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Appendix 1: ODD Protocol

1.1 Purpose
The purpose of the model is to simulate the spatiotemporal dynamics of CWD in mule deer in the state

of California. To achieve this, the model comprises two main modules:

1. The ecological module, which pertains to the host, and whose purpose is to simulate the mule deer
population in California over time and space, considering its response to both natural phenomena,
such as fires or droughts, and anthropogenic factors, such as hunting. This module is comprised of
two submodules. The first submodule pertains to the environment and encompasses data and
processes such as habitat suitability, scavenging pressure, fires and droughts. The second submodule
pertains to the host and includes demographic, social, and behavioral information about mule deer,
such as natality and mortality, migrations and grouping patterns.

2. The epidemiological module, which is related to the pathogen, and whose purpose is to examine the
spread of CWD over time in the mule deer population. This module interacts with the ecological
one. The evolution of the deer population affects the pathogen spread, which in turn affects the

population by causing mortality.

1.2 Entities, state variables, and scales
The model comprises three agents as entities: deer, carcass, and grid cells. The discretization of the
space into grid cell agents allows some processes to be programmed at the cell level, thereby reducing the

computational cost and increasing the ability to apply a complex model to large scales.

Each deer is defined by 14 state variables related to location, age, sex, fawning, grouping, migratory
behavior, and CWD infection status. When an infected deer dies, it becomes a carcass agent, with the location
and the days of persistence in the environment as state variables. Grid cells have 9 state variables related to
habitat suitability, carrying capacity (K), deer range (year-round, winter, summer, or out of the range), deer

abundance (»), infectious deer carcass abundance, CWD prevalence, scavenging pressure, hunting pressure and
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whether the cell has been damaged by fire. The entities included in the model and their state variables are shown

in Table S1.

The spatial extent of the grid encompasses the California state, being each grid cell a 10 km x 10 km
size square (100 km?). The model has a daily time step, starting in the middle of the summer (day = 213; August

ISt).

Table S1. Entities and their states variables included in the simulation.

Entity State variable Description
Deer cell id of the grid cell in which deer is located
residence id of the grid cell where deer resides
sex 1 for male and 0 for female
age Age in days
class 1 if fawn, 2 if yearling, 3 if adult, 4 if old
Sfawning 1 if pregnant female, 0 otherwise
mother id of the mother
group id of the group to which it belongs
solitary 1 if solitary, 0 otherwise
migratory 1 if it belongs to a migratory population, 0 otherwise
susceptible 1 if uninfected, 0 otherwise
exposed 1 if infected but not infectious, 0 otherwise
infected 1 if infected and infectious, 0 otherwise
clinical 1 if infected with clinical signs, 0 otherwise
Carcass  Joc id of the grid cell in which the deer infectious carcass is located
removal Number of days the carcass remains in the environment
Grid cell N Mule deer abundance
migra Mule deer range: 1 if summer range, 2 winter range, 3 if year-round, -1 otherwise
K Number of mule deer that the grid cell can shelter
weight Cell resistance

huntpressure  Proportion of the population annually harvested

prevalence CWD prevalence in the cell

ncarcass Number of deer infectious carcasses in the cell

scavengers 1 to 5 depending on the number of present scavengers’ species
daysburnt Days elapsed since the cell was burnt

1.3 Process overview and scheduling
Processes referred to the deer agent in the model are related to: 1) mule deer population dynamics; and
2) CWD disease dynamics in the mule deer population. Population dynamics processes include aging, natural

mortality, hunting mortality, fawning, seasonal group dynamics, yearling dispersal, and seasonal migrations.
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The CWD disease dynamics processes include pathogen transmission or exposition and CWD-induced

mortality.

Processes related with the mule deer population dynamics are scheduled as follows (Ahlborn & White
2006; Mejia-Salazar et al. 2017; Monteith e al. 2011): On December 16™ (day = 350) early gestation (EG)
starts, and large mixed groups are formed. On April 1% (day = 91) late gestation (LG) period starts, during which
males separate from females and young individuals. Departure from winter range areas to summer range (spring
migration) begin in middle April (day = 105). Fawning (F) starts on May 16™ (day = 136), resulting in the
formation of the smallest groups of the year. Females go apart for giving birth, while fawns from the previous
year separate from their mothers’ group and disperse. On August 1* (day = 213) pre-rut (PR) period begins, and
males start joining females with fawns. Females without fawns remain in small groups. Hunting mortality occurs
between August 14™ (day = 226) and November 7" (day = 311). Fall migration commences in mid-October (day
= 288). Rut (R) period begins on November 1* (day = 305). Aging and natural mortality occur every step. The

day starts from 0 (1% January) after it reaches 365 (31* December).

With regard to the CWD processes scheduling, prion shedding commences 6 to 9 months (180 to 270
days) after infection (Plummer et al. 2017; Tamguney et al. 2009), thereby enabling direct transmission and
environmental deposition. Clinical signs manifest approximately 490 days after infection (Johnson ef al. 2011;
Williams 2005). Death by disease takes place 14 to 120 days after the onset of clinical signs (Williams 2005).
Following death, infected deer become a carcass agent, which remains infectious (Miller et al. 2004). The only
process considered for the carcasses is their disappearance. The time carcasses remain in the environment

depends on the season and scavenging pressure (Jennelle et al. 2009).

