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[bookmark: _Toc409798396][bookmark: _Toc286018759][bookmark: _Toc170714879]Summary
[bookmark: _Toc509242196][bookmark: _Toc18664435]Context:
In Victoria in 2021, the Dingo (Canis lupus dingo) was listed as “Vulnerable in Victoria” under the Flora and Fauna Guarantee Act 1988 and therefore, is protected under the Wildlife Act 1975. Dingoes are an ancient lineage of wild canid closely related to domestic dogs (Jackson et al. 2021). In 2024, Dingoes were recognised as Canis familiaris and this report adopts that taxonomic nomenclature. While there is debate about Dingo taxonomy, it is broadly recognised that the Dingo has been present in Victoria for thousands of years and is considered native wildlife. Recent genetic investigations have suggested that the level of hybridisation between free-ranging dingoes and feral or domestic dogs in Victoria is very low, challenging previous understanding (Weeks et al. 2022; Cairns et al. 2023). This work subsequently prompted a review of the current policy and regulatory framework around Dingo conservation and management in Victoria. To inform an assessment of the current conservation status of the Dingo in Victoria, an estimate of the statewide abundance of dingoes is required. 
[bookmark: _Toc509242197][bookmark: _Toc18664436]Aims:  
The aims of this study were to:
use existing monitoring data from an array of 317 remote infrared cameras set across public land in Victoria to estimate the abundance of dingoes in eastern Victoria
estimate the abundance of dingoes in western Victoria using monitoring data from (1) in conjunction with data supplemented from an additional 40 remote infrared cameras set within the Big Desert Wilderness Park and State Forest and Wyperfeld National Park region (BD/WNP). 
[bookmark: _Toc509242198][bookmark: _Toc18664437]Methods:  
The statewide abundance of dingoes was assessed using remote infrared cameras (camera traps) set at 357 sites across public land in Victoria using a spatially balanced, random sampling design. To enable estimation of Dingo density, images with dingoes were tagged with their distance from the camera. The encounter rates of dingoes in camera images were used along with the distance category for each image to estimate Dingo density at the camera location using camera trap distance sampling (CTDS) (Howe et al. 2017). A hierarchical Bayesian model was then used to model Dingo density as a function of covariates describing spatial variation in density, accounting for Dingo group size, camera detection probability, survey effort (camera deployment period) and relative Dingo activity. Results from this model were then used to derive abundance estimates for the Dingo population on public land in eastern Victoria (40,909 km2) as well as the Dingo population in the BD/WNP (6,864 km2). 
[bookmark: _Toc509242199][bookmark: _Toc18664438]Results:   
Images of dingoes were obtained from 32 of the 357 monitored sites with dingoes detected at 30 sites in eastern Victoria and two sites in the BD/WNP. Based on image capture times, the estimate of the relative amount of a 24 h day that dingoes were active was 44% (90% CL: 24–65%), with activity peaking in the early morning and evening. 
Dingo density at monitored sites estimated from the Bayesian model ranged from 0–1.9 dingoes/km2, with a mean overall density of 0.08 dingoes/km2. Dingo densities were lower at sites with higher percentage bare soil, higher amounts of forest edge habitat per km2 and longer distances to water while densities were higher at sites with higher precipitation seasonality and higher valley bottom flatness. Dingo abundance in eastern Victoria was estimated to be 4,900 (90% CL: 2,640–8,880) individuals, while in the BD/WNP Dingo abundance was estimated to be 110 (90% CL: 40–230) individuals.
[bookmark: _Toc509242200][bookmark: _Toc18664439]Conclusions and implications:  
An extensive and intensive statewide survey using camera traps estimated the total population of dingoes in Victoria to be 5,010 (90% CL: 2,710–9,050), with the majority of the state’s Dingo population resident in the Gippsland and Hume regions. Due to the apparent very low population abundance of dingoes estimated in the BD/WNP, it is recommended that further periodic monitoring of this population be prioritised to determine the response to threats and management. Similarly, continued monitoring of the eastern population should be undertaken to determine how the population responds to management. 
1 [bookmark: _Toc18664440][bookmark: _Toc409798398][bookmark: _Toc156808416][bookmark: _Toc170714880][bookmark: _Toc286018760][bookmark: _Toc409798397]
Introduction
In Victoria in 2021, the Dingo (Canis lupus dingo) was listed as “Vulnerable in Victoria” under the Flora and Fauna Guarantee Act 1988. In 2024, Dingoes were recognised as Canis familiaris and this report adopts that taxonomic nomenclature.  While there is debate about dingo taxonomy, it is broadly recognised that dingoes have been present in Australia for thousands of years prior to European settlement and are considered native wildlife and therefore, protected under the Wildlife Act 1975 in Victoria. However, dingoes are also a significant threat to Victoria’s livestock and have been estimated to cost the industry around $13–18 million per year in lost productivity (DEPI 2013). The Victorian Government currently manages the impacts of dingoes on agricultural properties to meet its land manager responsibilities under the Catchment and Land Protection Act (CaLP) (Victorian/Government 1994). This is facilitated by a Governor in Council order, which declares dingoes to be unprotected wildlife on most private land and public land within 3 km of private land boundaries. Until recently, the unprotection order on public land was limited to certain areas in the Hume and Gippsland regions, and to the Mallee region in northwest Victoria.
Occurrences of dingoes in the Victorian Biodiversity Atlas (VBA – accessed 4/6/2024) since 1990 are largely confined to eastern Victoria, with a single record located in northwest Victoria in the Big Desert Wilderness Park and State Forest and Wyperfeld National Park (hereafter – BD/WNP).  However, a revision of the canid records in the VBA has recently been undertaken, which uses updated knowledge on the occurrence of wild canids in Victoria and will increase the number of published Dingo records currently in the VBA, including northwest Victoria. Dingoes are an ancient lineage of wild canid closely related to domestic dogs (Jackson et al. 2021). However, recent genetic investigations have suggested that the level of hybridisation between free-ranging dingoes and feral or domestic dogs in Victoria is very low (Weeks et al. 2022; Cairns et al. 2023). This recent work has challenged previous understanding about the level of hybridisation between dingoes and domestic dogs (Stephens et al. 2015). Both studies also suggested that the Dingo population in the BD/WNP is a genetically distinct and geographically isolated subpopulation that is in danger of extinction due to very high levels of inbreeding. The level of threat to the BD/WNP Dingo population has recently led to a revision of the unprotection order to protect dingoes in the northwest of the state on both private and public land[footnoteRef:2]. The recent genetic evidence has also prompted a review of the current policy and regulatory framework around Dingo conservation and management in Victoria. This review will also include a comprehensive assessment of the conservation status of the Dingo, including an assessment of Dingo population and distribution across Victoria. [2:  A revision to the Dingo unprotection order came into place on the 14 March 2024 (https://www.wildlife.vic.gov.au/our-wildlife/dingoes).] 

