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Abstract

White-nose syndrome (WNS), caused by the invasive fungal patho-
gen Pseudogymnoascus destructans, is a virulent disease that has plagued
North American bat populations since 2006. Over the past decade
WNS has rapidly spread throughout much of the Eastern and Mid-
western United States, leading to mass mortality and threatening re-
gional extinction in a number of bat species. Thus, the need for devel-
opment and implementation of effective control strategies has become
increasingly exigent. While previous mathematical modelling studies
have evaluated the efficacy of several proposed treatment methods,
nothing is known about the impact of seasonal bat dispersal on such
potential interventions. We investigate how spatial disease dynamics
could affect the success of five promising WNS control strategies by
posing and analysing a two-subpopulation mathematical model with
migration. We demonstrate that the most effective management de-
cisions must take interpopulation movement into account, and find
that the effect of dispersal on control efficacy is mostly negative but
depends on both the control combination and the primary mode of
disease transmission.



1 Introduction

White-nose syndrome (WNS) is a rapidly spreading wildlife disease caused
by the invasive fungus Pseudogymnoascus destructans (P. destructans) [1, 2].
WNS was first observed in 2006 in a cave near Albany, New York, but has
since proliferated across the Eastern and Midwestern United States as well as
throughout the southern provinces of Canada, and has recently been detected
along the west coast of North America [3]. Wherever WNS has appeared,
it has resulted in mass mortality for most hibernating bat species, many of
which now face not only local, but also range-wide extinction [4, 5]. Despite
active research, WNS and its causative agent P. destructans remain poorly
understood.

Hibernating bat species such as the little brown bat Myotis lucifugus
occupy a key role in North American ecosystems, and also significantly con-
tribute to agriculture as a form of natural pest control [6, 7]. In light of the
unprecedented population declines faced by numerous bat species, there is
an imminent need to develop, test and implement control strategies for min-
imising WNS-related bat mortality. A variety of potential control methods
targeting the determinants of WNS are currently in development; however,
no tested large-scale treatments exist and the disease continues to persist
unabated. Since conducting large-scale experiments on affected species is
costly and potentially unethical, mathematical modelling provides a power-
ful way to simulate disease dynamics and thereby test proposed treatment
strategies before laboratories and government agencies commit resources to
trials in the wild. Multiple modelling studies have explored various aspects
of WNS disease dynamics via both continuous-time and discrete-time models
8,9, 10, 11, 12, 13, 14, 15]. A few other modelling studies have considered
the efficacy of several proposed control methods [16, 17].

To our knowledge no previous studies have investigated any proposed
WNS control strategies in conjunction with spatial disease dynamics, des-
pite the fact that hibernating North American bat species such as the little
brown bat can perform long-distance movements [18, 19, 20]. Moreover, re-
cent work has demonstrated that bat populations exhibit cryptic connections
that bridge groups and species to pathogen dynamics, indicating that inter-
connectivity within and between subpopulations is an even more significant
factor in WNS transmission dynamics than previously thought [21].

In this paper we investigate the effects of seasonal bat dispersal on the
efficacy of five recently proposed control strategies by posing and numerically



analysing a two-patch model with migration. We adapt our model from the
one proposed in [17] by extending it to incorporate spatial dynamics, updat-
ing it to reflect recent research and considering new control strategies. In
particular, we focus on the dynamics arising from the existence of dispersal
between two autonomous subpopulations of bats and from the possibility of
different controls in each location. We test the effectiveness of fungicide in-
tervention, microclimate intervention, soil bacteria intervention, ultraviolet
light intervention and vaccination. Our approach constitutes the first com-
prehensive modelling study analysing the spatial dynamics of WNS, which we
examine together with control strategies targeting multiple routes of disease
transmission.

2 Methods

2.1 Model overview

In this study we base our model on the biology of little brown bats. Among
North American bat species affected by WNS, little brown bats face a par-
ticularly significant threat given that their populations have undergone over
90% mortality at many sites [4]. Once one of the most widely distributed
bat species in the United States and Canada, the little brown bat is now
predicted to become regionally extinct within the next decade [4, 11, 22].
The little brown bat is frequently used as a model organism for studying
hibernating North American bat species, and has been the subject of several
past modelling studies [17, 11, 14].

Little brown bats, as well as most other North American bat species,
follow three distinct annual phases: swarming, hibernation and roosting
(Figure 1). Since WNS transmission dynamics remain roughly unchanged
within each phase but differ drastically between phases, our model employs
phase-specific equations adapted from the hybrid continuous/discrete model
structure introduced in [17]. The equations in each phase track four classes of
individuals: the numbers of susceptible bats (), exposed bats (E), infected
bats (I) and P. destructans colony-forming units (CFUs) (P).

We define susceptible bats to be those that are susceptible to P. destruct-
ans conidia colonisation but have not yet acquired the fungus. Some data
suggest the existence of a period between P. destructans exposure and the
manifestation of clinical WNS symptoms [1, 14]. Thus, we also include the



exposed class for bats that carry P. destructans fungus but are still asymp-
tomatic. We assume exposed bats are not infectious and thus do not shed
P. destructans conidia into the environment or transmit WNS via bat-to-
bat contact. Infected bats are both symptomatic and infectious; they die
at an increased rate, shed P. destructans spores into the environment and
transmit WNS to other bats via physical contact. Thus, the total size of bat
population i is N; = S; + E; + I;. Since P. destructans can grow in cold cave
and mine soils as well as on bats, we include a P, class to account for the
free-living pathogen within each population’s hibernaculum.