The processes referred to the grid cells are droughts, wildfires, and the diffusion of CWD across
neighboring cells. Drought has a given probability of occurring at the start of the simulation and can last for a
number of days derived from a uniform distribution between 365 and 1460 days (1 to 4 years; Miller et al. 2022).
During the summer months, wildfires may occur in cells with a certain probability, affecting carrying capacity

(Bristow et al. 2020; Sparks et al. 2018).
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1.4 Design concepts

1.4.1 Basic principles

Density dependence in mule deer was assumed to be related with the carrying capacity in the winter
range, which entails an effect on fawn survival in winter but not on adult survival (Bergman et al. 2015). The
buck:doe ratio was considered not to affect the birth rates since no severe decline in productivity was found as
a response to the sex ratio (White et al. 2001). Predation, primarily by coyote (Canis latrans) and mountain lion
(Puma concolor), could influence mortality rates in the overall population, particularly in fawns. However,
several studies have shown changes in predator communities entailing compensatory effects, leading to the
absence of changes in population trends (for further information, see Forrester & Wittmer 2013). Therefore, no

changes in mule deer demography based on predator community composition were assumed in the model.

This model assumes that CWD can be transmitted through direct animal contact or through the
environmental presence of the prion, either in the soil or in an infectious carcass (Miller, Hobbs & Tavener
2006). Furthermore, it assumes a CWD diffusion process from where the outbreak originates (Jennelle et al.
2014). Vertical transmission was omitted in the model since it is unusual (Miller & Williams 2003) and seems
no to have an effect on the disease dynamics (Potapov et al. 2013). In addition to mortality due to CWD, the
model assumes an increase in mortality of infected deer due to greater susceptibility to predation, vehicle kill,

dehydration, or hypothermia during winter months (Miller ez al. 2008; Otero et al. 2021).

Long-range movements may also play an important role in the spread of the pathogen to farer areas
(Diefenbach et al. 2008; Garlick et al. 2014). Therefore, dispersal and migration were incorporated into the
model. Mule deer populations in California can be resident or migratory (Ahlborn & White 2006). Resident
populations were assumed to remain in the same cell throughout the year, while migratory populations were
assumed to move entirely from summer to winter range cells in fall migration, returning to the cell where they
were born in spring migration (van de Kerk er al. 2021). Dispersion is carried out by yearlings, mainly males
but also females (Robinette 1966), Displacements can occur in any direction within the range (Hamlin & Mackie
1989). Cells selected for migratory displacements were assumed to depend on habitat suitability, slope, and its

traditional use as migratory corridors. Upon reaching the target cell, the probability of the deer remaining in that
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cell or moving on to another suitable cell is assumed to depend on the N and K values of the cell, leading to

dispersion towards another cell when N approaches K.

The model assumes that drought leads to an increase in mortality and in the probability of wildfires
(Jackson et al. 2021; Littell et al. 2016; Schuyler, Dugger & Jackson 2018). With regard to wildfires, it is
assumed that when they occur, the environmental prion load of the cell is eliminated (Lee 2023). Moreover, it
is postulated that wildfires have an effect on the cell's K, reducing it to a minimum during the first year after the
fire and almost doubling during the second year, then stabilizing over the next three years (Bristow et al. 2020;

Sparks et al. 2018).

1.4.2 Emergence

The CWD spread emerges from the model based on the mule deer population, grouping and movement
patterns, and on transmission dynamics. Mule deer mortality is also influenced by population abundance and

CWD prevalence rates, so mule deer population dynamics itself also emerges from the model.

1.4.3 Adaptation

The mule deer adapt their behavior based on N and K. When N approaches K, either due to an increase
in population or a sharp reduction in K as a result of a wildfire, the mule deer disperse to other cells that have

the capacity to accommodate them.

1.4.4 Sensing

The mule deer agents sense the state variables of the grid cell agents, which influence the probability of
being hunted, the destination and movement cells for migratory and dispersal movements, and the probability
of infection through environmental prion load or the presence of infectious carcasses. Conversely, grid cells also
sense mule deer agents, as they sense the number of deer they contain and how many of them are infected, thus
determining N, the prevalence of CWD, and the prion load. Moreover, they also sense the presence of infectious
carcass agents. Finally, there is also sensing among the mule deer agents themselves, which determines group
dynamics and transmission within them, and among the grid cell agents themselves, determining the spread of

fires or the diffusion of the pathogen between cells.
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1.4.5 Interaction

Deer agents can interact being able to entail pathogen transmission if one of them is infected and the
other one is not. Deer agents can interact with infected deer carcasses agents being able to acquire the pathogen
if they are not infected. Deer agents also interact with the grid cell agents, as the prion load of each cell is
determined by infected deer that are or have been in it. This prion load can, in turn, lead to the infection.
Additionally, grid cell agents interact with each other, as the CWD diffusion process considers new infection in

a cell based on the prevalence of neighboring cells.

1.4.6 Stochasticity

Natality (i.e., the number of offspring per female and the occurrence of twins, as well as the sex of the
offspring), mortality (both natural and hunting-related mortality), and dispersal, are based on probabilities that
affect each individual, and therefore are stochastic processes. Hunting is also a stochastic process since hunting
pressure is defined by a Gamma distribution. These demographic processes condition mule deer abundance,
having an effect on cell selection during migration and thus making this process also stochastic. Moreover, the
day on which each individual migrates is also stochastic, conditioning the abundance on the target cell at the
time of its arrival, and therefore influencing cell selection. Group dynamics is also a stochastic process in which
size is provided as a range and the members are randomly selected based on the size and sex and age ratios for
each season. All transmission processes and durations of each infection status are stochastic as they are based
on probabilities and variable time intervals. Drought has a probability of occurring at the beginning of the
simulation, and its duration is variable. Each cell has a certain probability of being burnt by a wildfire each

sSummer.

1.4.7 Collectives

Deer agents are organized in social groups that fluctuate in size and sex and age ratios seasonally. The

transmission processes of CWD differ within and outside of these groups.

