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[bookmark: _Toc110599585]Summary
[bookmark: _Toc509242196][bookmark: _Toc110599586]Context:
[bookmark: _Toc509242197]The Glenelg Ark project was initiated in 2005 to facilitate the recovery of selected native mammal species considered at risk from Red Fox (Vulpes vulpes; hereafter ‘fox’) predation: in that year, continuous landscape-scale fox baiting was established across 90,000 ha of state forest and national park in south-western Victoria. Three native mammal species found within the project area at the time were selected for monitoring because they were in low numbers, had patchy distributions, and were considered at risk from fox predation: Common Brushtail Possum (Trichosurus vulpecula), Long-nosed Potoroo (Potorous tridactylus) and Southern Brown Bandicoot (Isoodon obesulus). This twelfth Glenelg Ark report is an update on the progress made in achieving biodiversity benefits from ongoing reduction of the threat posed by fox predation by the Glenelg Ark project since it began in 2005.
[bookmark: _Toc520122035]Aims:
The aims of this report are:
· to update information on the outcomes of the fox control operation and the responses of targeted native species as of 2020
· to aid land managers and policy groups in decision-making regarding the project's future directions.
[bookmark: _Toc509242198][bookmark: _Toc110599587]Methods:
[bookmark: _Toc509242199]Changes in fox population density over the past 15 years in response to baiting were predicted using a spatially explicit, individually based population model, ‘FoxNet’. FoxNet incorporates parameters on dispersal and home ranges as a function of resource availability and customises survival and reproductive parameters for south-eastern Australia.
Species detection/non-detection data from 240 monitoring sites across three monitoring locations with fox control and three monitoring locations without fox control were used in Bayesian multi-season occupancy models to estimate the occupancy, colonisation, persistence, and occupancy growth rate of the target native mammal species at these locations. A range of plausible covariates were included in these models to predict the current occupancy across the Glenelg Ark operations area.
Foxes not only impact the numbers of prey species, but potentially the numbers of other predators, which may increase or change their behaviour as fox numbers decline. Data on the changes in feral Cat (Felis catus; hereafter ‘cat’) density across four of the six locations were provided by Matt Rees (University of Melbourne PhD candidate) and for two locations from a Biodiversity Response Planning project funded by the Department of Environment, Land, Water and Planning (DELWP).
[bookmark: _Toc110599588]Results:
Fox density
FoxNet modelling showed a reduction in fox density of 73% 10 years after implementing model fox control. At that time (in 2015), the mean fox density across the treatment monitoring locations was 0.46/km2 (min–max: 0.38–0.54), with fox density reduced by >65% over 43% of locations with fox control. Even one year after model fox baiting began, fox densities at locations with baiting became significantly different from fox densities at locations without baiting. 
Cat density
Cat densities at locations with fox control were higher (0.47/km2 95% CL 0.31–0.70) than at locations without fox control (0.20/km2 95% CL 0.13–0.34). Note that these estimates are for cat density from 2020. Note, also, that it cannot be assumed that fox density is the only parameter affecting cat density. 
Common Brushtail Possum
Persistence of Common Brushtail Possums was greater at locations with fox control than at locations without fox control; in addition, persistence decreased as distance to non-native vegetation increased, regardless of the fox control status. The odds of an occupied location remaining occupied (i.e. persisting from one year to the next) were greater by 43% (95% credible interval 20–72%) at a location with fox control compared with at the equivalent location without fox control. The only covariate that influenced colonisation rates was the presence of fox control. At locations with fox control, the odds of an unoccupied site becoming occupied (i.e. colonised) were greater by 35% (95% credible interval 1–79%) compared with at the equivalent location without fox control.
Since 2009, the occupancy growth rate for Common Brushtail Possum has been very close to zero across all locations, suggesting that most available suitable habitat has been occupied since then. The number of occupied sites has reached a plateau at each location.
Long-nosed Potoroo
Locations with fox control tended to have higher Long-nosed Potoroo persistence rates than locations without fox control, but the difference reduced as the topographic wetness index increased. The odds of an occupied location remaining occupied were 103% greater (95% credible interval 8–276%) at a site with fox control than at the equivalent site without fox control.
