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## WHAT IS IT?
The purpose of this model is to explore the transmission dynamics of canine distemper virus (CDV) in a two-host system, comprised of an abundant dog population and a relatively low density Indian fox population in central India.
## HOW IT WORKS
Entities, state variables and scales
Free-ranging domestic dogs (hereafter dogs), wild Indian foxes (hereafter foxes) and the landscape are the three entities of this model. The model landscape is a mix of three habitat types, the fallow land-grassland complex, the farmlands and the human habitations, representing our study site in central India. Foxes occur on the fallow land-grassland complex, while dogs are associated with villages and farmlands. CDV is endemic in the dog population, and foxes are susceptible to CDV. Dogs and foxes are characterized by the identity of the home patch they occupy, and their disease status (susceptible, exposed and infectious). Dogs also have a state variable “ip” (short for infectious period) which determines the number of days the dog will shed CDV virus post-infection. Additionally, dogs can have a recovered status, and such dogs become immune to CDV for life. Foxes do not recover from CDV, and none of the foxes have immunity against CDV. Dogs are also characterized by their roaming tendencies; ‘roamers’ cover larger area during their daily excursions than ‘non-roamers’. The model landscape measures 49 km2 (7km x 7km), approximating our study area around GIB WLS. The model landscape is comprised of 1089 grid cells; each grid cell therefore represents 0.04 km2. One time step represents 1 day and simulations were run for 20 years during each model run.
Process overview and scheduling
Infection status of individuals (dogs and foxes) is followed throughout the model run. Movements, interactions and population dynamics of dogs and foxes are simulated using the following processes: (i) dogs roam-infect: every day, dogs return to their home-patch after visiting a random patch in their home-range, possibly getting infected or infecting another dog or fox; (ii) foxes roam-infect: every day, foxes return to their home-patch after visiting a random patch in their home-range, possibly getting infected or infecting another fox; (iii) dogs recurrent-CDV-introduction: CDV is introduced periodically in the dog population by randomly changing the status of one susceptible dog to ‘exposed’; (iv) dog disease-progression: exposed dog sheds CDV virus (becomes infectious) after an incubation period, and then dies or recovers (becomes immune to CDV); (v) fox disease-progression: all foxes exposed to CDV become infectious after the incubation period, and then die; (vi) dogs reproduce (during the breeding season); (vii) dog disease-risk: pups enter the susceptible class from 3 to 6 months of age, and are also assigned roamer/non-roamer status; (viii) dogs die: dogs also die due to other causes throughout the year, (ix) foxes die: foxes also die due to other causes throughout the year; (x) update fox-numbers: In the last week of every year, foxes that have died during the year are replaced so as to maintain the fox population at carrying capacity.
Design concepts
Basic principles
Domestic dog populations are often assumed to be the reservoirs and sources of viral pathogens. Large populations of free-ranging dogs with high turnover rates allow persistence of virulent pathogens, primarily due to the supply of susceptible hosts (due to births). Pathogen spillover from reservoir hosts into sympatric carnivore species that are less abundant, and potentially more susceptible, is considered a serious conservation threat. Several management options (like vaccination of reservoir hosts, vaccination of spillover hosts) have been suggested to address conservation threats posed by pathogens . This model provides a framework to evaluate the usefulness of several management interventions in preventing spillover of CDV in a target species.
Emergence
The movement of dogs and foxes, the population dynamics of the two host populations, and the transmissibility of CDV are imposed by model rules and parameters. The population patterns of CDV in the two host populations emerge from the model.
Interaction
The following interactions between infectious and susceptible individuals are modelled to result in CDV transmission: i) an infectious dog visiting a patch with susceptible dogs or foxes, ii) a susceptible dog or fox visiting a patch with an infectious dog, iii) an infectious fox visiting a patch with a susceptible fox, and iv) a susceptible fox visiting a patch with an infectious fox.