1.5 Initialization
The initial sex and age ratios of the mule deer population are shown in Table S2. All deer are initially
susceptible to infection. The outbreak initiates with the infection of an adult male, based on observed infection

rates (Miller & Conner 2005; Osnas et al. 2009). The location and start date of the outbreak can be selected for



190  each simulation. Mule deer demographic and epidemiological parameters employed for the simulation are

191  described in Tables 3 and 4, respectively.

192 Table S2. Initial proportion of the population by sex and age based on Furnas et al. (2018); Rittenhouse, Mong and Hart
193 (2015); Wood et al. (1989).

Initial proportion of the population

Fawn male (0 - 1 year) 0.17

Fawn female (0 - 1 year) 0.17

Yearling male (1 - 2 years) 0.11

Yearling female (1 -2 years)  0.14

Adult male (2 - 9 years) 0.09
Adult female (2 - 11 years) 0.25
Old male (9 - 12 years) 0.02

Old female (11 - 16 years) 0.05




194 Table S3. Mule deer demographic parameters. PR is the pre-rut period, R is the rut period, EG is the early gestation
195  period, LG is the late gestation period, and F is the fawning period.

Parameter Description Value Source
. . Bender and Hoenes (2018);
preg Proportion of females that get pregnant (yearling; ) ¢ g7, 08 Monteith er al. (2014); Taylor
adult; old)
(1996)
SJawnsex male:female sex ratio at parturition 1:1 Taylor (1996)
. e . ) ) ) Bender and Hoenes (2018);
twinp zlv(\i/;n probability given pregnancy (yearling; adult; 8(2);, 0.87; Bishop et al. (2010); Monteith
’ et al. (2014); Taylor (1996)
SJawnsurv Fawn survival rate (F and PR; other seasons) 0.44; 0.61 Forrester and Wittmer (2013)
starv Fawn survival to starvation rate Eq.3 Adapted from Potapov ef dl.
(2013)
survf Yearling and adult female deer survival rate 0.85 Forrester and Wittmer (2013)
. . Bishop et al. (2005); Forrester
survm Yearling and adult male deer survival rate 0.78 and Wittmer (2013)
oldsurv Old deer survival rate (male; female) Eq.4;Eq. 5 Gross and Miller (2001)
Shape parameter of gamma function for hunting 12.325;
Knunt pressure (adult/old male; adult/old female; yearling  12.327;
male; other) 12.331; 0 Numerically optimized from
Scale parameter of gamma function for hunting 1.6:10%; CDFW harvest statistics
Ohunt pressure (adult/old male; adult/old female; yearling  1.3-107%;
male; other) 1.6:103; 0
cwdmort Mortah'ty rate associated with CWD infection (F 0.11: 0.32 Miller et al. (2008)
and PR; other seasons)
Probability of becoming solitary when clinical ..
cwdsol CWD starts 0.64 Mejia Salazar et al., 2016)
grmixed Mixed group size (EG; PR and R) 8§—11;4-7 Mejia Salazar ef al. (2016)
grdoe Doe group size (EG; F, PR and R) 4-6;2-5; Mejia Salazar et al. (2016)
grbuck Buck group size (LG; F) 3-6;3-4 Mejia Salazar ef al. (2016)
gryearling Yearling group size (F) 2-4 Mejia Salazar et al. (2016)
disp Probability for a yearling to disperse (male; female) 0.6; 0.35 Robinette (1966)
disprange Max. npmber of cells a deer can move for 4 Hamlin and Mackic (1989)
dispersion
migrrange Max. number of cells a deer can move for migration 10 Mackie (1998)
speed Displacement speed (in km/day) 16 Lendrum et al. (2013)
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Table S4. Epidemiological parameters employed for the modelling.

Param

Description Value Source
eter
p Within group transmission rate 0.85 Jennelle et al. (2014); Potapov et al. (2013)
B’ Environmental transmission rate 2:10-4 Jennelle et al. (2014)
Be Probability of transmission from carcass given 0037 Miller et al. (2004)
a contact
A Aq, Probability of being infected each step (total; Eq.9-16 Based on Jennelle et al. (2009); Potapov et
AE, Ac from group; from environment; from carcass) ¢ al. (2013)
o Ofm, Interaction rate (female-female; female-male;  0.52; 1.04; ..
Omf, Omm  male-female; male-male) 0.52; 1.91 Mejia Salazar (2017)
Zj: ?™  Food consumption rate (female, male, fawn) (1)?3’ 0.88; Potapov et al. (2013)
p Probability of visiting a carcass each step 1.6:10* Numerically optimized from Jennelle et al.

(2009)

Iter, Ingr,  Number of infected deer within the group

Lfagr (females, males, fawns) Model output

; Number of infected deer that have been in the Model output
365cell grid cell in the last 365 days '

Nfg”l thi

Nonen Number of deer within the group (females, Model output
males, fawns)

Niagr

Nearcass ~ Number of carcasses in the grid cell Model output
Days of carcass persistence in the Numerically optimized from Jennelle et al.

