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Abstract

Tasmanian Devils facial tumor disease (DFTD) is severely impacting the population of this 

wild animal. We developed a computational model of the population of Tasmanian Devils, 

and the change induced by DFTD. We use this model to test possible intervention strategies 

Tasmanian conservationists could do. We investigate bait drop vaccination programs, diseased 

animal removals programs, and evolution of natural immunity. We conclude that a combination 

of intervention strategies gives the most favorable outcome. An additional goal of this paper is 

reproducibility of our results. Our StochSS software platform features the ability to share and 

reproduce the computational notebooks that created all of the results in the paper. We endeavor 

that all readers should be able to reproduce our results with minimum effort.
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1 Introduction

Devil facial tumor disease (DFTD) has been ravaging the Tasmanian devil population 

since it was first seen in the wild in 1996 (see Figure 1). There is an estimated 80% 

decline in pre-DFTD population in parts of Tasmania (McCallum et al., 2007). As the apex 

predator of the Tasmanian ecosystem, it’s precipitous decrease in population numbers has 

lead to notable changes in the species ecosystem including a significant increase in feral 

cat populations and decrease in quoll populations (Fancourt et al., 2015; Hollings et al., 

2014, 2016). Additionally, the disease, spread through biting primarily during mating, is 

disproportionately affecting devils with higher fitness, causing a decrease in the overall 

fitness of the devil population (Hohenlohe, 2017). Some natural resistance to the disease as 

well as tumor regression has been seen, but it is unclear if this resistance alone is enough 
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to help the wild population rebound towards pre-DFTD numbers (Hohenlohe et al., 2019; 

Pye et al., 2016; Wright et al., 2017; Margres et al., 2020; Hamede et al., 2021). Early 

disease modeling efforts suggested that DFTD could lead to extinction of devils in the 

wild (McCallum et al., 2007) and current captive and wild insurance populations will be 

necessary to keep the species alive (Rout et al., 2017). Selective culling of diseased animals 

has been considered in the past but models show it would not be effective alone (Beeton and 

McCallum, 2011) but DFTD vaccine development has been promising in recent years (Flies 

et al., 2020; Tovar et al., 2017; Owen and Siddle, 2019; Kayigwe et al., 2022; Dempsey et 

al., 2022).

In this paper we consider the effectiveness of bait drop or trap-vaccinate-release wildlife 

vaccines either as a single intervention or combined with selective culling of only highly 

diseased animals who are no longer reproducing. We find that successful elimination 

of the disease is the only way to have long term recovery of the devil population to 

pre-DFTD numbers. Additionally, we explore the preliminary data evidence that devils may 

be developing some natural immunity to the disease and how much immunity would need 

to develop to allow for a sustainable population without human intervention (Hamede et al., 

2021).

2 Background

We developed a modified SEIV (Susceptible, Exposed, Infected, Vaccinated) model and 

calibrated it to the population data presented by Cunningham et al. (2021). Through the 

parameter estimation process we found that we must split the infected individuals into 

two classes, the Infected class, and an additional class of highly diseased devils who 

are no longer successfully reproducing, the Diseased class (Hamilton et al., 2019, 2020). 

Additionally, we are able to estimate the start of DFTD to be in the year 1993, which is 

in agreement with other efforts to predict to emergence date of DFTD (Kwon et al., 2020; 

Cunningham et al., 2021). After successfully parameterizing the model with and without the 

disease, we examine the population trajectory for the following conditions:

• A successful vaccine and bait drop process is developed and implemented.

• Highly diseased animals in the Diseased class are culled to remove them from 

the population.

• Devils develop natural resistance to DFTD that slows down movement between 

Susceptible, Exposed, Infected, and Diseased classes.

• None of the above occur.

We found several different successful strategies: bait drop style vaccination programs, the 

development of high levels of natural immunity, and a conservation program that includes 

vaccination and the culling of highly diseased animals. However, we find that successful 

programs are dependent on the length and frequency of the interventions. Our findings are 

consistent with previous modeling efforts that conclude selective culling alone will not be 

effective (Beeton and McCallum, 2011) and support models that show vaccine efforts may 

be the most effective strategy (Bruno et al., 2017; Bobbitt et al., 2020). We find that devils 
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would need to develop at least a 60% natural immunity to DFTD for the disease to have a 

high probability of elimination. Therefore, our model supports that a vaccine strategy, even 

if it is not sufficient to eliminate the disease, may help the devils maintain a sustainable 

population while such natural immunity may be developing.

