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Abstract
1. Pathogen management strategies in wildlife are typically accompanied by an
array of uncertainties such as the efficacy of vaccines or potential unintended

consequences of interventions. In the context of such uncertainties, models of
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disease transmission can provide critical insight for optimizing pathogen man-
agement, especially for species of conservation concern. The endangered Florida

panther experienced an outbreak of feline leukaemia virus (FeLV) in 2002-2004,
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about which strategies may be most effective and efficient.

2. We used a simulation-based approach to determine optimal FeLV management
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strategies in panthers. We simulated the use of proactive FeLV management
strategies (i.e. proactive vaccination) and several reactive strategies, including

reactive vaccination and test-and-removal. Vaccination strategies accounted for
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imperfect vaccine-induced immunity, specifically partial immunity in which all

vaccinates achieve partial pathogen protection. We compared the effectiveness

of these different strategies in mitigating the number of FeLV mortalities and
the duration of outbreaks.

Handling Editor: Silke Bauer 3. Results showed that inadequate proactive vaccination can paradoxically in-
crease the number of disease-induced mortalities in FeLV outbreaks. These ef-
fects were most likely due to imperfect vaccine immunity causing vaccinates to
serve as a semi-susceptible population, thereby allowing outbreaks to persist in
circumstances otherwise conducive to fadeout. Combinations of proactive vac-
cination with reactive test-and-removal or vaccination, however, had a synergis-
tic effect in reducing the impacts of FeLV outbreaks, highlighting the importance
of using mixed strategies in pathogen management.

4. Synthesis and applications. Management-informed disease simulations are an im-
portant tool for identifying unexpected negative consequences and synergies

among pathogen management strategies. In particular, we find that imperfect
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1 | INTRODUCTION

Outbreaks of infectious diseases can have significant impacts on
the population health of free-ranging wildlife and are of heightened
importance in species of conservation concern (Breed et al., 2009).
A range of pathogen management interventions are available for
wildlife, though these options are typically more limited and may be
associated with a greater range of uncertainties than in domestic
animal or human systems (Miguel et al., 2020). In general, epizootic
pathogen management strategies can be proactive, occurringin a pre-
ventive fashion prior to an outbreak, or reactive, occurring after the
onset of an outbreak to mitigate ongoing transmission and spread.
Among proactive and reactive strategies, vaccination is a corner-
stone in veterinary medicine (Breed et al., 2009) and functions by re-
ducing the availability of susceptible individuals. Vaccination can be
applied randomly or targeted to high-risk individuals or populations
(e.g. Beyer et al., 2012); likely superspreaders (e.g. in chimpanzees:
Rushmore et al., 2014); seasonal dynamics (e.g. Baker et al., 2019) or
spatial risk, as with vaccine barriers to prevent spread of a pathogen
to new areas or populations (e.g. Sanchez & Hudgens, 2020; Slate
et al., 2005). However, vaccination comes with myriad uncertain-
ties, including vaccine efficacy, duration of immunity or even what
hosts should be targeted for management of multi-host pathogens
(Barnett & Civitello, 2020).

Among reactive pathogen management strategies, test-and-
removal (or test-and-cull) is commonly used in domestic and aquacul-
ture species to functionally reduce the infectious period of infected
individuals (Miguel et al., 2020). However, this approach is rarely
used in wildlife due to the generally low availability of field diag-
nostic tests and difficulty in recapturing individuals after a positive
diagnosis (Miguel et al., 2020). Rather, pathogen control in wildlife
often relies on non-selective culling in an attempt to reduce density
and—in theory—transmission (Lloyd-Smith et al., 2005). However,
non-selective culling can have myriad negative consequences for
disease management including removal of immune individuals
(Miguel et al., 2020; Potapov et al., 2012) or culling-induced pertur-
bation (e.g. Woodroffe et al., 2006).

