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Despite a heightened interest regarding the role of infectious diseases in wildlife conservation, few studies have explicitly
addressed the impacts of chronic, persistent diseases on long-term host population dynamics. Using mycoplasmal upper
respiratory tract disease (URTD) within natural gopher tortoise Gaopherus polyphemus populations as a model system,
we investigated the influence of chronic recurring disease epizootics on host population dynamics and persistence using
matrix population models and Markov chain models for temporally autocorrelated environments. By treating epizootics as
a form of environmental stochasticity, we evaluated host population dynamics across varying levels of outbreak duration
(p), outbreak recurrence (f), and disease-induced mortality (11). Baseline results indicated a declining growth rate (A) for
populations under unexposed or enzootic conditions (A, = 0903, 95% CI: 0.765-1.04), and a median time to quasi-
extinction of 29 years (range: 28-30 years). Under recurring epizootics, stochastic growth rates overlapped with baseline
growth rates, and ranged between 0.838-0.902. Median quasi-extinction times under recurring epizootics also overlapped
for most scenarios with those of baseline conditions, and ranged between 18-29 years, with both metrics decreasing as a
function of fand [t. Overall, baseline (enzootic) conditions had a greater impact on A than epizootic conditions, and demo-
graphic vital rates were proportionately more influential on A than disease- or outbreak-associated parameters. Lower-level
elasticities revealed that, among disease- and outbreak-associated parameters, increases in UL, force of infection (), and f
negatively influenced A. The impact of disease on host population dynamics depended primarily on how often a population
underwent an epizootic state, rather than how long the epizootic persisted within the exposed population. The modeling
framework presented in this paper could be widely applied to a range of wildlife disease systems in which hosts suffer from

persistent recurring diseases.

Much attention has been directed towards the role of patho-
gens within the field of conservation biology (May 1988,
Scott 1988, Cleveland et al. 2002, Lafferty and Gerber 2002,
Ostfeld et al. 2002, Tompkins et al. 2002, Smith et al. 2006,
Begon et al. 2009). While several studies have addressed the
effects of wildlife disease on demographic parameters such
as survival and fecundity, few have assessed how diseases
may impact the long-term dynamics and persistence of host
populations (but see Doak et al. 1994, Albon et al. 1997,
Brook and Kikkawa 1998, Haydon et al. 2002, Gerber
et al. 2005). Additionally, assessments of the risk of disease
outbreak have primarily focused on pathogens that cause
high mortality (Cleveland et al. 2002). However, very little
work has addressed the effects of chronic endemic infec-
tions on threatened host populations (but see Cross et al.
2009). Consequently, the effects of endemic or persistent
pathogens have remained less well-understood (Cleveland
et al. 2002). Despite this dearth of focus on chronic infec-
tions, research suggests that pathogens that elicit a higher
prevalence of subclinical, rather than clinical, infections are

more likely to regulate long-term host population dynam-
ics than pathogens that produce higher proportions of overt
clinical disease among infected hosts (Boots et al. 2003).
Moreover, pathogens associated with high mortality rates are
more likely to fade out from a host population earlier than
less fatal pathogens, and therefore, have a less pronounced
effect on long-term dynamics of host populations (Claessen
and deRoos 1995). Because chronic, or persistent, infections
could potentially have greater long-term impacts than acute
infections on host population dynamics, their assessment
within wildlife populations of conservation concern war-
rants attention.

The dynamics of chronic disease in host populations are
heavily influenced by the duration of host morbidity and
infectiousness, and the rate of disease recrudescence. For the
purpose of this study we define disease chronicity as the dura-
tion of morbidity, which corresponds to the amount of time
an infected individual experiences active and overt clinical
disease. For chronic diseases, tissue damage and/or altered
host function resulting from this clinical disease state can be



considered lifelong. Clinical disease is usually accompanied
by host infectiousness, in which adequate numbers of infec-
tious microbes are shed to transmit infection to susceptible
contacts (Casadevall and Pirofski 2002). Transition from an
active (infectious) clinical disease state to a clinically silent
and asymptomatic carrier state occurs after the infectious
period, in which the pathogen is sequestered within hosts in
the form of a latent infection. Recrudescence of active clini-
cal disease from a latent subclinical state can be triggered by
several factors, such as: 1) exposure to other infectious indi-
viduals, which stimulates a rapid memory immune response
and possibly more severe clinical disease, 2) superinfection
with a secondary pathogen (Casadevall and Pirofski 2003),
or 3) physiological stress caused by environmental or anthro-
pogenic factors (Padgett and Glaser 2003).

We can apply these general concepts of chronic disease
natural history from the individual-level to the level of host
populations. For example, population-level recrudescence
would manifest itself as a recurring epizootic. The rate of
epizootic recurrence or re-emergence is then defined as the
rate at which a critical threshold of individuals within an
exposed population becomes clinically ill, and either spreads
infection or elicits reactivation of chronically infected indi-
viduals from a latent/subclinical state to a clinical disease
state. In disease ecology terms, this would represent condi-
tions under which the basic reproductive number (R;) of a
pathogen is greater than one, and infection (and subsequent
disease) propagates through a population (Swinton et al.
2002). Recurring epizootics occur in many wildlife popula-
tions, and are often associated with seasonal environmental
factors (Altizer et al. 2006). Consistent with the definition
of infectiousness/morbidity duration at the individual-level,
outbreak duration (at the population-level) can be defined
as the epizootic time span, or the number of consecutive
years in which a disease outbreak directly affects demo-
graphic parameters such as survival, fecundity, or growth.
Although lifelong effects of chronic disease can have sig-
nificant repercussions on individuals, we focus our efforts
here on modeling disease processes at the population-level,
and therefore explicitly account for outbreak frequency and
duration rather than individual patterns of infectiousness
and morbidity.