Fox control influenced colonisation. At locations with fox control, the odds of an unoccupied site becoming occupied were 239% greater (95% credible interval 120–469%) than at the equivalent site without fox control.
The growth rate in Long-nosed Potoroo occupancy since 2005 at locations with fox control has been consistently greater than at locations without fox control.
Southern Brown Bandicoot
Persistence of Southern Brown Bandicoots at locations without fox control was influenced by topographic wetness index or time since fire, increasing with an increase in topographic wetness index and decreasing with an increase in time since fire. However, these variables did not affect their persistence at locations with fox control.
The colonisation rate of Southern Brown Bandicoots increased (since 2005) with an increase in distance to non-native vegetation at locations with and without fox control, but locations with fox control had higher colonisation rates.
The growth rate of Southern Brown Bandicoot occupancy at locations with fox control since 2005 has been consistently greater than at locations without fox control.
[bookmark: _Toc509242200][bookmark: _Toc110599589]Conclusions and implications:
This analysis has shown that, for Long-nosed Potoroo and Southern Brown Bandicoot, fox control has made a substantial positive difference in site occupancy. Both colonisation and persistence rates for Long-nosed Potoroo and Southern Brown Bandicoot were higher at fox control locations than at locations without fox control. This has resulted in growth (new sites becoming occupied over time), and this has been consistently higher at locations with fox control. The colonisation and persistence rates of Common Brushtail Possums were less influenced by fox control, although it was an important factor, with rates being higher at locations with fox control. 
Some of the evidence reported here supports the niche expansion hypothesis, i.e. that a release from predation pressure would relax the stringency of the ecosystem requirements of those native species at risk from predation: the need for shelter and for proximity of food would be less restrictive, and this would permit expansion of the realised niche. In the presence of foxes, the persistence rate of Southern Brown Bandicoots increased with increase in topographic wetness index and decreased with time since fire, while at locations with significantly reduced fox presence, the modelled habitat characteristics did not influence the persistence of Southern Brown Bandicoots. This suggests they can occupy a broader range of habitat in the absence of foxes.
Overall, these results highlight the benefit of ongoing fox control for three native species at risk from fox predation. We suggest future directions for the monitoring and evaluation of Glenelg Ark so that land managers, policymakers and the community can continue to make informed, evidence-based assessments of the success of this broadscale mainland fox control operation and have the information necessary for decision-making about future directions.
We recommend the following next steps in the monitoring program.
1. Add additional monitoring at locations of high predicted occupancy and/or at locations with covariate values underrepresented in the occupancy model to improve model predictions and inferences about the role of fox control in native species occupancy.
2. Include the additional variables Normalised Difference Vegetation Index, Distance to Water, Ecological Vegetation Class, mean annual rainfall, and mean annual temperature in the next round of analysis to strengthen the model predictions.
3. Consider the collection and analysis of fox monitoring data from Lower Glenelg – South and Lower Glenelg – North to complete the assessment of fox density across Glenelg and confirm FoxNet model predictions.
4. If recommendation three is implemented and both LiDAR and fox density data is available from the University of Melbourne project, incorporate this data directly into the occupancy model.
5. Commence planning for the integration of feral cat control in the financial year 2023/24. A possible design of the rollout for feral cat control is provided in Robley et al. (2019). This approach would continue to add to the current long-term monitoring dataset but allow for the integration of feral cat control.
[bookmark: _Toc409798398][bookmark: _Toc286018760][bookmark: _Toc409798397][bookmark: _Toc110599590]
Introduction
This is the twelfth annual report on the progress of Glenelg Ark, and it updates the achievements to date of this project concerning (i) managing the threat posed by foxes and (ii) the response of three native species at risk from fox predation.