In order to most accurately establish the effects of seasonal bat migration
on population survival, we compared model dynamics arising in a spatial
setting with baseline dynamics in a single population setting. That is, we first
evaluated each control method on its own within a single population without
migration and then extended our single-population model to incorporate two
subpopulations, which we denote A and B. When considering the model
with dispersal, the two subpopulations are simulated autonomously. That is,
each subpopulation occupies its own hibernaculum and thus has its own S,
E, I and P classes, and the two subpopulations are not necessarily subjected
to the same controls. To account for dispersal between the subpopulations,
our model moves a proportion of the bats in each subpopulation to their

respective class in the other subpopulation after the end of swarming (see
Figure 1).

2.2 Seasonal stages

2.2.1 Swarming phase

The swarming phase lasts approximately 2 months from mid-August to mid-
October (simulation days 1 through 61). During this time each subpopulation
congregates near a hibernaculum to mate and accumulate fat stores in pre-
paration for hibernation [19]. Studies suggest that the swarming phase does
not play a significant role in the transmission and spread of WNS; despite
high bat-to-bat contact, normal bat immune system function and high body
temperatures preclude infection at this time [23]. Hence, we assume that dur-
ing swarming exposed bats remain in the exposed class and do not become
infected. Since no infectious bats are present, susceptible bats can become
exposed to P. destructans from the environment but not from bat-to-bat
contact. We assume P. destructans grows logistically in every phase.



The swarming phase equations are given by:

ds
dE
= —uE
Tk

During the swarming phase the susceptible class (S) decreases at a com-
bination of two rates: a density-dependent rate ¢ of disease transmission
from environment-to-bat contact and the natural rate of bat mortality pu.
The exposed class (E) increases at the density-dependent rate ¢ of disease
transmission from environment-to-bat contact, and decreases at the natural
rate of bat mortality x. The environmental P. destructans reservoir (P)
grows logistically at the natural free-living P. destructans growth rate n with
carrying capacity K py. Note that since all infected bats become exposed, sus-
ceptible or dead before the beginning of the swarming phase, the I class is
absent. (See Sections 2.2.4 and 2.2.5 for an explanation of the dynamics that
precede the swarming phase.)

2.2.2 Dispersal reclassification

It is known that little brown bats, as well as other North American bat
species, can perform long-distance movements throughout the swarming and
roosting phases [20, 18]. Most migratory movements occur at the end of
swarming, when bats can travel a considerable distance and end up hibern-
ating in hibernacula other than those in which they swarmed. Moreover,
since disease transmission occurs only during the hibernation phase, mul-
tiple migration events during the roosting and swarming phases would have
no direct bearing on the force of infection. Therefore, we account for all
possible between-subpopulation movements throughout the year via a single
annual dispersal event occurring after the end of swarming but before the
beginning of hibernation. This is a single step occurring instantaneously at
which a proportion o of each population class (S, F and I) moves to the
respective class in the other subpopulation.
The dispersal reclassification equation is given by:

(SAl EA1 IAl _ l1—0 g (SAO EAO IAo)
SBl EBL IBl o 1—0 SBO EBO IBO



where Sga,, B4y, 14, and Sg,, Ep,, I5, denote the susceptible, exposed and
infected classes of subpopulations A and B, respectively, at the end of the
swarming phase. Likewise, Sa,, E4,, 4, and Sg,, Ep,, I, denote the result-
ing initial conditions for the hibernation phase. Note that the total popula-
tion size does not change at the dispersal reclassification.

2.2.3 Hibernation phase

The hibernation phase lasts approximately 7 months from mid-October to
mid-May (simulation days 62 through 273). During hibernation bats lower
their basal metabolic rates and remain torpid, causing their body temperat-
ures to drop to a mere 2 - 8 °C [24, 25]. Due to their lowered immune system
function and body temperatures, bats are most susceptible to P. destructans
infection at this time [26]. We assume that during hibernation susceptible
bats can become exposed to P. destructans from contact with infected bats
as well as with the environment. After an average of 83 days [27] exposed
bats move into the infected class and become symptomatic and infectious.
P. destructans continues to grow logistically, but during hibernation the rate
is enhanced by shedding from infected bats.
The hibernation phase equations are given by:
%Z—(ﬁ1+¢P)S—uS
dE
dt
dr
dt
P
(ii—t = (wl +nP) <1— Kipd>

All of the equation terms present in the swarming phase also exist here,
with an addition of the following: The rate at which the susceptible class
(S) decreases is intensified by a density-dependent rate 3 of transmissive
bat-to-bat contact, and consequently the rate at which the exposed class (E)
increases is intensified by the same amount. Furthermore, the exposed class
also decreases at an additional rate 7 representing disease progression. Here
the infected class (/) appears, made up of those individuals whose disease
progressed from the exposed stage to the symptomatic-infectious stage. The
infected class decreases at the sum of the natural bat mortality rate x and

= (BI+¢P)S— (T +u) E

=7E—-(0+upl
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the WNGS-induced mortality rate §. Finally, the free-living P. destructans
class (P) increases at an intensified rate comprised of the sum of its natural

growth rate n and the rate w of P. destructans spore shedding from infected
bats.