7 . Eq. 6-8
environment (2009)

d Number of days an infected deer i has spent in Model output
the grid cell

. Probability of CWD diffusion to a
pdif neighboring cell Eq. 17 Model output

The California Department of Fish and Wildlife (CDFW) provided the proportional distribution of mule
deer across spatial cells (CDFW, unpublished data). The initial mule deer abundance in the model (N) was
calculated by multiplying this proportion by a statewide population estimate, allowing the total abundance to be
adjusted for computational efficiency and enabling exploration of different overall deer density scenarios while
preserving the underlying spatial pattern of relative distribution. The type of range for each cell (summer range,
winter range, or year-round range) was also provided by the CDFW (see Figure S1). The K was considered to
be associated with the habitat suitability (Mufioz ef al. 2015). Therefore, a habitat suitability (4s) value for each

cell was calculated from land cover based on the Stanke et al. (2018) classification. Given the set of grid cells
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n, which comprises the overall state of California, the K of a given grid cell i was calculated by considering the

maximum N of the set of cells # and the habitat suitability (%s) as follows:
K; = hs; - max {N,} (1

The CDFW provided data on migratory corridors based on animals collared with GPS transmitters in
various populations across the state. These data classified the areas used as migratory corridors by each
population into three categories: standard (used by between 0 and 10% of the marked animals in that population),
moderate (between 10 and 20%), and high use (more than 20%). We assigned to these areas the coefficients 1.1,
1.2 and 1.3, respectively, while the remaining portion of the State was assigned a value of 1. For each grid cell,
we pondered the values by surface to obtain a parameter of use as migratory corridor (corr). This parameter was
then combined with the As parameter and the average terrain slope (slope) to assign a resistance value to each

cell (state variable weight) using the following formula:

(1—-hf;) 50+ slopel-/c 2)

weight; = orr;

A weight value ranging from 0 to 100 is obtained for each cell. The higher the weight, the greater the
resistance of the cell to the movement and residence of the mule deer. The objective of this approach is to
encourage the majority of the deer to migrate along the same cells, thereby forming migratory corridors
(Monteith et al. 2018), and to aggregate them in the most favorable areas during the winter months (D'Eon &

Serrouya 2005).

Table SS5. Drought and wildfire related parameters employed in the model.

Parameter Description Value Source
- Mount, Escriva-Bou and
droughtp Drought probability each year 0.2 Sencan (2021)
fire Wildfire probability in a given cell each year 0.015 Numerically optimized from
P P yinag Y ' CALFIRE data
bigfirep Probability for a wildfire of burning the 0.0028 Numerically optimized from

neighboring cells CALFIRE data
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Figure S1. Initial values of the state variables of the grid cell agents utilized in the simulation, with the black-dashed line
representing the boundaries of the simulation area.

1.6 Input data

The model does not use input data to represent time varying processes.

1.7 Submodels

1.7.1 Aging

Every step each deer agent increases the age value by 1 day. The state variable class changes from 1
(fawns) to 2 (yearlings) when age = 366 days (1 year), to 3 (adult) when age = 731 days (2 years), and to 4 (old)

when age = 3286 days (9 years) for males and age = 4016 days (11 years) for females.



232
233

234

235

236

237

238

239

240
241

242

243

244

245

246
247

248

249

250

251

252

1.7.2 Natural mortality

Natural mortality occurs every step. The survival of fawns during the winter months was considered to
be affected by starvation in cases where the abundance of deer is higher than the 85% of the K (Bergman et al.

2015). We employed a simple survival to starvation index (starv) based on Potapov et al. (2013):
starv = min{ 1, 0.85- K/N} (3)

Consequently, the survival rate of yearlings and adults is determined by the surv parameter. For fawns,
it results from the product of fawnsurv and starv parameters. For old deer, it is estimated as a linear decline from
the surv value to 0 at the maximum age (Gross & Miller 2001), resulting in the following equations for males

and females, respectively:

oldsurv,, = —0.29 - age/365 —3.4 “4)

oldsurvy = —0.17-9¢/5 . —2.72 )

1.7.3 Hunting mortality

Hunting mortality occurs every step during the hunting season. The hunting pressure is calculated for
each cell, age group, and sex at the beginning of each hunting season. The probability of an individual being
hunted during the season is obtained by randomly sampling from a gamma distribution T" (kwunt, Gpun). This
probability is then divided over the 85 days of the hunting season to obtain the probability of being hunted at

each step.

1.7.4 CWD mortality
Miller et al. (2008) observed that deer infected with CWD were more susceptible to death from causes

not directly related to the disease, such as hypothermia or predation. In their study, the diagnosis of CWD was
performed using immunohistochemical staining, which allows for the preclinical detection of CWD in mule deer
between 6 and 12 months after infection (Haley et al. 2012). Given that prion shedding commences 6-9 post-
infection (Plummer et al. 2017; Tamguney et al. 2009), we considered an increase of cwdmort in mortality for

infectious deer. All infected deer die 504 to 610 days after infection (Johnson et a/. 2011; Williams 2005).
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1.7.5 Carcass removal

When a deer infected with CWD dies, its carcass remains infectious in the environment until it
decomposes or is consumed as carrion (Miller ef al. 2004). Jennelle et al. (2009) assessed the persistence of deer
carcasses in the environment concluding that season and scavenging pressure are the primary determinants. We
used the data collected in their research to estimate de carcass survival (1) for the four scheduled seasons

considering the number of main scavenger species present (scvg;):

Tpranda r = 33.78702759 (6)
Tgg — 63.24_0'06'ch‘g (7)
TL6 ana F = 71.2170245¢v9 )

Black bear (Ursus americanus), mountain lion (Puma concolor), coyote (Canis latrans), California
condor (Gymnogyps californianus), turkey vulture (Cathartes aura), and the feral pig (Sus scrofa) were
considered as potential scavengers of mule deer carcasses (Allen et al. 2015; 2021; Bauer et al. 2005; Jennelle

et al. 2009). The information about the presence of these species was provided by the CDFW.

1.7.6 Fawning
During EG season, each female deer older than 548 days (1.5 years) has preg probability of fawning. In

case of fawning, it has twinp probability of giving birth to twins. Sex ratio at birth is determined by the fawnsex

parameter.

