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Abstract

Emerging infectious diseases threaten natural populations, and data-driven modeling is critical for predicting population
dynamics. Despite the importance of integrating ecology and evolution/in models of host-pathogen dynamics, there are
few wild populations for which long-term ecological datasets have been/coupled with genome-scale data. Tasmanian
devil (Sarcophilus harrisii) populations have declined range-wide due to devil facial tumor disease (DFTD), a fatal
transmissible cancer. Although early ecological models predicted imminent devil extinction, diseased devil populations
persist at low densities, and recent ecological models predict long-term devil persistence. Substantial evidence supports
evolution of both devils and DFTD, suggesting coevolution may also influence continued devil persistence. Thus, we
developed an individual-based, eco-evolutionary.model of devil-DFTD coevolution parameterized with nearly two decades
of devil demography, DFTD epidemiology, and genome-wide association studies. We characterized potential devil-DFTD
coevolutionary outcomes and predicted the effects of coevolution on devil persistence and devil-DFTD coexistence. We
found a high probability of devil persistence over 50/devil generations (100 years) and a higher likelihood of devil-DFTD
coexistence, with greater devil recovery,/than predicted by previous ecological models. These novel results add to growing
evidence for long-term devil persistence and highlight the importance of eco-evolutionary modeling for emerging infectious
diseases.
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Introduction

Emerging infectious diseases (EIDs) are a leading threat to natural populations. EIDs have directly caused the extinction of many
species (Fisher et al. 2012) and contributed to the decline of numerous others (De Castro and Bolker 2005b; Jones et al. 2008). The
epidemiological outcome of an EID, ranging from local host extirpation to pathogen extirpation to forms of coexistence and disease
endemism, results from a complex interplay of both ecological and coevolutionary processes (McKnight et al. 2017; Vander Wal
et al. 2014a). By creating in silico experiments that would be impossible to conduct in the field or lab, data-driven modeling plays
an important role in predicting how ecology and coevolution interact to drive the outcomes of EIDs. Evolution regularly occurs
on ecological timescales, particularly for pathogens (Hairston et al. 2005; Hendry and Gonzalez 2008; Hendry et al. 2018), and the
study of “eco-evolutionary dynamics” over the past two decades (Post and Palkovacs 2009; Schoener 2011; Reznick et al. 2019) has
facilitated efforts to combine epidemiological and coevolutionary theory (Vander Wal et al. 2014a; Boots et al. 2009; Lively 2010,
2016). However, there is still a pressing need to apply this theory to species of conservation concern (Vander Wal et al. 2014a;
Smith et al. 2014; Shefferson et al. 2018; Brannelly et al. 2021).

Epidemiological theory predicts that patterns of pathogen transmission strongly affect the likelihood that an EID results in
population extirpation. For many pathogens the rate of transmission decreases with host density, which leads to disease fadeout
rather than host extirpation, as host populations decline over the course of an epidemic (McCallum et al. 2001). However, if
pathogen transmission is independent of host density (e.g. sexually transmitted diseases, where transmission is strongly coupled
with host mating behavior), the resulting frequency-dependent transmission may drive populations to extinection (De Castro and
Bolker 2005a; McCallum et al. 2001). High disease-related mortality often leads to rapid population collapse during an epizootic
outbreak (Vredenburg et al. 2010) or slow population decline and extinction for endemic pathogens that‘reduce host per-capita
reproduction below replacement(Valenzuela-Sdnchez et al. 2017). Notably, many high-profile EIDs responsible for mass population
declines are characterized by high disease-related mortality (e.g. chytrid, Lips et al. 2006; white nose syndrome; Hoyt et al. 2021).

Rapid evolution can dramatically affect the outcome of an disease outbreak; there are many documented cases of evolution
“rescuing” natural populations from disease-induced extinction (most prominently in biocontrol, e.g. the initial stages of the
myxoma epizootic in Australian rabbits; reviewed in Kerr 2012). The effect of evolution depends on which traits are under selection.
The evolution of host resistance (reduced susceptibility) and host tolerance (reduced disease-related mortality) are both predicted
to reduce the likelihood of host extirpation. However, the evolution of resistance is predicted to decrease disease prevalence while
the evolution of tolerance promotes greater disease prevalence and host-pathogen coexistence (Roy and Kirchner 2000; reviewed in
Searle and Christie 2021). Though disease evolution may in some cases synergize with host evolution to promote host persistence
(many highly-virulent EIDs have evolved reduced virulence during the initial disease outbreak; Bolker et al. 2010; e.g. myxoma
virus, Kerr 2012), rapid coevolution of both host and pathogen may also lead to host extirpation or a long-term reduction in
host abundance. For example, the phenotypic difference model, a.common quantitative trait model of coevolution, assumes that a
disease-related trait (usually infectivity or the fitness cost of infection) is a function of the difference between the host and pathogen
genotype and predicts arm race dynamics between host resistance and pathogen transmissibility whereby the “losing” species is
extirpated (Nuismer 2017). Additionally, myxoma virus evolved greater virulence in the decades following the evolution of rabbit
resistance (Kerr et al. 2017, 2022) and rabbit abundance still remains well below its pre-myxoma high (Saunders et al. 2010). The
effect of multivariate coevolution is even more complex, with evolutionary outcomes depending on the infection rate, background
mortality, trait fitness costs, among other factors (e.g. Carval and Ferriere 2010).

Despite the growing body of theory, thereare still few eco-evolutionary models of host-pathogen coevolution in species of
conservation concern. Long-term ecological datasets on host-pathogen dynamics necessary to parameterize such models are rare
but becoming more common (e.g., Byrne et al. 2019; Epstein et al. 2016). Given that rapid evolution frequently alters ecological
dynamics (and vice versa), integrating the two data types in eco-evolutionary models is critical in an era when EIDs increasingly
threaten species persistence and risk spillover to humans and livestock (Vander Wal et al. 2014b,a; Hohenlohe et al. 2019).

The Tasmanian devil (Sarcophilus harrisii) has experienced range-wide population declines of approximately 80% due to the
devil facial tumor disease (DFTD);a fatal transmissible cancer. DFTD has generated a ”natural experiment” of an EID that
has spread predictably east-to-west across nearly all the devil’s known geographic range over the past ~25 years (Lazenby et al.
2018; Storfer et al.«2018; Cunningham et al. 2021). This system has been the subject of extensive, long-term collection of both
ecological and genetic data (e.g., Lazenby et al. 2018; Cunningham et al. 2021; Epstein et al. 2016; Strickland et al. 2024). DFTD
is transmittedsby biting during frequent social interactions, such as aggregation at carcasses during scavenging and mate guarding
(Hamede et al. 2008, 2013; Hamilton et al. 2019), and hence has a strong frequency-dependent component to transmission. Initial
compartmental epidemiological models (McCallum et al. 2009; Beeton and McCallum 2011) predicted devil extinction due to this
frequency-dependent transmission and DFTD’s high virulence.

However, all continuously-distributed diseased devil populations have persisted at low-to-medium densities (Lazenby et al. 2018)
and more recent models predict continued devil persistence in the majority of scenarios (Wells et al. 2019; Siska et al. 2018), likely
because most infected individuals survive to breed in the next breeding season with no vertical transmission to offspring (Wells
et al. 2017; Lazenby et al. 2018). Moreover, these models are based only on ecological mark-recapture data. Evidence of evolution in
both devils (Epstein et al. 2016; Fraik et al. 2020; Stahlke et al. 2021) and tumors (Patton et al. 2020; Kwon et al. 2020; Stammnitz
et al. 2023) suggests rapid evolution could affect devil persistence. Devil genetic variation explains a significant proportion of
phenotypic variance in survival after infection (Margres et al. 2018) and infection status (Margres et al. 2018; Strickland et al.
2024). Time series analyses of devil populations pre- and post-DFTD emergence show evidence of rapid evolutionary responses to
selection in genomic regions containing immune-related genes (Epstein et al. 2016; Hubert et al. 2018; Stahlke et al. 2021). DFTD
also has evolved into four genetically-distinct lineages (Patton et al. 2020; Kwon et al. 2020; Stammnitz et al. 2023) and shown
local variation in tumor genetic diversity over time (Hamede et al. 2023). DFTD’s effective reproduction rate R. — equivalent to
transmission - declined from 3.5 during the exponential growth phase to ~1, or replacement, at present, suggesting the potential
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evolution of DFTD toward endemism (Patton et al. 2020). Gallinson et al. (2024) found that the interaction between devil and
tumor genomes explained a significant proportion of variation in force of infection (measured by proxy as the number of days a
susceptible individual takes to become infected with DFTD), and identified devil and tumor genes associated with this variation.
Taken together, these studies provide substantial evidence suggesting devil-DFTD coevolution in multiple disease-related traits.