2.2.4 Roosting reclassification

In addition to damaging tissue and creating distinctive white lesions on the
muzzles and wings of infected bats, P. destructans causes dehydration that
leads to abnormally frequent and long arousals from torpor [28]. Due to
these arousals, infected bats may use up their fat storage in winter and
consequently fail to successfully transition to roosting [29]. After the end of
hibernation but before the start of roosting, our model moves a proportion
of infected bats to the exposed class, while the remaining infected bats die.
This annual reclassification event accounts for all infected bats that do not
survive into the roosting phase.
The roosting reclassification equations are given by:

S1=5

Ey = Ey + : Iy
sd+1

5y =0

P =P

At a single step occurring instantaneously after the end of hibernation
but before the beginning of roosting, a proportion 5—5—1—1 of infected bats (/)
are assumed to be non-moribund and move to the exposed class (E), while
the remaining infected bats die. Note that the proportion depends on the
rate of disease-induced mortality § and a scaling constant s chosen as in [17].
The remaining classes are not affected by the reclassification.

2.2.5 Roosting phase

The roosting phase lasts approximately 3 months from mid-May to mid-
August (simulation days 274 through 309 and again days 331 through 365).
After bats leave hibernacula in mid-May they disperse in small groups to
summer roosting sites formed in trees, abandoned buildings and under piles
of wood or rock, where they remain until the next swarming phase [19]. At



this time bats have full immune system function and high body temperatures
of over 20 °C, which prevents new P. destructans infections and allows a small
number of bats to gradually clear the fungus [30, 31] (thus moving from the
exposed class to the susceptible class). Note that due to constant year-round
conditions in hibernacula, P. destructans continues to grow on cave sediments
despite the absence of bats [11].

The roosting phase equations are given by:

ds
B
g~ B=ds
dE

£ o B —pE
a - ETH

The susceptible class (S) increases at a rate a as some exposed bats (F)
slowly clear their infection, and it decreases at the natural bat mortality rate
p. The exposed class decreases at the same rate a, as well as at the natural
bat mortality rate . Since the hibernaculum environment in which free-
living P. destructans grows remains the same year-round [11], the equation
for the P. destructans class (P) is the same as during the swarming phase.

2.2.6 Roosting with birth

Little brown bats reproduce during a three-week period in the middle of the
roosting phase (simulation days 310 through 330). The dynamics here are
identical to those for the roosting phase with the addition of a birth term.
The birth subphase equations are given by:
ds N
— =9N|{1— — E—uS
a ! ( KM1> s = i

dE
S o _GE-—yuE
aE e TH

dP P

— —=ppP{1-

at " < Kpd>
where N =S + E.

The birth subphase equations are identical to those of the roosting phase,
except for the addition of a logistic growth term in the equation for the
susceptible class (.S), which causes it to increase at an additional rate v with
carrying capacity Kyy;.



2.3 Control strategies

We investigated five promising WNS treatment methods proposed in recent
laboratory studies. We assumed that each subpopulation can either have one
control strategy implemented or none implemented at all. Thus, in simula-
tions of the two-subpopulation system with migration we tested all 36 pos-
sible combinations of control strategies, including combinations where both
subpopulations have the same control strategy and combinations where the
implemented control strategies are different between subpopulations. While
strategies can differ between subpopulations, both strategies are implemen-
ted at the same intervention intensity o € [0, 1].

2.3.1 Fungicide intervention

We considered fungicide intervention in the form of a chemical treatment
that persists in the hibernaculum throughout the year, limiting the area
within the hibernaculum suitable for fungus growth [11, 17]. Alternatively,
this intervention can be viewed as a physical removal of sediment ideal for P.
destructans growth from the hibernaculum environment [17]. We modelled
fungicide intervention by decreasing the P. destructans carrying capacity
Kpq by a proportion a.

2.3.2 Microclimate intervention

Since P. destructans grows optimally in temperatures ranging from 12 - 15
°C, lowering temperatures below 12 °C could decrease the growth rate of
P. destructans, potentially slowing or stopping the progression of infection
once a bat becomes infected with WNS [17, 24]. We modelled microclimate
intervention by reducing the rate of WNS-induced mortality ¢ by a propor-
tion a. Note that since the proportion of non-moribund bats at the end of
hibernation is determined by the expression ﬁ, decreasing disease-induced
mortality also increases the number of viable infected bats after hibernation.

2.3.3 Soil bacteria intervention

Several studies demonstrated the anti-P. destructans effects of volatile or-
ganic compounds produced by several species of soil bacteria [32, 33]. As
such, soil bacteria intervention is a contact-independent control that would
inhibit conidial growth both within the environmental reservoir and on bat
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tissue. Therefore, we implement this control by scaling two parameters. We
decrease both the natural growth rate of environmental P. destructans n and
the rate of bat progression from the exposed class to the infected class 7 by
a proportion a.

2.3.4 Ultraviolet (UV) light intervention

P. destructans is extremely sensitive to UV light since it lacks a critical
enzyme necessary for repair of cells damaged by UV radiation [34]. We
hypothesise that bringing UV light sources to hibernacula would kill some
fungus upon contact with light and also reduce growth of surviving fungus
on bats and in the environmental reservoir. Hence, we model UV light in-
tervention with three model modifications. We introduce a P. destructans
mortality term —aP into each ‘(11—1; equation to account for the loss of fungus
on hibernaculum surfaces due to UV exposure. To account for the decrease in
survival of fungal colonies on exposed bats, we reduce the rate of bat progres-
sion from the exposed class to the infected class 7 by a proportion a. Finally,
we decrease the WNS-induced mortality rate § by the same proportion « to
account for non-lethal damage to fungus living on infected bats.