The Glenelg Ark project has involved the implementation of continuous, landscape-scale Red Fox (Vulpes vulpes; hereafter ‘fox’) baiting across 90,000 ha of state forest and national park in south-western Victoria since 2005. The monitoring and evaluation component of Glenelg Ark has assessed the outcomes of the fox control activities in terms of (i) modelled changes in fox density and (ii) occupancy rates of the three selected native species considered to be at risk from fox predation. Glenelg Ark must demonstrate benefits to biodiversity in Victoria to justify government commitment and community support.
Three native mammal species found within the project area at the time of project commencement were selected for monitoring because they were in low numbers (Robley et al. 2011), had patchy distributions (Menkhorst 1995), and were considered at risk from fox predation: Common Brushtail Possum (Trichosurus vulpecula), Long-nosed Potoroo (Potorous tridactylus) and Southern Brown Bandicoot (Isoodon obesulus). All three species were known to be preyed upon by foxes (Seebeck 1978) and to have responded positively to a reduction in foxes (Kinnear et al. 2002; Arthur et al. 2012).
We suggest that, in the presence of predators such as foxes, it is probable that populations can only persist in refugia that may be quite atypical of a species’ actual niche requirements. In terms of the Hutchinson (1978) concept of the niche (also see Kinnear et al. 1988), fox predation affects the dimensions of a species’ realised niche (i.e. where the species actually lives) by exaggerating their requirements for protective shelter and their need for food to be nearby. Niche theory predicts that a release from predation would relax the requirements for shelter and the proximity of food and thus permit the expansion of the realised niche, as observed by Kinnear et al. (1988) for Black-flanked Rock-wallabies (Petrogale lateralis) when foxes were controlled. Over time, this relaxation may present in several metrics of occupancy.
Environmental factors such as historical land use or fire regimes can influence species distribution (MacKenzie et al. 2017). To account for the possible effect of factors other than predation on species occupancy, we incorporated several possible explanatory variables in dynamic spatial occupancy models (Royle and Kéry 2007) to assess the response of the selected native species to fox control.
We used a spatially explicit individually based population model (FoxNet; Hradsky et al. 2019; Francis et al. 2020) to model the differences in the relative abundance of foxes at locations with ongoing and continuous fox control with locations with no history of fox control. We assessed outcome success (whether fox control has resulted in a positive benefit to the target native species) by investigating four population parameters: (i) the rate of occupancy, (ii) the rate of colonisation (i.e. the rate at which new sites are occupied each year), (iii) the rate of persistence (i.e. the rate at which previously occupied sites remain occupied) and (iv) the rate of growth (i.e. the rate at which occupied sites increase over time), comparing the data for locations with and without ongoing fox control.
It was predicted that if fox control has been effective at Glenelg Ark, the three target species should exhibit niche expansion, which would be indicated if:
1. Colonisation rates are positively associated with fox control: if a species’ niche is limited by predation, reduced predation pressure should result in individuals occupying new sites as the population expands.
2. Persistence rates are positively associated with fox control: if a specie niche is limited by predation, reduced predation pressure should result in higher persistence rates at locations with fewer foxes than at locations with more foxes.
3. The above rates are greater at locations sites with fox control than at locations without fox control.
[bookmark: _Toc286018763]This report updates the previous monitoring and evaluation report (Robley et al. 2019) by incorporating new data on the outcomes of the fox control operation as of 2020, including data from monitoring of the target native species. A revised occupancy modelling approach has been implemented (including a set of plausible environmental variables for exploring drivers of the response of target species to a changed level of predation risk). Finally, in this report, future directions for the monitoring and evaluation of Glenelg Ark have been suggested. The outcome is that land managers, policymakers and the community can now make informed, evidence-based assessments of the success of this broadscale mainland fox control operation and have the information necessary for decision-making about future directions.