However, not all traits may be as likely to evolve and it is still unclear how coevolution in different traits will impact long-
term devil persistence. We expect strong coevolution between devil resistance to infection and DFTD transmissibility, as these
traits have substantial underlying genetic variation (Margres et al. 2018; Gallinson et al. 2024; Strickland et al. 2024). Similarly,
genetic variation in devil survival indicates the possibility for evolution of increased devil tolerance (Margres et al. 2018), though
no empirical study has yet examined among lineage variation in DFTD virulence. If coevolution of DFTD virulence and devil
tolerance is present, the expected outcome would be lower devil mortality and a substantial, positive effect on devil persistence and
devil-DFTD coexistence (Bolker et al. 2010; Berngruber et al. 2013). Coevolution of host resistance and pathogen transmissibility,
on the other hand, could lead to arms race dynamics, the outcome of which would depend on the relative rates of host and
pathogen evolution (for example, if coevolution follows the phenotypic difference model; Nuismer 2017). Given the decline in
DFTD transmission toward replacement, it is possible an arms race dynamic would favor devils (Patton et al. 2020; Hamede et al.
2023).

Thus it is necessary to develop an eco-evolutionary model to investigate the consequences of evolutionary dynamics for long-term
devil-DFTD population dynamics and we have a unique combination of long-term mark recapture data'and genomic analyses that
make it feasible to parameterize such a model. Herein, we present one of the first studies to model the effect of rapid coevolution
on population extirpation risk due to an EID. We ask three questions: 1) In which traits does devil-DFTD coevolution result in
patterns of life history, infection, and evolution consistent with empirical data? 2) How does coevolution affect the probability
of devil persistence and devil-DFTD coexistence relative to a non-evolving population? 3) In which traits is coevolution most
important for driving devil persistence and devil-DFTD coexistence? To answer these questions, wedeveloped an individual-based,
eco-coevolutionary model of devil-DFTD dynamics with coevolution in three pairs of DETD and devil traits: 1) the probability of
tumor transmission and devil resistance to infection; 2) tumor growth rate on an infected individual and devil resistance to growth;
3) tumor virulence and devil tolerance (following the definitions of Raberg et al. 2009). Via model parameterization, we first predict
which traits are most likely to be coevolving and, second, we use simulations to test how- and in which traits- coevolution affects
the probability of devil and DFTD persistence to 50 generations (100 years; following Wells et al. 2019).

Methods
Model Description

We present an individual-based eco-evolutionary model of devil population and DFTD epidemiological dynamics with discrete,
weekly timesteps. DFTD epidemiology follows a‘susceptible-exposed-infected (SEI) framework. The infected class is structured by
tumor size, with larger tumors having a higher probability of transmission and causing higher mortality than smaller tumors. We
focus on coevolution in three ‘“realized” disease-related traits: 1. The realized resistance of susceptible individual i to infection
by infected individual j (R;;) which affects the probability individual ¢ remains uninfected PE. in each timestep, 2. The realized
tumor growth rate Tfmwm for infected individual 7, and‘3. The “critical tumor load for survival” (see below) of infected individual
% (Lgrft), which affects weekly survival probability P;“"”. Coevolution follows the phenotypic difference model such that each
realized trait k is a function of the difference between the latent quantitative devil trait (zx,;) and latent quantitative tumor trait
(K, or xk,; depending on whether the trait is affected by an infected devil’s own tumor ¢ or the tumor of another devil j). zy is
inherited according to the infinitesimal model of quantitative genetics while xj evolves through mutation. We refer to z, and zj
for a given k as a “trait-pair” .and the coevolution of these trait-pairs serves as the focal point of our analysis. Our definitions of
resistance and tolerance follow those of Raberg et al. (2009), where resistance is measured by a host’s ability to limit pathogen
burden (in this case by feducing within-host tumor growth or resisting infection altogether) and tolerance measured by a host
genotype’s fitness as a function of pathogen burden. The full overview, design concepts, and details (ODD) protocol (Grimm et al.
2006, 2010, 2020) may be found'in Supplement 1. Figure 1 provides a graphical overview of the model structure and table 1 provides
a list of variables, parameters, and notation.

Fig. 1. A visual schematic of the individual-based model. A) The simplified Tasmanian devil life-cycle used in the model. B) Devil inheritance,
following the infinitesimal model of quantitative genetics. Colors represent the breeding values of the sire, dam, and offspring. C) DFTD epidemiology
in a susceptible-exposed-infected (SEI) framework. Transmission and mortality are both functions of tumor volume, which increases stochastically and

logistically over time. Bands in the tumor growth plot represent the 95% confidence interval for tumor volume at each point in time after infection.

Devil demographics
Devils are synchronous, annual breeders with a mating season typically lasting from late February to early April in the absence of
DFTD (Jones et al. 2008; Pemberton 1990; Hesterman 2008; Hesterman et al. 2008). Most births occur from March to April and
DFTD is not transmitted vertically (Pyecroft et al. 2007). As devils are altricial marsupials, young stay in the pouch for 4 months
and the den for 6 months, usually dispersing from their natal site between December and April (Pemberton 1990; Rose et al. 2017).
Devils typically become reproductively mature at age 2, although DFTD has led to an increase in precocial female breeding at age
1 in some sites (~14 months Jones et al. 2008; Lachish et al. 2009).

‘We model a simplified life history where mating occurs within a single week-long timestep, with each adult female reproducing
with probability pmate and multiple paternity (Russell et al. 2019). Female devils have four teats, limiting litter size to byqz = 4
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offspring. Offspring survive to become independent with probability b,..,. Devils reproductively mature adults at age amqat = 2
years, with no precocial breeding, last reproduce at age ar, g = 5 years, and die of old age at amqs = 7 years (Rose et al. 2017).
Uninfected adults die at a rate dfft, which is made up of a density-independent component dp; and a density-dependent component
dpp N, where N is the number of devils. Subadult devils experience higher mortality rates than adults (Rose et al. 2017) such that
per-capita juvenile death rate dts"}l =dpr +dsa +dppN where dga is the excess subadult mortality.

Infection

DFTD is transmitted through biting during mating and competitive interactions (Hamede et al. 2013; Hamilton et al. 2019; Hamede
et al. 2008; Hamilton et al. 2020). Because the effects of DFTD on devil behavior are not this study’s focus, we assume simplified
interactions with no spatial or social structure and frequency-dependent contacts (as this mode of transmission is most consistent
with high DFTD prevalence in spite of strong population declines; McCallum et al. 2009): A devil interacts with other devils at,a
constant weekly rate rcontqct and encounters infected individuals at a rate rconmct%.

Let Pin (t) be the probability of successful infection given a contact between susceptible individual ¢ and infected individual j
at time t. If infection probability, population size, and number of infected individuals are approximately constant over a week, the
number of successful transmissions is Poisson-distributed, and the probability that susceptible individual i/remains susceptible at
the start of the next week is

Ni 5
PiS = exp [—W'f’contactpil]'

pl _ 1 vwN; I
where P; = =371, P;;

multiple tumors have no meaningful impact on disease progression. If multiple transmissions eccur in the same week, the “first”
1

is the average transmission probability given an infectious contact: We assumie that co-infections by

infecting individual is randomly selected with probability z:N';JPI .
=14
We model Pz-Ij as a logistic function of the log tumor load In[L;] of individual j. The maximum infection probability P, is
modified by the resistance of individual i to infection by individual j (R;;, not to/be confused with the basic reproduction number

Ro) which is a function of the resistance genotype zi1 ; of devil ¢ and the transmissibility genotype z1 ; of tumor j. We then have

(z#)

I Lot

ij PmazRij—I—L"y (1)
ey

where L?”t is the critical tumor load at which Pin = 0.5P,,InaerL'j and + is the logistic rate parameter. Thus,

s N1 oo
Pi :eXp[_Nﬁpi]v (2)
~ P! . . . . P .
where PiI = pr— and P}naz has been combined with 7contact tO give the maximum transmission coefficient 8 = P}nazrcomact.