From the perspective of population dynamics, out-
break duration and recurrence could be represented using a
Markov chain model. Under this framework, the emergence
and re-emergence of an outbreak within a population at a
specific time is probabilistically dependent on: 1) the tem-
poral autocorrelation term p, which represents the length
of outbreak duration, and 2) the overall frequency term f,
which defines the overall frequency of outbreak recurrence.
This approach has been used to study the effects of fire and
hurricane disturbance on the population dynamics of plant
species (Pascarella and Horvitz 1998, Caswell 2001). Under
temporally autocorrelated environments, vital rates (i.e.
survival, fecundity, and/or growth) display a memory of past
conditions, which can have a profound impact on population
dynamics (Tuljapurkar and Haridas 2006). In other words,
repeated consecutive exposure to adverse environmental
conditions is expected to produce different results than
repeated sporadic exposure in relation to long-term popu-
lation dynamics. By modeling disease outbreaks as a form of

environmental stochasticity in which the probability of out-
break occurrence is temporally autocorrelated, the effects of
outbreak duration and recurrence on the long-term dynamics
and persistence of wildlife populations can be assessed.

In this study, we use mycoplasmal upper respiratory tract
disease (URTD) in natural gopher tortoise Gopherus polyphe-
mus populations as a model system to assess the impacts of
outbreak duration and recurrence on the long-term dynam-
ics and persistence of threatened host populations. Little is
known regarding the dynamics of URTD within, and its
subsequent impacts on, gopher tortoise populations. Our
goal was to assess the potential effects of disease on the long-
term growth and persistence of gopher tortoise populations
at varying levels of outbreak duration, recurrence, and dis-
ease-induced mortality. Findings from this study will help
quantify the potential threat of URTD on the dynamics and
persistence of gopher tortoise populations, and also provide
a framework for understanding population-level influences
of chronic and persistent diseases in other wildlife systems.

Methods

Study system

Mycoplasmal respiratory infections in virtually all hosts are
generally chronic and clinically silent, with low mortality but
nearly 100% morbidity (Simecka et al. 1992, Minion 2002).
Opvert clinical signs are observed in early infections, and may
be exacerbated in periods of stress or as the individuals get
older. However, pathogenic mycoplasmal species can often
cause gross and histological lesions, primarily in the respira-
tory tract, even when overt clinical signs are absent (Simecka
etal. 1992).

Mycoplasma agassizii was first defined as an etiologic
agent of URTD in free-ranging desert tortoises Gopherus
agassizii in Nevada, USA (Jacobson et al. 1991, Brown
et al. 1994). Although there have been many speculations
linking mycoplasmal upper respiratory tract disease (URTD)
to die-off events (Gates et al. 2002, Seigel et al. 2003), lictle
is known about the effects of this chronic disease on the
long-term dynamics of gopher tortoise populations (Holder
etal. 2007). Clinical signs, when present, are often expressed
intermittently (Brown 2002), making observations of clini-
cally ill animals in the field a difficult task (Wendland 2007).
Tortoises spend most of their time in burrows. Consequently,
direct observations are quite limited. Given the intermittent
expression of clinical signs (even in experimentally infected
tortoises that can be observed frequently), it is not surprising
that tortoises encountered in the field may often appear to
be healthy. However, wild tortoises that were not exhibiting
clinical signs did maintain subclinical chronic infections in
which substantive tissue damage is present (Jacobson et al.
1991, McLaughlin et al. 2000). Mycoplasma agassizii, like
most mycoplasmal infections, causes chronic infections in
which infected individuals transition between clinical and
subclinical disease states. Therefore, the duration of clinical
disease and the rate of disease recrudescence are of major
epizootiological importance when attempting to elucidate
how a chronic disease could alter the long-term dynamics of
wildlife populations.



Model formulation

Recrudescence rate

We assumed that the rate of individual recrudescence
was equivalent to the force of infection (¢), and therefore
that subclinically infected individuals experienced recur-
ring bouts of clinical disease at the same rate that previ-
ously unexposed susceptible individuals became clinically
infected. This is likely a conservative assumption as experi-
mental exposure of gopher tortoises with subclinical dis-
ease resulted in a rapid increase in clinical signs as well as
increased shedding (McLaughlin 1997), similar to what has
been observed in M. gallisepticum infection in songbirds
(Sydenstricker et al. 2005).

Demographic effects of the disease

We assumed that only the reproductive adults would suffer
significant effects of disease in the form of disease-induced
mortality. This assumption is supported by a study showing
strong stage-specific seroprevalence, whereby only a marginal
percentage of pre-reproductive individuals tested positive for
M. agassizii exposure (Wendland et al. 2010). We therefore
assumed that disease outbreaks (or epizootics) did not influ-
ence the survival of pre-reproductive tortoises. Also, prelimi-
nary analyses revealed no evidence that M. agassizii exposure
influenced reproductive parameters (i.e. clutch size and
gravidity) over a four-year period (White 2009); therefore,
we assumed that the disease had no effect on reproductive
parameters. Perhaps the most pressing concern regarding
URTD in tortoise populations involves its speculated role
in tortoise die-off events (Berry 1997, Seigel et al. 2003),
so we focused on quantifying potential impacts of recurring
mortality events on long-term host population dynamics by
limiting the effects of URTD to depressed survival.