2.3.5 Vaccination

No vaccine for WNS exists, but a vaccine in the form of a topical gel or paste
that could be sprayed on bats at roosting sites is currently in development [35,
36]. We incorporate vaccination with the addition of a vaccinated class (V) to
each subpopulation. After the end of the birth subphase but before resuming
the regular roosting phase, a proportion a of susceptible bats are vaccinated
and move to the vaccinated class, where they remain for the remainder of the
simulation and are no longer susceptible to P. destructans infection. Note
that V' class bats migrate during the dispersal reclassification in the same
manner as all other bats, and are included in N for reproduction purposes.
Appendix A displays the modified model equations with vaccination.

2.4 Parametrisation

Table 1 summarises all of the parameters used in the model. Without the
presence of disease (f = ¢ = 0) a stable disease-free equilibrium exists,
but due to natural bat mortality between the annual birth subphases the
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population carrying capacity K, must actually be higher than the initial
population size. For K, we choose the smallest positive integer that would
cause the population to reach 15,000 after every annual birth subphase (after
transiently exceeding 15,000 for the first few years of the simulation) in the
absence of disease. Typically, 95% of females each give birth to one pup over
a 21-day period [19], resulting in a fecundity rate of v = 0.5 (0.95/21). In [17]
it was estimated that the post-hibernation recovery probability of a viable
infected bat is 0.75, so in our model it corresponds to a rate of a = 0.75/92.
Banding studies have found that approximately 4% of little brown bats relo-
cate between hibernacula and 12% relocate between summer roosting sites,
for an overall 6% relocation rate any given year [20]. Therefore, we consider
dispersal percentages ranging from 0 to 10 as biologically reasonable. In gen-
eral, North American bat species return to the same hibernaculum with high
fidelity year after year, so there is no need to consider population dynamics
resulting from higher levels of dispersal. With the exception of the relative
contributions of bat-to-bat and environment-to-bat contact to disease trans-
mission, the remaining parameters are known biological constants or were
well-approximated in [17].

Little is known about the relative contributions of bat-to-bat and environment-
to-bat contact to WNS disease transmission, even though previous studies
have identified this ratio as an important determinant of disease dynamics
and control efficacy [17]. Hence, we conduct our model analyses for three
disease transmission cases: primarily environment-to-bat contact, equal con-
tributions of bat-to-bat and environment-to-bat contact and primarily bat-
to-bat contact. In order to select corresponding ¢ and B values for cach
disease case, we use the estimation that 25% of the population survives two
years after the initial introduction of P. destructans [5]. Figure 2 shows the
contour of §,¢ values corresponding to 25% survival after two years in a
single hibernaculum without control. The range of ¢ satisfying this survival
criterion is approximately (0, 6.92-107!3). We define primarily environment-
to-bat disease transmission to be located at 90% of the ¢ range along the
contour, equal contributions of bat-to-bat and environment-to-bat transmis-
sion to be at 50% of the ¢ range along the contour and primarily bat-to-bat
disease transmission to be at 10% of the ¢ range along the contour. The
three disease cases we tested are summarised in Table 2.
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2.5 Implementation

We used the ode45 function in MATLAB® (MathWorks™, R2018a) to nu-
merically integrate the equations for each phase. Each simulation begins at
the start of the swarming phase with the introduction of one exposed bat
into a population of 14,999 susceptible bats with no existing P. destructans
in the hibernaculum environment. The initial conditions for every subsequent
phase are taken to be the final population values of the preceding phase.

3 Results

3.1 Single subpopulation baseline

Figure 3 displays the results of simulations for each control strategy at all
possible disease transmission cases and intervention intensities. Note that the
efficacy of each strategy in improving survival of little brown bats depends
on both of these parameters.

The effectiveness of all control strategies increases with higher values of
intervention intensity «. Each strategy differs, however, in the slope of this
correlation. Microclimate intervention is only effective at very high control
intensities, while vaccination achieves 50% population survival at o =~ 0.18.
As shown, the other strategies fall between these extremes. Interestingly,
the population survival curves with respect to intervention intensity for all
control strategies except vaccination are convex, while the curve for vaccin-
ation is concave. Vaccination is also the only strategy whose effectiveness
increases with time. In nearly every case, implementing a control strategy at
any intervention intensity will improve bat population survival relative to no
intervention. The only exception is microclimate intervention given primarily
bat-to-bat disease transmission, which can actually decrease survival.