While vaccination and culling or removal approaches are just a
subset of pathogen management techniques in wildlife, their asso-
ciated uncertainties are a common feature and hamper efforts to
effectively control pathogen transmission. Consequently, mathe-
matical models of infectious disease transmission are a critical tool

vaccine-induced immunity necessitates further consideration to avoid uninten-
tionally worsening epidemics in some conditions. However, mixing proactive
and reactive interventions can improve pathogen control while mitigating un-

certainties associated with imperfect interventions.

adaptive management, disease model, feline leukaemia virus, network modelling, puma
concolor coryi, simulation modelling, test-and-removal, vaccination

for optimizing disease management protocols, and have been used
in a variety of free-ranging wildlife species of conservation con-
cern, including Ethiopian wolves (Haydon et al., 2006), chimpan-
zees (Rushmore et al., 2014) and Amur tigers (Gilbert et al., 2020).
A key benefit of such models is that they allow the ethical testing
of a range of different protocols in light of common management
uncertainties such as vaccine efficacy, duration of immunity and the
optimal timing of interventions (Breed et al., 2009). Furthermore,
models can serve the important function of balancing the realities of
fieldwork with ideal disease control protocols to provide practical,
effective guidance for wildlife managers (e.g. Robinson et al., 2018).

Here, we demonstrate the utility of such models for determin-
ing optimal disease prevention and control strategies in light of
critical management uncertainties for an iconic endangered carni-
vore, the Florida panther Puma concolor coryi. The feline retrovirus,
feline leukaemia virus (FelLV), has been the source of significant
outbreaks in two endangered felids: Iberian lynx Lynx pardinus and
Florida panthers. In the case of panthers, FelLV caused a deadly
outbreak in 2002-2004, spilling over from domestic cats (Brown
et al., 2008) with subsequent direct transmission among panthers
(Cunningham et al.,, 2008). In addition, recent evidence demon-
strates ongoing FeLV spillover to and transmission among panthers
(Chiu et al., 2019), necessitating continued management to prevent
future epidemics of this deadly pathogen. FelV parenteral inocula-
tion with a domestic cat vaccine that requires two initial vaccines
(boosting) has been used previously in panthers but with unknown
efficacy (Cunningham et al., 2008).

Thanks to ready availability of a field diagnostic test, FeLV man-
agement of domestic cats and the endangered Iberian lynx has in-
cluded test-and-removal or isolation of infected individuals (Little
et al., 2020; Lépez et al., 2009). Given the use of this intervention
in other species and the experienced network of panther veterinar-
ians and rehabilitators in Florida, test-and-isolation (i.e. temporary
removal to rehabilitation facilities) or removal is part of future FeLV
mitigation plans in panthers. However, uncertainties remain regard-
ing sufficiency of test-and-isolation or removal (hereafter, test-and-
removal) to mitigate pathogen spread.

Given the ongoing risks of FeLV to panther conservation and the
uncertainties regarding application of proactive and reactive FeLV
management strategies, the objectives of this study were to test
singly, and in combination, the effectiveness of (a) proactive vacci-
nation, (b) reactive vaccination and (c) reactive test-and-removal for



GILBERTSON ET AL.

Journal of Applied Ecology | 3

reducing the population-level impacts of FeLV in Florida panthers. In
addition, we evaluated the effectiveness of temporary panther spa-
tial restrictions via closure of wildlife highway underpasses, which
we describe and discuss in the Supporting Information. Together,
these different strategies and their respective uncertainties rep-
resent common tools and considerations for managing pathogens
across animal systems, with our results providing extendable insight

for veterinarians, researchers and wildlife managers.

2 | MATERIALS AND METHODS

2.1 | Simulation pipeline

To examine the effect of different disease management regimes on
FeLV control, we used spatially explicit network simulations adapted
from our research determining drivers of retrovirus transmission in
panthers (Gilbertson et al., 2021). This approach involves two steps:
(a) simulation of a contact network among panthers and (b) simula-
tion of FeLV transmission through this network. In brief, we simulated
panther populations of 150 individuals (McClintock et al., 2015) and
used our previously described exponential random graph model for
retrovirus transmission in panthers (Gilbertson et al., 2021) to simu-
late contact networks constrained by network density among sim-
ulated populations (see Supporting Information for further details
and Table S1 for parameters). Simulations used previously collected
panther data (see Supporting Information), and any associated free-
ranging panther captures used trained tracking hounds provided
by Livestock Protection Company, as previously described (Florida
Fish and Wildlife Conservation Commission, 2017). Captures fol-
lowed Florida Fish and Wildlife Conservation Commission agency
guidelines for the immobilization and handling of wild panthers,
which have been modelled to closely follow the American Society of
Mammologists' guidelines for the use of wild mammals in research
(Sikes, 2016).