To inform an assessment of the current conservation status of the Dingo in Victoria, a current estimate of the statewide abundance of dingoes is required. Despite numerous investigations into the ecological role of the Dingo in Australia (e.g. Johnson and Vanderwal 2009; Allen et al. 2013), there are very few examples of robust estimates of Dingo abundance in the peer-reviewed scientific literature (Forsyth et al. 2019b and references therein). The most robust estimates of Dingo abundance were made by intensive long-term observation of packs supplemented with radio telemetry (Thomson et al. 1992), a method that has been commonly used to estimate Gray Wolf (Canis lupus) densities in North America (Latham et al. 2011). However, that method is labour-intensive and expensive, and more cost-effective methods are needed to estimate the abundance of cryptic carnivores (Forsyth et al. 2019b). The advent of affordable and reliable remote infrared trail cameras (hereafter ‘camera traps’) has revolutionised many aspects of the study of wild mammals, and has proven particularly cost-effective for detecting cryptic carnivores that occur at low densities (Karanth et al. 2006; Jiménez et al. 2017). Here we use camera trap data to undertake distance sampling (Howe et al. 2017) of Dingo detections and combine this with a spatially comprehensive sampling design to estimate the abundance of dingoes across public land in Victoria.
[bookmark: _Toc167904464][bookmark: _Toc167969802][bookmark: _Toc167970695][bookmark: _Toc167904465][bookmark: _Toc167969803][bookmark: _Toc167970696][bookmark: _Toc170714881]Aims
The aims of this study were to:
use existing monitoring data from an array of 317 remote infrared cameras to estimate the abundance of dingoes in eastern Victoria
estimate the abundance of dingoes in western Victoria using monitoring data from (1) in conjunction with data supplemented from an additional 40 remote infrared cameras set within the Big Desert Wilderness Park and State Forest and Wyperfeld National Park (BD/WNP).

2 [bookmark: _Toc286018763][bookmark: _Toc170714882]
Methods
[bookmark: _Toc286018764][bookmark: _Toc170714883]Sampling design
The statewide abundance of dingoes was assessed on public land in Victoria using a sampling design that was originally constructed for the purposes of assessing deer abundance (Cally and Ramsey 2023) (Figure 1). However, as the principal monitoring method utilised remote infrared cameras, all images of vertebrate taxa that were detected, including dingoes, were tagged and collated for future analyses. We summarise the sampling design and monitoring methods relevant for dingoes here with further details given in Cally and Ramsey (2023). 
The sampling frame consisted of all crown land on the mainland of Victoria, including Phillip and French islands (e.g. national parks, state forests, state game reserves, conservation reserves etc.). The total area of public land available for sampling was 74,570 km2. To facilitate sampling, a hexagonal sampling grid was overlaid on the total area of public land, with each grid cell consisting of a nominal area of 4 km2 (approximately 2 km in maximal diameter). The grid cell size was arbitrary but was selected to minimise spatial correlation among neighbouring cells. Any grid cell that had 50% of its area (at least 2 km2) overlapping public land was included in the sampling frame, which resulted in a total of 57,944 available grid cells. From this pool, a master list of 600 cells were randomly selected using a balanced accepted sampling approach (Lisic and Cruze 2016; van Dam-Bates et al. 2018). This approach ensured that cells were randomly sampled in such a way as to be representative of several ecological gradients including:
spatial location (latitude, longitude): a broad proxy for bioclimatic variation
tree density: reflecting various ecological vegetation groups and habitats
bushfire impacts: reflecting recent disturbance due to 2019/20 megafires
strategic biodiversity values: a proxy for many biodiversity assets and ecosystems.
Values for these variables were extracted for each grid cell and then used to calculate sampling probabilities (i.e. unequal probability sampling) such that any random sample would reflect the heterogeneity of values across each of the ecological gradients. From this master list, a total of 253 cells were then sampled between September 2021 and May 2023. In addition to these cells, a further 64 grid cells were also sampled between September and December 2022 as part of a related project targeting coastal Gippsland between Lower Tarwin and Point Hicks for the purposes of sampling Hog Deer (Axis porcinus) (Ramsey et al. 2023). Therefore, a total of 317 grid cells were sampled as part of those projects (Figure 1).
The number of sampled grid cells that fell in the range of the northwest Dingo population in the BD/WNP was only five. Consequently, to increase the likelihood of Dingo detections for this important subpopulation, we randomly selected an additional 20 grid cells within the BD/WNP area for sampling, which occurred during October – December 2023 (Figure 2). Sampling in these grid cells consisted of two cameras being placed between 93 and 202 metres apart (mean = 130 m) to improve detection rates. Therefore, in total, an additional 40 cameras were deployed, bringing the total number of camera sites available across the state to 357. 