Because observed infections are much lower for. subaddlts (Lazenby et al. 2018) due to higher pre-puberty anti-cancer immune
capacity (Cheng et al. 2017) and lack of involvement in mating interactions, we assume that the subadult infection probability is
reduced, relative to the adult infection probability, by fixed subadult resistance factor Rg4.

Tumor growth
We model tumor growth as stochastic, following Wells et al. (2017). Tumors have a latent period (7) between the time of infection
Til and the time at which they become transmissible (McCallum et al. 2009; Espejo et al. 2022). The regression of visible tumors

is very rare in natural populations (Margres et al. 2020), and the expected volume L;(t) for tumor 4, measured in cm?®, increases
growth

logistically over time.at genotype-dependent rate r;

2017):

to maximum expected tumor size L, 4, (Hamede et al. 2017; Wells et al.

_ Lmax
Li(t) = naJ/g‘v'owih T -1 (3)
1+ (Lma:r - 1)677.7 t=Tf=7)

when ¢t > TiI +.7.and L(t) = 0 when t < TiI + 7. We used a modified logistic growth function, with initial tumor load Lo = O,
because the actual initial tumor load is small and difficult to estimate empirically. Equation 3 is approximately equal to the
standard logistic curve for L,,., > 1. We assume individual variation around I_L,v(t) is Gamma distributed with shape parameter
AL;(t) and rate parameter A (from Wells et al. 2017).

Mortality

Field studies demonstrate that tumor load affects body condition (Ruiz-Aravena et al. 2018) and mortality rate (Wells et al. 2017).
We assume for simplicity that survival probability does not differ between males and females, so that if So, is the fractional
reduction in survival probability caused by a very large disease load, Lgf,ft is the critical disease load at which the reduction in
survival probability is halfway between 1 and S, and « is the pathogenicity of the disease, we then have

Vs ()’

(e
()

surv
P =

e*(dul+dnl)N)' (4)
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Disease-related phenotypes and genetics

GWAS results show that a substantial proportion of variation in force of infection (FOI; calculated using time from age 1 to
infection as an inverse proxy; Gallinson et al. 2024) and female devil survival after infection can be explained by a small number
of large effect loci in devils (~20% and 76.5% of variation explained by an average of 2 and 4.8 SNPs, respectively Gallinson et al.
2024; Margres et al. 2018). However, FOI was more polygenic in tumors and female infection status was more polygenic in devils
(16% and 38.3% of variation explained by an average of ~35 and 56.1 SNPs Gallinson et al. 2024; Margres et al. 2018). To avoid
the potential complications of modeling coevolution in traits with differing genetic bases (e.g. Yamamichi and Ellner 2016), we
chose to model coevolution in a purely quantitative genetic framework.

We assume that devils and tumors exhibit genetic variation in three disease-related phenotypes: Resistance to infection R;j,

tumor growth rfmwm, and critical disease load for survival Lg’:zt Following the phenotypic difference model of coevolution
(Nuismer 2017; Buckingham and Ashby 2022), we model the disease-related phenotypes as functions of the difference between
latent devil traits z1, z2, and z3 and latent tumor traits x;, x2, and x3, respectively. Resistance to infection Rj; is a logistic
function of 21,4 — T1,5,

1

T 14explwi(zii —z1,5)]

Rij (5)

where w; is the intensity of the coevolutionary interaction. Both the mean initial devil phenotype, z1 (¢t = 0), and the initial tumor
phenotypes are zero so that the probability of infection for the average individual in a population first exposed to the disease is

1 pl
3P maz- .
The tumor growth rate rfrowt on an infected individual is
growth _ growth 0 6
T 7max{7‘o _WZ(ZZ,i _IZ,i)v }7 ( )
where r97°""" s the initial tumor growth rate in a naive population and ws is the intensity of the coevolutionary interaction.

Because tumor regression is rare (0.01% of observed infections Margres et al. 2020), we assume that Tfmwth > 0.

The critical tumor size Lgrzt of an infected devil deviates from the critical size in a DFTD-naive population LCSTO“ following the

equation

Ly = Lcsroit(l +wa(23,; — 23,:)); (7)

where w3 is the intensity of the coevolutionary interaction. In practice; wi, ws, and ws are not unique parameters, as changing
the value of w for any trait is equivalent to rescaling the variances of z and z for that trait (Supplement 1.7). We therefore set
W] = W2 = W3 = 1.

The latent phenotype vector z; = {z1;,22,,23,;} for devil offspring i equals the vector of breeding values g; and the
environmental deviation vector e;:

We assume the infinitesimal model (Fisher; Barton et al..2017; Fisher 1918) such that g; is the average of the maternal (gf) and
paternal (g™) breeding values plus a deviation due to recombination s;:

1 m
gi=§(gif+g,-, ) +si (9)

s; and e; are normally distributed.with mean zero and covariance matrices S and E. In the absence of DFTD, and therefore
selection, the devil genetic covariance matrix G will converge to the initial devil genetic covariance matrix G(0) = 2S (Walsh and
Lynch 2018).

If the environmental ¢omponent of a tumor’s phenotype is normally distributed and constant during any given infection, then it
may be merged with e; without loss of generality (Supplement 1.7). Tumor phenotype and genotype are therefore interchangeable.
The latent genotypé of a tumer on a newly infected devil is inherited asexually from the tumor on the infecting devil. Mutation
and other within-tumor processes (Leathlobhair and Lenski 2022) cause a tumor’s genotype to change slightly by an amount m
each week, such that x;(¢+ 1) = x;(¢) + m. We assume non-directional mutation where m is multivariate normal with mean zero
and covariance matrix M.

Parameter. Selection

We parameterize the model with over 20 years of published results on devil demography, density, and genetics (e.g., Lazenby et al.
2018; Cunningham et al. 2021; Margres et al. 2018) by using sampled parameter sets to calculate demographic, epidemiological,
and genetic quantities for which there were empirical estimates, and retaining parameter sets that yielded values consistent with
those empirical estimates. This process followed a four-step procedure described in Supplement 2. Table 1 provide a list of model
parameters and their notation and table 2 provides a list of studies upon which the parameter criteria are based. Of the 1,000,000
sampled parameter combinations, only 320 met all the criteria for inclusion in the final set, which we refer to as the “selected
parameter values”. Histograms of selected parameter values are given in Fig S1-S4 and the full list of selected parameters may be
found in the supplementary data.

First, we Latin hypercube sampled 1,000,000 parameter sets from the initial range of parameters (Tables S2 and S3; see
Supplement 2 for rationale). Second, for each set of parameters, we constructed an age-structured matrix population model
describing pre-disease devil demographics. We then solved for the stable age distribution of the population and retained only
parameter sets in which individuals age 2+ comprised 50 — 75% of the population, individuals age 3+ comprised 20 — 60% of the
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population, and individuals age 4+ comprised 5 —20% of the population, as empirically demonstrated in 12 sampling localities with
multi-year mark-recapture data (Lachish et al. 2009; Hamede et al. 2012; Lazenby et al. 2018; see Supplement 2). We then chose
death rates dpr and dpp such that the equilibrium population size was 200 individuals, corresponding to an area of roughly 150
km? (Lazenby et al. 2018; Cunningham et al. 2021). Due to stochasticity, stationary population sizes ranged in the individual-based
model ~170-400, consistent with empirically-observed pre-DFTD densities (Cunningham et al. 2021).

Third, we calculated the survival probabilities and lifetime reproductive success (LRS) for an infected devil and basic repro-
duction number (Rp) for DFTD. We retained parameter sets with Ry between 1 and 3 (McCallum et al. 2009) and LRS below
replacement (Cunningham et al. 2021). Using mortality estimates from Wells et al. (Wells et al. 2017, Fig S2), we retained
parameters for which 3 months survival after infection was >90%, 9 month survival was 25 — 75%, and 2 year survival was <20%.