Briefly, we used a stochastic chain binomial transmission
model (a discrete time, discrete individual, stochastic model) with
a susceptible-infectious-recovered compartmental framework,
where individuals could be progressively, regressively or abortively
infected (Cunningham et al., 2008; model developed in Gilbertson
etal., 2021). Progressive infections always resulted in death, while re-
gressive infections eventually resolved infection (i.e. recovered with
immunity), and abortive infections were always considered immune.
Importantly, based on our previous work, we allowed both progres-
sives and regressives to be infectious, though regressives were less
likely to transmit (Table S1). The infectious period is long for FeLV
(estimated as a mean of 18 weeks, though based on limited observa-
tions; Cunningham et al., 2008; see also Gilbertson et al., 2021 and
Table S1). We included only disease-induced mortality, and, in order
to preserve key network structure, allowed territories vacated by
deaths to be reoccupied by new susceptible individuals (hereafter,
respawning). Outbreaks were initiated by a single, randomly selected
non-isolate individual in the population (i.e. one that is connected in

the network; see also Supporting Information discussion), and pro-
ceeded in weekly time steps for up to 5years.

Our primary objective was to examine the effect of different
FelLV management regimes on epidemic outcomes, so in our pri-
mary simulations, we held network generation and transmission pa-
rameters constant at previously supported values (see Supporting
Information and Table S1 for further details). We evaluated the
consistency of our results to the choice of parameter values with a
sensitivity analysis (see below). Hereafter, a parameter set represents
the unique set of network and transmission parameters for any given
set of simulations. A full simulation includes simulation of a single
contact network and FelV transmission through that network (with
or without management interventions). For each parameter set, we
performed 100 full simulations.

For baseline and management scenarios, we recorded key epi-
demic outcomes in the absence and presence of interventions, re-
spectively (Figure 1). These key outcomes were (a) the number of
mortalities, (b) the duration of an epidemic and (c) the proportion
of epidemics that ‘failed’ per 100 successful epidemics. A failed ep-
idemic (i.e. stochastic fadeout; Craft et al., 2013) was one in which
fewer than 5 individuals acquired progressive or regressive infec-
tions. As at least five individuals acquired progressive infections
during the 2002-2004 outbreak (Cunningham et al., 2008), this
fadeout cut-off allowed for realism in simulated outbreak sizes, while
also reducing noise among ‘successful’ epidemics resulting from es-
pecially small outbreaks. The outcomes of mortalities and epidemic
durations were summarized as median values per parameter set, as
results were often skewed; all outcomes were compared between
baseline and management scenarios. Because statistical significance
depends on sample size, which can be infinitely increased in simula-
tion studies such as this, we report biologically relevant comparisons
between scenarios here. We include quantification of scenario dif-
ferences with Mann-Whitney U tests in our Supporting Information,
with the caveat that statistical significance should be interpreted
with caution. All simulations were performed in R version 3.6.3 (R
Core Team, 2018).

2.2 | Management scenarios

We examined the effect of different levels of population proactive
vaccination (proportion of the population vaccinated prior to an out-
break), and different ratios of single versus boosted vaccination. We
simulated from 10% to 80% (in 10% increments) of the population
having some degree of vaccine-induced immunity to FelV prior to
the onset of an outbreak. These proactive vaccinations were dis-
tributed randomly in the population. Among the vaccinated indi-
viduals, 0%, 50% or 100% received a second boosting inoculation.
Actual vaccine efficacies are unknown for panthers, but based on
efficacy studies in domestic cats (reported as preventable fractions;
Sparkes, 1997; Torres et al., 2005), we conservatively assumed that
boosted vaccination would prevent 80% of infections and single vac-
cination would prevent 40% of infections. We modelled this efficacy
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FIGURE 1 Steps of the simulation process across baseline and management scenarios. The basic network and FelLV transmission
simulation steps are shown in yellow, the baseline (no intervention) scenario in green and the different overarching management scenarios in
blue. Within each management scenario, we investigated several variations for the given approach (shown in light blue) in a factorial design.
Note that methods and results for reactive underpass closures are described in the Supporting Information

as a binomial probability of protection, wherein increased exposures
to infectious individuals increase the likelihood of vaccine failure.
Sometimes called ‘perfectly leaky’ immunity, we follow Barnett and
Civitello (2020) in referring to this understudied type of imperfect
vaccine protection as partial immunity, as compared to binary immu-
nity (or ‘all-or-nothing’ immunity, wherein some vaccinated individu-
als are 100% protected and others receive 0% protection; Barnett &
Civitello, 2020; Gomes et al., 2014).