3 Model Description

We developed a stochastic model whose diagram is shown in Figure 2. Equations (1)–(5) 

describe the base population model without any disease. Adult devils produce juvenile devils 

at a rate Kbirth and juvenile devils become adult devils at a rate Kmature. Juveniles and adults 

have non-disease death rates of Djuvenile and Dadult, respectively, as well as a combined death 

rate due to overcrowding of Dovercrowding. The rate parameters in Equations (1)–(5) were fit to 

data from Cunningham et al. (2021) assuming our estimated carrying capacity of 61322 

devils for the whole ecosystem.

Adult Devil Kbirth Juvenile Devil + Adult Devil (1)

Juvenile Devil Kmature  Adult Devil (2)

Adult Devil Dadult ∅ (3)

Juvenile
Djuvenile ∅ (4)

Juvenile   or   Adult    
Dovercrowding  Juvenile  +  Adult 

    ∅ (5)

To model the disease we sub-divide “Adult Devil” into four stages of the disease: 

Susceptible (devils without DFTD), Exposed (Devils who have been exposed to, but are 

not spreading DFTD), Infected (Devil who are spreading DFTD), and Diseased (Devils 

who are spreading DFTD and are heavily impacted by it), as shown in Equations (6)–(11). 

Note, we assume that Diseased devils do not successfully reproduce due to their advanced 

diseased state. When Susceptible devils interact with either Infected or Diseased devils, the 

outcome is Exposed and Infected or Diseased devils respectively at rates Iinfected and Idiseased. 

Exposed devils move to the Infected class after the incubation period at a rate 1/T incubation and 

similarly Infected devils move to the Diseased after the disease progresses at a rate 1/Tprogression. 

Infected Devils die at a rate Dinfected and Diseased Devils at rate Ddiseased.

Susceptible+Infected Iinfected Exposed + Infected (6)
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Susceptible+Diseased Idiseased Exposed + Diseased (7)

Exposed T incubation
−1

Infected  (8)

Infected Tprogression
−1

Diseased (9)

Infected Dinfected ∅ (10)

Diseased Ddiseased ∅ (11)

The model described by Equations (1)–(11) were fit to data presented by Cunningham 

et al. (2021) and were chosen based on error minimization, visual fit of the model, and 

consistency with field data on the disease. Figure 3(a) shows the reported total population 

data as well as our fitted model, extrapolating the devil population if DFTD had not existed. 

Figure 3(b) shows the reported total population and our fitted total population with DFTD 

as well as the sub-classes of devils in the model. Table 1 shows average value for the fitted 

parameter values for the disease. The average time from first exposure to the disease to 

death from the disease T incubation + Tprogression + 1/Ddiseased  is approximately 24 months. Devils may 

die from other causes before this two years. While total time from exposure to death may 

be shorter in individual devils, we are choosing these parameters that are both biologically 

feasible and fit the Cunningham (Cunningham et al., 2021) data as best as possible.

4 Conservation Intervention Strategies

We consider how a vaccine campaign, a culling campaign, or a combination of both could 

impact long term devil populations. We aim to find a parameter space that eliminates 

DFTD and allows devil populations recover to their pre-DFTD populations. Additionally, 

we explore how much natural immunity in what time frame would be needed for devils 

to sustain their population without human intervention. We show how a vaccine campaign 

may allow maintenance of a sustainable population while devils develop natural immunity 

even if the vaccine campaign is not sufficient to eliminate the disease. First we model devil 

populations if no interventions are present as comparison.

4.1 No intervention

If no intervention is done, we see in Figure 4 that the model predicts that DFTD will become 

endemic and devils will maintain a population of roughly one third of their peak population. 

We do note Figure 4 shows juvenile devils as the largest class of devils in the endemic 

phase. This is troubling because juvenile devils are the most susceptible to death due to 

external influences such as from vehicle strikes and domestic dog attacks (Hobday et al., 

2008; Jones, 2000). Our model does not account for these potentially higher death rates, 
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therefore it is possible that the long term population would decrease more than the figure 

shows due to the increased proportion of the population being juveniles.