Disease-induced mortality (p)

We assumed that disease-induced mortality (1) acts only on
clinically ill individuals, and that the mortality of subclini-
cally infected individuals during enzootic disease states is
not significantly different from the baseline mortality rates
of uninfected reproductive adults. We also made the conser-
vative assumption that disease-induced mortality acted ran-
domly on dlinically ill individuals (i.e. individuals actively
presenting clinical signs of disease) across all scenarios of epi-
zootic duration and recurrence. Virulence and pathogenic-
ity were assumed to remain constant over time, and neither
the duration nor frequency of epizootics affected the rate at
which individuals died from clinical disease. In other words,
disease-induced mortality was assumed to be independent
of epizootic duration and recurrence frequency, and at each
time step the survival rate of clinically infected individuals
was reduced by a constant proportion i (0=p= 1).

Modeling disease outbreak

Disease outbreaks were modeled as a form of environmen-
tal stochasticity in which populations were subjected to
enzootic or epizootic conditions according to probabilities
defined by a Markov Chain model (Caswell 2001, Tul-
japurkar and Haridas 2006). The enzootic state was defined
as the baseline condition of a population in which the incidence

of clinical disease is negligible, and disease-induced mortality
does not occur. We defined an epizootic state as a condi-
tion in which a threshold level of clinically ill and infectious
individuals is surpassed, and an increased incidence of clini-
cal disease is associated with an increase in mortality due to
disease (). Under epizootic conditions subclinical individu-
als with latent infection recrudesce to a clinical disease state
at a rate ¢. Under enzootic conditions following epizootic
events, previously infected individuals within a population
may remain subclinically infected, and consequently serve to
maintain seroprevalence at generally constant levels through
time. When the epizootic occurs, adult survival was reduced
by a proportion  (0=p=1).

In addition to addressing the population-level effects of
epizootics (i.e. recurring mortality from disease), we also
assessed the impacts of epizootic recurrence and duration on
long-term host population dynamics. Epizootic recurrence
was defined as the overall frequency (f) with which epizootic
conditions occurred within a population over time. Epizootic
duration (p) was defined by an autocorrelation term, which
represented the duration of time a population experienced
epizootic conditions. For example, under scenarios of acute
epizootics (i.e. short duration), a host population would
experience recurring outbreaks that would quickly subside.
In other words, epizootic states would seldom occur across
consecutive years, but would act on a population for only
short periods of time. Under scenarios in which duration
was chronic (i.e. long duration), populations would suffer
from epizootic conditions for long spans of time.

Parameter estimation

To parameterize a stage-structured population projection
matrix with three demographic stages (hatchling, pre-
reproductive juvenile, and reproductive adult) and two dis-
ease states (uninfected/subclinically infected, and clinically
infected), the following parameters were needed: 1) stage-
specific annual survival probabilities (G, Gpg, Og), 2) annual
growth rate of pre-reproductive individuals to the reproduc-
tive stage (), 3) annual fecundity rate (), and 4) force of
infection (). Methods used for estimating these parameters
are described in detail in Supplementary material Appendix
Al; a brief overview follows.

Stage-specific survival probabilities (G, Gpp, Gp)

Annual hatchling survival probability was defined as the
summary estimate of a meta-analysis of five gopher tortoise
hatchling survival studies (Perez-Heydrich 2010). Survival
probabilities for pre-reproductive juvenile and reproductive
adult survival rates were estimated using a capture-mark-
recapture analysis of four years of data collected from three
populations that had previously been described as URTD-
free (Wendland 2007).

Pre-reproductive growth probability (y)

The probability that pre-reproductive tortoises survive and
grow to become reproductive adults was inestimable from
the four-year mark—recapture data due to the slow-grow-
ing nature of this long-lived species. Therefore, we esti-
mated ¥ using the fixed stage duration method described
by Caswell (2001).



Fecundity (m)

The annual fecundity was estimated as the product of one-
half times clutch size (cs), proportion of females gravid (pg),
nesting success probability (ns) and hatching success rate (hs)
(i.e. m = (cs X pg X ns X hs)/2). Mean clutch size and pro-
portion of females gravid were obtained from radiographs of
adult females sampled from the all study populations prior
to oviposition. Nest and hatch success were defined as the
summary estimates of meta-analyses conducted using find-
ings from published studies (Perez-Heydrich 2010).

Force of infection (o)

The force of infection represents the per-capita annual rate
at which susceptible individuals become infected (Swin-
ton et al. 2002). Ozgul et al. (2009a, b) estimated annual
force of infection for M. agassizii from a four-year CMR
study of gopher tortoise populations with high (=25%)
and low (<25%) seroprevalence. We used their estimate
of force of infection under high seroprevalence conditions
(¢=0.22 = SE 0.04) to quantify the transition from an
uninfected (or subclinically infected) state to a clinically
infected state among reproductive adult tortoises.

Construction of population projection and
Markovian transition matrices

We used matrix population models with four stages (hatch-
ling, pre-reproductive juvenile, uninfected/subclinically
infected reproductive adult, and clinically infected reproduc-
tive adult) to describe demography of gopher tortoises, and
two-state Markovian transition matrices to model the tran-
sition of enzootic population conditions to epizootic states
(Fig. 1). Population projection matrices were parameterized
using the demographic rates presented in Table 1, and fol-
lowed the form:

0 0 ma, ma,(1— )

o, o,(1— 0 0
A% o 7)

0 a,y o (1—¢) 0

0 0 ¢0-R O-R(l_ﬂ)

Under enzootic conditions ¢ = =0, and the popula-
tion projection matrix reduced to three demographic stages.
Separate population projection matrices were constructed
to represent each type of epizootic state defined according
to varying levels of disease-induced mortality (1). Disease-
induced mortality was defined as the proportional increase in
mortality (or proportional reduction in survival) associated
with URTD. When a population was subjected to epizootic
conditions, the survival of adults with clinical disease was
reduced by a proportion . Thus, the survival of adults with
active clinical disease was given by 6(1 — L), to account for
this proportional reduction in survival. Population projec-
tion matrices for epizootic and enzootic states differed from
each other only in their values for 1, whereby W =0 for the
enzootic state, and 0.01, 0.05, 0.10, 0.20 and 0.30, for the
different epizootic states.