In contrast, for reactive vaccination management scenarios, pan-
thers were selected for vaccination during outbreaks at a rate of one
panther per week. For modelling purposes, we assumed that man-
agers would not know the disease status of an individual selected
for vaccination and that vaccination would be ineffective in infec-
tious individuals. In the case of previously vaccinated individuals,
re-vaccination changed the vaccine efficacy of singly vaccinated
individuals (efficacy of 40%) to the efficacy for boosted individu-
als (efficacy of 80%). We varied the timing of the onset of reactive
vaccination after the initiation of an FelV outbreak to reflect the

difficulty of epidemic detection in this elusive carnivore. We there-
fore began reactive vaccination at an optimistic, but difficult-to-
attain time point of 26 weeks, and a more realistic time point of 52
weeks. In addition, we varied the distribution of reactive vaccination.
While proactive vaccines were always distributed randomly, reactive
vaccination was either randomly distributed or spatially distributed
in an attempted vaccine barrier based on proximity to the I-75 free-
way, which runs east-west through primary panther habitat (see
Supporting Information for further details). Because vaccination—
even administered via darting, rather than full capture and anaes-
thesia—is resource- and time-intensive, we evaluated the effect of
reactive vaccination for 6 months per year versus year-round.
Test-and-removal management scenarios were built around a
protocol in which panthers infectious at capture were removed
from the population through humane euthanasia or temporary re-
moval until recovery. For simplicity, based on expected fatality of
progressive cases, we assumed that all progressively infected indi-
viduals would be humanely euthanized at capture, while infectious
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regressive individuals were temporarily removed from the popu-
lation until their recovery and re-released into any open territory.
A maximum of five individuals were allowed to be temporarily re-
moved in this way at one time based on expected capacity for hous-
ing and care.

We expected that managers would be able to capture and test one
panther per week at most, and that captures occurred during a 17-week
(about 4 months) capture season, in accordance with current panther
capture protocols. We assumed that managers would not know the
disease status of a target individual until the capture occurred, so cap-
tures were not targeted by infection state, and removed individuals
were able to transmit prior to removal. We varied the onset of test-
and-removal such that the intervention began 26 or 52 weeks after the
initiation of an epidemic. Captures were random or spatially targeted. If
spatially targeted, captures (and consequent removals) only occurred on
the same side of the |-75 freeway as the initial FeLV infection.

In addition, we simulated temporary spatial segregation of pan-
thers via closure of wildlife highway underpasses along the I-75 free-
way, methods and results for which are reported in the Supporting
Information. To examine the effects of proactive and reactive man-
agement interventions conducted in concert, we included proactive
vaccination in all reactive management scenarios: specifically, with
0%-60% of the population proactively vaccinated (in 20% incre-
ments) prior to initiation of an outbreak. Because it is highly unlikely
that 100% of the proactively vaccinated population would have re-
ceived boosted vaccination, in reactive management scenarios we
used a more conservative—yet still challenging to attain—ratio of 50%
of the proactively vaccinated population being boosted (i.e. efficacy
of 80%). We conducted all management scenarios in a full factorial
design resulting in 24, 32 and 16 parameter sets for proactive vaccina-
tion, reactive vaccination and reactive test-and-removal scenarios, re-

spectively (100 full simulations per set for a total of 7,200 simulations).

2.3 | Sensitivity analysis

We used a Latin hypercube sampling (LHS) approach to generate
50 sensitivity analysis parameter sets across our eight network
and transmission parameters (Table S1) using the LHs package in r
(Carnell, 2012). We repeated our baseline scenario simulations
across these 50 parameter sets and completed 50 simulations per
parameter set for all sensitivity analyses.

Due to the high computational effort required to perform sen-
sitivity simulations across all management scenarios, we focused
only on the proactive vaccination scenarios. Specifically, we evalu-
ated a subset of 12 LHS parameter sets across a subset of the pro-
active vaccination conditions in a factorial design (see Supporting
Information for further details), resulting in 108 parameter sets with
50 full simulations per parameter set (5,400 full simulations). This
approach allowed us to examine sensitivity of our proactive vaccina-
tion results across different outbreak sizes and network and trans-

mission parameters while mitigating computational effort associated

with exploring such a wide range of parameters and scenario vari-
ations. Sensitivity analysis simulation results were evaluated using
scatterplots and Partial Rank Correlation Coefficients (PRCC;
Marino et al., 2008; Wu et al., 2013); proactive vaccination scenar-
ios were evaluated for alignment with our qualitative result that low
proactive vaccination can increase disease-induced mortalities.