4.2 Evolved natural immunity

It has been hypothesized that the devils are becoming naturally immune through strong 

evolutionary selection pressure (Hamede et al., 2021) with evidence of tumor regression in 

rare cases (Pye et al., 2016; Wright et al., 2017; Margres et al., 2020). We model this by 

reducing the transmission rate of the disease by multiplying by 1.0 immunity . For example, 

if we assume immunity is 60%, this means an individual devil will only contract the disease 

at 40% the rate it would had the devil no natural immunity. Due to the rarity of tumor 

regression, we do not model a way for devils to move backwards in the disease classes from 

Diseased to Infected, Infected to Exposed, or Exposed to Susceptible. This may be modeled 

in future efforts if more evidence of natural regression or vaccine induced regression is well 

documented. Figure 5 shows simulations of this program assuming that natural immunity 

began to develop in January 2022 growing at an exponential rate of 0.0075 to a maximum of 

70% immunity. The exponential rates 0.005, 0.0075, 0.01 corresponds to approximately 23, 

15, and 11 years for the devil population to gain half of the max level, respectively. We note 

that if devils naturally develop a high level of immunity to the disease, they may be able to 

recover on their own without human intervention. We consider how high the immunity must 

reach for potential disease elimination by considering the maximum immunity level reached 

as well as when natural immunity started to develop, see Equations (12)–(14) and Table 2 

for more details. Figure 6 shows that at only 50% maximum immunity, elimination of DFTD 

is not possible, but at 70% maximum immunity, the devils may be able to eliminate the 

disease. There is not sufficient evidence that this level of natural immunity is achievable at 

all or in what time frame it would take to achieve such a high level of natural immunity.

d
dt immunity = Igrowth rate Imax − immunity ∀t > Istart (12)

Susceptible + Infected
Iinfected 1 −  immunity

Exposed + Infected  (13)

Susceptible + Diseased
Idisesed 1 − immunity

Exposed + Diseased (14)

4.3 Culling

One possible intervention is culling of devils who are heavily impacted by DFTD (the 

“Diseased” sub-class in our model, see Equation (15) and Table 3). These are animals 

that are generally in the last 3 months of life and often die due to the disease. For our 

analysis, culling indicates the individuals are removed from the general population. The 

implementation of this intervention in the field could take many forms including a capture 

and quarantine type program. Figure 7 shows simulations of this program. We note that 

while there will be small rise in devil populations with a culling program, the disease 

will quickly return to its current endemic state after the conclusion of a culling program. 
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Additionally, Figure 8 shows a 0% probability of eliminating DFTD using culling strategies 

alone with a culling program from 3–11 years and culling anywhere from 25% to 75% of 

the Diseased animals. Therefore, our model supports that culling alone is not a viable long 

term strategy. Additionally, many remote regions of Tasmania are not accessible via roads, 

so large-scale culling of diseased devils is not feasible in the foreseeable future.

Diseased  Dcull   ∅ ∀   t ∈ [program start, program end) (15)

4.4 Vaccination

Wildlife vaccination against DFTD is still in development but we consider what efficacy 

of vaccine is needed to be productive as well as how long and how frequent a vaccine 

campaign would be needed to allow devil populations to recover (Owen and Siddle, 2019; 

Tovar et al., 2017; Flies et al., 2020). Figure 9 shows the model diagram with the addition 

of the Vaccinated state, Equations (12)–(14) and Figure 9 shows the additional interactions, 

and Table 4 shows the description and ranges of the vaccination parameters. The model 

considers the vaccination to be administered from 1–12 times per year for 1–10 years with 

Pvaccination proportion of the devils receiving the vaccine. The vaccine has an efficacy rate of 

1 − V fail, therefore Vaccinated devils become Exposed devils after interacting with an Infected 

or Diseased devil at reduced infection rates Iinfected V fail and Idiseased V fail respectively.

Figure 10 shows the model with a ten year vaccination program implemented. A successful 

campaign where devil populations increase to pre-DFTD populations post the end of the 

campaign is shown in Figure 10(a). This successful campaign assumes vaccine with only 

40% efficacy (60% failure rate) that is delivered to 80% of the devil population, six times 

per year. A campaign that temporarily increases devil populations but does not eliminate the 

disease and the population decreases back to the endemic steady state is shown in Figure 

10(b). This campaign assumes the same parameters as the successful campaign but reduces 

vaccine delivery to only two times per year.

