). Therefore, an understanding of the environmental and demographic variation in
individual-level survival and fecundity costs of disease is crucial to predicting the
population and landscape-level patterns of infection and impacts of disease (Blaustein
et al., 2011; Tablado et al., 2012).
Understanding the population level costs of infection is especially relevant for
multi-host diseases that are often managed to minimize spill-over infections from
wildlife to livestock. Bovine brucellosis, caused by the bacteria, Brucella abortus, is a
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globally distributed, zoonotic infection known to infect a broad range of mammalian
hosts, including wild and domestic ungulates (Godfroid et al., 2011). Infection is
associated with weight loss, abortion and reduced milk production in cattle (Neta et
al., 2010) and reduced fecundity and survival in some wildlife species have been
demonstrated (Joly and Messier, 2005; Rhyan et al., 2009). Brucellosis is transmitted
by exposure to or consumption of Brucella-infected birth products including live,
infectious calves, aborted foetuses, placenta, or vaginal exudes (Stewart and Penzhorn,
2004). Vertical transmission from mother to calf also occurs at birth or through
transmission of the bacteria in milk. Wildlife are often implicated as maintenance
reservoirs for transmission of brucellosis in livestock (Michel and Bengis, 2012),
fuelling conflicts between conservation and agricultural interests at the widlifelivestock interface (Kilpatrick et al., 2009; Alexander et al., 2012; Gomo et al., 2012).
Here we take advantage of an unusual opportunity for studying the effects of
environmental variation on disease impacts in a free-living buffalo population at
Kruger National Park, South Africa. We combine a geographically extensive, 7-year
dataset compiled as part of the park’s brucellosis surveillance effort, with data from a
longitudinal study where brucellosis infection, survival and reproduction were
monitored for four years in 146 individual buffalo. We use these data to investigate
demographic and landscape-level variation in infection patterns, and resourcedependent fitness effects of brucellosis.
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In KNP, geological substrate and a latitudinal gradient in rainfall are strong
drivers of savannah heterogeneity (Venter et al., 2003), influencing plant biomass,
forage quality (Ryan et al., 2012), and buffalo behavior (Winnie et al., 2008), and thus
defining regions of differing buffalo densities and habitat quality. We expected this
variation (1) to influence the spatial distribution of brucellosis infection, and (2) to
modify fitness effects of brucellosis in individual hosts. We test these hypotheses by
analyzing demographic, spatial, and temporal patterns of infection using KNP’s
brucellosis surveillance data, and by testing for independent and body conditiondependent survival and fecundity costs of disease in our longitudinal data. We use a
mathematical model to explore how resource-driven variability in vital rates and
disease effects among buffalo herds may translate to contrasting outcomes of
brucellosis infection for herd health.
METHODS
Study area and population:
Field data were collected in Kruger National Park (KNP), located in
Mpumalanga province, South Africa (between 22°31’ and 25°31 S, 30°45 and 32°00
E). African buffalo are gregarious bovids that live in fairly stable mixed gender herds
that can range in size from 200 to 1200 individuals. Fission-fusion events (where
herds form and separate over time; Cross et al., 2005) and dispersal between herds are
common (Halley et al., 2002), resulting in weak genetic structure (Van Hooft et al.,
1999). The park covers approximately 20,000km2, represents a range of savannah
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habitats (Pickett et al., 2003), and during the course of this study, supported buffalo
population sizes ranging from approximately 23,000 to 30,000 individuals (Seydack et
al., 2012). Both geology and climatic patterns structure plant and animal communities
within KNP (Gertenbach, 1983). The two main geological substrates are granite in the
western section of KNP and basalt in the eastern section (Figure 4.1). Granite soils are
sandier and generally produce less biomass with lower nutrient concentrations
(Macandza et al., 2004; Mutanga et al., 2004). Rainfall and temperature both follow a
north-south gradient, with the highest rain in the southwest (Venter et al., 2003).
Buffalo populations density and body condition (Caron et al., 2003) vary with this
latitudinal rainfall and temperature gradients; buffalo in southern KNP were found to
have a lower average body condition than in central and northern KNP. We test if
buffalo in areas with lower resource availability (granite) or lower body condition
(south) are associated with increased brucellosis prevalence by dividing the park into
three latitudinal sections separated at the park’s major rivers and two longitudinal
gradients based on geographic substrates (Figure 4.1).
Brucellosis infection
We collected information on brucellosis infection on two spatio-temporal
scales. First, to determine the demographic and spatio-temporal patterns of infection,
we conducted a cross-sectional, serological survey of 983 buffalo from 2001 to 2007
throughout KNP. Buffalo were captured as part of a study assessing the impacts of
bovine tuberculosis (Cross et al., 2009) and as part of serological surveys for bovine
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tuberculosis conducted by State Veterinary Services and South African National
Parks. Age, sex, pregnancy status, capture date, and geographic location were
recorded for each buffalo. Capture locations were targeted for the park-wide
serological survey, but the animals captured each day for both datasets were randomly
selected (see Cross et al., 2009 for detailed description of capture methods).
Pregnancy status was determined by rectal palpation of the uterus. Age was estimated
based on emergence of incisor teeth for animals younger than 5 years old and horn
size for buffalo older than 5 (Grimsdell, 1973, Sinclair, 1977). Brucellosis testing
from the cross-sectional survey was based on a panel of serological diagnostic tests.
The rose bengal test (RBT) was used as a screening test and the complement fixation
test (CFT) and the slow agglutination test (SAT) were used as confirmatory tests; we
define a buffalo as seropositive for brucellosis if the buffalo was positive for the RBT
and either the CFT or SAT based on their accuracy in cattle (Nielsen, 2002). These
tests have an unknown sensitivity and specificity in buffalo but perform well in cattle
(98.1% and 96.0% sensitivity and 99.8% and 98.7% specificity; Grenier et al., 2009).
All tests were performed by the Onderstepoort Veterinary Institute’s diagnostic
laboratory and results were defined as positive based on titer thresholds defined the
OIE manual of diagnostic tests and vaccines for terrestrial animals (OIE, 2008).
Second, to determine the individual level survival and fecundity costs of
infection, we conducted a longitudinal study of 146 female buffalo (Dataset 2). An
initial 105 female buffalo were captured between June 2008-August 2012 as part of a
study on intestinal parasites and bovine tuberculosis co-infections (Project P.I. Dr. A.
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Jolles, Oregon State University and Dr. V. Ezenwa, University of Georgia). Buffalo
were captured at two locations in the southern section of KNP, 53 buffalo in the
Lower Sabie area in June 2008 and 52 in the Crocodile Bridge Area in October 2008.
The Crocodile Bridge area is located in the south eastern corner of the park and the
Lower Sabie area is directly to the north. Buffalo were radio-collared for reidentification and captured biannually at approximately 6 month intervals from their
initial capture in 2008 until July of 2012. As natural mortalities occurred throughout
the study period, new buffalo were captured and monitored, so that 41 buffalo were
added throughout the course of the study.
This sampling design allowed us to directly test for independent and conditiondependent costs of infection. During each capture period, we recorded brucellosis
status, body condition, age, pregnancy status, and whether there was a calf associated
with each buffalo. Age determination was calculated by tooth eruption in younger
buffalo and by incisor wear in older buffalo (Jolles, 2007). Body condition was
assessed on a scale of 1 to 5 by palpation of four main areas where fat is stored on
buffalo: ribs, spine, hips, and the base of the tail (Ezenwa et al. 2009). Brucellosis
testing was conducted using the only diagnostic test validated in African buffalo, the
IDEXX ELISA (Brucellosis Serum Ab ELISA test #P04130), with an estimated
sensitivity of 95% and specificity of 88% (Gorsich et al. in review). Our analyses do
not compare between datasets with different diagnostic tests to avoid potentially
confounding effects of differences in diagnostic test accuracy. We estimated the time
at which a buffalo became infected as the first capture at which it tested positive and
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the time of mortality as the last live capture time point unless the mortality date was
known. As a result, buffalo with dry season mortality were last captured during the
wet season and vice versa.
Statistical analysis: demographic and spatio-temporal patterns of infection
We tested for age, sex, and spatio-temporal patterns of infection with the parkwide, cross-sectional disease survey using generalized linear models. Models