3 | RESULTS

Progressive infections are expected to result in death in panthers,
and are therefore of key concern for management efforts. For
simplicity, hereafter, we refer to the number of progressive infec-
tions in simulations as the number of mortalities. In the baseline,
no-intervention scenario, the median number of mortalities was 34
(range: 1-54); median duration of epidemics was 119.5weeks and 34
epidemics failed (fewer than 5 progressive or regressive infections)
per 100 successful epidemics.

3.1 | Proactive vaccination alone

Proactive vaccination paradoxically increased the number of mor-
talities across a range of conditions, especially without vaccine
boosting (Figure 2; Figure S2; Table S2). Even with 50% of vaccinated
individuals receiving a booster, proactive vaccination only reduced
mortalities from the baseline scenario at high levels of population
vaccination (i.e. 60-80%). With 100% boosting, proactive vaccina-
tion increased mortalities at low levels of population vaccination
(10%-20%), had marginal effects at 30%-40% population vaccina-
tion and was strongly effective at about 50% population vaccination
levels and higher (at 80% population vaccination, median 17.5 mor-
talities vs. 34 with no interventions). Proactive vaccination consist-
ently lengthened the duration of epidemics, relative to the baseline
scenario (up to a median duration of 143.5weeks; Figures S3-S5;
Table S3). Of those individuals which became infected in proactive
vaccination scenarios, susceptibles were typically infected earli-
est, followed by vaccinated individuals and susceptible respawned
individuals (Figure 2; Figure S6). When all vaccinated individuals
received a booster, vaccination reduced the probability of a success-
ful outbreak even at 40% population vaccination (52 failures vs. 34
failures per 100 successful epidemics; Figure S17). In contrast, when
no vaccinated individuals received a booster, proactive vaccination
was largely only effective at reducing the probability of epidemics at

very high levels of population vaccination.

3.2 | Proactive and reactive vaccination
Reactive vaccination alone did not reduce mortalities (Figure 3; Table
S4). However, reactive vaccination appeared to work synergistically

with proactive vaccination, particularly at moderate to high levels of
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FIGURE 2 Results of proactive vaccination management scenarios. (a) Shows FelLV mortalities with increasing levels of proactive
vaccination. The red horizontal line is the median number of mortalities with no interventions. Text above each violin plot shows the percent
change in median mortalities, relative to no interventions. (b) Shows flattening of epidemic curves (mean progressive infections per time step
across simulations) with increasing vaccination. (c) Shows the time point of infection by class of individual with increasing levels of proactive
vaccination, with S = susceptibles, V = vaccinates and R = respawns. The solid horizontal and dashed lines are the median times of infection
for susceptibles and respawns with no interventions, respectively. There are no data for vaccinates in the 0% panel because no individuals
were proactively vaccinated. All results are from scenarios in which all vaccinates received a booster, and all proactive vaccination scenarios

featured random distribution of vaccines

proactive vaccination (i.e. at least 40%-60% of the population proac-
tively vaccinated). This largely held true regardless of the timing of in-
tervention onset and the strategy for reactive vaccination distribution
(i.e. random vs. spatial; Figures S7-S9). The mortality-reducing effects
of reactive vaccination were, however, slightly reduced if reactive vac-
cination occurred for only 6 months out of the year (Figures S8-59).
A ratio of greater than 1.5 inoculations per vaccinated individual ap-
peared to promote the largest reductions in mortalities (e.g. as few as a
median of 25 mortalities with year-round reactive vaccination and 60%
proactive vaccination vs. 34 mortalities with no interventions; Figure
S7). Adding reactive vaccination largely did not affect the durations of
simulated epidemics (Figures S10-511; Table S5), and had little impact
on the probability of epidemics failing, particularly in comparison to
proactive vaccination alone (Figure S17).