Fourth, for each remaining parameter combination we ran 100 simulations for 20 years following the arrival of DETD. We
selected parameter combinations to ensure DFTD spread (mean DFTD prevalence in years 5 — 15 is >10%), devil decline (mean
devil abundance in years 5 — 15 is <80% of initial abundance Cunningham et al. 2021), and devil-tumor coexistence (>80%
probability) within the 20 year timeframe, since the longest infected populations have survived for at least this long. We then
averaged the median and quartiles of the time from age 1 to infection (the force of infection proxy used by Gallinson et al. 2024),
across simulations and retained only parameters in which the average 1st quartile was 10.8 — 51.9 weeks after age 1, the average
median was 30.1 — 61.8 weeks, and the average 3rd quartile was 37.0 — 94.6 weeks (Gallinson et al. 20245 see Supplement 2). For
each simulation, we calculated proportion of variance (PVE) in FOI, survival after infection, and case=contrel explained by devil
or tumor genotype using the R? values of general linear models (Supplement 2). We retained parameters for which the average
PVE in FOI by devil genotype was 2.7-20.0%, the average PVE by tumor genotype was 7.4-10.0%, and the average PVE by their
interaction was 7.5-51.4% (Fig 2A in Gallinson et al. 2024). We also retained parameters for/which the PVE in time to death by
devil genotype was <27.6% and the PVE in case-control by devil genotype was 8.8-50.2% (Margres et al. 2018). The average PVEs
in FOI by tumor genotype and average PVEs in time to death by devil genotype were far below the lower cutoffs, and we instead
retained parameters above the 75th PVE percentile (across parameter combinations) for each of these quantities.

Model Implementation

The individual-based simulations and parameter selection process were implemented in R version 4.3.0 (R Core Team 2023) and
C++ 20 (Stroustrup 2013) using the Rcpp package (version 1.0.10; Eddelbuettel et al. 2023). Each post-DFTD simulation was
initialized by sampling the starting devil abundance and age-structure from a 1000 year time-series of a simulated DFTD-free
population (with a 100 year burn-in period). Initial devil genotypes were multivariate normal with mean zero and initial devil
genetic covariance matrix G(0). Ten randomly-selected adults were initially infected to ensure DFTD spread. Tumor genotypes
were all initialized to x; = 0, corresponding to “baseline” tumeor transmissibility, growth rate, and virulence. Each simulation was
run for 100 years (i.e., 50 devil generations and 5200 weekly time steps).

Results

The effect of genetic variation on realized trait variation

We used initial devil genetic variance and tumer mutation variance (diagonal entries of G(0) and M) as proxies for the evolvability
of latent devil and DFTD traits. Figure 2 relates devil and tumor genetic variation to variation in the realized disease-related
traits. To isolate the effects of dévil variation from tumor variation, and vice versa, we make the following simplifications: In the
first column of Figure 2, we plot the variation in the realized traits as a function of devil genetic variation assuming that ¢t = 0 (i.e.,
the arrival of DF'TD). In the second column of Figure 2, we plot variation in the disease-related traits as a function of accumulated
tumor mutation variance for a long-lived (2-year-old) tumors at the arrival of DFTD (x; = 0) infecting devils with phenotype
z; = 0. These assumptions isolate the accumulated tumor mutation variance from both devil phenotypic variance and preexisting
tumor genetic variance. Analytic equations for the curves in both columns are derived in Supplement 1. The third column of figure
2 shows variation in the disease-related traits from all sources over time. The 95% confidence bands for these panels were computed
over 1000 simulated devil-tumor pairs and included variation in devil phenotype, tumor mutation, and stochastic tumor growth
(see supplement 1). For these simulations, all parameters were set to their mean selected values.

Fig. 2. The relationship between initial devil genetic variance, tumor mutation variance, and variation in disease-related traits. The
first column shows the variation (95% quantile bands) in disease-related traits due to devil genetic variance at the arrival of DFTD, when all tumors
have the same genotype x1 ; = 0. These disease-related traits are A) the probability of infection given contact Pin as a function of tumor size, D) tumor
size (cm?) as a function of weeks since infection, and G) weekly survival probability as a function of tumor size. Colors denote different values of initial
devil genetic variance. The second column shows the variation (95% quantile bands) in B) the probability of infection given contact, E) tumor size, and
H) weekly survival probability due to genetic variation among 2-year-old tumors that, after initially having the same genotype z;; = 0, diverged due
to mutation. Colors denote different values of DFTD mutation variance. Note that all curves in the first and second columns represent function-valued
traits rather than realized values (e.g. 2-year-old tumors are unlikely to actually be less than 1 cm®). The third column shows the variation (95% quantile
bands) in disease-related traits due to all sources of variation at the arrival of DFTD. These traits are C) the cumulative probability of infection for
susceptible devils, F) tumor growth, and I) cumulative devil survival, all given as a function of weeks since infection. Note that panel C assumes that
only the 10 initially infected devils are infectious (i.e., secondary infections are discounted) and therefore underestimates infection probability. The
red boxes in column 3 indicate that the panels in this column are not directly comparable to those in columns 1 and 2. Unless otherwise specified, all

parameters are set to their mean selected values.
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From Figure 2 we may observe the following two patterns: First, initial devil phenotypic variation is substantial, with the mean
selected parameters yielding a meaningful fraction of initial devils with low infection probability and with high survival probability
(at least within a two year timeframe; Fig 2C,F,I). Note, however, that though figure 2C shows cumulative infection probability
flattening over time, this is most likely an artifact of discounting secondary infections. In reality, once the secondary contacts
themselves become infectious, there would be a rapid increase in infection probability due to higher DFTD prevalence. Second,
tumor mutation generates a meaningful amount of trait variation during a single devil generation (Fig 2B,E,H). In addition to
indicating rapid accumulation of tumor genetic variance, this result also illustrates that disease-related traits may change over the
course of a single infection.

Theoretical coevolutionary dynamics

We first examined the range of dynamics theoretically possible for coevolution in single devil-DFTD traits pairs. We ran 1000
simulations for each point in a 20 X 20 grid (Fig 3) across the range of initial devil genetic variances and tumor mutation variances.
For each trait-pair examined, the variances of the other two trait-pairs were set to zero (preventing evolution in these trait pairs)
while each remaining parameter was set to the mean of its selected values (i.e those consistent with empirical‘data).

Fig. 3. Devil population outcomes for coevolution in single pairs of devil-DFTD traits. Top row: the probability of devil persistence to 50
devil generations (100 years) after the introduction of the devil facial tumor disease (DFTD), for coevolution in A) tumor transmissibility and devil
resistance to infection, B) tumor growth and devil resistance to tumor growth, C) tumor virulence and devil tolerance, plotted /as a function of the initial
genetic variation in devil resistance to infection at the arrival of DFTD (x-axis) and weekly tumor mutation/variance in tumor transmission (y-axis).
Bottom row: the probability of devil-DFTD coexistence to 50 devil generations for coevolution in D) transmissibility. / infection resistance, E) tumor
growth, F) virulence / tolerance. Probabilities are calculated over 1000 simulated populations. Other parameters were set to their respective averages

over all empirically consistent parameter values.

‘When tumor transmissibility and devil resistance to infection coevolve, devil‘persistence depends on relative evolvability of devil
and tumor traits (Fig 3A,D and Fig S5A,D). Greater tumor mutation variance (faster tumor evolution) increased the likelihood of
devil extirpation while greater initial devil genetic variance (faster devil/evolution) increased the likelihood of tumor extirpation
(Fig 3A,D). The evolutionary dynamics for fixed values of tumor mutation variance and devil genetic variance confirm simulations
that ended in devil extirpation had faster DFTD evolution on average than simulations that ended in devil persistence and DFTD
extirpation (Fig S6, S7). Greater mutation variance in‘tumor virulence and greater initial genetic variance in devil tolerance
decreased the likelihood of devil extirpation and increased the likelihood of devil-tumor coexistence (Fig 3C,F).

Devil ecological outcomes under coevolution of tumor growth rate and devil resistance to tumor growth differ from the outcomes
under coevolution of resistance to infection in several key ways (Fig 3B,E and Fig S5B,E). First, greater tumor mutation variance
had only a marginal effect on devil persistence for low values of initial devil genetic variance (<0.004). Thus, in a “tumor evolution
only” scenario the relationship between tumor mutation variance and devil persistence is much flatter when tumor growth rate
evolves than when tumor transmissibility evolves. Further, the minimum devil persistence probability across parameters is greater
under evolution of tumor growth and devil resistance to tumor growth than under coevolution of resistance to infection and
transmissibility (16.5% compared to 9.4%). Second, the maximum probability of devil-DFTD coexistence across parameters is also
far greater under coevolution of tumor. growth and devil resistance to tumor growth (40.5% compared to 4.1%; Fig 3E) and the
mean times to devil and DFTD extirpation are longer than under coevolution of resistance to infection and transmissibility (Fig
S5; note the different scale bars). Third, in the case of only devil evolution ( Fig 3A,B near the x-axis), the rate of increase in devil
persistence with devil genetic variance is relatively stable when resistance to infection evolves, while under evolution of resistance
to tumor growth, persistence increases relatively slowly at low variance values before sharply increasing around 0.005.