Nine Markovian transition matrices (P,) were generated
to describe acute, intermediate, and chronic epizootic con-
ditions under low, intermediate, and high frequencies of

recurrence. The autocorrelation term p was used to quan-
tify the chronicity (or duration) of epizootic states (i.e.
pacu[e =-0.10, pintermedia[e = 040’ Pchronic — 073) When
p <0, enzootic and epizootic states tend to alternate so that
when a population experiences an outbreak, it transitions
quickly from an epizootic state to an enzootic state; however,
when p >0, long sequences of enzootic and epizootic states
are generated so that the transitions between enzootic and
epizootic states are prolonged (Caswell 2001). The outbreak
frequencies (f) used to parameterize the Markovian transi-
tion matrices (ie. fi,, = 0.1, £, nediae = 0.2, fiig, = 0.3)
represented how often populations experienced recurring
epizootics. Because the true recrudescence rate of URTD
is unknown, we used a range of values of f to explore how
epizootic recurrence may affect population dynamics. Using
all possible combinations of p and f, values of p and q were
calculated for the Markovian transition matrices using the
following equations adapted from Caswell (2001):

p=1-p-(1-H)(1-p)
q=01-H1-p)

One notable difference between our parameterization
and Caswell’s is that we substituted the long-term frequency
of state 1 (f), with the long-term frequency of state 2 (1 - f)
so that f would represent the long-term frequency of out-
breaks rather than the long-term frequency of normal years
(Fig. 1). The resulting Markovian transition matrix was then

defined as

I-=p 1—q
p q

_P:

Stochastic population growth rate (i)

In order to address the potential impacts of recurring epi-
zootics on long-term population growth, we compared
the stochastic population growth rate (A) across different
outbreak scenarios to the population growth rate under
baseline, or enzootic, conditions (Ag,,..q.)- Fifty-four differ-
ent stochastic growth rates, each corresponding to a differ-
ent combination of endemic-epizootic state grouping and
Markov chain model (Fig. 2), were calculated using Tul-
japurkar’s approximation for autocorrelated environments
(Tuljapurkar and Haridas 2006). Using this approach log A
=~ log Ay — W, + W,, where A is the dominant eigenvalue of
the average matrix, W, is the effect of interannual variability
on Ag, and W, is the effect due to autocorrelation. Using this
formulation, we assessed the relative effect of temporal auto-
correlation (W,) over the effects of interannual variability
(W) in order to address the impact of epizootic duration on
host population dynamics. For details regarding the numeri-
cal computation of the terms W, and W, please refer to Tul-
japurkar and Haridas (2006). The variance of A, (G2) was
estimated under the assumption of asymptotic lognormal-
ity of the weighted sum of stage-specific abundances (Cas-
well 2001). Ninety-five percent confidence intervals were
then generated as exp(log A = 1.96 Vo2). The deterministic
asymptotic growth rate of population under enzootic condi-

tions (Ag,,0000) Was generated as the dominant eigenvalue of
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Figure 1. Conceptual models of (A) demographic processes, and (B) Markovian transitions for epizootic processes. (A) Transition rates
along the loops are defined according to parameters listed in Table 1. (B) The Markov chain model parameters p and ¢ are defined accord-

ing to varying levels of epizootic duration and overall recrudescence.

the baseline population projection matrix. Standard errors
for the deterministic Ay, were calculated through series
approximation using the sensitivities of Ay, ic
level demographic parameters (Caswell 2001).

to lower-

Elasticity analysis

In order to quantify the overall importance of model param-
eters (i.e. demographic vital rates, disease- and outbreak-as-
sociated parameters) to the long-term growth rate of exposed
populations, we employed elasticity analyses (de Kroon
et al. 2000). We calculated elasticity of A to matrix elements,
as well as to lower-level vital rates using the chain rule for
the baseline population projection matrix (population expe-
riencing endemic rather than epizootic conditions) using
standard methods (Caswell 2001). For each of 54 disease sce-
narios we also calculated stochastic elasticities using a simula-
tion approach (50 000 time steps) as described by Caswell
(2001). Additionally, we calculated lower-level elasticities of
long-term population growth to demographic vital rates, and
disease- and outbreak-associated parameters (i.e. ¢, U, f and
p) using the vec permutation approach developed for matrix
metapopulation models (Hunter and Caswell 2005, Ozgul
etal. 2009b). Using this framework, we defined ‘patches’ as the
endemic and epizootic population states, and the transition
between these patches as the Markov chain model described
above (details in Supplementary material Appendix A2).