1.7.7 Group dynamics

During PR and R periods, females without fawns are in groups of size grdoe, and males are in mixed
groups of size grmixed with females and fawns. At the beginning of EG, small doe groups and mixed groups
join together to form larger groups of sizes grdoe and grmixed, respectively. In LG period, adult and old males
leave the mixed groups to form male groups of size grbuck. During F season, pregnant females separate and
give birth, forming groups with their fawns. Yearlings separate and form their own groups of size gryearling.
When the yearly cycle comes to an end and the PR period begins again, male and yearling groups join females

with fawns forming mixed groups of size grmixed, and females without fawns remain in groups of size grdoe.
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1.7.8 Dispersal
When the time comes for dispersal, each yearling deer has disp probability for dispersion. If N> 0.7-K

in the grid cell where the deer is located, the probability of dispersal is 1. When a deer disperses, it moves to the
nearest grid cell in which N <0.7-K in a disprange range of cells around its starting grid cell. Cells outside the
summer or year-round range are discarded. If there are no cells in disprange that meet the aforementioned
conditions, the deer will move to the cell with the least weight in disprange. Movements were assumed to follow
the principle of least effort (Zipf 1949), which means that displacements occur through the cells with a lower

weight value. The speed of movement is determined by the speed parameter.

1.7.9 Migration

As the fall migration period begins, all migratory deer move from their cells in the summer range to a
randomly selected cell in the winter range that meets N < 0.8-K within a migrrange range of cells around its
starting grid cell. Therefore, they do not necessarily migrate to the same area every year (van de Kerk et al.
2021). Migrations occur in groups (Shellard & Mayor 2020), with all deer belonging to the same group migrating
to the same cell. If there are no cells in a migrrange distance that meet this condition, the deer will move to the
cell with the least weight in the winter range in a the migrrange range of cells. In spring migration, all migratory
deer moves from its cell in the winter range to the cell where it was located before fall migration. Displacements

occur through the cells with the lower weight values at a speed determined by the speed parameter.

1.7.10 Carrying capacity dispersal

The model assumes that when N> 0.9-K in a cell, a dispersal process begins as a result of intraspecific
competition for available resources (Valente et al. 2020). In a cell where this condition is met, the probability

of a deer leaving the cell at each step (Px) is determined as follows:

p, = 01" (N—09- K)/O.g . ©)

This process causes the population to fluctuate slightly around the K of the cell. When a deer leaves the
cell, it moves to the nearest grid cell where N < 0.7-K in a disprange range of cells around its starting grid cell.
The target cell must belong to the same seasonal range as the starting cell (summer or winter) or be a year-round

range cell. If there are no cells in disprange that meet these conditions, it moves to the cell with the least weight
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in disprange. The deer move through the cells with the lower weight value at a speed determined by the speed

parameter.

1.7.11CWD Force of infection
CWD transmission may be frequency-dependent (FD) density-dependent (DD), or a combination of

both (Grear et al. 2010; Jennelle et al. 2014; Storm et al. 2013; Winter & Escobar 2020). FD within-group
transmission is considered to be the main mechanism of CWD transmission (Potapov et al. 2013; 2016; Storm
et al. 2013). However, intergroup environmental transmission, which is a DD mechanism, has been shown to
play a role in the disease dynamics, especially after a long period of time when the disease becomes endemic
(Almberg et al. 2011; Miller, Hobbs & Tavener 2006). Therefore, we considered both within-group transmission
and environmental transmission between groups, excluding FD transmission between groups since direct
contacts between groups are rare and the likelihood of infection from a single contact is low (Belsare & Stewart
2020; Habib et al. 2011; Kjaer 2010). We also considered the possibility of transmission from an infectious
carcass (Miller et al. 2004). Thus, the probability of becoming infected at each step for a given individual is
determined by the probability of becoming infected by another individual of the same group (4¢), the probability
of becoming infected by the environment (1), and the probability of becoming infected by an infectious carcass
(Ac).

1.7.11.1 Transmission rates (§ and p")

Actual values of transmission rates for mule deer in California are not available, although estimates
have been made for other populations and species have been carried out (Almberg et al. 2011; Jennelle et al.
2014; Miller, Hobbs & Tavener 2006; Potapov et al. 2016; Wasserberg et al. 2009). CWD prevalence rates in
males can be up to twice as high as in females, and lower in yearlings (Edmunds et al. 2016; Heisey et al. 2010;
Osnas et al. 2009), leading Jennelle et al. (2014) to suggest a different transmission rate for males and females
as the most plausible option in their study of white-tailed deer (Odocoileus virginianus). However, higher
prevalence in males and adults is likely associated with consumption and interaction behavior (Potapov et al.
2013), which may vary between species. Consequently, we decided to use sex-independent transmission rates

of f = 0.85 infections-year ! (Jennelle et al. 2014; Potapov et al. 2016) for within-group transmission and B’ =
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2-10* infections-year "-individual' (Jennelle et al. 2014) for environmental transmission, and combine them

with parameters related to food consumption and interaction rates.

1.7.11.2 Probability of group infection (Ac)

For the within-group transmission, we included a parameter related to interaction rates (J), with higher
values assigned to males than to females and fawns (Mejia Salazar 2017). The probability of an individual being

infected by a group member each time step for females (f), males (i) and fawns (fa) is calculated as follows:

I gy +1 (10)
A = B N Y mgr+ﬁ cSes - fgr fagr
Gf /365 mf Nongr /365 ff Nigr + Nragr
I Iegr + 1 (11)
A = B .5 . _mgr +B S - fgr fagr
Gm /365 mm ngr /365 fm Nfgr + Nfagr
Il Irgr + 1 (12)
A = B R L +ﬁ Y fgr fagr
Gfa /365 mf Nongr /365 ff Nigr + Nragr