No single trend exists for the relationship between control efficacy and
the route of disease transmission, since the control strategies target multiple
transmission pathways. Microclimate intervention, soil bacteria intervention
and vaccination are always more effective at higher contributions of bat-to-
bat contact to disease transmission. Fungicide intervention and UV light
intervention, on the other hand, exhibit more complicated dynamics. At
low control intensities a higher contribution of bat-to-bat contact to disease
transmission yields better population survival, but at high control intensit-
ies this behaviour reverses and a higher contribution of environment-to-bat
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contact now results in better survival. The critical point at which the switch
occurs differs between the two controls, occurring at a ~ 0.8 for fungicide
and at a ~ 0.37 for UV light. Additional simulations reveal that these crit-
ical points shift lower when the total number of years simulated is reduced.
UV light intervention is further anomalous for having the greatest difference
between disease transmission cases. It is also important to note that disease
transmission acts in a roughly linear way. That is, the survival percentage
given equal contributions to disease transmission nearly always falls between
survival percentages given primarily environment-to-bat transmissive contact
and primarily bat-to-bat transmissive contact, the only exceptions occurring
near the critical switching points of fungicide and UV light interventions.

At a realistic mid-range intervention intensity of o = 0.67 and with
primarily environment-to-bat transmission, the most effective strategy is UV
light intervention, followed in order by vaccination, fungicide intervention,
soil bacteria intervention and microclimate intervention. If we instead con-
sider equal contributions of environment-to-bat and bat-to-bat contact to
disease transmission, the ranking of control strategies changes to the follow-
ing: vaccination, UV light, fungicide, soil bacteria and microclimate. For
primarily bat-to-bat transmissive contact, the ranking of most effective con-
trols is as follows: vaccination, UV light, soil bacteria, fungicide and microcli-
mate. These rankings remain largely the same across intervention intensities
and simulation timespans, with only occasional isolated switches between
adjacent strategies due to these factors.

3.2 Multiple subpopulation results

Our results demonstrate that dispersal has a significant impact on the sur-
vival of bat populations affected by WNS and can change the ranking of
control strategies when optimising for overall combined survival of the two
subpopulations. Whether dispersal increases or decreases survival, as well as
the severity of its effects, depends on the primary route of disease transmis-
sion, the combination of control strategies and the intervention intensity.
The presence of dispersal can alter control efficacy to the point of revers-
ing pairwise rankings of preferred control strategies. Figure 4 compares final
population survival after 10 years given no dispersal with final population
survival given 7% annual dispersal. The two subpopulations are completely
autonomous in the absence of dispersal, so the ranking of control strategies in
the left plot remains as established in Section 3.1. When 7% of bats migrate,
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we observe that certain combinations of control strategies become more ef-
fective while others become less effective, which in a number of cases changes
the ranking of preferred strategies. For example, implementing microclimate
intervention in subpopulation A and UV light intervention in subpopulation
B is preferable to the combination of microclimate intervention in A and
vaccination in B given the absence of dispersal. Yet in the presence of 7%
dispersal the ranking reverses, making microclimate intervention in A and
vaccination in B a better combination than microclimate intervention in A
and UV light in B. Such ranking reversals can also occur when one of the
subpopulations is left untreated. For instance, if a manager faces the choice
of vaccinating one subpopulation of bats while leaving another untreated or
applying fungicide to one and soil bacteria to the other, our model points to
the latter option given the absence of dispersal. Incorporating dispersal, how-
ever, makes vaccinating one subpopulation and leaving the other untreated
the better choice.

Many other examples of pairwise ranking reversals abound in Figure 4,
all of which involve combinations where at least one of the controls in at least
one pair is UV light or vaccination. The pairwise rankings of control combin-
ations not including either UV light or vaccination in either pair remain the
same, even though many of those control combinations do still increase or
decrease in efficacy with the addition of dispersal. This principle also holds
for lower intervention intensities, but at very high intervention intensities
of a > 0.97 all of the control strategies become approximately equal in ef-
fectiveness, resulting in many more pairwise ranking reversals when adding
dispersal, even among control combinations without UV light and vaccina-
tion. Note that because of the drastic differences in efficacy between controls
at realistic intervention intensities, it is nearly always better to manage the
total population by focusing efforts on the stronger control in one subpopu-
lation instead of applying both controls at mid-range intervention intensities.

Figure 5 summarises the impact of dispersal on each control strategy in-
dividually. As dispersal increases, the effectiveness of vaccination increases
while the effectiveness of all other strategies generally decreases. UV light
intervention at mid-range intervention intensities of 0.4 Z o Z 0.6 is the
only exception, since after initially decreasing in efficacy at low values of
dispersal it begins to slowly become more effective as dispersal rises beyond
1.5%. Vaccination is notable for being the most strongly impacted by dis-
persal in every situation. Notice that when each control strategy is viewed
individually, vaccination and UV light intervention are the only ones that
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switch their rankings due to dispersal, since the other strategies are too far
apart in terms of efficacy. As demonstrated above, combining one strategy in
subpopulation A with another strategy in subpopulation B yields more in-
teresting behaviour. Figure 6 generalises these results for all possible control
strategy combinations at each of the three disease cases.

No single trend exists for the dynamics resulting from combinations of
different controls in the two subpopulations. Figure 6 illustrates this by
summarising the percent changes in survival due to dispersal. Notice that
dispersal does not affect systems with the same control strategy in both sub-
populations, since in that case the two subpopulations are identical through-
out the course of the simulation. In combinations that pair vaccination with
another control, the strong positive impact of dispersal on vaccination nearly
always masks the weaker effects of dispersal on the other control. For ex-
ample, consider the combination of vaccination and microclimate interven-
tion. Since dispersal strongly increases the efficacy of vaccination but only
slightly decreases the efficacy of microclimate intervention, implementing vac-
cination in one subpopulation and microclimate intervention in the other will
still be positively affected by increased dispersal. Combinations of vaccina-
tion with UV light intervention given primarily bat-to-bat contact or equal
contributions to disease transmission pose the only exception, since UV light
in these cases is even more strongly affected by dispersal than vaccination is.