[image: ]
[bookmark: _Ref328561662][bookmark: Figure1][bookmark: _Toc284627856][bookmark: _Toc409798462][bookmark: _Toc286018789][bookmark: _Toc18664477][bookmark: _Toc140098279][bookmark: _Toc152362461][bookmark: _Toc152362800][bookmark: _Toc170716713][bookmark: _Toc170716894][bookmark: _Ref284455958][bookmark: _Ref284427781]Figure 1. Location of the 317 camera trap sites (yellow circles) sampled as part of the statewide deer monitoring project during 2021–2022. 
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[bookmark: _Toc170716714][bookmark: _Toc170716895]Figure 2. Locations of camera trap sites within the Big Desert Wilderness Park and Wyperfeld National Park (BD/WNP) region of northwest Victoria. Yellow circles indicate the camera trap sites sampled during 2021–2022 and the red circles indicate the locations sampled during 2023, with two cameras placed at each site. The vertical black line indicates the Victorian/South Australian border.

For each sampled grid cell, a site was selected for monitoring located as near to the centroid of the cell as was practicable given road or track access. Sites were then located at least 150 m away from the nearest road or track in the direction of the cell centroid. At each site, a remote infrared camera (Reconyx Hyperfire HF2X – hereafter, camera trap) was attached to the nearest tree at a height of 1 m above ground and facing in a southerly direction. Trees were selected that gave a clear field of view for the camera avoiding any obvious tracks or game trails. To enable estimation of animal density, four distance markers were set at 2.5 m, 5 m, 7.5 m and 10 m from the camera near the midpoint of the field of view. Hence, for each Dingo detection, a distance category or ‘bin’ was recorded (i.e., 2.5 m – 5.0 m). Reflective tape attached to the distance markers enabled them to be visible in both day and night-time images (Figure 3). Cameras were left in place for approximately 6 weeks. The exception to the above was that for the 20 additional grid cells (40 cameras) that were sampled in the BD/WNP, a total of two cameras were placed in each cell, without distance markers. To estimate distances of dingoes from these cameras, we took reference images during the set-up of the camera. In these reference photos, one person would trigger the camera by standing in front of the camera with a sign indicating their distance from the camera. Images of dingoes could then be compared against these reference images to determine the distance of the Dingo from the camera. The use of reference images instead of distance markers was used to avoid dingoes interacting (e.g. smelling or chewing) the distance markers; behaviour that may bias density estimates when not accounted for (Henrich et al. 2022). 

[image: ]
[bookmark: _Toc170716715][bookmark: _Toc170716896]Figure 3. A Dingo detected on a camera in eastern Victoria. The image shows the locations of the four distance markers set at 2.5, 5, 7.5 and 10 m from the camera (yellow capped stakes). 
[bookmark: _Toc167904469][bookmark: _Toc167969807][bookmark: _Toc167970700][bookmark: _Toc170714884][bookmark: _Toc152362462][bookmark: _Toc152362801]Analysis of camera trap data
The encounters of dingoes on cameras along with the distance category for each image can be used to estimate Dingo density at the camera location using camera trap distance sampling (CTDS) (Howe et al. 2017). CTDS is a modified form of distance sampling, which allows us to infer the probability that a given individual will be detected within the survey area (area in front of the camera). This detection probability is a function of the distance of the individual from the camera, whereby detection of individuals declines with increasing distance from the camera (Howe et al. 2017). Briefly, this method assumes that cameras are deployed independently of animal locations at a site () for a period of time () and capture images for as long as an individual is present to trigger the camera. Images are then obtained at a predetermined set of instants,  units of time apart (snapshot instants). Temporal effort at each camera is then calculated as . Howe et al. (2017) suggested that a useful range for  is 0.25 to 3 seconds, with values at the lower end being more suitable for fast-moving or rarer species. For the analysis here, we set the snapshot instants ( to 1 second intervals. If the camera covers a horizontal angle of view of  radians, then the fraction of the circle observed by the camera field of view is . Therefore, the data consist of a series of snapshot instants taken  units of time apart, with an overall sampling effort at each site  equal to  . Estimates of density () follow standard point transect methods (Equation 1) (Buckland et al. 2006). 