[bookmark: _Toc110599591]Methods
[bookmark: _Toc13824657][bookmark: _Toc57381061][bookmark: _Toc110599592]Glenelg Ark operations area
The Glenelg Ark operations area is in far south-western Victoria, near the township of Heywood (38°07'50"S, 147°37'45"E), and covers 90,000 ha of public land (Figure 1). 
Fox control was consolidated in the southern half of the overall operations area to achieve a broadscale reduction in the abundance of foxes across the public land areas. Ideally, fox control would have been randomly allocated across the available public land blocks. This would have increased the strength of any assessment of the impact of fox control (the treatment) on the response (change in native species).  
Fox baiting using commercial shelf stable bait containing either sodium fluoroacetate (known as 1080) or para-aminopropiophenone (known as PAPP) is undertaken by burying a single bait in a bait station (Figure 1). Baits stations are checked every fortnight and taken baits replaced year-round. 
[bookmark: _Toc110599593]Monitoring and evaluation design
Three treatment monitoring locations (TMLs) (i.e. locations with fox control) and three non-treatment monitoring locations (NTMLs) (i.e. locations without fox control) (Figure 1) were used to assess the benefits of fox control to native species. These areas were matched as best as possible for EVCs and fire history. There had been little fox control in the TMLs and NTMLs before 2005. 
The main Ecological Vegetation Classes (EVCs) across all six locations are Heathy Woodland, Lowland Forest, Herb-rich Woodland, and Wet Heathland. The area receives an average annual rainfall of 700 mm, and the average minimum and maximum temperatures are 8.1°C and 17.6°C, respectively.
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Description automatically generated] 
[bookmark: _Toc110599618]Figure 1. Glenelg Ark operations area. Green - Glenelg Ark operational areas. Red dots indicate poison bait stations. Pale grey – other public land.
The six monitoring locations were:
1. Annya State Forest (NTML; 8520 ha)
2. Hotspur State Forest (NTML; 6940 ha).
3. Lower Glenelg National Park – North (LGNP-north; NTML; 4659 ha) (separated from LGNP-south by the Glenelg River)
4. Cobboboonee National Park (TML; 9750 ha)
5. Lower Glenelg National Park – South (LGNP-south; TML; 8954 ha)
6. Mount Clay State Forest (TML; 4703 ha)
The aim of this design was to identify any patterns of association between a reduction in foxes and an increase in targeted native species.
[bookmark: _Toc110599594]The difference in fox density between treatment and non-treatment monitoring locations
In the absence of data on the density of foxes in the TML and NTML we used a spatially explicit, individually based population model, ‘FoxNet’, to predict the difference in fox population density and responses to baiting. FoxNet incorporates parameters on dispersal and home ranges as a function of resource availability (Hradsky et al. 2019) and customises survival and reproductive parameters for south-eastern Australia (see Hradsky 2022 for detail of model parameters).
FoxNet models foxes as mobile individuals whose behaviour is determined by age, sex, status, and the time of year. Within the model, ‘alpha’ foxes seek to join or start their fox families, establishing and maintaining a territory. Each fox family must contain at least one alpha fox and may also include the alpha’s mate, cubs and subordinate offspring, who share the territory. Fox families can be characterised by a description of the family members, their territory (habitat-cells) and the productivity of their territory.
The landscape in FoxNet is divided into habitat cells, which we defined as 1 ha in size. Each habitat cell has a set of parameters that affect how fox families and individual foxes behave.
We updated our model processes at 1-week intervals (time steps). A series of operations occur consecutively at each time step, and key seasonal events [e.g. dispersal (March–April) and mating (July–September)] are linked to weeks of the year (9–21 and 27–40, respectively).
At each time step, foxes age; if old enough, they disperse between March and May of each year. Within fox families, an alpha male or female that dies (either by natural causes or baiting) is replaced by an age- and sex-appropriate subordinate from that family if a suitable individual is available. Otherwise, the position remains vacant for a disperser to join the fox family. Fox families check their territories; if productivity is insufficient, adults and subordinates disperse, and cubs die. This checking also enables fox families to expand and contract their territory size in response to landscape productivity.