Estimation of quasi-extinction parameters

The final metric used to investigate the population-level
effects of recurring epizootics was persistence time, defined
here as the length of time for a population to fall below a
predefined quasi-extinction threshold. Quasi-extinction
parameters for epizootic scenarios were estimated through
stochastic simulation (Caswell 2001, Morris and Doak
2002). An initial population size of 500 tortoises was used to
assess quasi-extinction times. The quasi-extinction threshold

was set to 10% of the initial population size, or 50 indi-
viduals. Censuses across Florida have shown that only 31%
of conservation lands harbor gopher tortoise populations
with =500 tortoises (Miller 2001), and that most popu-
lations contain between 100 and 500 individuals (Smith
et al. 2006). For this reason, an initial size of 500 tortoises
was considered appropriate for our analyses. The initial pop-
ulation size was then multiplied by the stable stage distribu-
tion from the baseline population projection matrix in order
to obtain an initial stage-structured population vector. For
each simulation, a sequence of environments corresponding
to a specific Markov chain model was generated and used to
assign a projection matrix at each time step.

Population size with stage structure was then projected
over time for each simulation, and the proportion of simula-
tions that reached the quasi-extinction threshold at or before
a given time step provided the cumulative probability distri-
bution of quasi-extinction times (Morris and Doak 2002).
Median quasi-extinction time (75,) was defined as the num-
ber of years a population would persist before the probability
of quasi-extinction surpassed 0.50.

There were uncertainties associated with estimates of
demographic and disease parameters, as quantified by samp-
ling variances. Such parametric uncertainties would undoubt-
edly introduce uncertainties in estimates of quasi-extinction
parameters. We used a parametric bootstrapping approach

Table 1. Estimates of demographic parameters used for the parame-
terization of a baseline population projection matrix. Please refer to
the Supplementary material Appendix A1 for more details on the
estimation of 6, Gy, Yand m.

Parameter Symbol Estimate Variance
Hatchling survival Gy 0.13 0.0014
Fecundity m 0.50 0.0874
Pre-reproductive survival Cp 0.39 0.12
Pre-reproductive growth v 0.001614 0.000076
Reproductive survival or 0.90 0.0059
Force of infection [0 0.22 0.0016
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to quantify the effects of parametric uncertainties on quasi-
extinction parameters. For each of 5000 simulation runs, we
sampled demographic and disease parameters from specified
distributions and estimated probability of quasi-extinction
(Pr{T,=50}) and median extinction time (T,50) (details
in Supplementary material Appendix A3). We repeated this
process 500 times, such that we obtained 500 estimates of
quasi-extinction parameters. A 95% confidence interval (CI)
was then calculated for each disease outbreak scenario using
a percentile method. Quasi-extinction parameters under the
enzootic condition were estimated similarly by repeating
5000 simulations of 50 time steps 500 times, except that
population states remained constant through time.

Results

Baseline model

Under enzootic conditions and in the absence of clinical
disease, the tortoise population was projected to decline by
approximately 9.7% each year (A, =0.903, 95% CI:
0.765-1.04). The survival of reproductive adults was pro-
portionately the most influential parameter on the long-term
population dynamics, both in terms of matrix entry as well
as lower-level elasticities (¢(oR) = 0.780), followed by fecun-
dity (e(m) = 0.000085). The probability that the disease-free
baseline population goes extinct within 50 years was 0.740
(95% CI: 0.727-0.752), and the corresponding median
time to quasi-extinction was 29 years (95% CI: 28-30).

Outbreak model

Under scenarios of recurring epizootics, long-term popula-
tion growth rates overlapped with those of the baseline popu-
lation (under enzootic conditions). Stochastic growth rates

(Ag) calculated using Tuljapurkar’s small noise approximation
ranged between 0.838-0.902, and decreased as a function f
(epizootic recurrence) and W (disease-induced mortality; Fig. 3).
The Ags were inversely related to f and |, but increased mar-
ginally with an increase in p (outbreak duration). The inter-
action of f and U reduced Ag by as much as 7% (Fig. 3).
Stochastic elasticities calculated using the simulation
approach and deterministic elasticities obtained from the
vec-permutation approach displayed near-perfect correlation
(r>0.993) across all 54 disease scenarios. These results indi-
cated that elasticities obtained using matrix metapopulation
models represented the overall stochastic elasticity patterns
well. Because both approaches provided similar results, we
focused on elasticities obtained using the vec-permutation
approach for subsequent discussion on elasticities.
Demographic parameters under endemic conditions made
a higher proportional contribution to A (Xe(B,, jomi): 0-702—
0.968) than those under epizootic conditions (Xe(B,;,q00):
0.032—-0.298) across all outbreak scenarios. Overall, elastic-
ity of A to entries of the demographic block-diagonal matrix
B (Supplementary material Appendix A2) indicated that
the survival of reproductive adults (Gy) had the largest pro-
portional influence on A compared to other demographic
variables. Elasticity of A to elements of the dispersal (i.e.
Markovian outbreak transition) matrix M (Supplementary
material Appendix A2) indicated that, among entries of
matrix M, the probability of remaining under endemic con-
ditions had the greatest proportional impact on A across all
outbreak scenarios (range of elasticity values: 0.472-0.955).
Lower-level elasticities revealed the same trends as above,
and indicated that demographic parameters were proportion-
ately more influential on A than disease- or outbreak-associ-
ated parameters. Among demographic parameters, survival
of reproductive adults had the largest lower-level elastic-
ity across all outbreak scenarios (e(oy)>0.998). Among
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Figure 3. Contour plots of stochastic growth rates (L), calculated using Tuljapurkar’s small noise approximation for autocorrelated environ-
ments, as a function of disease-induced mortality (1) and epizootic recurrence (f) at the three levels of eipzootic duration (p) considered in

our study.

disease- and outbreak-associated parameters, disease-induced
mortality had the largest overall proportional impact on
A (e(w): —0.188 to —0.0099), followed by outbreak recur-
rence frequency (e(f): —0.0642 to —0.000979; Fig. 4), under
epizootic scenarios in which 1= 0.20. However, under epi-
zootic scenarios in which [t>0.20, force of infection had
the largest overall proportional impact on A (e($):—0.233 to
—0.202) among disease- and outbreak-associated parameters,
followed by outbreak recurrence frequency (e(f): =0.0713 to
—0.0145; Fig. 4). Lower-level elasticities for disease-associ-
ated parameters indicated that increases in f, i and ¢ would
result in declines in A, whereas increases in p would increase
A (Fig. 4). Additionally, with increases in 1, elasticities of
A to ¢ became more negative, indicating a greater negative
effect on A, whereas those for |l became less negative and
quickly approached 0 when p > 0.20. In other words, as dis-
ease-induced mortality increased, the negative influence of
the force of infection on A became more pronounced while
that of disease-induced mortality declined.