Where  are the counts of the total number of dingoes in snapshot moments at site ,  is the maximum observation distance from the camera (truncation distance – here set to 12.5 m for all dingoes observed beyond the 10 m marker),  is the probability of detecting an individual that is within  distance from the camera,  is an estimate of relative Dingo activity and  is the overall sampling effort . 
An underlying assumption of CTDS is that cameras and distance markers do not influence the behaviour of individuals so encounters with cameras depend only on natural movement rates. Individuals who show behavioural interactions with cameras or distance markers are likely to spend more time in the camera field of view than they otherwise would, which could bias density estimates (Henrich et al. 2022). To remove this source of bias, we removed snapshot moments where dingoes exhibited interactions with camera or distance markers, which occurred in 23% of snapshot moments. 
Following on from the above, a further assumption about CTDS is that the probability a Dingo will encounter a particular distance bin within the camera field of view is proportional to the total area of each distance bin, which increases at further distance bins (Buckland et al. 2006). However, for images containing multiple individuals, only the distance to the closest individual was recorded. Consequently, we implemented a novel method that considers the group size of detected individuals in the calculation for the probability of encounter (i.e. availability). The rationale here was that the camera was more likely to be triggered by the closest individual of a group: individuals at further distances are recorded following the triggering of the camera by the closest individual. Therefore, for groups, CTDS should account for the availability of the closest individual rather than the availability of all individuals. It follows that as group size increases, the distance between the camera and the closest individual is likely to decrease. If we assume that the triggering of the camera is dependent upon the closest individual within a group, then we must adjust our estimated availability to account for variable group sizes. If we do not adjust for group size and only use the distance to the closest individual for our distance sampling models, then we will likely underestimate the detection rate. Alternatively, if we record distances to multiple individuals in the same photo and take an average or model them independently, we will likely overestimate detection probability because individuals at further distances are only recorded in response to a closer individual triggering the camera trap. 
In this study, we investigated two possible detection functions (half-normal and hazard rate) that may explain how detection rates decline with increasing distances from the camera (Buckland et al. 1993). We also allowed the inclusion of cosine adjustment terms in the detection functions (up to order 3) to potentially improve model fit. We compared the relative fit of detection functions using AIC (Burnham and Anderson 2002) in the ‘Distance’ R package (Thomas et al. 2010) and used the detection function most supported by the data in our Bayesian hierarchical model of Dingo density and abundance (see below). 
[bookmark: _Toc170714885]Dingo density estimates
The count of the number of snapshot moments of Dingo images at a site was modelled as a function of explanatory variables describing spatial variation in density, relative frequency of group sizes, distance-sampling detection probability, survey effort (area in front of camera multiplied by the total snapshot moments the camera was deployed for) and proportion of time within a 24-hour cycle that dingoes were active (Equation 2). We accounted for noticeable zero-inflation in the counts of dingoes by adopting a zero-inflated Poisson (ZIP) model with a zero-inflation probability parameter . Therefore, our model for the image counts () at site (), and group size () was: 

where  is the true mean density at a site (dependent on covariates). This mean density parameter was modelled using a fixed-effects formulation while the zero-inflation probability  was modelled using both fixed and random effects:


where  were the covariates describing spatial variation in density, derived from climatic, environmental, topographic, and soil-based variables (Table 1) with  representing the parameter estimates. These variables were chosen as they describe resources that may be relevant to Dingo spatial variation. The same covariates were also used to model the zero-inflation probability  with parameter estimates  but with the addition of spatial random effects , which were dependent on the bioregion  at site . The values for the covariates at a camera site were estimated as the mean of the values extracted from the camera location including a 1 km buffer.
[bookmark: _Toc170714899]Table 1. Descriptions of the covariates used to model Dingo density.
	Covariate
	Description

	Bioregion
	A landscape-scale classification of areas in Victoria based on their climate, geomorphology, geology, soils, and vegetation (Department of Energy Environment and Climate Action 2019). 

	Bare soil (%)
	Fractional cover of bare soil estimated from remote sensing (MODIS Nadir BRDF-Adjusted Reflectance product: MCD43A4). The combined sum of bare soil, photosynthetic vegetation and non-photosynthetic vegetation is 100% (Guerschman 2014). 

	Nitrogen (%)
	Mass fraction of nitrogen in the topsoil (0–15 cm) by weight (O’Brien 2021).

	Distance to pastural land (m)
	Distance to nearest area of land that is classed as being under pastural use. Catchment scale land use data for Australia (CLUM) using The Australian Land Use and Management (ALUM) classification system was used to classify pastural areas (ABARES 2021). The following land use classes were considered as pasture:  
2.1.0	Grazing native vegetation  
3.2.0	Grazing modified pastures  
3.2.1	Native/exotic pasture mosaic  
3.2.2	Woody fodder plants   
3.2.3	Pasture legumes  
3.2.4	Pasture legume/grass mixtures  
3.2.5	Sown grasses  
4.2.0	Grazing irrigated modified pastures  
4.2.1	Irrigated woody fodder plants  
4.2.2	Irrigated pasture legumes  
4.2.3	Irrigated legume/grass mixtures  
4.2.4	Irrigated sown grasses.


	Precipitation seasonality
	The coefficient of variation of precipitation across the year (BIO15 in WorldClim variables). That is, the standard deviation of the monthly precipitation estimates expressed as a percentage of the mean of those estimates (i.e. the annual mean). This broadly reflects how much rainfall varies throughout the year (Karger et al. 2017). 