Baits are deployed at bait stations (according to the defined Glenelg Ark management strategy). Foxes whose territories overlap with one or more bait stations are exposed to these baits and risk dying, with the level of risk based on the number of baits, the size of their territory and the number of foxes in the fox family. All baits that are not ‘eaten’ by foxes are removed after each model time step (1 week). Although baits may be available to foxes for longer than a week, degradation of 1080 may render baits non-lethal 2 weeks after deployment (Saunders et al. 2000).
Models were run for 40 iterations to capture the underlying variance in fox responses. Adult fox densities were recorded and updated at each time step and were averaged across all model iterations. Models were run with a buffer of ~30 km around the locations to capture >96% of dispersing female foxes and >93% of dispersing male foxes that might reach the location.
Fox density was modelled for 10 years before the commencement of baiting (to allow the population to stabilise) and for 10 years following the beginning of baiting across each TML.
1.1.1 [bookmark: _Toc39675454][bookmark: _Toc110599595][bookmark: _Hlk26786692]Calculating changes in fox density
The difference in mean fox density between baited and unbaited models was used to assess the success of the control strategy. For each of the 40 model iterations, fox densities within a location were averaged over 13 × 13 1-ha cells, or 1.69 km², approximately 80% of the area of a fox’s home range. This produced an average fox density (number per km2) for both baited and unbaited locations, which was analysed to determine the percentage reduction in density [R package ‘raster’ (Hijmans 2015)]. This assessment was taken in week 23 of model year 20 to coincide with the midpoint between population peaks (cub independence).
A snapshot in time of the spatial effect of baiting on fox density was also produced; this ‘density map’ was also calculated for week 23 of model year 20 to coincide with the midpoint between population peaks (cub independence), and it illustrates the areas with spatial reductions in fox density of between 50 and 65% and >65%. Spatial reduction calculations contrasted the unbaited and baited scenario spatial density outputs.
FoxNet was built and run in the open-source software Netlogo (v. 6.0.4, Wilensky 1999), and models were executed using R v. 3.5.3 (R Core Team 2021) and the ‘RNetLogo’ package (Thiele et al. 2012; Thiele 2014). Landscapes were built using ArcMap 10.3.1 (ESRI 2015) using Victorian Government GIS datasets (PLM25). A detailed model overview and description of FoxNet following the Overview, Design, Details protocol is provided in Hradsky et al. (2019).
[bookmark: _Toc110599596]Measuring the response in native mammal species
Occupancy by the three target native mammal species (Long-nosed Potoroo, Southern Brown Bandicoot and Common Brushtail Possum) was monitored annually at 40 camera trap sites established within each TML and NTML (Figure 2). The placement of the monitoring sites was chosen based on descriptions of the habitat preferred by the target native mammal species (Menkhorst 1995) and aligned with EVCs; the number of sites within a EVC was proportional to the size of the preferred habitat within each TML and NTML. The position of the monitoring sites within locations was randomly assigned but constrained to be within 50 m of tracks. A site was assumed to sample the area potentially occupied by the target species, with home ranges for Southern Brown Bandicoot and Long-nosed Potoroo ranging from 2 to 4 ha (Bennett 1987; Scott et al. 1999; Ricciardello 2006; McGregor et al. 2013).
Monitoring before the commencement of poison baiting was conducted in winter 2005, then usually undertaken in spring (2005, 2008–2020). In 2006, sampling was conducted in late winter, and the spring 2007 samplings at Mount Clay and Hotspur were delayed, with monitoring undertaken in the 2007–2008 summer.