3.3 | Proactive vaccination with test-and-removal

Test-and-removal alone did not reduce mortalities (Figure 3; Table
Sé). Like reactive vaccination, however, test-and-removal appeared
to work synergistically with proactive vaccination, especially at
moderate to high levels of proactive vaccination (i.e. at least 40%-
60% of the population proactively vaccinated; as few as a median
of 26 mortalities). This largely held true regardless of the timing of
the onset of the intervention or the targeting of captures (i.e. ran-
dom vs. spatial). Notably, simulated captures were only conducted
for about 4 months per simulation year, in contrast to at least 6
months of reactive vaccination per year. Captures were marginally
more likely to successfully identify actively infectious individuals
when initiated earlier in an outbreak (Figure S12). The addition of
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FIGURE 3 FelV mortalities with no interventions (N), proactive vaccination alone (PV), reactive vaccination (RV) and reactive test-and-
removal (RTR). Because reactive interventions were simulated singly and in combination with proactive vaccination, the individual panels
show the level of proactive vaccination (0%-60%) used with reactive interventions. The horizontal red line gives median mortalities with
no interventions (i.e. 0% proactive vaccination). Text above each violin plot shows the percent change in median mortalities, relative to

no interventions. All results are for scenarios in which 50% of vaccinates received a booster. For both reactive vaccination and test-and-
removal, results shown are for onset of intervention at 52 weeks and random distribution; reactive vaccination was for 6 months per year

test-and-removal largely did not affect the durations of epidemics
(Figure S13; Table S7). When coupled with proactive vaccination,
test-and-removal had a modest effect in reducing the probability of
a successful epidemic (e.g. maximum of 50 failed epidemics per 100
successful vs. 34 failed epidemics per 100 successes with no inter-

ventions; Figure S17).

3.4 | Sensitivity analyses

Simulated epidemic sizes were variable across the full 50 sensitivity
analysis parameter sets in the absence of FelV interventions (range:
median 7.5 mortalities-median 47.5 mortalities; Figure S18). Based
on PRCC, the parameters for network density, transmission poten-
tial from regressives, weekly contact rates and baseline transmission
potential were positively associated with median mortalities in the
absence of interventions; the parameter for the infection-induced
mortality rate was negatively associated with median mortalities (see
Figure S19).

When focusing on a subset of parameter sets for proactive vac-
cination sensitivity analysis, low levels of proactive vaccination (e.g.
20% population proactive vaccination) were sometimes effective
in reducing the number of mortalities, in contrast to our primary
results. PRCC results from proactive scenario sensitivity analysis
suggested that the parameters for network density, transmission
potential from regressives and weekly contact rates were positively
correlated with increased mortalities at low levels of vaccination

(Figure S20). However, network density did not have a clearly mono-
tonic relationship with the difference between mortalities with and
without proactive vaccination (Figure S21). We therefore performed
additional post-hoc sensitivity analyses to further interrogate the
relationship between network density and our qualitative outcome
of increased mortalities at low levels of proactive vaccination (see
Supporting Information for detailed discussion of post-hoc analysis).
These additional analyses found some evidence that low levels of
proactive vaccination were least effective at reducing mortalities at
intermediate values of parameters governing network connectivity
(network density and proportion adults), especially when coupled
with increased transmission potential (e.g. higher infectiousness
of regressive individuals and/or increased weekly contact rates;
Figures S23-524).

4 | DISCUSSION

In this study, we found unexpected consequences and impacts of
several epidemic management strategies for disease control in small
populations of conservation concern. Our simulation results dem-
onstrate the power of partnering modelling approaches and popu-
lation management questions to test and optimize disease control
strategies in free-ranging wildlife (Joseph et al., 2013). Furthermore,
the principles of transmission and pathogen control underlying our
findings provide insights for pathogen management in other host-
pathogen systems, including humans and livestock.
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4.1 | Proactive vaccination alone may exacerbate
epidemic outcomes under some conditions