1.7.11.3 Probability of environmental infection (Ag)

Although CWD prion can be found in the soil and plants for a long time after excretion (Mathiason et
al. 2009; Miller et al. 2004; Plummer et al. 2018), Miller et al. (2004) reported a rapid rate of removal of the
amount of prions from the environment. Potapov ef al. (2013) evaluated the impact of infected deer in the past,
concluding that the effect is weak and justifying the assumption of one year of pathogen survival in the
environment. Consequently, we calculated the probability of infection from an environmental source of prions
for a given deer at each step considering the sum of days that every excreting deer spent in the grid cell during

the previous 365 days. A food parameter related to food consumption (p) was also included:

, I365cell (13)
Aoe = ﬁ/ c Q- d:
Gf 365" #f i
i=1
, I365cell (14)
Aom = P lage- 0 2 d;

i=1

Igridcell-365 days (15)

Agfa = 3/365 “Qfa - 2 d;

i=1
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1.7.11.4 Probability of carcass infection (Ac)

The transmission from infectious deer carcasses to healthy deer has already been proven (Miller et al.
2004). Furthermore, the nutrient supply from the carcass to the soil leads to an increase in vegetation, entailing
attraction effect for ungulates (Towne 2000; Walker et al. 2020). However, transmission from carcasses is
usually overlooked in CWD epidemiological studies. We used the data collected by Jennelle et al. (2009) to
estimate the probability of a given deer in a cell visiting a carcass at each step (p), which was then combined
with the probability of infection through contact with a carcass (fc) estimated by Miller et al. (2004).
Consequently, the probability of infection by a carcass present in the grid cell at each step can be estimated.
When combined with the number of carcasses present in the grid cell (Nearcass), this leads to the probability of

infection from carcasses at each step.

Ac = ﬁC * P Nearcass (16)

1.7.12 CWD Diffusion

The discretization of space into a grid signifies that the only way an individual in a cell other than the
outbreak cell can become infected is through the arrival of an infected individual, either by dispersal or
migration. Since individuals at the edge of a cell could come into contact and form groups with individuals from
neighboring cells, thereby spreading the pathogen, a diffusion model is also added to the simulation. The spread
rate is typically between 5 and 10 km per year from a focus of all infected individuals (Garlick ef al. 2014; Xu,
Merrill & Lewis 2022). In our grid, this would imply that from a cell where all individuals are infected, all 8
neighboring cells would also be infected within a year. The lower the prevalence, the lower the probability of
neighboring cells becoming infected. For the diffusion model, we assume that the relationship between
prevalence and the probability of diffusion is linear. Xu, Merrill and Lewis (2022) observed a correlation
between the density of deer groups and the speed of spread, since a higher number of groups increases the
likelihood of contact between them. Based on their calculations, we assumed that there is a linear relationship
between the speed of expansion and the density of deer groups present, from 1.5 km/year (which would take
approximately 5 years to spread to neighboring cells) for 1 group per 100 km? to 7.5 km/year (which would

take approximately 1 year) for 100 groups per 100 km?. Consequently, for each infected cell i (i.e., with at least
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one infected individual) with Ngr deer groups inside, the probability (fdif) of an individual in a neighboring cell

z becoming infected at each step is calculated as follows:

pdif, = prevalence; - (0.2 + 0.008 - Ngr;) /365 (17)

1.7.13 Droughts
Every year there is a probability droughtp that an interannual drought will begin, lasting between 365

and 1460 days (1 to 4 years; Miller et al. 2022). The drought covers the entire State of California resulting in an
increase in mortality rates by 15% (Jackson et al. 2021; Schuyler, Dugger & Jackson 2018) and in the probability
of wildfires by 40% (Littell et al. 2016; Madadgar et al. 2020). Furthermore, a 25% reduction in K is also

considered.

1.7.14 Wildfires

Each cell has a probability firep of undergoing a wildfire during the summer. Similarly, each wildfire

has a probability bigfirep of spreading the wildfire to the neighboring cells. When a cell burns out, it is assumed

that the environmental prion load is removed by high temperatures (Lee 2023), signifying that Zgiﬁfce” d;i=0

(see Equations 13-15).

Furthermore, an effect on K of the cell is considered (Bristow et al. 2020; Sparks et al. 2018). This effect
is observed to decrease to a minimum during the first year after the fire (5%), increase over the second year due
to the growth of low vegetation (190%), and stabilize from the third and fourth years (90%) before returning to
its original value from the fifth year after the wildfire. The substantial reduction in K due to a fire initiates a
dispersion process (see Equation 9), in which a large difference between N and K would result in the vast

majority of deer in the cell fleeing ahead in a very short time (van Mantgem, Keeley & Witter 2015).
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Appendix 2: Model evaluation

The ecological module of the model was evaluated through long-term population trends. In California,
mule deer populations have been slightly declining for several decades (Loft & Bleich 2014; Webb 2013). To
ensure that this pattern was reflected in the model, 20 iterations were conducted over a simulation of 50 years
(18,250 steps) with a population of 10,000 deer in an area of 41,000 km? covering all mule deer ranges (summer,
winter and year-round). These simulations were performed without initiating CWD outbreaks, in order to assess
the population dynamics in the absence of the pathogen. The simulations showed a slight decline in the mule
deer population over a 50-year period, with an average abundance of 8,370 individuals across the 20 iterations
(ranging from 6,326 to 11,166) at the end of the simulation (see Figure S2). This outcome aligns with the

observed population pattern of mule deer in California over the past few decades (Loft & Bleich 2014; Webb

2013).
12000
—
3
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Q
>
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—
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Figure S2. Evolution of the total number of mule deer over a 50-year simulation. The initial population was 10,000 deer
in an area of 41,000 km?. The black line represents the average value across 20 iterations, while the gray shading
represents the maximum and minimum values.

The epidemiological module is more challenging to evaluate due to the lack of empirical data on the
prevalence and distribution of the disease in California. Observed patterns in CWD dynamics indicate a higher
prevalence in bucks (adult and old males) than in does (adult and old females) and yearlings (Edmunds et al.