Stochasticity
The variability in the behavior and activity of free-ranging dogs and foxes is represented in the model using stochastic functions. Roamer status is randomly assigned to dogs during the setup, and to pups between 3 and 6 months of age. Also, the daily movements (roaming) of dogs and foxes comprises of a visit to a random patch in their respective home-ranges.
Observation
Proportion of susceptible, exposed and recovered dogs in the model dog population is observed and monitored during the model runs. CDV incidence rate in dogs and number of CDV spillover events from dogs to foxes are the two output parameters recorded for each run.
Initialization
The model landscape is organized to represent the landcover/landuse pattern around GIB WLS. Five patches in each of the four corners of the model landscape represent a village, and 20% patches in a radius of 1.8 km (9 patches) from the village patches are designated as farmland patches. The model is initialized with specified number of dogs, distributed so as to achieve a density of 700 dogs per km2 on village patches and 25 dogs per km2 on farmland patches. Twenty five percent of the dogs are randomly assigned ‘roamer’ status. Foxes are distributed on the fallow land – grassland complex (fox habitat), avoiding patches that are adjacent to patches with dogs, so as to achieve a density of 1.5 foxes per km2. Initially, all dogs and foxes are assigned ‘susceptible’ status. 
Submodels
Dogs roam-infect
In CDV endemic regions, transmission of CDV in a population is sustained via contact between recently infected and susceptible animals. During each time step of a model run, dogs visit a random patch in their home-range and return to their respective home-patch. Transmission of CDV can occur when an infectious dog encounters a susceptible dog or fox, either on the visited patch or on the home-patch. The probability of CDV transmission during such an encounter is set using the sliders ‘dog-dog-transmissibility’ and ‘dog-fox-transmissibility’.
The daily movements of dogs in the model landscape are modeled using a random-Poisson function and a mean daily distance travelled of 0.4 patches (0.08 km). One hundred iterations of the movement submodel simulated for 1 year yielded a mean (± SD) home-range of 0.55 (± 0.07) km2.
Some dogs are known to travel larger distances during their daily excursions, and we term these dogs ‘roamers’. Based on the data from photographic surveys of village dogs undertaken in this region, the average daily excursions of roamers was approximately 1.2 km (Belsare, unpublished data). The daily movements of roamer dogs in the model landscape are modeled using a random-Poisson function and a mean daily distance travelled of 6 patches (1.2 km). One hundred iterations of the movement submodel simulated for 1 year yielded a mean (± SD) home-range of 4.42 (± 0.21) km2.

Foxes roam-infect
Each fox visits a random patch within its home-range every day of the model run, and returns to its home-patch. If a susceptible fox encounters an infectious dog or an infectious fox on the patch it has visited, or on its home-patch, it can get infected. The probability of CDV transmission during such an encounter is set using the slider ‘fox-fox-transmissibility’.
Foxes in the model are set to travel a mean distance of 3 patches per day.
Dog recurrent-CDV-introduction
As in most developing countries, large populations of free-ranging dogs in India are associated with human communities, and dogs are therefore ubiquitous throughout the landscape. These dog populations are interconnected due to movements of free-ranging dogs as well as human-mediated movements of dogs, facilitating recurrent introductions of pathogens like CDV from neighboring areas. Based on field observations, we estimated the frequency of CDV introduction to be once in two months. Once every two months, the status of one randomly selected ‘susceptible’ dog is changed to ‘exposed’.
Dog disease-progression
Fifty percent of the clinically infected dogs die on day 17 and the remaining recover after shedding the virus for an average of 30 days post-infection. Recovered dogs have lifelong immunity against CDV.

Fox disease-progression
Infected foxes begin to shed virus one week after infection and die of CDV after 21 days.
Dogs reproduce
Every year, dogs are added to the population (equal to 40% of the dog population) at a constant rate over a period of 4 months.
Dog disease-risk
Pups cannot be infected with CDV until 3 months of age, but become susceptible to CDV between 3 and 6 months of age.
Dogs die
Dogs in the model have a probability of death each time step. As per the assumed turnover rate for the model dog population, 40% of dogs die during a year. 
Foxes die
The fox population is assumed to have a turnover rate of 20%. 