We note that due to the high transmissibility of DFTD, if the disease is not successfully 

eliminated, a single diseased animal will eventually push the population back into the 

current endemic state if no other interventions or acquired immunity develops. Therefore 

we consider the probability of DFTD elimination based on the vaccine program length in 

years versus the vaccine frequency per year, the proportion of devils who are vaccinated and 

the vaccine failure rate (1-vaccine efficacy). Figure 11 shows that in all cases, a program 

length of at least eight years is needed for at least a 50% probability of DFTD elimination. 

In Figure 11(a) we assume a low vaccine failure rate of only 10% with 80% of the devils 

receiving the vaccine. We notice that a vaccine frequency of at least four to six times per 

year is needed to achieve over a 50% probability of disease elimination. In Figure 11(b) we 

also assume a low vaccine failure rate of only 10% with a frequency of four times per year. 

We note that developing baits that allow the vaccine to be delivered to a higher proportion 

of the devils is imperative and the more successful the bait drops are, the fewer years the 

vaccine campaign can be for potential successful DFTD elimination. Finally in Figure 11(c) 

we see something interesting about the vaccine failure rate. We note that the probability of 
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disease elimination does not vary greatly in each column, indicating that vaccine failure rate 

does not play a strong role in disease elimination. A 10% failure rate (bottom row) does 

not lead to much greater elimination probabilities than a 60% failure rate (top row) with 

the same length of the vaccine campaign. Therefore our model supports that with with the 

development of almost any vaccine, efforts put into successful baits in a long term, frequent 

vaccine campaign can have a high probability of eliminating DFTD.

 Susceptible Pvaccination Vaccinated (16)

Vaccinated+Infected IinfectedV fail Exposed + Infected (17)

Vaccinated+Diseased Idiseased V fail Exposed + Diseased (18)

Note, that we implement the vaccination process in Equation (16) as single event. This 

mimics the implementation of the proposed bait drop vaccination strategies. Thus our 

vaccination program has four parameters (as shown in Table 4): PVaccination is the fraction 

of all wild Tasmanian devil that will be vaccinated by a single drop, “Program Length” is 

the number of years the conservation will be implemented, and “Program Frequency” is 

the number of times per year that bait drops will be performed. We assume a bait drop 

is an environment wide distribution of vaccine within a short time period (modeled as 

instantaneous).

4.5 Vaccination and culling combined

A vaccination campaign can be costly and time consuming, therefore we consider if 

selective culling of highly diseased animals can reduce the length of a potential vaccine 

campaign. Animals considered for culling are in the Diseased sub-class meaning they are in 

the late stages of DFTD, have noticeable visible tumors, and are in the last 3–4 months of 

their life. While these devils are assumed to not be successfully mating, it is still possible 

for them to spread the disease to Susceptible devils. Figure 12 shows the effect on the devil 

population of a program that includes both vaccination and culling. Figure 13 shows that 

vaccination and culling are more successful than either conservation strategy alone.

5 Conclusion

In developing a model parameterized based on 35 years of devil data and 25 years of disease 

data (Cunningham et al., 2021), we are able to show the potential for DFTD interventions to 

successfully eliminate the disease. While there is limited evidence that devils are developing 

natural immunity to the disease, elimination of the disease and population recovery can be 

supported by a multi-year vaccine campaign, potentially combined with selective culling of 

highly diseased animals. Our model supports that the devils are currently in the endemic 

phase and may stay at their current population levels, but with potential changes to the 

age structure of the population, current devil populations may not be sustainable. A devil 

population of primarily juveniles, as our model shows the population will become, is 
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problematic and unlikely to lead to a long term healthy population. Therefore, lacking 

strong evidence for the development of a high level of natural immunity, our model supports 

vaccine intervention when a viable vaccine become available.