Our simulation results showed a paradoxical increase in FeLV mor-
talities with low levels of proactive vaccination. This counterintuitive
finding is likely due, at least in part, to partial vaccine immunity, a
type of vaccine imperfection often overlooked in studies of wildlife
disease (Barnett & Civitello, 2020). Under partial vaccine immunity,
our vaccinated individuals acted as a semi-protected susceptible pool,
contracting infection later in the course of an epidemic (Figure 2),
thereby acting as a source of new infections later in an outbreak, and
ultimately increasing the total number of mortalities. Our sensitivity
analysis suggests that increased mortality with inadequate proactive
vaccination is a variable result, with populations with intermediate lev-
els of network connectivity and/or high transmission potential being
most vulnerable to these paradoxical effects. Transmission in spa-
tially structured populations provides some insight (McCallum, 2008),
suggesting that with high or low connectivity, epidemics can fade
out quickly; in contrast, with intermediate connectivity, the vaccine
failures in our simulations appear to provide a steady supply of new
susceptibles to maintain epidemics. Furthermore, in cases of high
transmission potential, our results suggest that partial vaccine im-
munity can shift a rapid fadeout epidemic to a sustained epidemic
scenario, as in Rees et al. (2013). While our sensitivity analysis was lim-
ited by computational demands and use of some discrete parameters
(which may affect PRCC inference; Marino et al., 2008), our findings
are consistent with this broader body of literature.

FeLV vaccine efficacy may operate differently in reality from our
simulation structure: for example, some vaccinated individuals may
have zero vaccine-induced immunity, while others have 100% pro-
tection (binary immunity; Barnett & Civitello, 2020). Alternatively,
vaccination may not protect from infection but could reduce viral
shedding or increase survival of infected individuals (Barnett &
Civitello, 2020). In the case of binary immunity, vaccinates would
be either wholly susceptible or wholly protected, rather than semi-
protected as in our simulations. As such, we expect that imperfect
binary vaccine efficacy would be unlikely to prolong and worsen
epidemics as we saw here, pending duration of immunity. In con-
trast, increased survival of infected individuals without changes to
shedding potential could extend or worsen outbreaks, and even fa-
vour the evolution of virulence (Barnett & Civitello, 2020). Future re-
search should assess vaccinated panthers' immune response to FelLV
infection in vitro or through time dependence of infection in vaccine
field trials (Gomes et al., 2014) to refine how imperfect immunity
may further alter vaccination guidelines.

Based on our results, we argue that wildlife managers should
continue proactively vaccinating animals, as proactive vaccination
still frequently reduced mortalities and increased the probability of
epidemic failure. In addition, in instances where vaccine boosters
provide major gains in vaccine efficacy, our results suggest manag-
ers should prioritize boosting vaccinated individuals to develop a
core population of high-immunity individuals, rather than a broadly
distributed low-immunity population. These recommendations

should be most effective at increasing the probability of epidemic
failure, and align with other wildlife studies which have emphasized
vaccination of core populations (Vial et al., 2006) or risk-based sub-
populations (Beyer et al., 2012). Given ongoing uncertainties in
vaccine efficacy and the duration of immunity, in the event of an
outbreak, we recommend updating model parameterizations to re-
flect on-the-ground realities in an adaptive management framework
to provide the most useful predictions and guidance for managers.
For example, observed ‘breakthrough’ infection rates (infections
in vaccinated individuals) would be a key observation for updating
model predictions and adapting management responses.

4.2 | Reactive and proactive strategies can work
synergistically to reduce epidemic impacts

Our simulations showed that both reactive vaccination and test-
and-removal strategies reduced FelV mortalities in panthers when
used in combination with moderate levels of proactive vaccination.
Test-and-removal had more consistent effects with arguably less ef-
fort than reactive vaccination (4 months of captures compared to
year-round reactive vaccination). We therefore suggest that test-
and-removal be prioritized over reactive vaccination, especially if
identification of actively infectious individuals can be improved.

In our simulations, captures that were most aligned with the ini-
tial wave of infectious individuals (i.e. with earlier onset) were more
likely to identify actively infectious individuals for removal. This
finding highlights the importance of targeting captures to individ-
uals likely to be actively infectious. However, determining infection
status in cryptic wildlife is difficult, and consequently supports the
increased use of remote tracking technologies that may be able to (a)
identify behaviour changes associated with sickness and (b) detect
the onset of an epidemic more quickly. This conclusion is consistent
with similar findings in Channel Island foxes, where increasing the
number and frequency of tracking of sentinel individuals was import-
ant for early identification of epidemics (Sanchez & Hudgens, 2020).

A key component of the success of test-and-removal here is the
selective removal we simulated, which avoids removing immune indi-
viduals that contribute to overall herd immunity (Miguel et al., 2020;
Potapov et al., 2012). However, we have simplified the field test-
ing process in our simulations. The common field FelLV diagnostic
test identifies antigenemia, which is key for identifying actively
infectious individuals. However, the duration of antigenemia—and
even degree of infectiousness—in regressively infected individuals
is unclear in panthers. We may therefore overestimate the effect of
removing regressive individuals, but given their reduced infectious-
ness in our simulations, we still expect test-and-removal to be a key
strategy for mitigating FeLV impacts in panthers.