predicting brucellosis prevalence were analyzed with binomial error structure and a
logit link function. To determine age and sex patterns of infection, we fit models of
brucellosis prevalence to the entire cross-sectional dataset and conducted model
selection on models including host age, host sex, or their interaction. Capture locations
in this cross-sectional survey are displayed in Figure 4.1; sample sizes and sources are
summarized in Table 4.1. Age is represented as a categorical variable in all models
from this dataset and includes calves (0-1yrs), juveniles (2-3.5yrs), subadults (45.5yrs), adults (6-8.5yrs), and mature (9+yrs) buffalo. To determine the age and sex
patterns of infection, we tested for their additive or interactive influence on brucellosis
prevalence after accounting categorically for annual variation in sampling locations
with a term representing sampling year and park section.
To examine the spatio-temporal patterns of infection, we analyzed those areas
with spatial and temporal overlap: data from years 2001-2005 in the southern and
central KNP. We fit models including age, sex, year, season, park section (central,
southern) and geology (granite vs basalt soils) and considered all two-way
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interactions. All models account for age and sex because this reduced dataset was
highly age-structured (N=670). Season was included in the models as a categorical
variable based on rainfall and temperature (wet season: October to March, dry season:
April to September). Model selection was based on Akaike Information Criteria (AIC,
Burnham and Anderson, 2002). We report the top six models (Appendix table B.1)
and report the model with the lowest AIC value (Burnham and Anderson, 2002).
Statistical analysis: survival and fecundity consequences of brucellosis
Survival in brucellosis positive and negative buffalo was analyzed using a
Cox-proportional hazards regression model (CPH) with brucellosis as a time
dependent variable (Cox 1972). The CPH method allows us to incorporate buffalo
observed later in the study (left censored) and buffalo removed from observation for
logistical and unknown reasons (right censored), including collar failures, capture
induced deaths, or migrations (Parmar and Machin, 1995). We modeled brucellosis as
a life-long infection, assuming that a buffalo that has tested positive on at least two
capture periods remains positive for life (Godfroid et al., 2011). We represented age,
season, and herd identity as time independent or fixed variables. Age was represented
as a continuous variable in years because the longitudinal sample design allowed more
accurate estimations of buffalo age. Model selection based on AIC values was
conducted on models including all two-way interactions between age, season, herd,
and brucellosis infection status (Appendix Table B.1).
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To determine the effect of brucellosis on fecundity, we used generalized linear
mixed models with a binomial link and performed model selection on two dependent
variables: (1) the probability of having a calf, or calving success and (2) the
probability of being pregnant. Calving is strongly age dependent, with very few calves
born to females younger than 4 years, therefore, only buffalo over 3 years old were
included in this analysis (resulting in 677 samples from 140 buffalo). Buffalo calves
often associate with their mother until the next breeding season and therefore were
distinguishable from other calves by being within a few meters from a female (Sinclair
1977). Because buffalo calves are often weaned after 5-6 months (Winthrop et al.,
1988), we expected to observe less calves just before or during birthing season and
account for this by including season in all statistical models. Model selection included
any two-way interaction between age, season, herd, body condition and brucellosis
infection. Animal ID was included in the models as a random effect. All statistical
analyses were conducted in R version 2.15.2 (R core development team). Survival
analysis was conducted using the survival package and CPH function (Fox &
Weisberg 2011).
Impact of Brucellosis on Population Growth
To explore the effects of brucellosis infection on population growth, we used
the observed effects of brucellosis on individual survival and fecundity to
parameterize an age-structured matrix population model. We model buffalo in the
Lower Sabie herd and the Crocodile Bridge herd separately because of their different
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survival and fecundity rates. Vital rate parameters for the Crocodile Bridge herd were
based on the proportional reduction in survival and fecundity, compared to the Lower
Sabie herd, indicated in the statistical model (Table 4.2). Vital rate parameters for the
Lower Sabie herd were estimated in a previous study in that region (Cross and Getz,
2006) and in Hluhluwe Imfolozi Park (Jolles, 2007; Table 4.3). Proportional
reductions in survival and fecundity from brucellosis were also estimated from our
statistical models. To estimate the probability of survival in the Crocodile Bridge herd
and in brucellosis positive buffalo, we converted the proportional increase in mortality
estimated in the Cox proportional hazards analysis into a survival rate. For example,
the proportional increase in the probability of mortality in brucellosis-positive vs.
brucellosis-negative buffalo is defined in our statistical model as eβ, where the
parameters, β are listed in Table 4.2. The probability of survival, s, in brucellosis
positive buffalo is:
s+ =1- eβ pwhere p- represents the probability of mortality in uninfected buffalo.
To estimate the fecundity rate in the Crocodile Bridge herd and in brucellosis
positive buffalo, we converted the odds ratios calculated by the statistical model into
probabilities. The odds ratio for having a calf in brucellosis-positive vs. brucellosisnegative buffalo is defined in our statistical model as eβ and, therefore, the probability
of having a calf in brucellosis positive buffalo, p+ is defined as:
p+ = eβ o- / (1+ eβ o-)
where o- represents the odds of having a calf in brucellosis negative buffalo.
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The population growth rate, λ, was determined by the dominant eigenvalue of
the Leslie projection matrix (Caswell 2001). We explored the level of infection
required to regulate population growth in both herds by modeling infection prevalence
ranging from 0 to 50%. The model’s age-distribution of infection was based on those
in our park-wide disease survey and was assumed to be independent of infection
prevalence within the range we observed. We considered scenarios where buffalo
were in good, average, and poor condition and compared our estimated population
growth to the actual growth within KNP, calculated as the proportional
increase/decrease in buffalo counted during the dry season. Buffalo counts and
locations were conducted by KNP researches as part of an annual park-wide large
herbivore helicopter surveys (KNP megaherbivore censuses 2007-2012). The
population model was analyzed in R version 2.15.2 (R core development team).
RESULTS
Of the 983 buffalo sampled for brucellosis throughout Kruger National Park
between 2001-2007, a total of 189 buffalo or 19.23% tested positive for brucellosis
during the course of the study.
Demographic Patterns of infection
Brucellosis infection increased with age until a maximum prevalence of
31.25% in adult buffalo (Figure 4.2a). The age-prevalence pattern differed in males
and females (age×sex, drop-in-deviance test, deviance= 10.89, df=4, p-value= 0.028).
In female calf, juvenile, and sub-adult buffalo, prevalence was significantly lower than
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in adult females (calf: F2,, 962= -2.318, p-value= 0.020; juvenile: F2,, 962= -1.138, pvalue= 0.001; sub-adult: F2,, 962= -2.286, p-value=0.022). Senescent females had a
prevalence of 25.0% that did not differ significantly from adults (F2,, 962=0.906, pvalue=0.365) or subadults (F2,, 962=-1.517, p-value=0.129) but was higher than
juveniles (F2,, 962=-2.696, p-value=0.007). The age-prevalence pattern in males
differed from that in females in two distinct ways. First, male calves showed a
significantly higher prevalence than female calves (calf×male: F2,, 962= 2.410, p-value=
0.0160), and than male juveniles (F2,, 962= -2.509, p-value= 0.012). Second,
prevalence in adult male buffalo was lower than females (F2,, 962=-2.194, pvalue=0.028) and prevalence in mature adults tended to be lower than females but this
was not significant (F2,, 962=-1.192, p-value=0.233).
Spatial and Temporal Patterns of infection
Soil type and park section were significantly associated with brucellosis
prevalence (drop in deviance test, p<0.0001, Table 4.1). Buffalo captured on granite
soils were associated with 2.396 (95% confidence interval from 1.226 to 4.683) times
higher odds of brucellosis than buffalo captured on basalt soils (F2, 656=2.553, pvalue=0.011). Although the main effect of park section was significant, the magnitude
of this effect varied with soil type (Figure 4.2b). Buffalo captured on granite soils in
southern KNP had the highest prevalence compared to all other sections, 32.716%
(soil×park section, F2, 656=2.042, p-value= 0.002). Prevalence in buffalo captured in
southern KNP on basalt soils was not significantly different than in central KNP (F2,
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-0.315, p-value=0.752). After accounting for age, sex, geology and south vs