2016; Grear et al. 2006; Miller & Conner 2005; Osnas et al. 2009) and a spread velocity between 3.7 and 11
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km/year (Garlick et al. 2014; Xu, Merrill & Lewis 2022). Consequently, the model's results were evaluated
through these patterns. To this end, 5 iterations of simulations lasting 7 years and 9 months (2,828 steps) were
conducted, with an initial modeled population of 46,160 mule deer, assumption based on publicly reported
statewide population estimates of 500,000—1,000,000 deer (WAFWA, 2025) and distributed across a 41,000
km? of simulation landscape according to the proportional distribution. The outbreaks were initiated on May 1*,
as this is the month when the first cases have been detected (Munk & Benedet 2024). This is 9 months after the
start of the simulation on August 1st, signifying 7 years of pathogen spread simulation. The outbreaks were
initiated in a non-migratory population to avoid the potential impact of migratory movements on the spatial

dynamics of the pathogen, since such movements could influence the spread rate or prevalence rates.

Table S6. Accumulated exposed mule deer and CWD prevalences by sex and age class over 7 years of pathogen presence
in an initial population of 46,160 mule deer in an area of 41,000 km?, with the outbreak initiating in a non-migratory
population. The values at the end of the simulation are shown for the 5 iterations.

Prevalence rates (whole simulation area)
Accumulated exposed

Iteration

mule deer Bucks Does Yearlings Fawns
1 2,884 4.48 % 4.81 % 3.78 % 4.78 %
2 2,890 871 % 8.52 % 7.87 % 9.76 %
3 2,143 7.88 % 6.29 % 571 % 7.23 %
4 2,171 3.54 % 320 % 2.77 % 391 %
5 2,289 575 % 4.99 % 4.62 % 5.98 %

As aresult, CWD exhibited an average spread of 50 km across the 10 iterations (ranging from 48 to 53
km) over the 7 years, resulting in an average spread rate of 7.1 km/year (ranging from 6.9 to 7.6 km/year). This
value is consistent with the expected rates observed in previous studies (3.7 to 11 km/year in Garlick et al. 2014;
7.3 km/year in Xu, Merrill & Lewis 2022). The prevalence of CWD was found to be higher in bucks than in
does and yearlings in all iterations, with a the exception of one iteration where the prevalence in does was slightly
higher (4.81% compared to 4.48%, see Table S6), as expected by previously reported values (Edmunds et al.
2016; Grear et al. 2006; Miller & Conner 2005). The prevalence of CWD in fawns was indeed higher than
expected based on previously reported values (Heisey et al. 2010; Osnas et al. 2009). However, the few data
regarding prevalence rates in fawns pertain to populations of a different species (white-tailed deer) in areas

where CWD is endemic, and the disease dynamics may differ.
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Therefore, the demographic patterns of mule deer populations and the epidemiological patterns of CWD
are shown to be within the expected range based on previous observational studies. Thus, the model's
parameterization is shown to be reliable, lending credibility to the potential emergence of spatiotemporal

patterns derived from the model.
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Appendix 3: Parameter optimization

Some of the parameters included in the modeling were estimated based on information derived from
previous scientific research and reports published by the California Department of Fish and Wildlife (CDFW)
and the California Department of Forestry and Fire Protection (CALFIRE). This appendix provides an account

of the processes employed to obtain these parameters.

3.1. Hunting pressure (Knunt, Onunt)
Hunting pressure was estimated based on mule deer population estimates and hunting statistics reports
from CDFW. These reports are publicly available at

https://wildlife.ca.gov/Conservation/Mammals/Deer/Population and  https://wildlife.ca.gov/Hunting/Deer,

respectively. In order to ascertain the distribution of hunting pressure by age and sex classes, the percentage of
hunted mule deer corresponding to male yearlings, adult/old females (does), and adult/old males (bucks) was
calculated based on the data included in the hunting statistics reports which included the information categorized

by sex and age class, spanning from 2013 to 2017 (see Table S7).

Table S7. Hunting statistics for the entire state of California by sex and age class between the years 2013 and 2017.

Year % Yearling males % Does % Males

2013 0.1 2.2 97.6
2014 0.1 2.0 97.9
2015 0.1 1.7 98.2
2016 0.1 1.6 98.3
2017 0.1 1.8 98.1
Average 0.1 1.9 98.0

The proportion of the mule deer population in each hunting area was derived from statewide abundance
estimates of 500,000—-1,000,000 deer (WAFWA, 2025) and the proportional distribution provided by CDFW
(unpublished data). Sex- and age-class abundances (male yearlings, does, and adult bucks) were estimated using
the proportions in Table S8 of the ODD protocol. Hunting pressure within each area was then calculated by
multiplying the total number of individuals harvested by the proportional distribution and dividing this value by
the abundance of the corresponding sex and age class (see Table S8). A Gamma distribution I" (k, ) was

employed to fit the hunting pressure for each sex and age class (see Figure S1). The hunting pressure in each
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cell is calculated annually by sampling from each of these Gamma distributions, thereby introducing spatial and

temporal stochasticity to the hunting pressure. The increases in mortality of old and adult male deer resulting

from the calculated hunting pressure are consistent with data derived from studies conducted in other areas

(Bishop et al. 2005; Forrester & Wittmer 2013).
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Figure S1. Gamma fitting to the mule deer hunting pressure values from the different game management areas of California.