The dynamics are more varied in combinations not involving vaccina-
tion. Sometimes dispersal impacts the combination more negatively than it
impacts each control individually, as is the case with fungicide in subpop-
ulation A and soil bacteria in subpopulation B with disease transmission
driven primarily by bat-to-bat contact. In other situations dispersal impacts
the combination less negatively than it impacts each control individually, as
when considering microclimate intervention in subpopulation A and UV light
intervention in subpopulation B with disease transmission driven primarily
by environment-to-bat contact. The lack of a single dynamical trend for
pairings of different controls between the two subpopulations suggests that
the M. lucifugus - P. destructans system exhibits underlying complexity due
to multiple routes of disease transmission.

Surprisingly, the negative effects of dispersal are strongest when disease
transmission is driven primarily by environment-to-bat contact (see Figure
6). The greatest negative percent change in survival due to dispersal oc-
curs when soil bacteria intervention is implemented in one subpopulation
and the other subpopulation is left untreated, with disease primarily trans-
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mitted by environment-to-bat contact: in this case dispersal of 8% creates a
< —26% change in survival relative to no dispersal. When disease is primar-
ily transmitted by bat-to-bat contact, however, the greatest negative change
in survival is merely ~ —15%, which results from applying fungicide inter-
vention to one subpopulation and UV light intervention to the other. The
positive impact of dispersal on vaccination, however, is not affected as much
by changes in the route of disease transmission. Regardless of the combin-
ation of control strategies or the primary mode of disease transmission, the
absolute value percent change in survival due to dispersal is greater at 8%
dispersal than at 4% dispersal; that is, increasing the amount of dispersal
will always intensify its impact on the population. Additional simulations

also reveal that the effects of dispersal become more prominent over time in
all situations.

4 Discussion

WNS is one of the most pressing wildlife diseases of this century [3, 5], neces-
sitating prompt development of control strategies to mitigate its spread and
progression. While conducting field trials of proposed controls in the wild
might not be prudent or cost-effective, mathematical models can instead be
used to easily test said strategies without endangering at-risk fragile ecosys-
tems. Although bat migration is known to be a key part of the chain of
transmission in emerging infectious diseases [37], nothing is known about the
spatial dynamics of WNS. We posed and analysed a deterministic model of
WNS in little brown bats that incorporates five promising control strategies
targeting several disease mechanisms. Most importantly, we simultaneously
considered the dynamics arising from an interplay between disease transmis-
sion, control strategies and bat migration. Our results demonstrate that the
most effective management decisions must take interpopulation movement
into account, and highlight the importance of further quantifying bat mi-
gratory dynamics in conjunction with WNS disease transmission. We showed
that in many cases a given combination of controls can be among the most
effective or among the least effective options depending on the presence and
magnitude of bat dispersal.

Our single-subpopulation baseline analysis confirms the results estab-
lished in [17]. In accordance with their findings, our results likewise call
attention to the importance of understanding the relative contributions of
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environment-to-bat and bat-to-bat transmission. With respect to specific
control strategies, in our model fungicide intervention is mathematically ana-
logous to their Control IV (decreasing the environmental reservoir size) and
microclimate intervention is mathematically analogous to Control I (thermal
refugia), while the remainder of our controls are new. Since [17] only con-
sidered each control at intervention intensities sufficiently high to yield 33%
or better five-year population survival, the study did not detect the novel
dynamics we found at low intervention intensities. At high intervention in-
tensities, however, our results concord with theirs: fungicide and microcli-
mate interventions are plausible for situations in which disease transmission is
driven primarily by environment-to-bat contact, although the latter requires
drastic intervention intensities.

Incorporating dispersal is especially important when considering controls
whose effectiveness is comparable in a single-population setting, as was the
case for vaccination and UV light intervention in our model. If a manager has
the resources to choose, for example, between applying fungicide intervention
to one subpopulation and either vaccinating the other or treating it with UV
light intervention, a model that does not take dispersal into account would
predict that the latter option (treating the second subpopulation with UV
light intervention) will result in higher survival. Factoring in the effects of a
7% annual dispersal rate, however, clearly points to vaccination in the second
subpopulation as the better choice, especially in the long term (Figure 4).
Failing to account for dispersal would, in this case, effectuate a management
decision that results in over 15% lower population survival-—a huge num-
ber for bat colonies near their tipping point. Since many real-world control
strategies are likely to have comparable strengths, our study underscores the
need for effective management decisions to always consider bat dispersal.

Our simulations also revealed that the effects of dispersal on control ef-
ficacy depend on the primary route of disease transmission. Previous studies
illuminated that successful implementation of controls is highly dependent on
the relative role of each transmission route [17]. In our spatial model those
results are even more pronounced. The mode of disease transmission not only
changes the effectiveness of individual controls, but also determines how dis-
persal affects each control. For example, while fungicide and microclimate
interventions are much less effective in the presence of dispersal if disease is
primarily transmitted by environment-to-bat contact, their efficacy remains
virtually the same regardless of the dispersal amount if disease is instead
transmitted primarily by bat-to-bat contact. This result suggests that em-
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pirical research investigating the migration dynamics of bats in conjunction
with disease transmission is necessary to construct an accurate picture of
WNS dynamics and, in turn, to develop more effective control strategies.