central location within the park, brucellosis prevalence only suggestively varied
among years, with the highest prevalence in 2002, (2002>2003, F2, 654= -1.931, pvalue=0.053; 2002>2004, F2, 654=-2.869, p-value=0.004; and 2002>2005, F2, 654=2.378, p-value=0.017) and lowest prevalence in 2004 (2001>2004, F2, 654=1.852, pvalue=0.064).
Survival and Fecundity
We observed a total of 44 mortalities out of the 146 buffalo monitored from
2008 to 2012. Sixteen of the mortalities were buffalo initially captured in the Lower
Sabie area and 28 were buffalo initially captured in the Crocodile Bridge area. At the
time of initial capture, brucellosis prevalence was 30.19% (16/53) of in the Lower
Sabie herd and 26.92% (14/52) in the Crocodile Bridge herd.
The most parsimonious model explaining survival included brucellosis and an
interaction between brucellosis and herd (Table 4.2). The probability of mortality in
buffalo with brucellosis was estimated to be 3.124 (95% confidence interval from
1.198 to 8.149) times greater than uninfected buffalo (Figure 4.3a). Herd location had
the largest influence on survival; buffalo in the Crocodile Bridge herd were estimated
to have a mortality risk 4.378 (95% confidence interval from to 1.685 to 11.379) times
greater than buffalo in the Lower Sabie herd. There was suggestive evidence that the
effect of brucellosis on survival was less pronounced in the Crocodile Bridge Herd
(bruc×herd Z=-1.667, p-value= 0.096). Host age was also associated with mortality,
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with the higher mortality in young and old buffalo, indicated by support for a
quadratic, as well as a linear age term. There was suggestive evidence for seasonal
mortality. A higher number of buffalo died after their wet season capture period,
indicating that more mortality occurred throughout the dry season.
Brucellosis was associated with reduced calving success in a condition
dependent manner (Table 4.2). Buffalo in the Crocodile Bridge herd were estimated
to have a decreased calf success 0.215 times less than buffalo in the Lower Sabie herd
(95% confidence interval from 0.152 to 0.305). Host age was also associated with
calving success, with lower probability of having a calf in young and old buffalo.
After accounting for age, season, and herd, the odds of calving success was 0.056
(95% confidence interval from 0.014 to 0.225) times lower in brucellosis positive
buffalo than negative buffalo, and buffalo in poor condition had higher calving success
than buffalo in good condition (Figure 4.3b). The probability of calving success in
adult buffalo with body condition score of 2 was 72.4% but only 22.8% in buffalo
with a body condition score of 3. The interaction between brucellosis and body
condition shows that the effect of brucellosis on calving success was driven by
females in poor body condition; in buffalo with higher body condition, brucellosis had
no effect on calving success.
We did not detect an association of brucellosis with pregnancy. Similar to
calving success, pregnancy was lower in the Crocodile bridge herd. However, contrary
to the pattern with calving success, the odds of pregnancy increased with host body
condition (F=2.630, p-value=0.009).
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Impact of Brucellosis on Population Growth
The population model was parameterized based on estimates of the influence
of herd and brucellosis infection in our statistical models (Table 4.3). To evaluate if
the body condition and herd dependent fitness costs of infection at the individual level
translate into population-level consequences, we examined the estimated population
growth in both herds at three values of host body conditions: body condition score
(BCS) of 2, BCS=2.75, BCS=3. These values were chosen from the distribution of
buffalo with a calf; the median dry season body condition for a buffalo with a calf in
was 2.75 (25th percentile= 2.5, 75th percentile= 3.12) in the Lower Sabie herd and 2.5
(25th percentile= 2.5, 75th percentile= 3.0) in the Crocodile Bridge herd. Based on the
results from our statistical models, baseline fecundity rates for the Crocodile Bridge
herd were estimated based on the odds of having a calf being 0.215 times lower than
in the Lower Sabie herd. Baseline mortality rates for the Crocodile Bridge herd were
estimated as 4.38 times the rate in Lower Sabie. We also represent condition
dependent fecundity costs of infection based on model estimated odds ratios and herdspecific mortality rates based on the survival analysis (Table 4.4).
The population model showed that increasing brucellosis infection can reduce
population growth (Figure 4.4). The overall population growth rate was higher in the
Lower Sabie herd than in the Crocodile Bridge herd, reflecting the low survival and
fecundity in Crocodile Bridge. The modelled growth rates for both herds were similar
to the range of annual growth rates observed in southern KNP during our study
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(Figure 4.5). Elasticity analysis of the model showed population growth responded
most to changes in subadult (age 1-7) and calf survival. For the range of body
condition parameters we explored, the results showed that when females were in poor
condition, brucellosis reduced the already low population growth rate in the Crocodile
Bridge herd but had minimal effects when females were in good condition. Conversely
in Lower Sabie, population growth was reduced with increasing prevalence regardless
of body condition, and growth rate, though overall much more robust than at
Crocodile Bridge, was much more sensitive to increases in brucellosis prevalence.
Brucellosis did not reduce population growth below λ=1 in the Lower Sabie herd but
may be able to regulate populations with lower growth rates. Brucellosis also did not
regulate the Crocodile Bridge herd, because its growth rate was already <1 in the
absence of brucellosis, indicating that the Crocodile Bridge herd may have acted as a
population sink during the study period.
DISCUSSION
Our results show condition-dependent costs of brucellosis infection at multiple
scales, consistent with the expectation that brucellosis is a persistent infection with
population-level effects that are likely to occur over time. Throughout Kruger
National Park, brucellosis infection showed geographic variation, with increased
prevalence in areas of the park with lower nutrient availability (granite soils) and
where buffalo were, on average, in lower body condition. At the individual level, the
host fitness effects of brucellosis were also linked to environmental variation.
Brucellosis was associated with herd-dependent mortality and condition-dependent
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fecundity effects. Our population model, based on these individual-level costs,
predicted strong effects on host population growth. Critically, the strongest effects of
brucellosis on population growth occurred during periods of resource restriction and in
populations that were in otherwise good shape, suggesting the importance of resource
variation in the dynamics of an endemic infection in natural wildlife population.
Demographic patterns of infection
The epidemiology of brucellosis in African buffalo showed similar age, sex,
and seasonal patterns of infection as livestock (Gomo et al., 2012) and wildlife in
more temperate climates (Joly and Messier, 2004; Etter and Drew, 2006; Rhyan et al.,
2009). Age patterns were typical of an endemic disease, with serological detection
increasing with age. We also observed lower infection prevalence in older buffalo
(age > 9). This age-prevalence pattern may indicate mortality, reduced exposure, or
loss of antibodies in older animals (Wilson et al., 2002). Male calves exhibited very
high brucellosis seropositivity, compared to juvenile males and female calves and
juveniles. It is unclear if this pattern reflects maternal antibodies or infected calves.
Passive antibodies in calves of seropositive cows decline after 5-6 months (Winthrop
et al., 1988; Rhyan et al., 2009). Higher seroprevalence due to maternal immunity in
male calves could indicate that brucellosis-positive mothers are more likely to give
birth to male than female calves, that male calves are born later in the birthing season
(and we therefore sampled more male calves that had not yet lost their maternal
immunity, when catching – as is typical during the dry season), or that mothers
provision sons and daughters differentially with protective antibodies. Alternatively,
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male calves that acquired Brucella infection vertically from their mothers may have
extremely low survival during their first year, whereas female calves do not suffer
significant mortality cost of brucellosis infection. Additional investigations into the
sex ratio of calves born to brucellosis-positive mothers and the dynamics of maternal
antibodies in male and female buffalo calves could illuminate the mechanism
underlying this unusual finding.
Spatio-temporal patterns of infection
Brucellosis infection prevalence at KNP showed strong geographic variation,
but only modest temporal variation. As such, the disease appears to be endemic in the
buffalo population, with relatively stable prevalence in a given area, but its dynamics
may vary spatially, likely reflecting environmental and host population density
variability within the park. Buffalo on granite soils in Southern KNP had the highest
prevalence, buffalo on granite soils in the central KNP had the lowest prevalence,
whereas buffalo on basalt soils had similar and intermediate brucellosis prevalence in
both central and southern sections. This striking pattern of high spatial variation in
Brucella infection prevalence on granite soils is consistent with our prediction that
buffalo in areas with lower resource availability (granite) and lower body condition
(south) would be associated with increased brucellosis prevalence. The south-western
granites of Kruger National Park (the sourveld) are dominated by unpalatable grasses
that cannot sustain grazers during the dry season (Van Oudtshoorn, 1992; Smit, 2011).
An alternative explanation for this pattern could be that hosts in poor condition reflect
differences in buffalo densities, which also vary throughout the park and influence
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host condition. Grazer densities in KNP mirror the latitudinal rainfall gradient, with
higher animal densities observed in central and southern KNP (Owen-Smith and Mills,
2006). The observed high brucellosis prevalence in buffalo on granitic soils in the
south may thus simply result from increased transmission due to high buffalo density.
This is consistent with findings in elk and bison, which indicate that animal density is
one of the most important predictors of brucellosis prevalence (Cross et al., 2010).
Heterogeneous effects of disease on host survival and fecundity
Brucellosis altered buffalo vital rates, with heterogeneous effects according to
environmental conditions and host body condition. The mortality effects of disease
varied by herd and the effects on calving success varied by body condition. We
detected an effect of mortality in the Lower Sabie herd but not the Crocodile Bridge
herd, perhaps because the baseline mortality in the Crocodile Bridge herd was much
higher. Animals in the Crocodile Bridge herd were in overall worse condition
(Beechler et al., 2012), so the additional mortality of a chronic disease may be more
difficult to detect. For example, the pre-patent period for brucellosis can range from 2
weeks to 1 year, with cattle often not testing positive until after their first abortion
(Nicoletti, 1980). As a result, our results likely underestimate the influence of
brucellosis on survival, especially in areas of high mortality. The difference in the
mortality effect of brucellosis between the herds reflects the large differences in herd
health, where the Crocodile bridge herd has low reproductive success and high
mortality and the Lower Sabie herd has better survival and recruitment. This
difference could be because the overall lower condition of buffalo in the Crocodile
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bridge herd (Beechler et al., 2012) and, thus, potentially higher levels of predation
(Owen-Smith, 2008), or because of variation in access to water sources (Smit, 2011).
Likely these sources of environmental variation are exacerbated by the inability of the
Crocodile bridge buffalo to move to the south or east when resources become low
because of the veterinary cordon fence around KNP.
We also observed that buffalo with calves tended to have lower body
condition, consistent with the fact that lactation is the most energetically expensive
time in an animal’s life. Our data show a condition-dependent association of
brucellosis with reduced calving success. These results indicate that brucellosis
affects reproductive success under resource-restricted conditions. We may also be
detecting the fact that brucellosis effects on both condition and calving success both
occur early in the course of an infection, with abortions occurring most frequently
during the first two years post-exposure (Rhyan et al., 1994; Rhyan et al., 2009). Our
results did not detect an association between brucellosis and host pregnancy. This
result is consistent with previous work (Joly and Messier, 2005) and the wellcharacterized timing of brucellosis clinical signs in livestock (Coetzer and Tustin,
2004) and bison (Rhyan et al., 2009). Brucellosis causes abortions primarily during
the third trimester and pregnancy testing is not sensitive to the timing of abortions.
Population-level effects
The modeling results reflect heterogeneities in the effects of brucellosis on host
fitness. Brucellosis was associated with reduced population growth most strongly
when buffalo were in poor condition, reflecting the condition-dependent effect on calf
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rearing. These results may have important implications for population resilience,
especially in drought or otherwise resource poor years. Buffalo population
performance follows rainfall patterns (Owen-Smith and Mills, 2006), and has been
linked to its influence on forage quality or malnutrition (Seydack et al., 2012) and,
thus, vulnerability to predation (Owen-Smith, 2008; Owen-Smith and Mills, 2008). If
disease prevalence is increased in the areas of lowest nutrient availability as shown
here, then the effect of brucellosis on host populations may be higher than expected
during drought years.
Although brucellosis did not regulate population growth below λ=1 in the
Lower Sabie herd, its net effect in the two herds in southern KNP indicates population
regulation was possible. At a brucellosis prevalence of 25%, population growth was
λ= 1.14 in the Lower Sabie herd and λ= 0.87 in the Crocodile bridge herd (based on
average conditions). The overall growth rate drops below λ=1 at a brucellosis
prevalence of 35%. Thus, potential perturbations that generate artificially high
prevalence (aggregation from supplemental feeding or boreholes) or low body
conditions (drought) may result in a reduced buffalo population size. Our results also
show that for each increase in prevalence, the population growth consequences are
higher in the Lower Sabie herd. Because the mortality effect of brucellosis was lower
when the herd’s baseline mortality was already high, as in the Crocodile Bridge herd,
we predict brucellosis to have a larger effect in herds that have robust baseline growth
rates. The combined effects of brucellosis on survival and fecundity may mean that
the net reduction in population growth by brucellosis is greatest in populations with
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intermediate baseline growth rates and in areas with intermediate baseline mortality
and body condition. Similar non-linear effect of disease have been demonstrated
theoretically (Sharp and Pastor, 2011; Smith et al., 2008), and emphasize the
importance of pathogens that primarily reduce host fecundity (McCallum, 1994). Our
results provide empirical support for this theory but emphasize the context-dependent
relationship between chronic infectious diseases and their host populations.
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2001
2002
2003
2004
2005
2006
2007
TOTAL