Empirically-consistent_coevolutionary dynamics

Second, we examinéd the coevolutionary dynamics of single devil-DFTD trait pairs across all selected parameter values, setting the
variances of the two non-focal trait pairs zero but allowing a other selected parameters to vary (i.e., each point in Fig 4 represents a
different combination of-all parameters). Parameter values with low devil genetic variance and high tumor mutation variance were
more likely to be excluded during parameter selection (Fig 4a; Fig S9). Exclusion is most pronounced for transmissibility /resistance
to infection and tumor growth/resistance to tumor growth. Notably, while the selected parameter values skew heavily towards
smaller values of tumor mutation variance and moderate to high values of devil genetic variance, they still encompass significant
variation in devil persistence probability (Fig 4; more clearly illustrated in Fig S9).

Fig. 4. Empirically-consistent parameter values for initial devil genetic variance and tumor mutation variance for each devil-DFTD
trait pair. A) Initial variance in devil resistance to infection at the arrival of DFTD (x-axis) and mutation variance in tumor transmissibility (y-axis).
B) Variance in devil resistance to tumor growth and in tumor growth rate. C) Variance in devil tolerance to tumor load and in tumor virulence. White
contour lines denote the density of the parameter values. Each point’s color represents the probability of devil persistence, calculated over 1000 simulated

populations, for that parameter combination assuming coevolution in only the focal trait pair.

Devil persistence probabilities under coevolution of both transmissibility/resistance to infection and coevolution of tumor gro-
wth/resistance to tumor growth are robust to uncertainty in other model parameters (compare Fig 3A to Fig 4A and Fig 3B to
Fig 4B), but are sensitive to parameter uncertainty under coevolution of virulence/tolerance. When persistence probabilities under

263
264
265
266
267
268
269
270

271

272
273
274
275

276
277
278
279
280
281
282
283
284
285
286
287
288
289
290
291
292
293
294

295
296
297
298
299
300
301
302

303
304
305

20z 1890100 1 UO Jasn epuo|4 Yyinos Jo Alsioniun Aq z1 19187/t Loedban|ons/ge0 L 0L /I0P/3]01B-20UBAPE/IN|OAS/WOD dNO-o1Wapede//:sdijy woly papeojumoq



virulence/tolerance coevolution were calculated over all selected parameter combinations rather than the mean parameter values
(Fig S9A), the average probability of devil persistence was 33.1%, and more than half (52.1%) of parameter combinations resulted
in devil persistence probabilities of <25%.

Third, we examined the population and evolutionary dynamics when all three trait-pairs coevolve simultaneously (Fig 5) and

compared them to the dynamics when only one trait-pair was allowed to coevolve (Fig S6-S7). To illustrate the evolutionary

dynamics of each trait-pair, we focus on the mean values of “net devil resistance” (z1,;, —x1,;), tumor growth rate Tfmwm and “net
devil tolerance” (z3,; — x3,;). These measures show the net effect on devil-DFTD coevolution in each trait-pair over time. In each
instance, we ran 1000 simulations with each parameter equal to its mean selected parameter value and, for the single trait-pair

runs, the variances of the other two trait-pairs set to zero.

Fig. 5. The dynamics of devil population size, devil facial tumor disease (DFTD) prevalence, and devil-DFTD coevolution for all three
trait-pairs. A) Devil population size over 1000 simulated populations, grouped based on population outcome. B) DFTD prevalence. C) Average net
devil resistance, defined as the resistance phenotype of a devil minus the transmissibility phenotype of the tumor infecting it, averaged over all infected
devils in the population in each year. D) Tumor growth rate, also averaged over all infected devils in the population. E) Average net devil tolerance,
defined as the tolerance phenotype of the devil minus the virulence phenotype of the tumor infecting it. Blue denotes simulations in which both devils
and DFTD persisted to 50 devil generations after the arrival of DFTD, red denotes simulations in which the devil population was extirpated, and black
denotes simulations in which DFTD was extirpated. Solid lines denote the median value over time for each group of simulations and bands denote the

interquartile range. Parameters were set to their respective averages over all empirically-consistent parameter values:

When all three trait-pairs coevolved simultaneously under the mean selected parameters, DETD evolved greater transmissibility
and greater tumor growth rate faster than devils evolved resistance to infection or to tumor growth (Fig 5). Simultaneously, devils
evolved greater tolerance and DFTD evolved reduced virulence, leading tumor prevalence to. increase to an average of around
60% across simulations. There was a 74.7% probability of devil-tumor coexistence, which.was strongly driven by the coevolution
of reduced tumor virulence and increased devil tolerance. When only tumor transmissibility and devil resistance to infection
coevolved, 78.8% of simulations resulted in devil extirpation, 21.2% showed DFTD extirpation and devil persistence, and no
of simulations showed devil-DFTD coexistence (Fig S6). Simulations in which devils persisted showed faster evolution of devil
resistance than evolution of DFTD transmissibility, while simulations in which devils went extinct showed the opposite. When
there was coevolution of tumor growth and devil resistance to tumor growth, 84.5% of simulations experienced devil extirpation
(DFTD extirpation: 15.4%, devil-DFTD extirpation: 0.1%) and, for all.simulations, tumor growth rate decreased from its initial
value.

Does coevolution promote devil-DFTD coexistence relative to a non-evolving population?

Finally, to quantify the global sensitivity of devil persistence, devil-DFTD coexistence, and devil recovery to coevolution in each
trait pair (Fig 6,7), we ran four sets of 1000 simulations, for each set of selected parameters, in which either all devil and DFTD
traits were allowed to coevolve or one devil-DFTD trait-pair had its variances set to zero while the other two were allowed to
coevolve (i.e., “leave one out”). We further ran a'set of 1000 simulations in which evolution in both devils and DFTD was entirely
absent, which served as the point of comparison by which to assess the effect of coevolution. This analysis also quantified the global
sensitivity of devil persistence and devil-DFTD coexistence to the total uncertainty across all model parameters (Tables S4,S5).

Fig. 6. The distribution of probabilities of devil persistence and devil — devil facial tumor disease (DFTD) coexistence. A) The probability
of devil persistence and B) the probability of devil-DFTD coexistence across parameter combinations when, in order from left to right, 1. There was
no evolution (this plot is not included in panel B, as the probability of devil-DFTD coexistence was zero for nearly all parameter combinations), 2.
Tumor transmissibility and devil'resistance to infection are prevented from coevolving, but all other trait-pairs are allowed to coevolve, 3. Tumor growth
rate and devil resistance to tumor growth are prevented from coevolving, 4. Tumor virulence and devil tolerance are preventing from coevolving, and
5. All three trait-pairs coevolve simultaneously. The lines in each violin plot represent, in ascending order, the 25th percentile, the median, and the
75th percentile of probabilities in the distribution. The probabilities of devil persistence and tumor extirpation were calculated over 1000 simulated

populations for each parameter combination and are shown within each distribution as a beeswarm plot of points.

Fig. 7. The average devil population recovery in the event of devil - devil facial tumor disease (DFTD) coexistence. The ratio between
the final'devil population size, 50 devil generations (100 years) after the arrival of DFTD, and the initial devil population size, averaged over simulations
in which there was devil-DFTD coexistence. The violin plots represent, in order from left to right, scenarios where, 1. Tumor transmissibility and
devil resistance to infection are prevented from coevolving, but all other trait-pairs are allowed to coevolve, 2. Tumor growth rate and devil resistance
to tumor growth are prevented from coevolving, 3. Tumor virulence and devil tolerance are preventing from coevolving, and 4. All three trait-pairs
coevolve simultaneously. The lines in each violin plot represent, in ascending order, the 25th percentile, the median, and the 75th percentile of recovery
proportions across empirically-consistent parameter values. Proportional devil recoveries were calculated over 1000 simulated populations for each
parameter combination and are shown within each distribution as a beeswarm plot of points. Parameter combinations in which no simulations resulted

in coexistence are excluded.