	Forest edge per km2 (m)
	Length of forest edge within a 1 km2 area. Forest cover is estimated from structural vegetation data (DEECA 2021). With forest classed as a type of open forest or woodland vegetation form. 

	Distance to water (m)
	Distance from the centroid of each 1-km grid cell to the nearest permanent surface water (e.g. river, lake, wetland or stream).

	Non-photosynthetic vegetation (%)
	Fractional cover of non-photosynthetic vegetation estimated from remote sensing (MODIS Nadir BRDF-Adjusted Reflectance product: MCD43A4). The combined sum of bare soil, photosynthetic vegetation and non-photosynthetic vegetation is 100% (Guerschman 2014). 

	Valley-bottom flatness
	Multi-resolution valley-bottom flatness (MrVBF) is a topographic index that identifies valley bottoms and calculates their relative elevation and flatness to their surroundings (Gallant et al. 2012). 





The  (Equation 2) are the estimated proportions for each of the  group sizes () at a site, where We assumed that group size proportions could vary between sites, and accounted for this by modelling group size with a group level intercept () and site-group-size level random effect ():

proportional group size at a given site  was therefore given by:

The parameter  was the estimate of Dingo activity, defined as the proportion of a 24-hour day that animals were active. Estimation of this parameter was required to account for availability bias, where individuals may temporarily be unavailable for detection due to changes in animal behaviour (e.g. resting) (Corlatti et al. 2020). We estimated the proportion of a 24-hour day that individual dingoes were active by fitting a kernel density estimate to the image capture times from each Dingo image (in radians). The area under the kernel density estimate was used as the estimate of  (Rowcliffe et al. 2014), and was included in the Bayesian hierarchical model using an informative beta prior. The other parameters appearing in Equation 2 ( and ) were defined previously (Equation 1).
The above model defined by equation’s 1–5 was fitted in a Bayesian framework using Hamiltonian Markov chain Monte Carlo (MCMC) methods in Stan (version 2.34.1) with CmdStanR in R (Gabry and Češnovar 2022). Weakly informative prior distributions were used for all parameters in the model specified as . A total of 500 MCMC iterations were run for the model, using eight chains, with the first 250 iterations considered to be ‘warmup’ (tuning) iterations and discarded. This left a total of 2,000 samples for each parameter to form the inference. Convergence of the MCMC chains was confirmed by visual inspection of traceplots and calculation of the convergence statistic  (Brooks and Gelman 1998).
[bookmark: _Toc170714886][bookmark: _Toc148443397]Prediction of Dingo abundance  
Our model-based approach allowed us to generate estimates of Dingo abundance across unsampled areas (1-km grid cells), by applying the model to any unsampled areas that had the appropriate covariate values. We restricted our predictions to public land (excluding water bodies and publicly tenured land used for services and utilities) within two distinct regions representing the known distribution of dingoes in Victoria. These were the region subject to the unprotection order in eastern Victoria (40,909 km2) and the BD/WNP region in the west (6,864 km2). Predictions used covariate data at a 1 km2 spatial resolution and were offset by the amount of public land in the grid cell, and therefore reflected the estimated abundance of dingoes on public land within that grid cell. Grid cell predictions were then summed to estimate Dingo abundance for each region. Each grid cell prediction was calculated as the trimmed mean from the posterior distribution (highest and lowest 2.5% of draws were trimmed).  The trimmed mean was used as it is considered to be a more robust measure of central tendency when outliers are present.  Average density estimates for these regions were calculated by dividing the total abundance within the region by the area of public land in the region. 
The combined effects of the covariates fitted to the zero-inflation and abundance components of the model were interpreted by calculating expected values for the marginal responses of each covariate, which for the ZIP model were given by: 

where . Visual presentation of relationships between Dingo abundance and covariates was undertaken within a bioregion known to have high levels of Dingo occupancy (e.g. East Gippsland Uplands).
[bookmark: _Toc170714887]Estimating occupied area 
We created a binary prediction of occupied and unoccupied areas within each of the two regions used to predict Dingo abundance using the model predictions for each grid cell. This was undertaken by calculating an abundance threshold, which was closest to perfect sensitivity and specificity (Perkins and Schisterman 2006; Robin et al. 2011). Uncertainty in the estimated threshold was obtained using 2,000 bootstrapped iterations to calculate 90% confidence limits (Robin et al. 2011). From these values, we assigned areas across public land in the two regions as being occupied/unoccupied according to the median thresholds and lower/upper confidence bounds. 

3 [bookmark: _Toc170714888]
Results
[bookmark: _Toc170714889]Detection of dingoes
After filtering images to exclude behavioural interactions with cameras and/or distance markers, a total of 326 snapshot moments of dingoes were obtained from 32 of the 357 cameras set across public land in Victoria (Figure 4). The majority of dingoes were detected in the eastern region of the state, with dingoes only detected at two locations in the BD/WNP region (Figure 4). No dingoes were detected outside these two regions (Figure 4).
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[bookmark: _Toc170716716][bookmark: _Toc170716897]Figure 4. Locations of remote cameras (blue circles) set across public land in Victoria (green shading). Red circles show cameras that detected dingoes. Polygons show the regions within the west and east of the state where Dingo abundance was estimated.