N
19
21
44
24
228
0
0
336

South
prev, %
26.32
47.62
25.00
12.50
26.75
26.79%

N
73
45
74
69
72
0
0
333

Central
prev, %
12.33
22.22
17.57
8.70
19.44
15.62%

N
0
0
0
0
0
117
197
314

North
prev
9.40
18.27
14.97%

Total
N
92
66
118
93
300
117
197
983

15.22
33.33
20.34
9.68
25.0
9.40
18.27
19.23%

Table 4.1 Annual prevalence and sample size observed in the South, Central and Northern
Sections of KNP.
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Parameter
Mortality ~
brucella
age
age2
herd, CB
Season, wet
Bruc:herd

β

SE

F-value

p-value

1.128!
*!0.907
0.069
1.497
0.888
-1.067

0.489
0.300
0.024
0.490
0.521
0.640

!!2.304
*!3.023
!!2.812
!!3.055
1.704
- 1.667

0.021
0.003
0.005
0.002
0.883
0.096

Fecundity (calf at heel) ~
brucella
*!2.876
age
!!1.905
age2
- 0.099
herd, CB
*!1.537
season, wet
- 5.251
condition
- 2.185
brucella×condition
0.968
season×condition
1.479

1.385
0.371
0. 022
0.348
1.334
0.431
0.479
0.454

- 2.077
5.139
- 4.406
- 4.411
1.334
- 5.065
2.021
3.259

0.038
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
0.043
0.001

Fecundity (pregnancy) ~
brucella
age
age2
herd, CB
season, wet
condition

0.175
0.184
0.012
0.169
0.174
0.140

- 0.031
5.861
- 4.757
-2.630
1.733
2.425

0.975
<0.0001
<0.0001
0.009
0.083
0.015

- 0.005
1.081
- 0.056
- 0.445
0.302
0.341

Table 4.2 Associations of mortality, calving success, and pregnancy with age, herd,
season, and condition estimated with GLMs. Age is represented in years. Parameter
values (β ), standard errors (SE), and significance tests are shown for each independent
variable. A positive parameter value for season indicates the mortality/fecundity was
higher in the wet season and a positive association with herd indicates mortality was
higher in the Crocodile Bridge Herd.
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Value Elasticity Explanation
Source
Baseline Vital Rate Parameters for the Lower Sabie (LS) and Crocodile Bridge herd (CB)
0.137
Annual survival probability for calves in LS.
3
Sc 0.74
0.74
0.140
Annual survival probability for calves in CB.
0.631
Annual survival probability for buffalo < 8 yrs in LS.
1, 2
Ssa 0.95
0.81
0.693
Annual survival probability for buffalo < 8 yrs in CB.
0.090
Annual survival probability for buffalo 8-14 yrs in LS.
1, 2
Sa 0.86
0.48
0.028
Annual survival probability for buffalo < 8 yrs in CB.
0.74
0.003
Annual survival probability for buffalo >14 yrs in LS.
1,3
Ss
0
0
Annual survival probability for buffalo >14 yrs in CB.
0.025
Annual probability of a female aged 4 bearing a calf in LS.
1, 4
Fsa 0.51
0.18
0.018
Annual probability of a female aged 4 bearing a calf in CB.
0.045
Annual probability of a buffalo aged 5-6 bearing a calf in LS.
1, 4
Fa 0.64
0.28
0.048
Annual probability of a buffalo aged 5-6 bearing a calf in CB.
0.067
Annual probability of a buffalo aged 7+ bearing a calf in LS.
1, 4
Fs 0.60
0.24
0.073
Annual probability of a buffalo aged 7+ bearing a calf in CB.
1= Estimated in this study, 2= Cross & Getz, 2006, 3= Jolles, 2007, 4= Funston, 1999

Table 4.3 Buffalo vital rates, elasticities of population growth rates, explanation, and
data sources for each parameter. Elasticity values are the summed elasticities of λ for
each age within an age category.
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Parameter
Reduction in the odds of fecundity with brucellosis, BCS=2
Reduction in the odds of fecundity with brucellosis, BCS=2.75
Reduction in the odds of fecundity with brucellosis, BCS=3
Increase in the probability of mortality with brucellosis in LS.
Increase in the probability of mortality with brucellosis in CB.

Value

0.39
0.81
1.02
3.09
1.06

Table 4.4 Summary of the reductions in survival and fecundity associated with
brucellosis. Values represent the odds ratio for having a calf in brucellosis-positive vs.
brucellosis-negative buffalo defined in our statistical models. For each herd and age
category, we used the odds ratio to calculate the probability of having a calf in
brucellosis + buffalo.

-
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Figure 4.1 Map of Kruger National Park (KNP) in southern Africa. Buffalo sampling
locations are shown within the geologically based sections of the park.
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Figure 4.2 Brucellosis infection patterns. (a) Male and female age specific prevalence
(number infected/total sampled×100%) and standard error. Numbers indicate the
sample size of each category, letters define significance between age groups, and sex
differences are indicated with an asterisk, *. (b) Brucellosis prevalence was higher in
buffalo captured in southern KNP compared to central KNP on granite soils but not
basalt soils (southern, basalt N= 174, southern granite N= 162, central basalt N=268,
central granite N=65).

!

97

0.6
0.2

0.4

Survival

0.8

1.0

!!

(a)

Br Br+
0

5

10

Capture Number

15

(b)

Figure 4.3 (a) Survival in brucellosis positive and negative buffalo. (b) Estimated
mean probability (SE) of observing a calf for adult buffalo. The median body
condition score for calving buffalo in the dry season was 2.75.
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Figure 4.4 Influence of brucellosis prevalence on population growth in (a) the
Crocodile Bridge and (b) Lower Sabie herds.
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Figure 4.5 Population growth at KNP based on the 2007-2012 buffalo census.
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5 – Not all immunity is the same: bovine tuberculosis alters immunity, severity,
and susceptibility to brucellosis infection