From 2005 to 2012, at each monitoring site, nine ‘Handiglaze’ hair-tubes (Murray 2005; Figure 3) baited with peanut butter, rolled oats, and golden syrup were set and checked daily for four consecutive days, with tapes being replaced each day. These daily tape replacements represented four repeat surveys of the monitoring site per sampling period. Beginning in spring 2013, hair-tubing was discontinued, and a single digital camera (Reconyx RapidFire HC600, Reconyx, LLP Wisconsin, USA) was set at one of four possible locations within a hair-tube grid at each monitoring site (Figure 3). A series of coin tosses determined the camera’s location within the grid. Cameras were attached to the nearest tree 20–30 cm above the ground. A lure of truffle oil, peanut butter, rolled oats, and golden syrup was secured to the ground in a small, ventilated container 2 m in front of the camera. Cameras were set to take five images per trigger and operated for a minimum of 30 days, with each day representing a repeat survey of the monitoring site per sampling period.
[bookmark: _Ref284797477][bookmark: _Toc284627857][bookmark: _Ref376794724][bookmark: _Toc409798463][bookmark: _Ref284427832][image: Map
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[bookmark: _Toc481753965][bookmark: _Toc57381079][bookmark: _Toc110599619]Figure 2. Monitoring sites in the treatment monitoring locations (TMLs; dark tan areas) and non-treatment monitoring locations (NTMLs; pale tan areas) for Glenelg Ark are indicated by purple dots. LGNP = Lower Glenelg National Park.
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[bookmark: _Toc57381080][bookmark: _Toc110599620]Figure 3. The layout of the nine hair-tubes and possible location (A, B, C or D) of the single digital camera at a monitoring site
[bookmark: _Toc110599597]Species occupancy
A multiseason occupancy model was used to estimate the occupancy (), detection (), local colonisation , the probability that an unoccupied site in season,  is occupied in season  and local persistence (, the probability that an unoccupied site site season  remains occupied in season ) (MacKenzie et al. 2006, 2017). The model was constructed in a Bayesian framework, using a space–state formulation (Royle and Kéry 2007). Separate models were built for each species of interest: CBP, LNP and SBB. Each model allowed for a parameter difference at each of the six locations: Annya State Forest, Hotspur State Forest, and Lower Glenelg National Park – North (no fox control); Cobboboonee National Park, Mount Clay State Forest, and Lower Glenelg National Park – South (fox control). Models were constructed that included several camera level covariates individually for local persistence, and local colonisation rates (Table 1).
Distance to non-native vegetation (DTNV). Invasive predators are well documented to prefer edges between forest and cleared land, because they facilitate efficient movement and hunting (e.g. McGregor et al. 2014; Hradsky et al. 2017; Nichols et al. 2019). We modelled the effect of the minimum distance from each camera trap site to the nearest substantial area of non-native vegetation. We calculated this by inverting the extent of native vegetation (Department of Environment, Land, Water and Planning 2019) and removing cleared areas smaller than 30 ha, as per Geary et al. (2020).
Terrain ruggedness and wetness. High topographic complexity (i.e. ‘ruggedness’) can limit predator movement and predation rates, benefiting prey (Hohnen et al. 2016; McDonald et al. 2017; Stobo-Wilson et al. 2020). Soil moisture (estimated by the topographic wetness index) impacts vegetation and the availability of subterranean invertebrates and fungi—key food sources for Long-nosed Potoroo and Southern Brown Bandicoot (Lobert 1990; Nuske et al. 2017).
We extracted each site’s elevation above sea level (metres) using a 10-m-resolution digital elevation model (Department of Environment, Land, Water and Planning 2020). We also used this elevation layer to calculate the median terrain ruggedness index (TRI, which calculates the difference in elevation between a central cell and eight adjacent cells (Riley et al. 1999), taking the median value in a 30-m radius around each camera trap site. We also took the median topographic wetness index in a 30-m radius around each camera-trap site, derived from a 30-m resolution layer (Gallant and Austin 2012). The topographic wetness index estimates where water will accumulate by accounting for topographic influences on hydrological processes (Beven and Kirkby 1979).
Time since fire (TSF). We derived the time since the last fire (in years) for each camera trap deployment, using coarse fire scar mapping provided DELWP dating back to 1939, when large wildfires burnt the region extensively.
Treatment. To allow for covariate effects to vary between locations with and without fox control, we included a binary variable for treatment representing fox control (1) and no fox control (0).