We observed a high probability of devil persistence to 50 generations (100 years) after disease introduction (median 77.0%;
Fig 6A), which was was robust to parameter uncertainty (interquartile range 58.3-91.7%); only 16.5% of parameter combinations
resulted in devil persistence probabilities of <50%. We also observed a high probability of devil-DFTD coexistence. In simulations
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when devils persisted, DF'TD had a median 74.4% chance of also persisting, corresponding to a median coexistence probability of
50.2% over all simulations (Fig 6B). However, the coexistence probability was sensitive to parameter uncertainty: the probability
of DFTD persistence given devil persistence had an interquartile range of 46.5-89.8% and the overall coexistence probability had
an interquartile range of 27.2-74.4%. The median average time to devil extirpation was 36.1 years (interquartile range of 30.5-41.8
years), and the median average time to tumor extirpation was 33.8 years (interquartile range of 27.6-41.8 years). Tables S4 and
S5 give the Spearman partial correlation coefficients between each parameter, devil persistence and devil-DFTD coexistence. For
simulations in which devils and DFTD coexisted for 50 generations, devils recovered to a median, across parameters, average of
62.0% their original population size (interquartile range: 44.7-75.9%; Fig 7). Only 34.6% of parameter combinations had an average
recovery of less than 50% for simulations with devil-DFTD coexistence (Fig 7). Parameters with the highest probability of devil-
DFTD coexistence also had the highest percent recovery among simulations in which coexistence occurred (Spearman correlation =
0.588; Fig S10). By contrast, in the absence of evolution, devil persistence was low (median 14.5%; interquartile range: 9:9%-21.5%;
Fig S9) and devil-DFTD coexistence was almost nonexistent (median: 0%; interquartile range: 0%).

Sequentially preventing the coevolution of a single trait-pair while allowing the other two to coevolve (ise., “leave one out”) led
to similar reductions in devil persistence probability when coevolution in transmissibility / resistance to infection and in tumor
growth / resistance to tumor growth were omitted (with median persistence probabilities of 53.4% and 47.5%, respectively; Fig
6A) and a smaller reduction when coevolution of virulence/tolerance was omitted ( 61.6%; Fig 6A). Removing the coevolution
of devil tolerance and tumor virulence dramatically decreased the probability of coexistence (medianwvalue 1.7%) while removing
coevolution in tumor growth rate and in transmissibility/resistance to infection led to a smaller decreases (medians 30.0% and
41.75%, respectively; Fig 6B). The omission of coevolution in devil tolerance and tumor virulence also reduced the median average
devil population recovery among simulations with coexistence (42.4% of initial population sizej 62.8% and 61.7% with the removal
of coevolution in transmissibility /resistance to infection and coevolution in tumor growth rate, respectively; Fig 7).

Discussion

DFTD has caused declines of up to 80% in most infected Tasmanian devil populations (Lazenby et al. 2018; Storfer et al. 2018;
Cunningham et al. 2021) and initial ecological models predicted devil extinction (McCallum et al. 2009; Beeton and McCallum
2011). Nonetheless, long-diseased devil populations (>20 years) have persisted at low densities (Lazenby et al. 2018; Cunningham
et al. 2021). Substantial evidence of evolution has been found in both devils and DFTD (Epstein et al. 2016; McLennan et al. 2018;
Patton et al. 2020; Stammnitz et al. 2023; Stahlke et al. 2021), suggesting that coevolution may, in part, be driving continued
devil persistence. To test the effect of coevolution on devil persistence, we developed one of the first models that integrates
multivariate genetic coevolution with individual-based host-pathegen dynamics to predict host extinction risk. We found that
empirically-consistent values of genetic variance for devil traits associated with DFTD resistance and tolerance were sufficient
to allow rapid devil evolution and that devil-DETD coevolution had consistently positive effects on devil persistence relative
to a non-evolving population. Multivariate coevolution led to higher probabilities, relative to previous model scenarios without
evolution, of devil persistence (78.1%) and devil-DFTD. coexistence (56.5%) for at least 50 devil generations (100 years), with the
latter driven primarily by the evolution of greater devil tolerance and reduced DFTD virulence. Moreover, while ecological models
predict that devil-DFTD coexistence limits devil populations to, on average, 9% (Siska et al. 2018) and 48% (Wells et al. 2019) of
their pre-disease abundance, we found that coevolution of devil tolerance and DFTD virulence enabled devil populations to slowly
recover, despite DFTD, to an average of 60.6% of their initial abundances after 100 years, and that the degree of devil recovery
was strongly correlated with the likelihood of devil-DFTD coexistence. Given that devils act ecologically as both the apex predator
and scavenger in Tasmania (Cunningham et al. 2018; Cunningham et al. 2020), these differences in predicted population size could
have substantial effects on the mammalian community. Taken together, these results suggest rapid devil-DFTD coevolution may
have strongly contributed to continued devil persistence and will likely play an important role in shaping long-term devil-DFTD
dynamics.

Coevolutionary dynamics

We modeled the coevolution of three pairs of disease-related traits: 1) tumor transmissibility and devil resistance to infection
(measured by the probability of infection given contact); 2) tumor growth and devil resistance to tumor growth (measured by a
tumor’s logistic growth rate); 3) tumor virulence and devil tolerance (measured by the disease-related morality rate). We found
very few empirical.constraints on which phenotypic traits may be rapidly evolving (Fig 4), suggesting that evolution is multivariate
and its effect.on devil persistence is driven by the interaction between coevolving trait-pairs (Fig 6; Tables S4,S5). Consistent with
the phenotypic difference model of coevolution (Nuismer 2017), both the coevolution of tumor transmissibility and devil resistance
to infection, and the coevolution of tumor growth rate and devil resistance to tumor growth, exhibited arms race dynamics that
most often led to either devil (47.8% and 33.4%) or tumor extirpation (48.8% and 37.5% of simulations, respectively, at the mean
parameter values; Fig S6,S7). Meanwhile, the evolution of lower tumor virulence and increased devil tolerance increased both tumor
prevalence and the probability of devil-DFTD coexistence (84.7%; Fig 5), consistent with theoretical predictions for the effect of
virulence and tolerance evolution on disease persistence (Roy and Kirchner 2000; reviewed in Searle and Christie 2021).
Parameter combinations with high tumor mutation variance and low initial devil genetic variance were the most likely to generate
predictions inconsistent with empirical data (Fig 4), indicating that evolutionary changes in tumor transmission and growth are
unlikely to be driven by DFTD evolution alone and that devil-DFTD coevolution is likely occurring across multiple traits. Despite
reduced devil genetic diversity due to historical bottlenecks (Miller et al. 2011; Briiniche-Olsen et al. 2014; Briiniche-Olsen et al.
2016; Briiniche-Olsen et al. 2018; Gooley et al. 2020), our results are consistent with genome-wide scans for selection and GWAS
results suggesting that devils retain sufficient standing genetic variation to respond rapidly to the strong selection imposed by
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DFTD (Epstein et al. 2016; Margres et al. 2018; Fraik et al. 2020; Stahlke et al. 2021). Indeed, allele frequencies in SNPs associated
with genes conferring antigen presentation and cell communication increase significantly in as few as 4-6 generations following
the arrival of DFTD (Epstein et al. 2016; Fraik et al. 2020; Stahlke et al. 2021). Though variation in mutation rates between
DFTD lineages (Stammnitz et al. 2023) is likely an important component of DFTD evolution, we could not use these estimates to
inform our mutation variance parameters, which are expressed in phenotypic units. The empirical constraints imposed on tumor
mutation variance did not constrain the range of demographic outcomes under univariate coevolution. When tumor transmissibility
coevolved with devil resistance to infection, for example, the probability of devil persistence ranged from >80% to <20% (Fig 4).
Thus coevolution in any one trait-pair was not sufficient to ensure devil persistence.