Erin E. Gorsich, Vanessa O. Ezenwa, Anna E. Jolles
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ABSTRACT
Mounting evidence suggests that immune mediated interactions among coinfecting species can mediate disease progression and the dynamics of co-infecting
pathogens, yet empirical evidence linking within host immunity to disease outcomes
in the wild is limited. In this study, we test how immune-mediated interactions
between an emerging bacterial disease, bovine tuberculosis (bTB) and a native
bacterial disease, brucellosis, alter host susceptibility and disease progression in a freeranging population of African buffalo. We demonstrate that bTB and brucellosis are
positively associated at the population level and test two potential processes that
would result in a positive association: (1) infection induced immune suppression of
responses relevant to bTB and brucellosis susceptibility (innate immunity) or (2)
infection induced suppression of immunological responses known to drive disease
progression and mortality (pro-inflammatory responses). Our results show that both
bTB and brucellosis infections were associated with reduced innate immunity,
measured by a bactericidal killing assay, and increased susceptibility to subsequent
infection. However, bTB was also associated with accelerated mortality and an
increased pro-inflammatory immune response, measured by lymphocyte proliferation
and the concentration of peripheral interferon gamma. Brucellosis infection was not
associated with lymphocyte proliferation and was only association with higher
interferon gamma concentrations and a higher mortality rate in one of the herds
sampled. Therefore, changes in host immunity with both infections increased host
susceptibility to subsequent infection and were additively associated with accelerated
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host mortality. The relative magnitude of survival and susceptibility costs of coinfection are likely responsible for the positive association between bTB and
brucellosis at the population level.
INTRODUCTION
Emerging infectious diseases (EIDs), especially zoonoses maintained in
wildlife, are a significant burden on public health, regional economies, and
conservation (Daszak et al., 2000; Jones et al., 2008). Their direct effects on wildlife
species are apparent and include population declines in many species (Williams et al.,
1988; McCallum et al., 2009; Blaustein et al., 2011) as well as spill-over infections
between wildlife, livestock, and human populations (Ginsberg et al., 1995; Michel et
al., 2010; Kilpatrick et al., 2006). EIDs may also have indirect effects on host
populations mediated by interactions with co-infecting, native pathogens. Mounting
evidence suggests that these interactions among co-infecting parasites play a
fundamental role in the dynamics of infections (Jolles et al., 2008; Telfer et al., 2010;
Pedersen and Antonovics, 2013). Co-infecting pathogens moderate the survival and
fecundity costs of infection (Pedersen and Greives, 2008) and can be the most
important predictors of subsequent infections (Telfer et al., 2010). Thus,
understanding how the introduction of new diseases affects the fitness costs and
dynamics of native pathogens will be critical to mitigating the impacts of EID on host
and spill-over populations.
Interactions among co-infecting pathogens are often mediated by the host
immune system (Graham et al., 2005). As a result, the host immune system provides a
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framework to explore how processes within the host influence disease dynamics
(Graham, 2008). When parasite species are cleared by similar immune mechanisms,
immune activation by one pathogen might enhance clearance of the other pathogen
(Stewart et al., 1999; Pedersen and Fenton, 2007). Conversely, for parasites regulated
by opposite immunological mechanisms, such as micro-parasites (bacteria, viruses)
and macro-parasites (intestinal worms, ticks), immune activation by one parasite may
result in increased transmission or severity of the other parasite (Graham et al., 2005).
Distinguishing among these within-host processes is important because they predict
opposite epidemiological consequences and their explicit representation in disease
models may clarify our understanding of the processes driving disease dynamics
(Abu-Raddad et al., 2006; Wearing and Rohani, 2006). However, demonstrating a
link between within-host and epidemic level processes remains a challenge because
interactions may simultaneously alter many processes relevant for disease dynamics:
transmission, severity, host survival, or host reproduction (Ezenwa and Jolles, 2011).
A significant factor limiting research on the role of immunity and co-infection
across scales has been the development of techniques that measure the complexity of
the host immune system (Hawley and Altizer, 2011). This is especially true for
understanding interactions between persistent infections that have the ability to alter
specific immunological responses to promote their survival. This study investigates
two persistent infections, bovine tuberculosis (bTB) and brucellosis in a free-ranging
population of African buffalo. bTB is an emerging disease caused by Mycobacterium
bovis, whose immune activation may alter the susceptibility or fitness costs of a
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similar native pathogen, Brucella abortus. B. abortus, the causative agent of bovine
brucellosis, uses similar mechanisms as bTB to allow intracellular survival and
persistence (Manthei and Carter, 1950). A protective immune response to both
infections (Pollock et al., 2005; Wyckoff, 2002; Wyckoff and Potts, 2007) is
correlated with the induction of a T- helper cell type 1 response (Th1). The Th1
response is pro-inflammatory and involves induction of IFN-γ, an important cell
signaling molecule (cytokine), that directs the immune response towards intracellular
pathogens (Janeway, 2005). However, for bTB, the interaction between infection and
the host immune system is a balance between protection and immunopathology
(Pollock et al., 2006). Experimental infections have shown that the induction of the
cell mediated response and relative levels of IFN-γ expression are associated with
elevated pathology (Cassidy et al., 1999; Waters et al., 2011). Bovine brucellosis
causes comparatively minimal pathology and its mechanisms of intracellular
persistence and immunomodulation are well reviewed (Adams, 2002; Rolan and
Tsolis, 2008). Uncontrolled infections, however, are associated with persistent
inflammation that may result in arthritic swelling (Dean et al., 2012). Thus, a strong
pro-inflammatory response is required to clear both infections, yet too strong of an
immune response results in increased disease severity.
In this study, we provide evidence that similar immunological responses occur
in the wild by comparing various aspects of the buffalo immune response among
singly vs co-infected individuals and throughout the course of bTB and brucellosis
infection. We use lymphocyte proliferation and the concentration of the pro!
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inflammatory cytokine, interferon gamma (IFN-γ) as proxies of a buffalo’s proinflammatory responses and a bacterial killing assay to assess the buffalos’ innate
immune response. We observed a strong positive association of TB and brucellosis
infections among hosts and combine immunological data with ecological and
epidemiological theory to test 2 potential mechanisms that could contribute to this
pattern: (1) increased disease susceptibility with co-infection, and (2) decreased
mortality of co-infected individuals.
METHODS
Study area and population
Field data were collected in Kruger National Park (KNP), located in
Mpumalanga province, South Africa (between 22°31’ and 25°31 S, 30°45 and 32°00
E). The park covers approximately 20,000km2, represents a range of savannah
habitats (Pickett et al., 2003), and maintains ~20,000 to 30,000 African buffalo
(Seydack et al., 2012). African buffalo are gregarious bovids that live in fairly stable
mixed gender herds of 200 to 1200 individuals (Winnie et al., 2008).
An initial105 female buffalo were captured and monitored for brucellosis and
tuberculosis infection between June 2008-August 2012 as part of a study on intestinal
parasites and bovine tuberculosis co-infections. Buffalo were captured by darting
from a helicopter at two locations in the southern section of KNP, 53 buffalo were
captured in the Lower Sabie (LS) area in June 2008 and 52 buffalo were captured in
the Crocodile Bridge (CB) Area in October 2008. The median age of buffalo at this
capture was 3.6 years in CB (rage 1.9 to 11yrs) and 3.3 years in LS (rage 1.4-8yrs).
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Buffalo were radio-collared for re-identification and captured biannually by darting
from a vehicle at approximately 6 month intervals from their initial capture in 2008
until July-August of 2012. As natural mortalities occurred throughout the study
period, new buffalo were captured and monitored. The additional buffalo were
matched by age and herd location to the previous buffalo to maintain a constant
sample size throughout the course of the study.
Age, Body Condition, Infection Statuses
During all captures, buffalo were chemically immobilized with M99 (etorphine
hydrochloride), azaperone and ketamine. Buffalo were chemically restrained for no
longer than 60 minutes and during each capture period. Blood was collected by
jugular venipuncture into lithium heparanized tubes or no additive tubes for diagnostic
tests and immunological assays. Fecal samples were also collected by rectal palpation
to assess intestinal parasite burdens. Following data collection, immobilization was
reversed using M5050 (diprenorphine). Blood and fecal samples were transported
back the lab on ice within 8 hours of collection. The influences of capture duration
and amount of anesthesia used was initially investigated and found not to be an
important predictor of infection risk or immunity (Beechler et al, in prep).
During each capture period, buffalo body condition, age, and pregnancy status
were also determined. Age determination was calculated by tooth eruption in younger
buffalo and by incisor wear in older buffalo (Jolles, 2007). Body condition was
assessed on a scale of 1 to 5 by palpation of four main areas where fat is stored on
buffalo: ribs, spine, hips, and the base of the tail (Ezenwa et al. 2009). Pregnancy
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status was determined by rectal palpation by a trained veterinarian and intestinal
parasite burdens were measured by the fecal egg counts of strongyle nematodes
(described in detail in Chapter 2). Briefly, egg counts were preformed using a
modification of the McMaster Faecal egg counting technique (MAFF, 1980) and are
expressed as eggs per gram feces.
Brucellosis infection status was determined with the IDEXX enzyme-linked
immunosorbent assay (ELISA) kit (Brucellosis Serum Ab ELISA test #P04130), with
an estimated sensitivity of 93% and specificity of 85% (Chapter 3). The brucellosis
ELISA is based on detection of antibodies against the lipopolysaccharide (LPS)
antigen of smooth Brucella strains. Diagnosis was conducted according to kit
instructions and described previously (Chapter 3). Tuberculosis infection status was
determined with the gamma interferon assay (Wood et al., 1991) based on
optimizations for use in African buffalo (Michel et al., 2011). We used the
BOVIGAM ELISA kit (Prionics) which has a sensitivity of 86.5% and specificity of
91.9% in African buffalo (Michel et al., 2011). The interferon assay detects the in
vitro production of IFNg by whole blood after exposure to bovine tuberculin (purified
proteins from causative agent of bovine tuberculosis). Positive animals are identified
by their blood cell’s increased production of interferon gamma (IFN-γ) after exposure
bovine tuberculin, compared to blood cells exposed to avian tuberculin or in the
absence of exposure to antigen (Michel et al., 2011). We represent brucellosis and
tuberculosis as a life-long infections, assuming that a buffalo that has tested positive
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on at least two capture periods remains positive for life (Bengis, 1999, Rhyan et al.,
2009).
Immunological Assays
To test how TB infection and co-infection alter various aspects of the
inflammatory immune response relevant to disease progression, we measured in vitro
lymphocyte proliferation and the concentration of interferon gamma in peripheral
blood. Interferon gamma is a particularly important pro-inflammatory cytokine
because it promotes mechanisms required to control intracellular parasites (Graham et
al., 2007). As a result, it has been proposed as a functionally relevant, measurable
way to simplify the diversity of effectors in the host immune systems (Graham et al.,
2007; Demas et al., 2011). The concentration of interferon gamma in plasma was
measured using a sandwich ELISA assay. Interferon gamma was measured on as may
buffalo as possible, resulting in 773 samples collected from 137 buffalo with known
tuberculosis and brucellosis status throughout the study period.
Lymphocyte proliferation was measured on 21 buffalo in the Lower Sabie herd
in June 2011. In vitro lymphocyte proliferation measures the functional ability of
lymphocytes to respond to a novel stimulant (Demas et al., 2011). We tested the
proliferative ability of lymphocytes to stimulation with pokeweed antigen (Sigma
L9379), which serves as both a T-cell and B-cell mitogen (Demas et al., 2011). We
adapted an alamar blue based lymphocyte proliferation assay to assess lymphocyte
response (Gogal et al., 1997). Mononuclear cells were isolated from whole blood
using Novamed Uni-Sep tubes with medium added (product U-04) according to
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manufacturer instructions. Isolated mononuclear cells were immediately mixed with
500ul of complete AIM-V media with bovine albumin (Invitrogen, product 31035).
Lymphocyte concentration was adjusted to 4000 cells/ul with complete media after
counting live cells (using trypan blue) on a hemacytometer. Cells (600,000 cells per
well, 150 ul of media mixture) and pokeweed mitogen (10 ug or PBS for controls)
were plated in duplicate on a 96 well flat bottomed plate and incubated for 48 hours at
37C at 5% CO2. After 48 hours, 30 ul of alamar blue (invitrogen, DAL1025) was
added and the plate was incubated for another 24 hours. At a final time of 72 hours
the sample absorbance was determined on a plate reader at two wavelengths, 600 nm
and 570 nm. Absorbance was calculated by subtracting the reading at 600 from the
reading at 570nm. Proliferation was then calculated as
µ(final absorbance in mitogen wells)- µ(final absorbance in control wells)
µ (final absorbance in control wells) .
To test how TB infection and co-infection alter various aspects of the innate
immune response relevant to susceptibility, we measured the hosts’ ability to kill
bacteria ex vivo with a bacterial killing assay (BKA; Matson et al., 2006). The BKA
measures the activity of phagocytes, opsonizing proteins and natural antibodies
(Demas et al., 2011). Detailed methods and important correlates in African buffalo
have been reported previously (Beechler et al., 2012). The bacterial killing assay was
conducted from February to July 2011 on 38 buffalo from both the Lower Sabie and
Crocodile Bridge herd.
Statistical analysis
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To test for positive associations among brucellosis and tuberculosis, we
compared brucellosis prevalence in bTB positive and negative buffalo using a
generalized linear mixed model. Brucellosis infection status was represented with a
binomial link function and we accounted for animal ID as a random effect to avoid
pseudoreplicaiton. We tested the significance of bTB status alone and after
accounting for herd and age.