Our simulation results can be interpreted to make a few conclusions. Parameter sweeps of 

different vaccination strategies show that the results are less sensitive to vaccine failure rate, 

i.e. decreasing vaccine failure rate does not necessarily increase elimination probability 

(Figure 11c). Our results show that focusing on vaccine distribution by increasing 

vaccination frequency and vaccination proportion show increasing chance of elimination 

(Figures 11a and 11b). However, for a vaccination program alone results will likely take 

at least 9 years (results > = 50% in Figure 11). The timeline for DFTD eradication can 

be accelerated by combining a vaccination program with a culling program, with possible 

elimination in 7 years (results > = 50% in Figure 13a). It may be beneficial to the long term 

health of the Tasmanian Devil population to explore some of these options.

While our model shows vaccination as the most effective way to eliminate DFTD, vaccine 

production and distribution cost could be a major barrier to widespread devil vaccination. 

Technological advances continue to streamline large-scale vaccine production, but the cost 

to produce the viral vector-based vaccines will remain significant. Strategies that allow 

lower doses of vaccine to be used in each bait could decrease cost proportionally to dose 

reduction. For example, a single-cycle adenoviral vector that copies its genome in host cells 

but cannot make new viruses could decrease dosage by up to three orders of magnitude per 

vaccine (Barry, 2018).

The frequency and density of bait distribution will likely be the primary determinant of cost. 

Previous rabies oral bait vaccine analysis suggests that high bait density of 300 baits/km2 

could be needed for skunks (Mephitis mephitis) whereas 75 baits/km2 could be effective 

for raccoons (Johnson et al., 2021). However, two reviews of global oral rabies vaccination 

years of rabies baiting suggest that bait densities of less than 20 baits/km2 can eradicate 

rabies (Müller et al., 2015; Maki et al., 2017). It is currently unknown how many baits/km2 

would be needed to effectively vaccinate the devil population. A density of 20 baits/km2 

across the island of Tasmania (68,000 km2) would require 1,360,000 for a single full scale 

baiting operation. Alternative approaches that focus on regional elimination of DFTD and 

establishing buffer zones with high devil density as the population recovers would reduce 

cost. Another innovative approach would be to engage land owners and other community 

members to assist in vaccine distribution and monitoring (Duamor et al., 2022). Finally, the 

vaccine could amplify any natural resilience to DFTD that evolves in the population, thus 

potentially decreasing the frequency and duration of bait vaccine campaigns. Local, national, 

and international community support for this Tasmanian icon remains staunch, suggesting 

that cost of mass vaccination campaigns may be surmountable if an effective vaccine can be 

developed.

6 Methods

Our simulations were performed using the software package GillesPy2 (Drawert et al., 

2019) version 1.6.9. GillesPy2 is a complete rewrite from the original (Abel et al., 2016). 
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GillesPy2 is part of the StochSS (Drawert et al., 2016) suite of software (Drawert et 

al., 2018; Jiang et al., 2021). Our simulation methodology was of discrete stochastic 

simulation, of the style of the Stochastic Simulation Algorithm (SSA) (Gillespie, 1976, 

1977) (sometimes known as the Gillespie method). Specifically, we use the Tau-Hybrid 

solver with events, which utilizes the Tau-Leaping (Gillespie, 2001) method to simulate the 

stochastic reaction system.

StochSS is an online, open interface designed for non-technical audiences to create 

models (differential equation, stochastic, biological, epidemiological, and more) and analyze 

results utilizing built-in methods for producing time-series graphs and parameter sweeps 

along with an extensible jupyter notebook interface for more advanced users. StochSS 

can be used simply and immediately online through our web interface, StochSS Live! 
live.stochss.org, or users can create their own StochSS environment either locally or on their 

own server. Additionally, while StochSS provides a comprehensive and robust environment 

for modeling, the underlying packages which power StochSS can all be installed and used 

individually. StochSS is powered by GillesPy2, a modeling tool kit for single well-mixed 

volumes providing a wide range of ODE and stochastic simulation techniques, SpatialPy a 

modeling system that couples reaction-based networks with particle-based fluid dynamics, 

and Sciope(Singh et al., 2020), a toolkit for model exploration and parameter inference. 

All three are Python 3 packages, available through PyPi and accessible through simple pip 

installations.

Users can log in to the StochSS Live! platform at https://live.stochss.org using a Google 

account through Google OAuthID services to begin using the platform for this scientific 

research. Once logged in, users can begin by creating a model, or via uploading a previously 

constructed model. The StochSS Live! interface also provides a tutorial to assist users in 

getting started with model building and simulation.