In general, our results indicate that most WNS control strategies should
be expected to diminish in efficacy with higher levels of dispersal. Of the
controls we tested, vaccination was the only one to benefit from the presence
of bat dispersal. This accords with our simplifying assumptions that vaccin-
ation grants lifetime immunity and that vaccinated bats migrate in exactly
the same way as non-vaccinated bats, thereby lessening the force of infection
in every subpopulation they migrate to. Unless such a control can be de-
veloped and efficiently administered, managers should expect long-distance
movements in bat populations to suppress the effectiveness of all control
strategies.

We structured our model to investigate the spatial dynamics of WNS
given the current understanding of the disease. Necessarily, this entailed
making modelling assumptions that we believe are representative of actual
disease dynamics and consistent with previous studies. Due to the rapid rate
of research on WNS and North American bat species, our decisions, results
and conclusions might need to be revisited in future studies once new data
becomes available and additional control methods are proposed. Moreover,
further research is needed to elucidate the impact of environmental and demo-
graphic stochasticity, as well as more complex migration schemes. While our
simulations point to some controls as more effective than others, we did not
consider potential differences between difficulty of implementation for the
various control strategies. The present lack of extensive laboratory and field
trials for the controls we tested implies that our results should be interpreted
as provisional; whilst we established a ranking of control strategies, prag-
matic concerns over safety and feasibility could limit the options available to
managers.

In summary, we have provided a modelling approach that can be used to
examine spatial dynamics arising from multiple transmission routes of white-
nose syndrome in bats. We assessed the success or failure of several control
strategies and, more consequentially, we demonstrated that those results are
highly dependent on the presence and magnitude of dispersal. Additionally,
our results accentuate the importance of considering bat dispersal together
with the possible routes of disease transmission, since the emergent dynamics
influence the way dispersal acts on the effectiveness of each control strategy.
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A Appendix

We model the vaccination control strategy with the addition of a vaccinated
class (V') to each subpopulation. The equations below include the vaccinated
class.

A.0.1 Swarming phase

The swarming phase equations with vaccination are given by:

ds

dE

- —uE
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@ -

ap P
o Pl
ac ! ( Kpd>

A.0.2 Dispersal reclassification

The dispersal reclassification equation with vaccination is given by:
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A.0.3 Hibernation phase

The hibernation phase equations with vaccination are given by:

dsS
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A.0.4 Roosting reclassification

The roosting reclassification equations with vaccination are given by:

S1 =35

Ei=Ey+ : Iy
s+ 1

=0

Vi="Vs

Pr=P

A.0.5 Roosting phase

The roosting phase equations with vaccination are given by:

%:aE—uS
t—f:—aE—,uE
dpP P
&= (1- %)
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A.0.6 Roosting with birth

The birth subphase equations with vaccination are given by:

dt Mi
dE

i AT

g a wE

dv

o

where Ny =S+ E+ V.

A.0.7 Vaccination reclassification

The vaccination reclassification equations are given by:

S1=(1-a)S,
FE, = E,
L =1
Vi =VWo+ aSp
P =F

22



References

1]

Jeffrey M. Lorch, Carol U. Meteyer, Melissa J. Behr, Justin G. Boyles,
Paul M. Cryan, Alan C. Hicks, Anne E. Ballmann, Jeremy T. H. Cole-
man, David N. Redell, DeeAnn M. Reeder, and et al. Experimental in-
fection of bats with geomyces destructans causes white-nose syndrome.
Nature, 480(7377):376-378, Oct 2011. doi: 10.1038/nature10590. URL
http://dx.doi.org/10.1038/nature10590.

Andrew M. Minnis and Daniel L. Lindner. Phylogenetic
evaluation of geomyces and allies reveals mno close relatives
of pseudogymnoascus destructans, comb. nov., in bat hiber-
nacula of eastern north america. Fungal Biology, 117(9):
638-649, Sep 2013. doi:  10.1016/j.funbio.2013.07.001. URL
http://dx.doi.org/10.1016/j.funbio.2013.07.001.

Jeffrey M. Lorch, Jonathan M. Palmer, Daniel L. Lindner, Anne E.
Ballmann, Kyle G. George, Kathryn Griffin, Susan Knowles, John R.
Huckabee, Katherine H. Haman, Christopher D. Anderson, and et al.
First detection of bat white-nose syndrome in western north amer-
ica. mdSphere, 1(4), Aug 2016. doi: 10.1128/msphere.00148-16. URL
http://dx.doi.org/10.1128/mSphere.00148-16.

W. F. Frick, J. F. Pollock, A. C. Hicks, K. E. Langwig, D. S. Reynolds,
G. G. Turner, C. M. Butchkoski, and T. H. Kunz. An emerging dis-
ease causes regional population collapse of a common north american
bat species. Science, 329(5992):679-682, Aug 2010. doi: 10.1126/sci-
ence.1188594. URL http://dx.doi.org/10.1126/science. 1188594,

D. S. Blehert, A. C. Hicks, M. Behr, C. U. Meteyer, B. M. Berlowski-
Zier, E. L. Buckles, J. T. H. Coleman, S. R. Darling, A. Gargas, R. Niver,
and et al. Bat white-nose syndrome: An emerging fungal pathogen?
Science, 323(5911):227-227, Jan 2009. doi: 10.1126/science.1163874.
URL http://dx.doi.org/10.1126/science.1163874.