Two potential mechanisms that could contribute to this pattern are increased
disease susceptibility with co-infection or decreased mortality of co-infected
individuals. To examine the relationship between susceptibility and mortality with
infection, we estimated the rate at which animals became infected (incidence) and the
mortality rate in single and co-infected buffalo. We estimated the time at which a
buffalo became infected as the first capture in which it tested positive and the time of
mortality as the last live capture time point unless the mortality date was known. We
used a Cox-proportional hazards regression model (CPH) with brucellosis and
tuberculosis as a time dependent variable (Cox, 1972). The CPH method allowed us
to incorporate buffalo observed later in the study (left censored), buffalo removed
from observation for logistical and unknown reasons (right censored), including collar
failures, capture induced deaths, or migrations (Parmar and Machin, 1995). Parameter
values in the CPH analysis of survival data represent the proportional increase in the
mortality rate among groups of independent variables and parameter values in the
CPH analysis of incidence represent the proportional increase in the rate of new
infections.
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We conducted the analysis in two stages. During stage one, we used the entire
dataset to estimate the incidence and mortality rates from infection. We accounted for
the effect of age, herd, and average lifetime worm burdens in all models as well as
quadratic terms for age and worm burdens as potential independent variables. We
represented age, herd identity, and lifetime worm burdens as time independent or fixed
variables and used backwards selection to choose the best model. Age was
represented as a continuous variable; herd was represented as a categorical variable
(Lower Sabie Herd vs. Crocodile Bridge Herd), and lifetime worm burdens were
represented as the log transformed average worm burden for the animal. During stage
two, we used a subset of the data that includes only buffalo with known times since
infection, to determine if the effect of TB on brucellosis mortality/incidence varies
throughout the course of an infection and vice versa. We represented TB or
brucellosis as a categorical variable with three levels (negative, acute, or chronic) and
compared the fit of models representing acute infection for 6 months, 1 year, and 1.5
years based on AIC values and drop-in-deviance tests.
To determine immune correlates of infection and co-infection we used
generalized linear mixed models of IFNγ concentration. IFNγ concentration was log
transformed for normality and represented with a Gaussian link function. We
accounted for repeated sampling by including Animal ID nested within capture year as
random terms. In addition to TB and brucellosis status, all models throughout this
study accounted for the following variables: age, herd, season, worm burdens and
body condition. Season was represented as a categorical variable (wet season from
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October to March vs. dry season from April to September) and worm burdens were
represented as log transformed burdens at each time point. Because host body
condition and herd location have been shown to play an important role in disease in
this system, we considered terms representing the interaction between TB×condition,
TB×herd, Brucella×condition, Brucella×herd, and TB×Brucella. We conducted model
selection by backwards selection based on the significance of each parameter from the
full model containing all potential predictor terms. We report the AICc values from
model selection, to show that model selection also resulted in the model with the
lowest AICc value (Appendix Table C.1).
Because lymphocyte proliferation was conducted on a subset of the buffalo and
does not include repeated measures, we analyzed associations with infection and coinfection with generalized linear models. The increase in lymphocyte proliferation
between a stimulated and a control well was modeled with a Gaussian link function.
Because of the small sample size, we could not fit the full model so we used AICc to
compare models containing each potential interaction term. We examined host innate
immunity by testing for correlates of the amount of bacteria colonies killed using
generalized linear mixed models and a poisson link function. We accounted for
testing day as a random factor and used model selection to consider all potential fixed
effects.
RESULTS
Co-infection Patterns
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Brucellosis prevalence varied between 33.7 % (185/549) in TB- buffalo and
52.9% (117/221) in TB+ buffalo, representing an excess of co-infections (χ2=12,
p<0.0001). This pattern remained after accounting for age and animal ID (pvalue=0.016).
Survival and susceptibility consequences of co-infection
Of the 126 buffalo monitored for tuberculosis and brucellosis throughout the
course of the study, we observed a total of 42 mortalities. The risk of mortality was
additively increased with both tuberculosis and brucellosis infection (Figure 5.1). The
mortality rate of animals with tuberculosis was 2.377 times higher than in singly
infected buffalo (95% confidence interval form 1.649 to 3.428) and the mortality rate
of animals with brucellosis was 1.868 times higher than singly infected buffalo (95%
confidence interval from 1.340 to 2.604; Table 5.1). Mortality with both infections
was additive, and as a result, buffalo co-infected with both pathogens had the highest
mortality rates (Figure 5.1). To test if the effect of TB and brucellosis on survival
varied throughout the course of infection, we compared the fit of models with 3 phases
of TB/brucellosis infection (negative, acute, chronic) to models with only two
categories for TB (negative vs. positive; Appendix Table C.1). Model selection
showed that models representing both TB and brucellosis as positive vs. negative
provided a better fit to the data than models representing TB and brucellosis as
categorical variables (drop-in-deviance test, χ2=0.040, p-value=0.842 for TB;
χ2=0.466, p-value=0.495 for brucellosis). Thus, acquiring TB and brucellosis
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infection were additively associated with an increased risk of mortality, and their
association was consistent throughout the course of infection.
The rate at which animals became infected with brucellosis was not associated
with TB infection status when TB was represented as positive vs negative. Of the 94
buffalo not infected with brucellosis at the beginning of this study, 31 (32.9%)
developed brucellosis throughout the study at a median age of 4.8 yrs. Models of
brucellosis incidence with TB represented as negative vs. acute vs chronic had
improved fit to the data than models with TB represented as positive vs. negative
(drop-in-deviance test, χ2=!4.627,!p,value=0.031), indicating that acutely infected
buffalo had an increased likelihood of becoming infected with brucellosis for one year
post infection (Appendix Table C.1). For one year post TB seroconversion, the
probability of becoming infected with brucellosis was estimated as 2.823 times higher
than in uninfected buffalo (95% confidence interval 1.074 to 7.420).
Of the 86 buffalo not infected with TB at the beginning of this study, 27
(31.4%) developed tuberculosis at a median age of 5.5 yrs. Models of TB incidence
showed that the probability of becoming infected with TB is suggestively higher in
animals co-infected with brucellosis (p-value=0.078). The probability of becoming
infected with TB was an estimated 1.839 times higher in buffalo co-infected with
brucellosis (95% confidence interval from 0.934 to 3.620). Models of TB incidence
with brucellosis represented as negative vs. acute vs. chronic suggestively improved
model fit to the data compared to models with TB represented as positive vs. negative
(drop-in-deviance test, χ2=3.288,!p,value!=0.07). For 1 year after brucellosis
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seroconversion, the probability of becoming infected with TB was estimated as 3.030
times higher than in buffalo not infected with brucellosis.
Immunological consequences of co-infection
Model selection comparing models with varying lengths of TB and brucellosis
infection showed that the influence of both infections on IFN-γ was consistent
throughout the times they were tested (Appendix Table C.2). Models representing TB
as positive vs. negative and brucellosis as positive vs negative provided better fit to the
data than models representing acute vs. chronic infection status. Acquiring TB
infection was associated with a 1.541-fold increase in IFN-γ concentrations (95%
confidence interval from 1.354 to 1.541) in the Lower Sabie herd, but no change in the
Crocodile Bridge herd (TB×herd, β= - 0.440, F=-2.549, p-value=0.011). Conversely,
acquiring brucellosis infection was not significantly associated with a change in IFN-γ
concentrations in either herd (β= 0.191, F=1.393, p-value=0.164).
Independent of infection stage, buffalo infected with either tuberculosis or
brucellosis had a higher concentration of IFN-γ!(Figure 5.2a). Infection with TB was
associated with 1.430-fold increase in the median concentration of IFN-γ (95%
confidence interval from 1.301 to 1.573) and infection with brucellosis was associated
with a 1.300-fold increase in INF-γ (95% confidence interval from 1.812 to 1.429;
Table 5.1). The amount of increase associated with infection varied by herd, with a
lowered effect of both TB and brucellosis in the Crocodile Bridge herd (Figure 5.2b).
Lymphocyte proliferation was also increased in TB positive buffalo compared
to TB negative buffalo in the Lower Sabie herd (Figure 5.2c). The magnitude of this
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effect was modified by host body condition (Figure 5.2d), with animals with TB and
in poor condition having the highest proliferation response.
Bacterial killing was negatively associated with tuberculosis (Figure 5.3a).
Infection with TB was associated with a 0.832-fold decrease in the number of colonies
killed (95% confidence interval from 0.792 to 0.874). The association of bactericidal
activity with brucellosis infection was condition-dependent (Figure 5.3b). In buffalo
in poor body condition (BCS=2), brucellosis was associated with a 1.354-fold increase
in bactericidal activity (95% confidence interval from 1.201 to 1.526), compared to a
0.822-fold decrease in bactericidal activity (95% confidence interval from 0.745 to
0.907) in buffalo with good body condition (BCS=4).
DISCUSSION
Host immunity plays a fundamental role in disease susceptibility and
progression and provides a framework to predict the outcomes of co-infection
(Graham et al., 2007). This study connects within-host immunological responses to
host survival, host susceptibility, and infection patterns in natural populations. We
demonstrate patterns consistent with immune mediated interactions between two
chronic bacterial pathogens, bTB and brucellosis, in a free ranging population of
African buffalo. Our field data showsthat co-infection increases disease susceptibility
and mortality and our immunological data show the importance of immune mediated
interactions.
Not all immunological responses equally predict the transmission and severity
of disease. Identifying the immunological parameters relevant to transmission is a
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growing area of research (Hawley and Altizer, 2011) that is particularly important for
predicting the outcomes of co-infection (Graham et al., 2007; Graham, 2008). bTB
strongly mediated the host immune response. Infection with bTB was associated with
increases in both measures of pro-inflammatory immunity, the concentration of IFN-γ
and lymphocyte proliferation and was negatively associated with innate immunity,
measured by the ability of whole blood to kill bacteria. Brucellosis showed similar
associations with host immunity but the patterns were less strong or condition
dependent. Brucellosis infection was not associated with lymphocyte proliferation but
was associated with increased IFN-γ concentrations and reductions in bacterial killing
ability in a condition dependent manner. These immunological responses reflect
similar, experimental work in mouse and cattle model systems (Pollock et al., 2006;
RayWaters et al., 2011; Wyckoff, 2002; Zhan and Cheers, 1993).
The well characterized relationship between the host’s Th1, pro-inflammatory
response and pathology following bTB infection (Cassidy et al., 1999; RayWaters et
al., 2011) could be responsible for the observed effects of infection on host survival.
Experimental infections have shown that the induction of the cell mediated response is
associated with elevated pathology (Cassidy et al., 1999; RayWaters et al., 2011).
Chronic immune activation results in lethargy, condition declines and coughing from
persistent immune-mediated damage of the lungs (Cassidy, 2006). Consistent with
previous immunological and pathological work, our data showed that bTB was
associated with increased IFN-γ concentrations, lymphocyte proliferation, and
increased mortality. bTB infection additively increased mortality and IFN-γ
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concentration in buffalo co-infected with brucellosis. However, we did not detect a
change in IFN-γ concentrations before vs after brucellosis infection or a pattern with
lymphocyte proliferation. This is perhaps due to Brucella’s well characterized
mechanisms of intracellular persistence within the host, comparatively minimal
pathology, and immunomodulation (reviewed in Adams, 2002; Rolan and Tsolis,
2008). Although clearance of Brucellla abortus requires an inflammatory immune
response including IFN-γ and other pro-inflammatory cytokines (Wyckoff, 2002;
Rolan and Tsolis, 2008), persistent infection is characterized by reduced B and T cell
proliferation (Barrionuevo et al., 2013; Velasquez et al., 2012), and reduced Th1
cytokines (Giambartolomei et al., 2002; Kinikli et al., 2005).
On the other hand, our study shows that infection did not affect all aspects of
the host immune response equally. Both infections were associated with reductions or
condition-dependent reductions in innate immunity. Innate immunity plays an
important role in susceptibility to both bTB (Cassidy, 2006) and brucellosis (Oliveira
et al., 2012). Accordingly, co-infection with either pathogen was associated with
increased susceptibility to the subsequent infection. As far as we are aware, there is
no evidence of TB increasing susceptibility to brucellosis in human medicine,
although this could be because of the clinical overlap and frequent misdiagnosis of
both infections (Dasari et al., 2013; Acar et al., 2010).
Infection was associated with opposite consequences for host innate and proinflammatory immune responses. Perhaps the fact that infection does not
monolithically cause immune suppression (or activation) is no longer surprising in
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light of recent advances in ecological immunology (Martin et al., 2006; SchmidHempel and Ebert, 2003). Schmid-Hempel and Ebert (2003) proposed an immune
defense-component model to promote an incorporation of the intricacies and diversity
of the host immune system, which has resulted in important insights into the costs and
trade-offs among different components of host immunity (Martin et al., 2007; Rantala
and Roff, 2005). However, the relationship between various immune measures and
susceptibility to ecologically relevant pathogens remains an important area of research
(Hawley and Altizer, 2011). Our study suggests that the outcome of co-infection
results from the net effect of disease on various components of host immunity and
emphasizes the diversity and complexity of host-parasite interactions.
!
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Parameter