To create a model in StochSS or GillesPy2, first you must identify which quantities of 

interest are time changing. In our model, these quantities are the total number of devils, and 

each sub-category of the devil population, these are known as the “variables” (in StochSS) 

or “species” (in GillesPy2). Next, we identify the constant values that identify the rates of 

changes of the quantities (e.g. maturity rate, death rate), these are known as “parameters." 

Finally, we need to identify the interactions which cause changes to the variables, and what 

is consumed and produced by that interaction. These are known as “reactions.” For example, 

the maturity reaction, Equation (2), consumes one juvenile devil and produces one adult 

devil at the rate Kmature. Once all the species, parameters and reactions have been identified, 

and a time span of the simulation has been specified, then the model can be simulated and 

the results plotted. In our model we use “month” as our output interval of our time span, 

starting at January 1985 ending either at January 2020 or May 2068 (1000 months). See the 

next section for more details on how to recreate our models.

6.1 How to reproduce this work

The modeling, simulation, and analyses were all done with StochSS (Jiang et al., 2021). 

One powerful feature of the StochSS Live! web platform is the ability to publish 

models and projects, and to create publicly accessible links that will allow other users 
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to download these to their own account on StochSS Live!. This enables researchers to 

make their work easy to review and reproduce, furthering collaboration and peer-review. 

To reproduces this work, click this link: https://open.stochss.org/?open=https://github.com/

StochSS/devils_dftd_modeling/raw/main/SavingTheDevilsIsInTheDetails.zip.

We have created a “StochSS project” that contains all the models, simulation, data, and 

analysis workflows that were used to create the results in this paper. Clicking the link 

above will open the users’ web browser to their copy of this project in their account on 

the StochSS Live! web platform. If a user is not signed in, they will be prompted to 

login using a Google OAuthID (e.g. any Gmail account, or Google organization account). 

Once logged in, the user will see a loading screen while the project is transferred from 

its hosting (ours is on GitHub), and uploaded into their account. When the transfer is 

complete, the project will open automatically and the user will see a listing of models 

and their associated workflows, which are embedded in Jupyter Notebooks (Kluyver et al., 

2016). The user can then click on the “1-Devils-Parameter_Fitting” model, this will show 

the variables (Devils, Juvenile, Adult), Parameters, and Reactions of the model. If the users 

then clicks “Simulate” (lower right) then “Preview.” They will see a plot of the population 

of the Tasmanian devils over time (units of months since January 1985), if DFTD had not 

been introduced to the population. If the users goes back to the project’s model listing 

and clicks on “2-Devils_DFTD-Parameter_Fitting” model, they can “Simulate Preview” and 

see the population of Tasmanian Devils with DFTD introduction. All simulation figures in 

this paper were generated with the notebooks contained in this project. From the project 

listing, click on “Devils-Parameter_Fitting” (below the “1-Devils-Parameter_Fitting” under 

the “Workflows” tab). This will open that notebook in a new tab. Figure 3(a) and Figure 

14(a) were created with this notebook. For the reproduction of all other figures, see the 

“Notes” tab under each model for details. Please note, some of the workflows in these 

notebooks are very computationally intensive, especially the parameter sweep workflows 

for Figures 6, 8, 11, 13, and 14. In addition, all of our code is posted on GitHub at: https://

github.com/StochSS/devils_dftd_modeling.

6.2 Model parameterization

We found our set of parameters (see Table 1) using a combination of expert knowledge and 

a computational technique, similar to the method outlined in (Singh et al., 2020). See Figure 

14 for plots showing the sensitivity of the parameter space near the parameter points shown 

in Table 1.

Due to the stochastic nature of this model, exact parameter fitting is challenging. Our 

process is as follows. At each candidate point in parameter space, 1000 stochastic 

trajectories were simulated. For each trajectory, the error was calculated by taking the L2 

norm of the difference between the “Total Devils” variable and the time-series data of the 

wild devil population from (Cunningham et al., 2021). The mean and standard deviation of 

the distances is shown in the error bar plot. For each candidate point in parameter space, 

we used this process to compute the local slope of error by calculating the error distribution 

for candidate points that are slightly higher and slightly lower in value for each of the 

eleven parameters in our model. We looked for nearby candidate points that had a lower 
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average error, and repeated this process until we found a local minima candidate point 

that recapitulated the devil population effectively. Our parameter space was constrained 

using non-DFTD carrying capacity of the environment (Figure 3a) and the average time 

from exposure to death of a devil is close to 24 months (McCallum et al., 2007). See the 

parameter exploration notebooks in the StochSS Project: “Devils-Parameter_Fitting” and 