3.1.1 [bookmark: _Toc170714890]Distance sampling
Following fitting of the detection functions to the distance data derived from the snapshot images of dingoes, the top model (as chosen by AIC) from this selection was the half-normal including second- and third-order cosine adjustment terms (Table 2). The average detection rate from this model (out to a maximum distance of 12.5 m) was 0.212 (Table 2; Figure 5). For group sizes of two, three and four dingoes, the detection probabilities increased to an average of 0.31, 0.37 and 0.41, respectively. This model was an adequate fit to the distance data as judged by a  goodness-of-fit test, which did not indicate any evidence of lack-of-fit (p = 0.196). Therefore, this detection function was subsequently used in the Bayesian model of Dingo abundance.


[bookmark: _Ref327360873][bookmark: _Toc409798453][bookmark: _Toc152362463][bookmark: _Toc152362510][bookmark: _Toc170714900]Table 2. Model selection table for distance detection functions fitted to the distance data from Dingo images in cameras. 
	Model
	 p-value
	
	se()
	AIC
	AIC

	Half-normal (2,3)
	0.196
	0.212
	0.039
	804.2
	0

	Half-normal (2)
	0.044
	0.269
	0.041
	806.6
	2.34

	Hazard-rate 
	0.007
	0.266
	0.075
	809.9
	5.66

	Half-normal
	0.005
	0.401
	0.033
	811.1
	6.81

	Hazard rate (2)
	0.002
	0.266
	0.089
	811.9
	7.66
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[bookmark: _Toc170716717][bookmark: _Toc170716898]Figure 5. Distance-sampling detection process for dingoes (group size = 1). Bars indicate the frequency distribution of expected distances, and the line indicates the fitted detection function (half-normal with second- and third-order cosine adjustment terms).
[bookmark: _Toc170714891]Dingo activity
Following fitting of the kernel density estimate to the image capture times from each snapshot image, the estimate of the relative amount of a 24-h day that dingoes were active was 47% (SE: 4.1%) (Figure 6). Dingo activity was predominately crepuscular, exhibiting higher activity in the early morning and late afternoon/early evening (Figure 6). The estimate of relative activity of dingoes was incorporated into the Bayesian model of Dingo abundance using an informative beta prior specified as . After fitting the Bayesian model, the posterior estimate of Dingo activity was 44% (90% CL: 24–65%).
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[bookmark: _Toc170716718][bookmark: _Toc170716899]Figure 6. Relative activity of dingoes throughout a 24-hour day. Bars are the observed frequencies of active times and the solid blue line is the mean kernel density estimate.
[bookmark: _Toc148443404][bookmark: _Toc170714892]Dingo abundance 
[bookmark: _Toc148443405]Following fitting of the Bayesian hierarchical model (equation’s 1–5) in Stan, convergence was observed to be achieved as judged by  values < 1.05 (Brooks and Gelman 1998) and by visual inspection of traceplots for the main parameters. Posterior predictive checks showed good correspondence between observed count statistics and statistics of the posterior-predictive values (Appendix 1). The main discrepancy observed was that the model slightly underestimated the proportion of locations with zero image counts (Appendix 1). 
[bookmark: _Toc170714893]Site-level estimates 
Dingo density at monitored sites () estimated from the Bayesian model ranged from 0–1.9 dingoes/km2 with a mean overall density of 0.08 dingoes/km2 (SE = 0.17). From the eight covariates that were used for the fixed effects in the model, Dingo abundance was found to be significantly negatively related to the percentage bare soil, the amount of forest edge habitat per km2 and distance to water. Abundance was also positively related to precipitation seasonality and valley-bottom flatness (Table 3). The zero-inflation parameter (an estimate of habitat suitability) was largely dependent on the bioregion spatial random effect, which had an estimated standard deviation (for the logit scale parameter) of 5.39 (90% CI: 3.59–7.38). Zero-inflation was also affected by bare soil, nitrogen, precipitation seasonality and forest edge (Table 4). The marginal effects of each covariate on Dingo abundance within an occupied bioregion (East Gippsland Uplands) due to the combined effects of the zero-inflation and abundance components of the model are given in Figure 7.

 




[bookmark: _Toc170714901]Table 3. Parameter estimates for the fixed-effect covariates for Dingo abundance () in the Bayesian model fitted to the distance data and image counts in cameras. LCL and UCL represent the lower and upper 90% confidence limits, respectively.  
	Covariate
	Estimate
	SD
	LCL
	UCL

	(Intercept)
	-1.91
	0.41
	-2.56
	-1.20

	Bare soil (%)
	-1.99
	0.32
	-2.48
	-1.42

	Nitrogen (%)
	-0.01
	0.39
	-0.69
	0.61

	Distance to pastural land (m)
	-0.67
	0.51
	-1.60
	0.14

	Precipitation seasonality
	0.70
	0.15
	0.45
	0.94

	Forest edge per km2 (m)
	-1.32
	0.44
	-2.08
	-0.56

	Valley-bottom flatness
	2.31
	0.42
	1.60
	2.98

	Non-photosynthetic vegetation (%)
	-0.26
	0.59
	-1.28
	0.74

	Distance to water (m)
	-1.27
	0.49
	-1.99
	-0.41



[bookmark: _Toc170714902]Table 4. Parameter estimates for the fixed-effect covariates for the zero-inflation parameter () (i.e. probability of presence) in the Bayesian model fitted to the distance data and image counts in cameras. LCL and UCL represent the lower and upper 90% confidence limits, respectively.   
	Covariate
	Estimate
	SD
	LCL
	UCL