β (SE)

Z

p-value

0.866 (0.366)
0.625 (0.332)
- 0.075 (0.025)
- 0.0004 (0.025)
0.968 (0.359)
- 2.265 (0.631)
0.791 (0.256)

2.368
2.882
- 2.939
- 2.939
2.696
- 3.592
3.094

0.018
0.059
0.003
0.014
0.007
0.0004
0.002

Brucellosis Incidence*
TB acute (≤1 year)
TB chronic
Age

1.038 (0.493)
- 0.677 (0.743)
- 0.010 (0.009)

2.105
- 0.911
- 1.032

0.035
0.363
0.302

TB Incidence
Br
Age
Age2
Herd

0.609 (0.346)
0.138 (0.056)
- 0.001 (0.0005)
- 0.689 (0.373)

1.762
2.439
2.433
- 1.848

0.078
0.015
0.015
0.065

Mortality
TB
Br
Age
Age2
Herd
Ln(worm)
Ln(worm)2

Incidence

Table 5.1 Associations of mortality and incidence rates with disease, age, and herd
identity
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Parameter

β (SE)

Z

p-value

Pro-inflammatory Immune Measures
Interferon Gamma (N= 768 observations, 137 animals)~~
TB
0.358 (0.095)
3.758
Br
0.262 (0.095)
3.761
Age
- 0.033 (0.017)
- 1.950
Herd
0.304 (0.089)
3.421
Ln(worm)
0.056 (0.020)
2.812
2
Ln(worm)
- 0.003 (0.001)
- 2.318
TB×herd
- 0.327 (0.128)
- 2.546
Br×herd
- 0.384 (0.122)
- 3.150

0.0002
0.006
0.051
0.0007
0.005
0.021
0.002
0.011

Lymphocyte Proliferation (N= 21)~
TB
3.192 (1.50)
Condition
0.021 (0.360)
TB×Condition
- 1.118 (0.520)

2.127
0.059
-2.152

0.048
0.953
0.046

- 3.767
2.644
0.836
- 0.852
- 2.613

0.001
0.013
0.409
0.404
0.014

Innate Immune Measure
Bactericidal Killing Assay (N= 39)~
TB
- 0.184 (0.049)
Br
0.801 (0.303)
Condition
0.050 (0.059)
Age
- 0.008 (0.010)
Br×Condition
- 0.249 (0.095)

Table 5.2 Associations of interferon gamma, lymphocyte proliferation and bactericidal
killing ability with disease, age, herd, and body condition. Age is represented in years.
Nematode burdens are represented as log transformed fecal egg counts (Ln(worm)). A
positive association with herd indicates a higher response in the Crocodile Bridge
Herd
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Figure 5.1 bTB infection and Brucellosis infection are additively associated with
increased mortality.
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Figure 5.2 Pro inflammatory immune measures. (a) TB and brucellosis are associated
with increased IFN-γ in the Lower Sabie herd (b) but not in the Crocodile bridge herd.
(c) TB is associated with increased lymphocyte proliferation (d) in a condition
dependent manner.
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1.2
1.0
0.8
0.6
0.4
0.2
0.0

(a)

TB-/Br-

TB+/Br- TB-/Br+ TB+/Br+

Mean (SE) proportional increase
in bactericidal activity

Mean (SE) proportional increase
in bactericidal activity

!

1.0

BCS > 3
BCS ≤ 3

0.9
0.8
0.7
0.6
0.5

(b)

Brucellosis -

Brucellosis +

Figure 5.3 Bacterial killing ability. (a) Bacterial killing ability is reduced in TB+
buffalo but not in brucellosis + buffalo. (b) The influence of brucellosis on
bactericidal activity was condition dependent.
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6 – Conclusion
Emerging infectious diseases threaten global biodiversity as well as domestic
animal and human health (Daszak et al., 2000; Jones et al., 2008). Their
unprecedented increase in conjunction with anthropogenically induced range shifts of
endemic pathogens exposes hosts to novel parasite combinations, lending urgency to
research on disease dynamics in wildlife systems (Dobson and Foufopoulos, 2001). In
natural populations, hosts must concurrently battle infection from multiple parasite
species (Petney and Andrews, 1998; Dobson et al., 2008). However, the bulk of
research on infectious diseases, their transmission and fitness effects, is limited to onehost and one-parasite systems. Host fitness and susceptibility, disease transmission
rate and effective control may all depend on the dynamics of the parasite community
(Pedersen and Fenton, 2007). Therefore, I explored the effects of co-infection with
both emerging and native diseases in a range of scales: within the host, between hosts,
and for host populations.
This dissertation research aimed to understand how within-host processes
relate to disease dynamics, using the interactions between two native intestinal
paraistes, coccidia and nematodes, and the immune mediated interactions between an
emerging bacterial pathogen, Mycobacterium bovis (bTB) and a native bacterial
pathogen, Brucella abortus (brucellosis) in African buffalo. The results of this work
show that that parasites play a large but often context dependent role in determining
host fitness and the distribution of co-infecting pathogens throughout the population.
For example, the results presented in chapter 2 suggest that season-dependent
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interactions between nematodes and coccidia can affect the distribution and severity of
infections. Infection with coccidia modified nematode distributions and their fitness
consequences in a season-dependent manner; co-infection had the largest effect on
aggregation and condition during the season when buffalo are in their overall worst
condition (September-October). The results of chapter 4 further highlight the context
dependency of host-parasite interactions and their effects on host fitness and
populations. The condition and herd dependent effects of brucellosis on survival and
fecundity translated into various degrees of regulation at the population level and were
likely associated with variation in brucellosis prevalence throughout Kruger National
Park. Therefore, these results show that environmental and demographic variation may
mediate the effects of parasites and their interactions on the individual and population
level consequences of infection.
In my final chapter, I show, that unlike the native diseases examined in this
thesis, bTB independently effected host immunity, host survival, and susceptibility to
brucellosis. As an emerging disease in this system, the effects of bTB contrasted with
the context-dependent effects of the native pathogens observed. bTB was associated
with reduced innate immunity and increased markers of the pro-inflammatory immune
response. These immunological responses could be responsible for the observed
increase in mortality and susceptibility observed in this study. Thus, by combining
within-host immunological responses with the survival and susceptibility costs of
infection, this work showed that interactions within a host can result in significant
consequences for host health and disease transmission.
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In summary, this thesis provides evidence for the importance of co-infections
at many levels. Co-infection may modify to the within-host immunological response,
the effects of infection on host survival and fecundity, and the dynamics of between
host disease transmission. It is clear that infections, such as bTB, that strongly effect
host immunity play an important role for host and population health. This work
suggests that the condition dependent effects of native parasites and their interactions
with invading diseases may also be important. Therefore, predicting the outcome of
co-infection, or its context dependency, will require further investigation linking
within-host responses to between-host disease transmission.
!
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APPENDICES
APPENDIX A SUPPLEMENTAL TABLES FOR CHAPTER 2

Table A.1 Model selection tables including the 6 best fitting models based on AIC and
qAIC. Model terms include age (categorical variable including calf, juveniles,
subadult, adult, senescent), seas (categorical, season including the early and late wet
season), sex, yr (year, categorical from 2002-2006), N, and C (continuous variables
representing log transformed nematode eggs and coccidia oocyst counts+1). Models
of host body condition are displayed in abbreviated form. Three way interaction terms
indicate the presence of both two and three way interactions. The model with the
lowest number of parameters (np) within 2 values of the lowest AIC was selected.
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Table A.1 (Continued)
Model Selection, Covariates

np

AIC/qAIC

Coccidia prevalence (N=1375, prevalence= 30.84%)~
age+ seas+ yr+ N+ age×N
age+ seas+ yr+ sex+ N+ age×N
age+ seas+ yr+ N+ age×N+ N×seas
age+ seas+ yr+ sex+ N+ age×N+ sex×N
age+ seas+ yr+ N
age+ seas+ yr+ sex+ N

14
15
16
16
10
11

1128.2
1129.4
1130.0
1130.9
1131.2
1132.2

1.3
1.8
2.7
3.0
4.0

Nematode prevalence (N= 1375, prevalence= 29.96%)~
age+ seas+ yr+ sex+ C+ age×C
age+ seas+ yr+ sex+ C+ age×C+ age×seas
age+ seas+ yr+ sex+ C
age+ seas+ yr+ sex+ C+ age×C+ sex×C
age+ seas+ yr+ sex+ C+ age×C+ age×seas+ sex×C
age+ seas+ yr+ sex+ C+ age×seas

15
19
11
16
20
15

1527.7
1528.1
1528.3
1528.7
1529.1
1529.2

0.4
0.7
1.1
1.5
1.6

Coccidia intensity (N= 424)~
age+ seas+ yr+ sex+ N+ seas×sex+ age×N
age+ seas+ yr+ sex+ N+ seas×sex+ age×seas
age+ seas+ yr+ sex+ N+ seas×sex+ age×N+ seas×N
age+ seas+ yr+ sex+ N+ seas×sex+ age×N+ sex×N
age+ seas+ yr+ sex+ N+ seas×sex+ age×seas+ seas×N
age+ seas+ yr+ sex+ N+ seas×sex+ age×N+ age×seas

17
17
18
18
18
21

441.3
443.0
443.2
443.2
444.1
444.7

1.7
1.9
1.9
2.8
3.4

Nematode intensity (N= 963)~
age+ seas+ yr+ C+ age×seas + seas×C
age+ seas+ yr+ sex+ C+ age×seas + seas×C
age+ seas+ yr+ sex+ C+ age×seas+ seas×C+ sex×C
age+ seas+ yr+ C+ age×seas + seas×C+ age×C
age+ seas+ yr+ sex+ C+ age×seas + seas×C+ age×C
age+ seas+ yr+ C+ age×seas

15
16
17
20
21
15

989.9
991.9
993.9
995.1
997.1
997.1

2
4
5.2
7.2
7.2

34
30
34
38
38
37

2185.5
2186.6
2188.0
2188.0
2188.7
2189.0

1.1
2.5
2.5
3.2
3.5

7
8
8
10
9
10

719.7
721.0
721.6
722.2
722.9
724.2

1.3
1.9
2.5
3.2
4.5

Δ

Body Condition (N= 1375)~
age+ seas+ yr+ sex+ C+ N+ seas×sex+ age×seas+ C×N×seas+ age×C×sex
age+ seas+ yr+ sex+ C+ N+ seas×sex+ C×N×seas+ age×C×sex
age+ seas+ yr+ sex+ C+ N+ seas×sex+ age×N + C×N×seas+ age×C×sex
age+ seas+ yr+ sex+ C+ N+ seas×sex+ age×seas+ age×N+ C×N×seas+ age×C×sex
age+ seas+ yr+ sex+ C+ N+ seas×sex+ C×N×seas+ age×C×sex+ C×N×age
age+ seas+ yr+ sex+ C+ N+ seas×sex+ age×seas+ age×sex+ C×N×seas+ C×N×age
Pregnancy (N=593)~
age+ seas+ yr
age+ seas+ yr+ N
age+ seas+ yr+ C
age+ seas+ yr+ N+ C+ N×C
age+ seas+ yr+ N+ C
age+ seas+ yr+ N+ C+ seas× N

!