Notably, reactive vaccination, in concert with proactive vaccina-
tion, is also a viable alternative strategy to test-and-removal. Our
simulations showed reactive vaccination to have the strongest ef-
fects for reducing FelLV mortalities when at least 50% of the pop-
ulation was vaccinated, and with a ratio of about 1.5 vaccines per
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vaccinated individual (i.e. 50% of vaccinated individuals received
a booster). We therefore suggest that managers should prioritize
boosting at least half of vaccinated individuals in a reactive vaccina-
tion response scenario. We also note that without ongoing vaccina-
tion (i.e. reactive vaccination), births can provide an additional pool
of susceptibles that may maintain epidemics (births were function-
ally represented by respawns in our simulations). Reactive vaccina-
tion can thus be critical for preventing a shift to endemicity among
invading pathogens.

We did not see a strong effect of attempting a vaccine barrier, in
contrast to Sanchez and Hudgens (2020), where a simulated vaccine
barrier could effectively halt spread of a pathogen in Channel Island
foxes. This difference is likely due to the differences in home range
size and movement capacity between the two species, with foxes
ranging less widely than panthers. In reality—and as part of an adap-
tive management response—if an empirical pathogen outbreak ex-
hibited a stronger spatial signal than was featured in our simulations,
spatially targeted reactive vaccination would still be a worthwhile
intervention strategy.

Importantly, both reactive vaccination and test-and-removal
strategies mitigated the negative effects of low levels of population
protection seen with inadequate proactive vaccination. Particularly
if levels of population protection from proactive vaccination are un-
known, it is vital for managers to incorporate these reactive strate-

gies for pathogen management.

4.3 | Limitations and future directions

In this study, we considered the effects of partial vaccine immunity,
but we made the simplifying assumption of no waning vaccine or
infection-induced immunity over time. However, our findings with
regard to imperfect efficacy are representative of the likely conse-
quences of waning immunity in that the loss of immunity supplies
new susceptibles to the population. Should immunity not outlast the
course of an FelV outbreak, this process could prolong outbreaks
and result in increased mortalities. We therefore recommend that
future research examine the effects of waning vaccine immunity,
particularly considering the value of revaccinating individuals that
may be experiencing loss of vaccine protection. Furthermore, an
adaptive management framework should monitor for infection in
individuals previously considered immune, which could represent
vaccine failure or waning immunity. Model predictions could then be
updated with these observations and revaccination rates adjusted
accordingly.

Our simulation results found that relatively high levels of vac-
cination were required to reduce impacts of FelLV in panthers, in
contrast to studies in other endangered species (Gilbert et al., 2020;
Haydon et al., 2006). However, here we investigated a pathogen
with a long duration of infectiousness and lacked the advantages
of distinct corridors between panther sub-populations for reduc-

ing required levels of vaccination. It is therefore unsurprising that

panthers would require higher levels of FelLV population vaccination
than was found, for example, for rabies vaccination in Ethiopian
wolves (Haydon et al., 2006) or canine distemper virus vaccination in
Amur tigers (Gilbert et al., 2020). However, we also did not assume
the presence of pre-existing population immunity prior to proactive
vaccination, and some degree of population immunity likely already
exists in panthers, given ongoing exposures (Chiu et al., 2019). This
would reduce necessary vaccination levels in panthers, as would
higher vaccine efficacy than we conservatively assumed here (Vial
et al., 2006). We further point out that our results should not be
treated as scenario-specific predictions; rather, our findings should
be considered in terms of the consistency of trends across parame-

ter variations in both our main simulations and sensitivity analyses.

5 | CONCLUSIONS

Our simulation results highlight the benefits of using a mixture of
proactive and reactive interventions in pathogen management, par-
ticularly in the context of uncertain vaccine efficacy or population
protection. Furthermore, vaccine studies should investigate the
mechanisms underlying imperfect immunity, with modelling studies
a useful tool for estimating how imperfect immunity—whether bi-
nary or partial—affects consequent management recommendations.
This research highlights the value of linking modelling and manage-
ment priorities to identify unexpected consequences of interven-
tions and determine optimal pathogen management strategies in

free-ranging wildlife.
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