	(Intercept)
	-3.08
	1.41
	-5.36
	-0.84

	Bare soil (%)
	3.97
	1.30
	1.84
	6.17

	Nitrogen (%)
	-1.53
	0.89
	-3.03
	-0.04

	Distance to pastural land (m)
	0.48
	1.31
	-1.48
	2.89

	Precipitation seasonality
	-0.98
	0.63
	-2.15
	-0.11

	Forest edge per km2 (m)
	1.92
	1.06
	0.56
	3.88

	Valley-bottom flatness
	-1.76
	1.10
	-3.61
	0.02

	Non-photosynthetic vegetation (%)
	-1.43
	1.95
	-4.74
	2.09

	Distance to water (m)
	1.46
	1.03
	-0.16
	3.15



[bookmark: _Toc148443406][bookmark: _Toc170714894]Statewide estimates  
Dingo abundance in eastern Victoria was estimated to be 4,900 (90% CL: 2,640–8,880), while in the BD/WNP Dingo abundance was estimated to be 110 (90% CL: 40–230) (Table 5; Figures 8 – 10). The total abundance of dingoes in these two areas combined was estimated to be 5,010 (90% CL: 2,710–9,050). Our range estimates suggest dingoes occupied an area of 628 km2 (90% CI: 85, 887) of public land in the BD/WNP region and 27,366 km2 (90% CI: 15,284, 29,627) of public land in the eastern region of Victoria (Figure 11).
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[bookmark: _Toc170716719][bookmark: _Toc170716900]Figure 7. Marginal response plots of the relationship between environmental covariates and Dingo abundance. These marginal effects consider the effect of zero-inflation (occupancy) on each parameter and are generated for the East Gippsland Uplands bioregion; an area with high Dingo occupancy. Valley bottom flatness and Precipitation seasonality are unitless.
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[bookmark: _Toc170716720][bookmark: _Toc170716901]Figure 8. Spatial variation in Dingo density predicted across public land in Victoria for the two regions (Eastern Victoria and the BD/WNP), known to be occupied by dingoes.  Focused views of each region are provided in Figures 9 and 10.


[bookmark: _Toc170714903]Table 5. Abundance estimates for the Dingo on public land in Victoria. Predictions are provided for Eastern Victoria and the BD/WNP, areas known to be occupied by dingoes (Figure 8). SD – standard deviation, CV – coefficient of variation, LCI – lower 90% credible limit, UCL – upper 90% credible limit, Area – area of public land used for prediction (km2), Density – average density (dingoes/km2) with values in brackets representing the 90% credible interval for the density estimate.  
	Region
	Estimate[footnoteRef:3] [3:  Abundance estimates are rounded to the nearest 10.] 

	SD
	CV
	LCI
	UCI
	Area
	Density

	Eastern Victoria
	4900
	2095
	0.43
	2640
	8880
	40,909
	0.12 (0.06–0.22)

	BD/WNP
	110
	66
	0.61
	40
	230
	6,864
	0.02 (0.01–0.03)
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[bookmark: _Toc170716902]Figure 9. Focused view of the spatial variation in Dingo density predicted across public land in the BD/WNP.
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[bookmark: _Toc170716903]Figure 10. Focused view of the spatial variation in Dingo density predicted across public land in eastern Victoria.
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[bookmark: _Toc170716904]Figure 11. Estimates of the area of public land occupied by dingoes in the eastern and BD/WNP regions of Victoria.