When either DFTD transmissibility and devil resistance to infection coevolved alone or tumor growth and devil resistance to
tumor growth coevolved alone, devil traits tended to evolve faster than DFTD traits in scenarios where devils persisted, resulting
in decreased probabilities of infection and slower tumor growth (Figs S3,5S4). In contrast, when all three trait-pairs ‘coevolved,
tumor growth rate and the probability of infection both increased significantly despite evolution of increased devil'resistance: It
is unlikely that these increases were driven by negative correlations between devil resistance and tolerance. We did not impose
any a priori assumptions on the correlation between devil traits and the only correlation with moderate support from empirical
data was a positive correlation between devil resistance to tumor growth and devil tolerance (66.9% of selected parameters; Fig
S4). There was also evidence for negative correlation between DFTD virulence and transmissibility (70.9% of selected parameters;
Fig S4), which could explain the increase in DFTD transmissibility but not the increase in growthsrate (which was positively
correlated with virulence for 61.7% of selected parameters). Rather, the decrease in DFTD-related devil mortality due to reduced
tumor virulence and greater devil tolerance likely decreased the negative fitness consequences of DETD for infected individuals.
This result is consistent with previous models of host evolution (Restif and Koella 2004; Singh and Best 2021) that predict lower
pathogen virulence reduces selective pressure for host resistance while increasing selective pressure for host tolerance. The evolution
of reduced DFTD virulence and increased devil tolerance may therefore play a critical role in drivingdevil-DF TD dynamics. Indeed,
female tolerance of DFTD, relative to males, has already been demonstrated, with female body condition declining by less than
5% when tumour weight reaches approximately 6% of host body mass (Ruiz-Aravena et al. 2018).

Coevolution promotes coexistence between devils and DFTD

In contrast to previous compartmental and individual-based ecological models (McCallum et al. 2011; Wells et al. 2019), we found
that coevolution leads to a high probability (median: 58.9%) of devil-tumor coexistence for at least 50 generations (100 years).
Devil persistence was driven by a combination of evolution in all three disease-related traits, while DFTD persistence was driven
primarily by the evolution of tolerance in devils and reduced DETD virulence (Fig 6). Though predictions of devil persistence were
robust, the predicted probability of devil-DFTD coexistence was sensitive to parameter uncertainty.

Wells et al. (2019), whose model did not include evolution, reported a probability of devil extirpation similar to our results (21%
to our average 27.1% across parameters when all three trait-pairs coevolve) but with higher probability of tumor extirpation (57%
to our 23%) and lower probability of devil-tumor coexistence (22% to our 49.6%). This difference is likely driven by the evolution
of devil tolerance and reduced DFTD virulence, as the tumor extirpation probability rises to a mean of 54.6% when the evolution
of tolerance is omitted.

By contrast, the ecological model developed by Siska et al. (2018) predicted devil-DFTD coexistence at the metapopulation
level for all 200 most realistic parameter combinations. They attribute this high coexistence probability to the ability of devils
and DFTD to recolonize patches in the event of local extirpation, a feature not included in our model. Given typically large devil
dispersal distances (i.e., genetic spatial autocorrelations suggesting 30 km on average, but up to 109 km; Lachish et al. 2011; Storfer
et al. 2017) and high population’connectedness (i.e., devils form only three genetic clusters across the entirety of their geographic
range; Hendricks et al. 2017) possible metapopulation dynamics likely play an important role in the island-wide persistence of
devils and, if included in our model, may result in a similarly high probability of devil-DFTD coexistence.

Notably, while Wells et al. (2019) and Siska et al. (2018) predict that devil-DFTD coexistence prevents devil populations from
returning to their pre-disease abundance (with devils at an average of 48% and median of 9% of their pre-disease abundance,
respectively) and results in population cycles (Wells et al. 2019), we find that the evolution of reduced tumor virulence and greater
devil tolerance can enable devil populations to slowly recover, in spite of DFTD (we did not quantify population cycling within this
broader trend). Though'we found an average population recovery to 60.6% of starting abundance, recovery was strongly correlated
with the probabilityrof devil-DFTD coexistence such that selected parameters with a high probability of devil-DFTD coexistence
also show a high probability of devil recovery (Spearman p = 58.8; Fig S10).

Wells et al. (2019) also found more rapid devil and tumor extirpation, with times to devil extirpation concentrated between
generations 5-10 (10-20 years), with a long tail, and times to tumor extirpation concentrated between generations 5-15 (our model
predicted an interquartile range of 15-21 generations for mean time to devil extirpation and 14-21 generations for mean time
to tumor extirpation). This difference likely occurred in part because we selected parameters to ensure neither devil nor DFTD
extirpation occurred within the first 10 devil generations, consistent with lack of any observed extirpation among continuously
distributed wild populations (Cunningham et al. 2021).

Though we chose to model devil-DFTD coevolution in a quantitative genetic framework, selection at large-effect loci may play
an important role in rapid devil-DFTD coevolution. Margres et al. (2018) found that ~7 loci explain 60.6% of genetic variation
in devil tolerance. Evolution is predicted to proceed more rapidly in traits determined by a mix of large-effect and small-effect
loci than in traits determined by small-effect loci alone, with a transient increase in genetic variance driven by the large-effect loci
(Gomulkiewicz et al. 2010). It is therefore possible that parameterizing a purely quantitative genetic model with results of Margres
et al. (2018) inflated our empirically-plausible values of tolerance variance. However, our qualitative results are robust even if the
maximum initial devil genetic variance in tolerance is halved (Figures S11) and, while devil-DFTD coexistence correlates with devil
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tolerance, coexistence is more sensitive to DFTD mutation variances and correlations (Table S5). In 2014, a second DFT strain
of independent origin (DFT2) was discovered in the southeast of Tasmania. This strain originated from a male devil, as opposed
to a female in the case of DFTD (James et al. 2019), has an elevated mutation rate relative to DFT1, and has already diverged
into two distinct lineages (Stammnitz et al. 2023). We did not consider DFT2 in the present study, as it is believed not to have
spread beyond its region of origin (James et al. 2019). However, within-host competition between disease strains can counterbalance
between-host selection for reduced virulence (reviewed in Alizon et al. 2013). Therefore, if DFT2 were to spread more widely, our
prediction of reduced DFTD virulence may not hold and the likelihood of devil-DFTD coexistence could be significantly affected.

Broader Implications and future directions

Implications for Coevolutionary Theory

Our multivariate model of host-disease coevolution represents an important contribution to the theory of disease ecology. and
coevolution. Previous modeling studies have examined simultaneous evolution of host resistance and tolerance (Restif and Koella
2004; Raberg et al. 2007; Boots et al. 2009; Boots and Best 2018), evolution of pathogen virulence and transmission (Alizon et al.
2009; Cressler et al. 2016), and, separately, the coevolution of pathogen transmission and host resistance (reviewed in Buckingham
and Ashby 2022) and the coevolution of within-host pathogen growth and host immune response (Gilchrist and Sasaki 2002).
However, host-disease models that are both multivariate and coevolutionary remain rare (but see multi-step infection models
such as Fenton et al. 2012; Nuismer and Dybdahl 2016, and gene/protein network models such as Kamiya et al. 2016; Shin and
MacCarthy 2016) and, to our knowledge, our model represents one of the first to examine the effect of multivariate coevolution on
host and pathogen extirpation risk. Considering coevolution in a multivariate context is important because the transmission and
within-host growth of a disease are multi-step processes that depend on behavioral patterns of contact, host immune responses,
and the biology of the disease (reviewed in McCallum et al. 2017; Handel and Rohani 2015; Hall et al. 2017). Selection may act
on host or pathogen traits at each of these multiple steps and, as our results highlight, the traits on which selection acts may
dramatically affect the host population outcome of an epizootic disease outbreak.

DFTD’s slow growth and load-dependent effect on host fitness are features sharegd by other high-profile wildlife diseases, including
chytridiomycosis in amphibians (Voyles et al. 2009; Grogan et al. 2023; Voyles et al. 2018) and white-nose syndrome in North
American bats (Blehert et al. 2009; Hoyt et al. 2021). The shape of the load-dependent infection and mortality curves has been
shown to critically influence host population persistence of both frogs and bats (Wilber et al. 2017; Langwig et al. 2017). Though
there are important differences between these diseases and DFTD (such as environmental transmission and temperature-dependent
growth; Wilber et al. 2017; Hoyt et al. 2021), our results suggest that host and pathogen trait correlations are likely to play an
important in these systems as well. Indeed, Wilber et al. (2024) found that evolution in each of three different host traits, analogous
to the devil traits we consider, had substantially different effects on the time to host-population recovery during a chytridiomycosis
outbreak.