The probability of quasi-extinction within a 50-year
time period ranged between 0.746 and 0.980 across all
scenarios of recurring epizootics. Under most scenarios of
short or intermediate epizootic duration, probability of

quasi-extinction within 50 years was significantly greater
than that under enzootic conditions, and increased with
epizootic frequency and disease-induced mortality (Fig. 5).
The confidence interval for Pr{Tq=50} became wider as
values of p increased, suggesting a greater effect of paramet-
ric uncertainty on estimates of quasi-extinction parameters
in strongly autocorrelated environments characterized by
longer epizootic duration. Median quasi-extinction times
ranged between 18-29 years across outbreak scenarios, and
were also inversely related to f and [L. Estimates of As and
median quasi-extinction time (T s,) for all values of p, f, and
W are presented in Table A3 and A4 (Supplementary material
Appendix A4), respectively.

Varying the duration of epizootics (p) had little effect
on Ag. The effect of autocorrelation on A, (W,) was very
small relative to the effect of interannual variability, or
fluctuations in endemic/epizootic population states under
Tuljapurkar’s small noise approximation for autocorrelated
environments (W,; Fig. 6). At most, W, was only about
0.0058 times the magnitude of W, across all scenarios,
indicating a negligible effect of temporal autocorrelation
of endemic/epizootic population conditions on long-term
population growth.
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Figure 4. Elasticity of A, to changes in outbreak- and disease-associated parameters (f, L, p and ¢) calculated using the vec-permutation
matrix approach. The three levels of fare represented through different symbols (circle: f= 0.1, triangle: f = 0.2, cross: f = 0.3), and the four
disease-associated parameters are represented by different line types (solid: p, dot-dash: f, dashed: ¢, dotted: W).
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Figure 5. Ninety-five percent confidence limits of probability of quasi-extinction by 50 years (Pr(T, = 50) as a function of disease-induced
mortality (1) and epizootic recurrence (f) at the three levels of epizootic duration (p) assessed. Confidence limits were calculated from 500
runs of 5000 simulations of vital rates over a 50 year period. Vertical, dashed lines represent the 95% confidence limits of mean probability
of quasi-extinction obtained for a baseline population under enzootic conditions.

Discussion

Disease can pose an indirect threat to the viability of wild-
life populations by reducing survival and reproductive rates,
and genetic diversity of hosts and contributing to environ-
mental and demographic stochasticity within fragmented or
small host populations (de Castro and Bolker 2005). Unfor-
tunately, logistical difficulties and cryptic disease processes
often make the study of wildlife diseases within natural
populations a complicated venture, and the population-level
consequences of chronic diseases remain poorly understood.
Proper management strategies are difficult to formulate and
implement based on field studies alone, and models of popu-
lation and disease dynamics can be useful as heuristic and
predictive tools. In this study, we were particularly interested
in quantifying the effect of recurrent epizootics on the long-
term host population dynamics and persistence. Recurrent
epizootics have been commonly observed as seasonal phe-
nomena associated with changes in host social behavior,

p=-0.1

p=04

immune function, and birth and death pulses within wild-
life populations (Altizer et al. 2006). In house finches, for
example, recurring outbreaks of mycoplasmal conjuncti-
vitis have been linked to seasonal changes in host aggrega-
tion patterns and reproduction (Altizer et al. 2004). In field
voles, seasonal patterns of cowpox virus were associated with
the recruitment of susceptible hosts through birth pulses
(Begon et al. 2009). Cyclical increases in parasite infesta-
tion within red grouse populations were associated with
compromised immune defenses of males during the mating
season (Mougeot et al. 2006). In these examples, epizootics
are fairly predictable from seasonal host attributes. In other
cases, however, mechanisms for disease recurrence are largely
unknown, and models can be used to understand the effects
of recurring epizootics on host population dynamics.

The framework we present in this paper allows for the
incorporation of chronic and recurring disease dynamics
into an assessment of host population viability in a rela-
tively simple and straightforward manner. The potential
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Figure 6. Relative effects of autocorrelation (W,) over interannual variability (W) obtained through Tuljapurkar’s small noise approximation.



effects of chronic and recurring epizootics on host wildlife
populations were modeled as a form of environmental sto-
chasticity. However, for recurring epizootics the common
assumption of independent and identically distributed envi-
ronmental states fail to properly describe the non-random
transitions between endemic and epizootic states experi-
enced by exposed populations. By imposing an autocorre-
lation structure to potential outbreak states through time
with the use of a Markov chain, we were able to determine
how factors such as epizootic duration and recurrence could
influence the long-term growth and persistence of host
populations exposed to chronic and endemic infections.
Additionally, we demonstrated how matrix metapopulation
models (Hunter and Caswell 2005, Ozgul et al. 2009b) can
adequately quantify the proportional influence of discase-
and outbreak-associated parameters on long-term growth
rate of populations transitioning between endemic and epi-
zootic conditions.