“Devils_DFTD-Parameter_Fitting” to review and reproduce this procedure.
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Figure 1: 
(a) Devil facial tumour disease causes tumours to form in and around the mouth, (Photo: 

Menna Jones) adapted from McCallum and Jones (2006). (b) Spread of DFTD across 

Tasmania, adapted from Epstein et al. (2016).
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Figure 2: 
Diagram of our model. We sub-divide “Adult Devil” into four stages of the disease: 

Susceptible (devils without DFTD), Exposed (Devils who have been exposed to, but are 

not spreading DFTD), Infected (Devil who are spreading DFTD), and Diseased (Devils who 

are spreading DFTD and are heavily impacted by it). Note, we assume that Diseased devils 

do not reproduce.
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Figure 3: 
Simulations of 100 stochastic trajectories of the Tasmanian Devil population model. The 

first trajectory is dark, while the rest are lighter. The dashed black line represents observed 

Tasmanian Devil populations (Cunningham et al., 2021). (a) Simulation of the model had 

DFTD not existed: simulated total population (blue lines) and observed (dashed black line). 

(b) Simulation of model with DFTD: simulated total population (blue lines), simulated 

sub-groups (colored lines), and observed (dashed black line).
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Figure 4: 
Simulation of the model with no interventions, for comparison. Note that with no human 

intervention DFTD become endemic and the population of devils reaches a steady-state. 

Also note, however, that the population of juvenile devils is larger than adult devils in 

this state. (a) A single stochastic trajectory, showing all the sub-classes. (b) 100 stochastic 

trajectories, showing only total devil population.
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Figure 5: 
Simulation of DFTD model with naturally evolved immunity. Parameters of the program: 

starting Jan 2022 at 0% and growing exponentially at a rate of 0.0075 to a maximum of 

70%. The time-varying immunity level is indicated by the dashed red line. Even in cases 

where evolved natural immunity does not eliminate it, DFTD becomes endemic in the devil 

population and the population trends towards the carrying capacity of the environment with 

a more sustainable adult devil population (in contrast with the “no intervation” results). (a) 

A single stochastic trajectory, showing all the sub-classes. (b) 100 stochastic trajectories, 

showing only total devil population.
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Figure 6: 
Although there is currently no evidence that Tasmanian Devils are or will develop immunity 

to DFTD, we explored the outcomes if such immunity evolved. Probability of eliminating 

DFTD with naturally evolved immunity reaching of a maximum level of 50–100% and 

starting to evolve between 2017 and 2027. Probability of eliminating DFTD with natural 

immunity, showing immunity max level versus (a) Immunity Start, with immunity growth 

rate of 0.0075 (15 years to reach the half-maximum immunity level). (b) Immunity Growth 

Rate, with immunity start as Jan 2022.
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Figure 7: 
Simulation of DFTD model with a 10 year culling program where 50% of heavily diseased 

devils removed from the population (Diseased state). (a) A single stochastic trajectory, 

showing all the sub-classes. (b) 100 stochastic trajectories, showing only total devil 

population.
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Figure 8: 
Probability of eliminating DFTD with culling.
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Figure 9: 
Diagram of our model with the Vaccinated state. We sub-divide “Adult Devil” into five 

stages of the disease, adding Vaccinated as a subset of the Susceptible population. This state 

has a lower rate of becoming Exposed given contact with an Infected or Diseased devil.
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Figure 10: 
Simulation of DFTD model with a 10 year vaccination program. (a) A program that 

successfully eliminates DFTD, using the parameters: 60% vaccine failure rate, delivered 

to 80% of the population 6 times a year. The inset shows the vaccination events, and 

resulting spikes in the population of Vaccinated and Susceptibilities. (b) A program that 

temporarily increases devil populations but does not eliminate DFTD, using the parameters: 

60% vaccine failure rate, delivered to 80% of the population 2 times a year. The inset shows 

the vaccination events with a different frequency. (c) A plot of 100 stochastic trajectories, 

showing approximately 50% DFTD elimination. Simulations used the parameters: 40% 

vaccine failure rate, delivered to 80% of the population 4 times a year for 9 years. This 

shows how we calculate the percentage effectiveness of a conservation strategy of a specific 

parameter set, by counting the number of stochastic trajectories where DFTD is eliminated 
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(blue lines ending near the carrying capacity) divided by the total number of trajectories 

simulated.