Phenotypic tradeoffs or genetic correlations between traits are critical constraints on evolution in both hosts and pathogens
(for example, physiological or immunological costs of host resistance; Nunez-Farfdn et al. 2007, resistance-tolerance tradeoffs in
hosts; Restif and Koella 2004; Raberg et al. 2007; Boots et al. 2009; Boots and Best 2018; Singh and Best 2021, and transmission-
virulence trade-offs in pathogens, reviewed in Cressler et al. 2016) and, indeed, genetic and mutational correlations were among the
parameters to which our results were most sensitive (Table S5). In this context, it is surprising that we found evidence for a negative
correlation between DFTD transmission and virulence. No study has yet examined the genetic correlation between disease-related
traits in devils or DFTD and therefore the only empirical constraints on these correlation parameters in our model were likely
imposed by the purely demographic selection criteria. The importance of these correlations to devil persistence emphasizes the
need for continued research into the genomic basis of devil and DFTD traits and the broader need to consider rapid host-disease
coevolution in a multivariate context.

Implications for devil conservation

Tasmanian devils are a charismatic species of global interest and are the focus extensive conservation and research efforts. Early
post-discovery of DFTD, a captive “insurance” population was established across zoos and wildlife parks throughout Tasmania
with the aim to either reintroduce devils in cases of extirpations or supplement declining populations to enhance their genetic
diversity (CBS 2008). Later, devils were introduced onto Maria Island, which had no prior history of Tasmanian devil presence
(DPI 2010; Hogg et,al. 2017, 2015). The conservation efficacy of translocating devils from this disease-free insurance population
to low-density infected populations has been the subject of ongoing discussion (Hohenlohe et al. 2019; Hamede et al. 2021), with
limited translocations having occurred in four natural populations (Glassock et al. 2021). Although translocation has the potential
to benefit devil populations at low abundance by raising population size and potentially alleviating inbreeding depression (i.e.
genetic rescue, reviewed in Whiteley et al. 2015; Hedrick and Garcia-Dorado 2016; Grueber et al. 2019), the introduction of DFTD-
naive individuals risks exacerbating the epidemic and causing outbreeding depression by disrupting the population’s adaptation
to DFTD (Hohenlohe et al. 2019; Hamede et al. 2021). Our predictions that coevolution promotes devil persistence and could
even allow devils to regain a substantial fraction of their original abundance adds to growing evidence that translocation may
not be necessary to prevent devil extinction (Wells et al. 2019; Cunningham et al. 2021). An important caveat to our result
is that our model did not include inbreeding or any other Allee effect that could lead to extirpation if devil abundance drops
below a minimum viable population size (Frankham et al. 2014; Luque et al. 2016). Evidence for DFTD-induced increases in devil
inbreeding depression remains equivocal (Briiniche-Olsen et al. 2014; Gooley et al. 2020; Lachish et al. 2011) and the level of
inbreeding depression necessary to threaten devil extinction is currently unclear. A critical next step therefore is to incorporate
inbreeding into eco-evolutionary models to determine its effects on devil persistence.
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Alt text for figure 1: Panel A shows a timeline of devil life events from birth to death: Panel B shows a ball-and-stick diagram
of the infinitesimal model of quantitative genetics. Panel C shows a box and stick diagram of the susceptible-exposed-infected (S
E I) model with sub-figures showing infection probability, tumor growth, and/devil mortality as functions of tumor size, time, and
tumor size, respectively.

Alt text for figure 2: Plots of individual-level variation in disease related traits, with subfigures labelled from A to I, due to
variation from devils, tumors, and all sources.

Alt text for figure 3: Colored contour plots of devil persistence probability, and devil and devil facial tumor disease coexistence
probability.

Alt text for figure 4: Lined contour plots showing the density of selected values of tumor mutation variance and devil genetic
variance for each of the three trait-pairs (panels A through C). The raw parameter values are super imposed over the contour plots
as points, which are colored based on the probability of devil persistence for each parameter value.

Alt text for figure 5: Line plots show the changes over time in devil population size, tumor prevalence, and all three devil and
tumor trait pairs.

Alt text for figure 6: Violin plots showingthe probability of devil persistence (first row) and the probability of devil and devil
facial tumor disease coexistence (second row) when different combinations of trait pairs are allowed to coevolve.

Alt text for figure 7: Violin plots'showing the proportional devil recovery when different combinations of trait pairs are allowed
to coevolve.
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Table 1 Names and mathematical notation of the model state variables and the model parameters used in parameter selection.
“Realized state variables” are quantities the directly affect individual infection, disease progression, and survival while “latent
traits” are the quantitative genetic traits that underlie genetic variation in the realized state variables. Note that the three
covariance matrices represent nine, three, and nine, respectively, distinct parameters. See the methods and supplement 2 for the
details of the parameter selection process.

| Variable Name Notation || Parameter Name Notation |
| Population State Variables || Devil Demographic Parameters |
Time t Probability of mating Dmate
Devil population size N Offspring survival probability bprob
Susceptible devils Ns Density-dependent death rate dpp
Infected devils Ny Density-independent death rate dps
Realized Individual State Variables | Sub-adult excess death rate dsA
Probability of devil 4 remaining susceptible P? | DFTD Parameters
Realized resistance of devil i to infection by tumor j R;; Initial tumor growth rate rgmwth
Tumor load on devil ¢ L; Tumor growth heterogeneity A
Expected tumor load L; Maximum tumor load Lomaz
Time of infection TiI Tumor latent period T
Realized tumor growth rate fmwth Minimum surviyval probability Smin
Critical tumor size (mortality) Lt Baseline critical tumor size (mortality) Lg:“
Devil survival probability ppury Mortality shape parameter «
Latent Individual Traits Maximum Transmission B
- - - - Criticalrtumor sizé (transmission) L?”t
Latent devil resistance to infection 21,4 S
Latent devil resistance to tumor growth 224 T s s%lape parameter il
= Subadult Resistance Factor Rsa
Latent devil tolerance 23,i
Devil phenotype vector Z | Covariance Matrices |
Devil genotype vector g Initial devil genetic covariance matrix G(0)
Devil genetic covariance matrix G(1) Devil environmental covariance matrix E
Devil segregation covariance matrix S Tumor mutation covariance matrix M
Latent tumor transmissibility T1,5
Latent tumor growth Ta,i
Latent tumor virulance T34
Tumor phenotype vector x
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Table 2 A list of studies used to derive the parameter selection criteria and a brief description of their findings.

Study Type Sites Sampled Sampling Primary Goal
Duration
Lachish et al. | Mark-recapture Freycinet 1999-2007 Estimate changes in devil age-
2009 structure, sex ratio, and breeding
behavior due to DFTD.
McCallum et | Mark-recapture; SEI | Fentonbury, Wisedale, | 1999-2008 Calculate DFTD RO; Estimates DFTD
al. 2009 model Bronte, Buckland, Mt | (varies by | prevalence and devil density; Predict
William, Freycinet site) future DFTD prevalence and devilden-
sity
Hamede et al. | Mark-recapture Fentonbury, Forestier, | 2001-2010 Estimate changes in devil density,
2012 Freycinet, West Pencil | (varies by | DFTD prevalence, and/ devil. age-
Pine site) structure due to DFTD
Wells et al. | Bayesian hierarchical | West Pencil Pine 2006-2015 Estimate tumor growth and the effect
2017 mark-recapture model of tumor size on devil survival and
fecundity
Rose et al. | Review NA NA Review deyil ecology; behavior, and
2017 reproduction.
Lazenby et al. | Spotlight survey; Mark- | State-wide; Bronte, | 1985 — 2016; | Estimate changes in devil density,
2018 recapture Buckland, Fentonbury, | 2004-2016 DFTD. prevalence, and devil demogra-
Granville, Narawntapu, | (varies by | phy due to DFTD
Kempton, Takone, | site)
Woolnorth, wukalina
Margres et al. | Genome-wide Associa- | Fentonbury, Forestier, | 2000-2016 Estimate contribution of devil gene-
2018 tion Study (GWAS) Freycinet, wukalina, | (varies by | tic variation to variation Case-control,
Narawntapu, West | site) time to infection, and survival after
Pencil Pine infection
Cunningham Spatially-explicit State-wide spotlight. | 1999-2020 Estimate and predict state-wide spread
et al. 2021 mark-recapture; surveys; 15  mark- | (varies by | of DFTD and changes in devil density
Pattern-oriented dif- | recapture * sites. (see | site)
fusion simulation; | Cunningham et al.
Bayesian joint- | 2021, table S2)
likelihood model
Gallinson et | Two-species genome- | Black River, Freycinet, | 2006-2020 Estimate contribution of devil gene-
al. 2024 wide association study | Takone, West Pencil | (varies by | tic variation, tumor variation and the
(Co-GWAS) Pine site) interaction of the two to force of infe-
ction.
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