146

Table A.2 Parameter values, F-values, and significance are shown for the final model
predicting host body condition (N=1375). Coccidia and nematode parasites are
represented as log transformed egg or oocyst counts. Arrows for age categories
indicate if body condition is increased or decreased from adult buffalo and arrows for
season indicate the difference from April-June.
Parameter
Calf
Juvenile
Subadult
Senescent
Sex (male)
Season (Sept-Oct)
Coccidia
Nematode
Age×Coccidia
Age×Sex

Subadult
Senescent
Juvenile
Mature

Sex×Season
Coccidia×Sex
Season×Coccidia
Season×Nematode
Nematode×Coccidia
Season×Nematode×Coccidia
Coccidia×Age×Sex Calf
Juvenile
Subadult
Senescent
!

!
!

!

!

!
!
!
"
"
"
!
"
"
!
!
!
!
"
"
"
"
"

Estimates (SE)

F-value

p-value

0.920 (0.126)
0.624 (0.056)
0.320 (0.067)
- 0.352 (0.067)
-0.032 (0.074)
- 0.506 (0.074)
- 0.032 (0.067)
- 0.018 (0.008)
0.062 (0.030)
- 0.072 (0.041)
-0.179 (0.090)
0.584 (0.169)
0.145 (0.061)
0.071 (0.030)
0.044 (0.029)
0.016 (0.013)
0.006 (0.002)
- 0.013 (0.005)
-0.078 (0.045)
-0.773 (0.033)
-0.180 (0.088)
-0.137 (0.044)

7.304
11.166
4.756
- 5.899
-0.439
- 6.836
- 1.287
- 2.189
2.109
- 1.744
-1.989
3.449
2.379
2.346
1.511
1.268
2.370
- 2.606
-1.727
-2.314
-2.059
-3.142

<0.0001
<0.0001
<0.0001
<0.0001
0.661
<0.0001
0.198
0.031
0.035
0.081
0.047
0.001
0.017
0.019
0.131
0.205
0.017
0.009
0.084
0.021
0.040
0.002
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APPENDIX B SUPPLEMENTAL TABLES FOR CHAPTER 4
Table B.1 Model selection table for spatio-temporal patterns of infection in southern
and central KNP from 2000-2005. Top seven models predicting brucellosis infection
based on their AIC value are presented. We present the bolded model with the lowest
AIC value.
Model

n

AIC

ΔAIC

Brucellosis prevalence (N= 669, prevalence= 23.8%)~
age+ sex+ seas+ section+ yr+ (section×soil)+ (section×seas)
age+ sex+ seas+ section+ yr+ (section×soil)+ (soil×seas)
age+sex +yr+ (section×soil)
age+ sex+ seas+ section+ yr+ (section×soil)
age+sex +yr+ (section×soil)+ (sex×soil)
age+sex + seas+ yr+ (section×soil)+ (sex×soil)
age+ sex+ seas+ section+ yr+ (section×soil)+ (seas×year)

14
14
12
13
13
14
17

670.63
670.88
672.05
672.10
672.31
672.57
672.80

0.25
1.42
1.47
1.68
1.94
2.17
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Table B.2 Model selection tables of survival and fecundity. Top seven models based
on their AIC value are presented and the model with the lowest AIC is highlighted.
Independent variables include age, herd, season (seas), brucellosis status (br), and
condition (cond). We present the bolded model with the lowest AIC value.
Model

n

AIC

age2+ herd+ seas+ br+ br×herd
age2+ herd+ br+ herd×br
age2+ herd+ seas+ br
age2+ herd+ seas
age2+ herd+ br
age2+ herd+ seas+ br+ br×seas

6
5
5
4
4
6

369.35
370.03
370.17
370.64
370.97
371.17

Fecundity (calf observation, N=677)~
age2+ herd+ seas+ br+ cond+ seas×cond+ br×cond
age2+ herd+ seas+ br+ cond+ seas×cond+ br×cond+age×cond
age2+ herd+ seas+ br+ cond+ seas×cond
age2+ herd+ seas+ br+ cond+ br×cond
age2+ herd+ seas+ br+ cond+ seas×cond+ br×cond+ seas×br
age2+ herd+ seas+ br+ cond

8
9
7
7
8
6

501.39
502.25
503.61
510.19
511.11
512.37

Fecundity (pregnancy, N=1507)~
age2+ herd+ seas+ br+ cond
age2+!herd+!seas+!br+!cond+!cond×age
age2+ herd+ seas+ br+ cond+ herd×cond
age2+ herd+ br+ cond
age2+ herd+ seas+ br+ cond+ seas×cond
age2+ herd+ seas+ br+ cond+ seas×age

6
7
7
5
7
7

855.26
855.75
855.93
856.27
856.42
856.70

Mortality (N= 43)~

!
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APPENDIX C SUPPLEMENTAL TABLES FOR CHAPTER 5

Table C.1 Model selection table for models explaining incidence and mortality.
Model selection was conducted by backwards selection. Independent variables
included tuberculosis status (TB), brucellosis status (Br), buffalo age in years, herd
location (Lower Sabie vs. Crocodile Bridge), and each buffalo’s average lifetime
intestinal worm burdens (ave(lnworm)).
Statistical analyses for incidence, survival, and the concentration of interferon gamma
were conducted in two stages. During stage one, we used the entire dataset to estimate
the incidence and mortality rates of infection and to conduct model selection. During
stage two, we used a subset of the data that includes only buffalo with known times
since infection to determine if model fit could be improved by representing TB or
brucellosis as categorical variables with three levels (negative, acute, chronic). We
used AIC to compare the fit of models representing infection for 6 months, 1 year, and
1.5 years (TB(6mo), TB(1yr), TB(1.5yr), TB(2yr)). Bolded models were selected
based on AIC values and are displayed in Table 5.1.
!
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Table C.1 (Continued)
Model

n

AIC

6
5
4
3
2
1

339.65
337.76
336.91
355.97
334.04
332.49

2
3
3
3
3

269.82
267.22
267.19
268.12
269.46

6
5
4

287.91
286.17
285.40

4
5
5
5
5

208.55
210.56
207.26
209.44
210.15

10
9
8
7

347.64
345.71
345.02
346.49

7
8
8
8
8

199.08
200.52
200.76
201.05
200.52

Brucellosis Incidence
Stage 1 (N=904, 42 incidence events, 101 buffalo),
TB+ herd+ ave(lnworm)2+ age2
TB+ herd+ ave(lnworm)2+ age
TB+ herd+ ave(lnworm)+ age
TB+ herd+ age
Age+ herd
Age

Stage 2 (N= 823, 35 incidence events, 89 buffalo),
TB+ age
Age+TB (6mo)
Age+TB (1yr)
Age+TB (1.5yr)
Age+TB (2yr)

TB Incidence
Stage 1 (N= 1091, 35 incidence events, 117 buffalo),
Br+ herd+ ave(lnworm)2+ age2
Br+ herd+ ave(lnworm)+ age2
Br+ herd+ age2

Stage 2 (N= 868, 27 incidence events, 88 buffalo),
herd+ age2+ Br
herd+ age2+ Br(6mo)
herd+ age2+ Br(1yr)
herd+ age2+ Br(1.5yr)
herd+ age2+ Br(2yr)

Survival Analysis (N=1438, 42 mortality events)
Stage 1 (N= 1438, 42 events, 126 buffalo),

Br+TB+ age2+ ave(lnworm)2+ herd+ Br×TB+ herd×bruc+ herd×TB
Br+TB+ age2+ ave(lnworm)2+ herd+ Br×herd+ TB×herd
Br+TB+ age2+ ave(lnworm)2+ herd+ TB×herd
Br+TB+ age2+ ave(lnworm)2+ herd

Stage 2 (N=959, 25 events, 83 buffalo)
Br +TB+ age2+ ave(lnworm)2+ herd
Br+TB(6mo)+age2+ ave(lnworm)2+ herd
Br(6mo)+ TB+ age2+ ave(lnworm)2+ herd
Br+TB(1yr)+ age2+ ave(lnworm)2+ herd
Br(1yr)+TB+ age2+ ave(lnworm)2+ herd
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Table C.2 Model selection table for models explaining pro-inflammatory and innate
immune assays. Model selection was conducted by backwards selection from models
including tuberculosis status (TB), brucellosis status (Br), condition (cond), herd, age,
log transformed worm burdens (lnworm), quadratic terms for age and worm burdens
(age2 and lnworm2), and the following interactions, TB×Br, TB×herd, Br×herd,
TB×cond, and Br×cond.
Model

np

AIC

9
8

1607.85
1579.22

8
9
9
9
9
9
9

1141.28
1147.75
1148.26
1146.84
1146.38
1147.50
1145.51

6
6
6
6
5
5

49.91
46.36
46.16
44.80
44.53
42.97

12
11
10
9
8
7
6
5

66.77
59.09
53.66
46.30
32.93
27.43
22.64
14.51

Pro-inflammatory Immune Measures
Interferon Gamma~
Stage 1 (N=768 observations),
Br+ TB+ herd+ age2+ lnworm2+ Br×herd+ TB×herd
Br+ TB+ herd+ age+ lnworm2+ Br×herd+ TB×herd

Stage 2 (N=531 observations),

Br+ TB+ herd+ age+ lnworm2+ Br×herd+ TB×herd
Br (6mo)+ TB+ herd+ age+ lnworm2+ Br(6mo) ×herd+ TB×herd
Br (1 yr)+ TB+ herd+ age+ lnworm2+ Br(1yr) ×herd+ TB×herd
Br (1.5 yr)+ TB+ herd+ age+ lnworm2+ Br×herd+ TB×herd
Br+ TB (6mo)+ herd+ age+ lnworm2+ Br×herd+ TB(6mo) ×herd
Br+ TB (1yr)+ herd+ age+ lnworm2+ Br×herd+ TB(1yr)×herd
Br+ TB (1.5yr)+ herd+ age+ lnworm2+ Br×herd+ TB(1.5yr) ×herd

Lymphocyte Proliferation Assay
Br+TB+cond+age2 +Br×cond
Br+TB+cond+age2 +TB×cond
Br+TB+cond+age2 +Br×TB
TB+cond+age2 +TB×cond
TB+cond+ TB×Br
TB+cond+ TB×cond

Innate Immune Measures
Bactericidal Killing Assay (N= 38)

Br+TB+cond+age2 + lnworm2+preg+ herd+ Br×cond+TB×cond+TB×Br
Br+TB+cond+age2 + lnworm2+preg+ herd+ Br×cond+ TB×Br
Br+TB+cond+age2 + lnworm2+preg+ herd+ Br×cond+ TB×Br
Br+TB+cond+age2 + lnworm2+preg+ Br×cond+ TB×Br
Br+TB+cond+age + lnworm2+preg+ Br×cond+ TB×Br
Br+TB+cond+age + lnworm2+ Br×cond
Br+TB+cond+age + lnworm+ Br×cond
Br+TB+cond+age + Br×cond
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