4 [bookmark: _Toc196540910][bookmark: _Toc286018775][bookmark: _Toc409798435][bookmark: _Toc170714895]Discussion
This study represents the first rigorous attempt at estimating the abundance of dingoes at a statewide scale. The majority of investigations involving dingoes to date have mainly utilised indices of relative abundance using either camera traps (e.g. Fancourt et al. 2019; Forsyth et al. 2019a) or abundance of tracks or other signs (e.g. Allen et al. 1996; Johnson and Vanderwal 2009). Previous estimates of Dingo abundance have been confined to relatively small areas (~100 km2) (e.g. Forsyth et al. 2019b) or have used relatively labour intensive methods based on radiotelemetry of a sample of individuals (Thomson et al. 1992). 
The present study was based on a comprehensive, spatially balanced, random sampling design that sampled 357 sites across the state and modelled the abundance of dingoes across 47,773 km2 of public land. Results confirm the knowledge that the stronghold of dingoes in Victoria is the forested public land occurring in the Gippsland and Hume regions of eastern Victoria. Average Dingo density in this area was 0.12 dingoes/km2, which is broadly comparable with Dingo density estimates obtained from other published studies in temperate woodland habitat, which ranged from 0.1 to 0.3 dingoes/km2 (McIlroy et al. 1986; Fleming 1996). Outside this eastern region, dingoes were only detected in the BD/WNP, where the estimated density was only 0.02 dingoes/km2. This density is much lower than has been estimated in other, similar semi-arid habitat. For example, Thomson et al. (1992) estimated a density of 0.22 dingoes/km2 in arid pastoral land in Western Australia, which was reduced to 0.06 dingoes/km2 following poison baiting (Fleming et al. 2001). 
We constrained our abundance estimates to the two regions in Victoria that are known to be occupied by dingoes. Although dingoes were likely distributed over much of Victoria before European settlement, there are no confirmed Dingo populations occurring outside eastern Victoria and the BD/WNP regions. Our extensive camera trap sampling across the state also did not detect dingoes outside these two regions. While our model could theoretically make predictions to other areas of public land, they would be heavily reliant on extrapolation and therefore, would be highly uncertain. Consequently, we consider that predictions to other areas of public land represent the potential distribution (i.e. habitat suitability) rather than the current distribution of dingoes (e.g. Gormley et al. 2011). Hence, we do not consider that predictions to public land outside the two regions used here contribute to the current occupied range of dingoes in Victoria. 
The spatial distribution of dingoes in Victoria was revealed to be related to several environmental and climatic variables. In occupied areas dingoes were less abundant at sites with a relatively high proportion of bare soil, which may reflect avoidance of open habitat. Conversely, higher Dingo abundance in areas with a relatively low proportion of bare soil may reflect higher occurrence of their primary prey (e.g. small- and medium-sized mammals), which are likely to prefer areas with higher vegetative ground cover. Dingoes also preferred areas with a relatively high valley bottom flatness index, as well as areas with more seasonal distribution of rainfall, which again, may primarily reflect the distribution of prey. Other studies have also found that Dingo occurrence declined with increasing terrain ruggedness (i.e. low valley bottom flatness) (Stobo-Wilson et al. 2020). Dingoes were also less likely to occur further from permanent water, which may be a driving factor governing their distribution in the BD/WNP. However, it is also acknowledged that other sources of water or other variables not captured by our study may also be driving the spatial distribution of dingoes in the BD/WNP. The confluence of all these relationships meant that the highest densities of dingoes were predicted to occur in the forested areas of east Gippsland. 
There is a growing literature on statistical methods for deriving animal density from encounter rates by unmarked individuals with camera traps (e.g. Rowcliffe et al. 2008; Chandler and Royle 2013; Ramsey et al. 2015; Howe et al. 2017; Nakashima et al. 2018; Moeller et al. 2018). Compared with other methods for estimating absolute abundance (e.g. mark-recapture), camera trapping is relatively low cost and has the advantage of being able to generate data for multiple species (Palencia et al. 2021). However, methods for estimating animal density from camera traps when there is no individual identification rely on several model assumptions (Gilbert et al. 2021; Palencia et al. 2021). The two critical assumptions most likely to be violated in studies using CTDS are that cameras are placed independently of animal locations and that animal movement and behaviour are not affected by camera traps or distance markers. Our random sampling design ensured that cameras were placed independently of the locations of dingoes. For each randomly selected site, we attempted to place cameras as close to the site centroid as possible. Cameras were also orientated in a southerly direction, and we were careful not to place cameras facing any obvious animal tracks. Behavioural interactions of animals with camera traps or distance markers may also cause bias in density estimates because animals spend more time in front of cameras than would otherwise occur during random encounters, consequently inflating density estimates (Houa et al. 2022). We minimised the influence of this source of bias by tagging any images showing dingoes reacting to the presence of the camera or distance markers, resulting in the removal of 23% of Dingo images from our analyses. Additionally, later surveys conducted in BD/WNP used reference images instead of distance markers to prevent Dingo interaction with markers in front of the camera. Consequently, we believe that the camera trap encounters of dingoes recorded during this study conform to the assumptions underlying the use of the CTDS model we used to estimate Dingo densities. 
In addition, recent studies have shown that CTDS estimates need to account for variation in activity levels (i.e. the proportion of a 24-h day when animals are active) because encounter rates with cameras are likely to vary with animal activity (Rowcliffe et al. 2014). Failure to account for activity using CTDS will result in underestimates of population abundance (Corlatti et al. 2020). Analysis of relative activity levels of dingoes revealed that activity peaked in the early morning and evening, presumably periods when their primary prey was also the most active. Overall, dingoes were active for 44% of a typical 24-hour period. This estimate falls within the range of activity time estimated from GPS tracking of dingoes in arid areas, with daily activity rates estimated at 9% in Summer and 54% in Winter (Tatler et al. 2021).
[bookmark: _Toc170714896]Conclusions and recommendations
An extensive and intensive statewide survey using camera traps has estimated the total population of dingoes in Victoria to be 5,010 (90% CL: 2,710–9,050), with the majority of the state’s Dingo population resident in the Gippsland and Hume regions. Due to the apparent very low population abundance of dingoes estimated in the BD/WNP, it is recommended that further periodic monitoring of this population be prioritised to determine the response to threats and management. Similarly, continued monitoring of the eastern population is recommended to determine how the population responds to management activities. 
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Figure A1. Posterior predictive checks for modelled versus observed estimates relating to Dingo abundance and occupancy. Observed statistics that are compared to the posterior distributions are (A) maximum observed counts (snapshot moments with dingoes), (B) mean counts (snapshot moments) of dingoes, (C) standard deviation of counts and (D) comparison of mean estimated site counts against the modelled site counts, (E) proportion of sites with a zero count for dingoes, and (F) the density of modelled and observed counts.

[image: ]
Figure A2. Traceplots showing model convergence of key parameters related to the detection (beta_det) and abundance (beta_psi) of dingoes. 
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