Update fox numbers
Once per year (on day 358), the patches replace the foxes that have died during the year, so as to maintain the fox population at carrying capacity.


Parameterization
The model landscape is organized to represent the landcover/landuse pattern of the area around GIB WLS. This ~51 km2 area comprises of a focal grassland-fallow land complex bordered by several villages. Farmlands radiate outward from the villages and gradually merge with the fallow land-grassland complex.
Foxes occur in the fallow land-grassland complex, while dogs are associated with the villages and farmlands. The fox density in the model landscape is set at ~ 1.5 per km2 (~1 fox per 17 grassland patches). Each village patch has 28 dogs with a resultant village dog density of 700 dogs per km2. Farmland patches in the model landscape have a dog density of 25 dogs per km2. Based on the data from photographic surveys of village dogs undertaken in this region, around 20-25% of the dogs were ‘roamers’ with average daily excursions of around 1.2 km (Belsare, unpublished data).
As CDV is a highly contagious disease of domestic and wild carnivores, we use a value of 0.3 for dog-dog-transmissibility, 0.2 for dog-fox-transmissibility, and a slightly higher value of 0.25 for fox-fox-transmissibility. Disease-causing contacts between foxes and dogs include indirect interactions like foxes investigating dog scat and urine, or sequential feeding events. It should be noted that fox to dog transmission is ignored in this model.
Initial exploratory model runs revealed that a consistent annual pattern of CDV exposure rates emerged after 7-9 years; we therefore calculate CDV incidence rate in dogs from year 11 to 20 (10 year period) of the model run. The other output parameter of interest is the number of CDV transmission events between dogs (the reservoir host) and foxes (‘spillover events’) in a period of 10 years. Total number of CDV cases occurring in the fox population due to direct transmission from dogs between years 11 to 20 of each model run are recorded.
## HOW TO USE IT
1) Set the density of village dogs using the 'village-dog-density' slider. Values between 350 and 840 dogs per square kilometer can be chosen. Belsare & Gompper (2013) have documented a median village dog density of 719 dogs per square kilometer in and around a protected grassland in central India.  
2) Set the proportion of 'roamer' dogs in the population using the 'prop-roam' slider. Values between 0 and 50 can be chosen. Based on data from photographic surveys of village dogs undertaken around a protected grassland in central India, around 20–25% of the dogs were ‘roamers’ with average daily excursions of around 1.2 km (Belsare,unpublished data).
3) The frequency of CDV introduction in the dog population is set to 60 using the 'freq-cdv' slider (CDV introduced once every two months - status of one randomly selected susceptible dog is changed to ‘infected’).
[bookmark: _GoBack]4) The transmissibility sliders ('dog-dog', 'dog-fox' and 'fox-fox') are set at 0.3, 0.2 and 0.25 respectively. There are no empirical estimates for the transmissibility parameter for CDV in dogs and foxes, but CDV is a highly contagious disease of domestic and wild carnivores, and values >0.2 indicate high rates of transmissibility (Craft et al., 2009), hence we recommend these high values. We assume that the disease-causing contacts between foxes and dogs would include indirect interactions like foxes investigating dog scat and urine, or sequential feeding events, as dogs are an important cause of Indian fox mortality and are avoided by foxes (Vanak et al., 2009).
5) The remaining three sliders ('immune-foxes','vaccdog','vaccfox') can be manipulated to compare alternative assumptions and management strategies.
## THINGS TO NOTICE
CDV incidence rate in dogs from years 11 to 20 (10 year period) of the model run is noted in the monitor 'CDVincratedog'. Incidence rate is defined as the number of new cases of disease occurring in a population over a period divided by the sum of animal-years at risk for each individual in the population for that period, and indicates how fast a disease spreads in a population.
The other output parameter of interest is the number of CDV transmission events between dogs (the reservoir host) and foxes in a period of 10 years. Total number of CDV cases occurring in the fox population due to direct transmission from dogs from years 11 to 20 are noted in the monitor 'spillover events'.