Drawert et al. Page 24

Lett Biomath. Author manuscript; available in PMC 2023 August 31.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 11: 
Probability of eliminating DFTD with program length between 3 and 11 years versus (a) 

Vaccine frequency (number of times per year) while fixing vaccine failure rate at 0.1, and 

vaccination proportion at 0.8. (b) Vaccination proportion while fixing vaccine failure rate at 

0.1 and vaccine frequency of 4 times a year. (c) Vaccine failure rate while fixing vaccination 

proportion 0.8 and vaccine frequency 4 times a year.
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Figure 12: 
Simulation of DFTD model with both vaccination and culling. (a) Culling and Vaccination 

program lengths of 10 years, vaccine failure rate of 0.6, vaccination proportion of 0.8, 

vaccine frequency of 2 times a year, and a cull rate of 0.5. (b) Culling and Vaccination 

program lengths of 7 years, vaccine failure rate of 0.4, vaccination proportion of 0.8, vaccine 

frequency of 4 times a year, and a cull rate of 0.5.
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Figure 13: 
Probability of eliminating DFTD with both vaccination and culling. Parameters held 

constant (unless specified by the axes) are: vaccine failure rate of 0.4, vaccination proportion 

of 0.8, vaccination and culling program length of 7 years, vaccine frequency is 4 times a 

year, and Diseased devil culling rate of 0.5. (a) Culling Program length versus Vaccination 

Program length. (b) Culling Program length versus Diseased devil culling rate. (c) Vaccine 

Frequency versus Vaccine Program Length. (d) Vaccine Frequency versus Diseased devil 

culling rate. (e) Vaccine Proportion versus Vaccine Program Length. (f) Vaccine Proportion 

versus Diseased devil culling rate.
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Figure 14: 
Parameter Space Exploration, plots show the error (L2 norm distance metric) between 

simulated trajectories and data. Vertical dashed line show selected model parameters (see 

Table 1). Each parameter point was simulated with 1000 stochastic trajectories, the distance 

to the observed data was calculated for each of trajectories, the mean and standard deviation 

of that data is shown in the figure. (a) Parameter fitting for Devils without DFTD. (b) 

Parameter fitting for Devils with DFTD. (c) Parameter fitting for the start date of DFTD.
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Table 1:

Model Parameters.

Parameter Value Units Notes

Initial juvenile population 16165 Devils

Initial adult population 18450 Devils

Kbirth 0.055 Devils−1months−1

Kmature 0.04 Devils−1months−1

Djuvenile 0.007 Devils−1months−1

Dadult 0.02335 Devils−1months−1 Susceptible and Exposed

Dovercrowding 2.3e-07 Devils−2months−1

Iinfected 1.0e-05 Devils−1months−1

Idiseased 3.84e-05 Devils−1months−1

T incubation 10.25 months Devils

Tprogression 10.74 months Devils

Dinfected 0.022609 Devils−1 months−1

Ddiseased 0.29017 Devils−1 months−1

DFTD start 100 months May 1993
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Table 2:

Parameters for natural immunity.

Parameter Range Description

Start Istart 2017 2027 Date when Immunity begins

Growth Rate Igrowth rate 0.005 0.01 Exponential growth rate of immunity

Max Level Imax 0% 100% Maximum level of immunity
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Table 3:

Parameters for culling intervention.

Parameter Range Description

Cull Rate Diseased Dcull 0.0 1 .0 Rate of culling of Diseased devils

Program Length 1 + Duration in years of the cull program
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Table 4:

Parameters for vaccination intervention.

Parameter Range Description

PVaccination 0.0 1 .0 Fraction of Adult devils vaccinated on each drop

V Fail 0.0 1 .0 Probability of vaccine failure

Program Length 1 + Duration in years of the vaccination program

Program Frequency 1 12 Number of vaccination drops per year
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