The results of our case study indicated that even under
unexposed and/or endemic conditions gopher tortoise pop-
ulations were at substantial risk of local quasi-extinction.
When subjected to recurring epizootics, annual population
growth rate declined by up to 16%, and median persistence
time declined by up to 11 years. Increases in the force of
infection, outbreak frequency, and disease-induced mortality
all had negative effects on the long-term growth and per-
sistence of exposed populations, whereas outbreak duration
had negligible impacts.

According to the Markov chain model used to describe the
transitions between epizootic and endemic conditions, long
time spans of outbreak conditions were coupled with long
time spans of endemic conditions. Therefore, while popu-
lations experienced longer outbreak periods, they also had
more time to recover from these outbreaks. With increases
in epizootic frequency, however, these recovery periods were
shortened. Thus, the long-term growth and persistence of
populations under the threat of frequent epizootics was
compromised due to reduced recovery periods between out-
breaks. In a natural setting, the frequency of outbreak recur-
rence is likely to increase through the exposure of subclinical
or uninfected tortoises to clinically diseased animals that
are actively shedding mycoplasma, as might occur through
relocation events. At the individual level, normal biologi-
cal parameters and behaviors may contribute to recrudes-
cence. For example, as males become reproductively active,
increased conspecific aggression might lead to both increased
stress and increased exposure risks. Time of exposure might
also be an inherent risk factor, especially with respect to indi-
vidual nutritional status or the stage of female reproductive
cycle at the time of exposure. Recrudescence may also be
triggered by secondary infections or extrinsic stress factors,
such as those associated with adverse environmental events
(i.e. drought, hurricanes, or habitat degradation). Although
mechanisms driving epizootic recurrence frequency are ill-
defined for URTD, we found this parameter to have a strong
effect on long-term host population dynamics.

We also assessed how population growth rate (A) was
influenced by demographic, disease- and outbreak-associ-
ated parameters using a matrix metapopulation modeling
framework (Hunter and Caswell 2005, Ozgul et al. 2009b).
Through elasticity analyses we found that population

dynamics under enzootic conditions (i.e. baseline values of
demographic parameters) had the greatest impact on the
long-term growth rate of a population. Regardless of the
level of disease-induced mortality, outbreak duration, or
outbreak recurrence frequency, it was the baseline (or enzo-
otic) condition of an exposed population that was most
influential to the long-term population growth rate. Overall,
we also found that demographic parameters (i.e. survival,
fecundity and growth) were proportionately more influen-
tial on A than disease- and outbreak-associated parameters.
The survival of reproductive adults proved to be the most
important lower-level parameter to A, consistent with life
history theory and previous analyses of turtle population
dynamics (Crouse et al. 1987, Crowder et al. 1994, Doak
et al. 1994, Heppell 1998). The relatively low importance
of disease-related parameters compared to host demographic
parameters may be a consequence of declining growth rates
(A<1.0) at baseline conditions, and our assumption that
the disease only influenced survival of reproductive females.
Disease-related processes could likely have a greater impact
on population dynamics in situations where multiple vital
rates are negatively influenced by the disease. Among dis-
ease- and outbreak-associated parameters, the proportional
influence of disease-induced mortality was surpassed by that
of force of infection when disease-induced mortality was
high (u=0.30). Theory suggests that a population threshold
exists below which disease transmission would not be sustain-
able and the disease would ultimately disappear (Anderson
1991). For example, when infectious contacts with suscep-
tible hosts declined, phocine distemper virus faded out from
a population of North Sea harbor seals (Swinton et al. 1998).
‘The proportional influence of disease-associated parameters
on long-term population growth, therefore, is contingent on
disease persistence. In our study, at the threshold point in
which more than 20% of clinically infected individuals die
from disease, the relative effect of disease-induced mortality
on the long-term population growth rate decreased and was
surpassed by the force of infection.

Of the Markovian parameters driving outbreak dynam-
ics, epizootic frequency adversely affected long-term popula-
tion dynamics, whereas epizootic duration had little impact.
In other words, the impact of disease depended primarily on
how often a population underwent an epizootic state, rather
than how long the epizootic persisted within the exposed
population. Moreover, although large temporal autocorrela-
tion effects (W,) were expected for weakly damped popu-
lations (Tuljapurkar and Haridas 2006), such as our study
population, W, remained small relative to the effect of tem-
poral variability (W) in our study. The findings from this
study, therefore, agree with those reported by Fieberg and
Ellner (2001), who argue that stochastic growth rates are
generally not substantially affected by the temporal autocor-
relation of environmental states.

Evidence for URTD-associated mortality is based pri-
marily on anecdotal evidence for associations between die-
off events and seroprevalence and necropsies of moribund
animals from populations undergoing disease outbreaks
(Jacobson et al. 1995, Berry 1997, Schumacher et al. 1997,
Homer et al. 1998, Brown et al. 1999, Seigel et al. 2003),
and no direct link has been established between URTD
infection and tortoise mortality (Sandmeier et al. 2009).



However, such a link has always been notoriously difficult
to confirm in wildlife disease systems (Plowright et al. 2008)
and may be particularly challenging when evaluating the
effects of chronic disease in long-lived species. Moreover,
the specific mechanisms driving URTD recrudescence in
latently infected gopher tortoises remain unknown. Given
these challenges, our study served as a baseline description
of potential outcomes arising from different scenarios of dis-
ease dynamics, and also provided a framework for modeling
the population-level influence of URTD in a gopher tortoise
population.