J. G. Boyles, P. M. Cryan, G. F. McCracken, and T. H.
Kunz.  Economic importance of bats in agriculture. Science,
332(6025):41-42, Mar 2011. doi: 10.1126/science.1201366. URL
http://dx.doi.org/10.1126/science.1201366.

23



[7]

[10]

[11]

[12]

Thomas H. Kunz, Elizabeth Braun de Torrez, Dana Bauer, Tatyana
Lobova, and Theodore H. Fleming. FEcosystem services provided
by bats.  Annals of the New York Academy of Sciences, 1223
(1):1-38, Mar 2011. doi: 10.1111/j.1749-6632.2011.06004.x. URL
http://dx.doi.org/10.1111/j.1749-6632.2011.06004.x.

Wayne E. Thogmartin, Carol A. Sanders-Reed, Jennifer A. Szymanski,
Patrick C. McKann, Lori Pruitt, R. Andrew King, Michael C. Runge,
and Robin E. Russell. White-nose syndrome is likely to extirpate the
endangered indiana bat over large parts of its range. Biological Conser-
vation, 160:162-172, Apr 2013. doi: 10.1016/j.biocon.2013.01.010. URL
http://dx.doi.org/10.1016/j.biocon.2013.01.010.

Richard A. Erickson, Wayne E. Thogmartin, Robin E. Russell,
Jay E. Diffendorfer, and Jennifer A. Szymanski. A stage-structured,
spatially explicit migration model for myotis bats: Mortality loc-
ation affects system dynamics. Letters in Biomathematics, 1(2):
157-172, Jan 2014. doi: 10.1080/23737867.2014.11414477. URL
http://dx.doi.org/10.1080/23737867.2014.11414477.

Suzanne M. O’Regan, Krisztian Magori, J. Tomlin Pulliam, Mar-
cus A. Zokan, RajReni B. Kaul, Heather D. Barton, and John M.
Drake. Multi-scale model of epidemic fade-out: Will local extirpa-
tion events inhibit the spread of white-nose syndrome?  Ecological
Applications, 25(3):621-633, Apr 2015. doi: 10.1890/14-0417.1. URL
http://dx.doi.org/10.1890/14-0417.1.

Hannah T. Reynolds, Tom Ingersoll, and Hazel A. Barton. Model-
ing the environmental growth of pseudogymmnoascus destructans and
its impact on the white-nose syndrome epidemic. Journal of Wildlife
Diseases, 51(2):318-331, Apr 2015. doi: 10.7589/2014-06-157. URL
http://dx.doi.org/10.7589/2014-06-157.

Robin E. Russell, Wayne E. Thogmartin, Richard A. Erickson, Jen-
nifer Szymanski, and Karl Tinsley. Estimating the short-term re-
covery potential of little brown bats in the eastern united states
in the face of white-nose syndrome.  Ecological Modelling, 314:
111-117, Oct 2015. doi: 10.1016/j.ecolmodel.2015.07.016. URL
http://dx.doi.org/10.1016/j.ecolmodel.2015.07.016.

24



[13]

[14]

[15]

[18]

[19]

Richard A. Erickson, Wayne E. Thogmartin, Jay E. Diffendorfer,
Robin E. Russell, and Jennifer A. Szymanski. Effects of wind en-
ergy generation and white-nose syndrome on the viability of the in-
diana bat. PeerJ, 4:¢2830, Dec 2016. doi: 10.7717/peerj.2830. URL
http://dx.doi.org/10.7717/peerj.2830.

Kate E. Langwig, Joseph R. Hoyt, Katy L. Parise, Winifred F.
Frick, Jeffrey T. Foster, and A. Marm Kilpatrick. Resistance in per-
sisting bat populations after white-nose syndrome invasion. Philo-
sophical Transactions of the Royal Society B: Biological Sciences,
372(1712):20160044, Dec 2016. doi: 10.1098/rstb.2016.0044. URL
http://dx.doi.org/10.1098/rstb.2016.0044.

Brooke Maslo, Oliver C. Stringham, Amanda J. Bevan, Amanda
Brumbaugh, Chris Sanders, MacKenzie Hall, and Nina H. Fefferman.
High annual survival in infected wildlife populations may veil a persist-
ent extinction risk from disease. Ecosphere, 8(12):€02001, Dec 2017. doi:
10.1002/ecs2.2001. URL http://dx.doi.org/10.1002/ecs2.2001.

Thomas G. Hallam and Gary F. McCracken. Management of the panzo-
otic white-nose syndrome through culling of bats. Conservation Biology,
25(1):189-194, Nov 2010. doi: 10.1111/j.1523-1739.2010.01603.x. URL
http://dx.doi.org/10.1111/§.1523-1739.2010.01603.x.

AD. Meyer, D.F. Stevens, and J.C. Blackwood. Predicting
bat colony survival under controls targeting multiple transmis-
sion routes of white-nose syndrome. Journal of Theoretical Bio-
logy, 409:60-69, Nov 2016. doi: 10.1016/j.jtbi.2016.08.033. URL
http://dx.doi.org/10.1016/7.jtbi.2016.08.033.

Wayne H. Davis and Harold<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>