3.2

Probability of visiting a carcass (p)

Jennelle et al. (2009) observed an average of 0.24 visits per day by white-tailed deer (Odocoileus

virginianus) to carcasses of the same species. The study was conducted in an area of 544 km?, with a mean deer

density of 14.5 individuals per km?. This would signify an approximate abundance of 7,888 deer throughout

their study area. Given the aforementioned visit frequency, the probability of each deer visiting a single carcass

in 544 km2 would be 0.24/7888 = 3.10-5. If the carcass were located in the more restricted space of 100 km? by

a cell of the grid utilized in the model, the probability would be p = 3-107 - 544/100 = 1.6-10™.

3.3.

Carcass duration in the environment (7)

In the same study, Jennelle et al. (2009) evaluated the persistence of deer carcasses in the environment,

concluding that season and scavenging pressure are the primary determinants. To estimate the persistence of

carcasses (7) for the four scheduled seasons, we fitted an exponential regression to the data collected in their

research in each season (see Figure S2):
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470 Where PR is the pre-rut period, R is the rut period, EG is the early gestation period, LG is the late

471  gestation period, F is the fawning period, and scvg is the number of scavenging species present.

472 Table S8. Hunting statistics for each mule deer game management area in California.

Hunting Hunting pressure Hunting pressure Hunting pressure
Zone bucks Does male yearlings
A 0.2313560 0.0016447 0.0002361
B1 0.2507064 0.0017822 0.0002558
B2 0.2812340 0.0019992 0.0002870
B3 0.2580933 0.0018347 0.0002634
B4 0.2468463 0.0017548 0.0002519
B5 0.2477257 0.0017610 0.0002528
B6 0.2690059 0.0019123 0.0002745
C1 0.1726837 0.0012276 0.0001762
C2 0.2493943 0.0017729 0.0002545
C3 0.2503392 0.0017796 0.0002554
C4 0.1193453 0.0008484 0.0001218
D3 0.2148399 0.0015273 0.0002192
D4 0.2015636 0.0014329 0.0002057
D5 0.2114740 0.0015033 0.0002158
D6 0.1835822 0.0013051 0.0001873
D7 0.1950312 0.0013864 0.0001990
D8 0.2280419 0.0016211 0.0002327
D9 0.1464952 0.0010414 0.0001495
D10 0.2130056 0.0015142 0.0002174
D11 0.2608757 0.0018545 0.0002662
D12 0.1518071 0.0010792 0.0001549
D13 0.2628537 0.0018686 0.0002682
D14 0.2577548 0.0018323 0.0002630
D15 0.0912905 0.0006490 0.0000932
D16 0.2046046 0.0014545 0.0002088
D17 0.1128264 0.0008021 0.0001151
D19 0.2131657 0.0015154 0.0002175
X1 0.2180585 0.0015501 0.0002225
X2 0.2064371 0.0014675 0.0002107

X3a 0.1882369 0.0013381 0.0001921




Hunting Hunting pressure Hunting pressure Hunting pressure

Zone bucks Does male yearlings
X3b 0.2011210 0.0014297 0.0002052
X4 0.2025321 0.0014398 0.0002067
X5a 0.1912099 0.0013593 0.0001951
X5b 0.1631488 0.0011598 0.0001665
X6a 0.2171950 0.0015440 0.0002216
X6b 0.1639525 0.0011655 0.0001673
X7a 0.1669881 0.0011871 0.0001704
X7b 0.1679218 0.0011937 0.0001713
X8 0.2067651 0.0014699 0.0002110
X9a 0.1238557 0.0008805 0.0001264
X9b 0.0887682 0.0006310 0.0000906
X9c¢ 0.1405992 0.0009995 0.0001435
X10 0.0872043 0.0006199 0.0000890
X12 0.1385755 0.0009851 0.0001414
70
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474  Figure S2. Exponential fitting to the data on carcass persistence in the environment collected by Jennelle et al. (2009).
475 The resulting persistence of a carcass in the environment for each season of the year and number of
476  scavenging species included in the model is shown in Table S9.

477
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Table S9. Duration of a deer carcass in the environment for each season and each number of scavenging species included
in the model.

Number of Pre-rut and Early Late gestation
scavenging species Rut gestation and fawning
2 20 56 44
3 15 53 34
4 11 49 27
5 9 46 21
6 7 44 17

3.4. Wildfire and big fire probability (firep and bigfirep)
To estimate the probability of a cell burning each year (firep) and the probability that, given a fire, it
becomes a large-scale fire (bigfirep), we utilized the CALFIRE incident database, which provides accurate

information on fires that have occurred since 2013 to the present (available at https://www.fire.ca.gov/incidents).

We excluded fires that burned an area smaller than 1 km? as they are not expected to have a significant effect on
mule deer due to their mobility and home range (van Mantgem, Keeley & Witter 2015). The remaining fires
with complete year information (from 2013 to 2023) were considered. The resulting total burned area was
43,215.5 km? over 11 years, signifying an average of 3,928.7 km? burned each year. Given that each grid cell
has an area of 100 km?, this would result in 3,928.7/100 = 393 cells burned each year. The majority of these
fires occur within the mule deer distribution area in California (see Figure S3), which represents 25,580 cells in
the grid used in the model. Consequently, if the number of cells expected to burn each year is divided by the
total number of cells that can burn, a yearly fire probability in each cell is obtained, which is firep = 393/25,580

=0.015.
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Figure S3. Area burned by historic wildfires in California, along with the distribution of mule deer. Compiled from data
provided by CALFIRE and CDFW.

To calculate the probability of a fire becoming a large fire that burns the 8 neighboring cells (bigfirep),
the number of fires larger than 800 km? (8 cells) was counted for the period from 2013 to 2023. A total of 12
fires were counted over 11 years, averaging 1.1 large fires per year. Given that 393 fires were calculated in cells
each year, the probability of each of them becoming a large fire and burning the 8 neighboring cells would be

bigfirep = 1.1/393 = 0.0028.
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