In many disease systems, the force of infection can be
density- or frequency-dependent (Wilcox and Elderd 2003,
Lloyd-Smith et al. 2005). Although a previous study found
no evidence that population density influenced the force of
infection in our study system (Ozgul et al. 2009a, p. 793), we
explored this possibility using empirically estimated parameters
and functional form of density-dependent effect on the force
of infection (Supplementary material Appendix A5). Model-
ing force of infection as a density-dependent process had no
substantial impact on estimates of quasi-extinction param-
eters. Moreover, theoretical and empirical studies addressing
how environmental (e.g. hurricanes, drought) and anthro-
pogenic factors (e.g. unauthorized relocations) can affect dis-
ease recrudescence at the individual level would improve our
understanding of the overall expected frequency of epizootic
recurrence within natural populations. Such analyses could
help develop a more refined mechanistic understanding of
how recurring diseases can influence the dynamics and persis-
tence of host populations (Altizer et al. 2006).

When little is known regarding the disease ecology of a
host wildlife system, modeling exercises like the one pre-
sented in this paper can provide a baseline understanding of
outcomes arising from potential scenarios of disease dynam-
ics, and suggest future research strategies to help guide man-
agement actions. For example, the finding that demographic
parameters under enzootic conditions had a higher influence
on A than those under epizootic conditions indicates that
strategies aimed at improving demographic parameters, par-
ticularly survival rates, would promote the long-term growth
and persistence of gopher tortoise populations regardless of
disease emergence. Therefore, in most cases, specific manage-
ment strategies need not be specific to outbreak conditions.

McCoy et al. (2007) surveyed ~ 60 gopher tortoise popu-
lations in Florida before the emergence of URTD. They sub-
sequently resampled 10 of these populations, and found that
some populations with relatively high percentages of sero-
positive individuals had not declined, and that some popu-
lations with low percentage of seropositive individual had
experienced population declines. Because some populations
where URTD was absent or occurred in low frequency, expe-
rienced population declines, they questioned the causal role
of URTD in tortoise population declines. Consistent with
these observations, we found that vital rates estimated from
the relatively URTD-free populations indicated declining
populations, and that there was no evidence to suggest that
URTD was the only or the primary cause of gopher tortoise
population declines. Loss and degradation of habitat might
have played a more significant role in tortoise population
declines; consequently, protection and appropriate manage-
ment of tortoise habitat would be the most effective strategy
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to manage gopher tortoise populations in either the pres-
ence or absence of URTD (McCoy et al. 2006, 2007). Given
the relative importance of epizootic frequency on estimates
of quasi-extinction parameters, educational programs that
inform the public about the risks associated with the unau-
thorized release of tortoises into established gopher tortoise
populations are likely to be effective management actions to
mitigate pathogen introductions and spread.

Long-term surveillance will continue to be instrumental in
measuring disease impacts on host demographic parameters
such as survival and fecundity. In this study, we assumed that
only mortality was affected by M. agassizii infection, and did
not consider the impacts that long-term, chronic morbidity
might have on other population parameters. This assump-
tion stemmed mainly from the widespread speculation of
URTD as a driving force in documented mortality events
(Jacobson et al. 1995, Berry 1997, Schumacher et al. 1997,
Homer et al. 1998, Brown et al. 1999, Seigel et al. 2003).
In this paper, we focused on modeling the impacts of these
speculated die-off events on long-term population dynamics.
In fact, most mycoplasmal respiratory infections exhibit a
high morbidity, low mortality profile and affect weight gain,
ability to survive, and in some cases, reproduction (Simecka
et al. 1992, Minion 2002). For instance, based on prelimi-
nary analyses that revealed no significant effect of URTD
on reproductive parameters (White 2009), we assumed a
negligible effect of disease on fecundity. In desert tortoises,
females with clinical signs of URTD have shown reduced
reproduction, but regained normal reproductive function
when provided food and water in captivity or when clinical
signs were absent (Rostal et al. 2001). Therefore, although
we made the conservative assumption that disease had no
effect on fecundity for our heuristic purposes, this assump-
tion may be inaccurate in certain stages of disease outbreak,
in different tortoise populations, for different habitats, or
for different tortoise species. Although mortality is the most
severe consequence of infectious diseases, it is often the most
rare event; morbidity with substantive tissue damage is far
more common but also more difficult to quantify (Wobeser
20006). For example, the presence of antibody to M. agassizii
is highly correlated with histological lesions and destruction
of the normal respiratory architecture (Jacobson et al. 1991,
McLaughlin et al. 2000), but the impacts of this level of tis-
sue damage on critical biological functions are unknown.

Using mycoplasmal URTD within natural gopher tor-
toise populations as a model wildlife disease system, we dem-
onstrated how population-level impacts of chronic recurring
disease outbreaks on host wildlife populations can be evalu-
ated using matrix population models and Markov chain mod-
els for temporally autocorrelated environments. The relative
ease of implementation and straightforward interpretation
of results of matrix population models (Caswell 2001) have
resulted in their extensive use for guiding management deci-
sions for wildlife populations. The approach we presented in
this paper could be widely applied to a range of wildlife dis-
ease systems in which hosts suffer from persistent recurring
diseases such as 1) those caused by multi-host pathogens, 2)
pathogens that can maintain themselves subclinically within
hosts but cause intermittent bouts of recrudescing clinical
disease, or 3) pathogens that can persist in the environment
and cause re-infection of hosts. Clearly, further empirical



and modeling studies on the long-term impacts of chronic
diseases in natural populations are needed, especially in light
of the increasing threat of disease in already imperiled host
wildlife populations.
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