[bookmark: _Toc110599611]Table 1. Camera level covariates used in the multiseason occupancy models
	Covariate
	Description

	Distance to non-native vegetation (DTNV) patches of >30 ha
	Distance in metres to the nearest patch (>30 ha) of non-native vegetation, e.g. pine plantation, open pasture

	Terrain Ruggedness Index (TRI)
	A measure of the difference in elevation between a centre cell and the eight cells directly surrounding it. The eight elevation differences are squared and averaged. The square root of this average result is a TRI measurement for the centre cell.

	Time since fire (TSF)
	Time (in years) since the camera site was last recorded as being burnt

	Topographic Wetness Index (TWI)
	A quantitative measure of the terrain-driven variation in soil moisture. Topographic Wetness Index (TWI) is calculated as log_e(specific catchment area / slope) and estimates the relative wetness within a catchment.

	Treatment
	A binary variable that indicates whether a location received fox control or not. 0 = no fox control, 1= fox control



A random effect was included in the local persistence and colonisation rate to account for annual variation. If there was evidence that the covariate was important (the 95% high-density interval/credible interval excluded 0), then that covariate was included in a combined model for that rate. Only the final combined model is reported (see Appendix 2 for a list of all models). The ecological fire group (EFG) was initially considered for inclusion, but once the data was compiled, it was clear that the dominant EFG was aligned with the location and would therefore be confounded. Since there were very limited EFGs outside the dominant ones, we decided to use location rather than EFG as an explanatory variable.
The general form of the model took the form:



[bookmark: _Toc110599612]Table 2. Parameters and their definitions used in the multiseason occupancy model
	Parameter
	Definition

	
	The survey period since the initial survey in 2005

	
	Observation status of a species at site  in period  on the  observation: 1 (detected), 0 (otherwise)

	
	True occupancy status of a species at site  in period : 1 (occupied), 0 (otherwise)

	
	The occupancy rate for a species at site  in period 

	
	The daily detection rate of a species depending on the device  used on day  at a site, given the site is occupied

	
	Variable of interest  at site  in period 

	
	Colonisation rate at site  in period 

	
	Persistence rate at site  in period 

	
	Random variation in colonisation rates in period 

	
	Random variation in persistence rates in period 

	
	Standard deviation in the random variation in colonisation rates between periods

	
	Standard deviation in the random variation in persistence rates between periods



The models also allowed for differences in daily detection rates based on whether a hair-tube or camera was used for detection. Additionally, hair-tube detection of Long-nosed Potoroos and Southern Brown Bandicoots was allowed to differ depending on whether Common Brushtail Possums were detected at the site. The reasoning for this was that the hair-tubes could be swamped with Common Brushtail Possum hairs, making it difficult for hair from other species to be collected by the hair tubes; therefore, Long-nosed Potoroos and Southern Brown Bandicoots could be underreported.
We then derived the growth rate from the posterior distributions for the number of occupied sites. The growth rate is a comparison of the current occupancy rate with the previous season’s occupancy rate, i.e.

Growth rates of >1 imply increasing occupancy, whereas growth rates of <1 show that occupancy is decreasing; a growth rate of 1 shows no occupancy change. As a measure of the impact fox control had on the growth rate, we calculated the percentage difference in growth rate between locations with and without fox control.
[bookmark: _Toc110599598]Spatial predictions of occupancy
We used predictions from the occupancy models for Long-nosed Potoroos and Southern Brown Bandicoots to generate spatial maps of the occupancy probability across the Glenelg Ark operations landscape.  These surfaces can help visualise predicted occupancy for the current monitoring locations and for locations outside the monitored areas, aiding with decision-making regarding the placement of additional monitoring sites. 
Predictions for each location, which including both sampled and unsampled locations, were conditional on the values of all covariates at these locations used in the model fitting process. These spatial maps were designed to help land managers evaluate the current camera trap placement and consider where to place new cameras to help increase our understanding of the relationship between the explanatory variables, fox control and occupancy by Long-nosed Potoroos and Southern Brown Bandicoots. Some of the predicted locations had values for explanatory variables that were outside the range of those included in the models.  Predictions at those locations are extrapolations and assume the relationships are linear (on the logit scale) for those values, which may not be the case. 
The models were constructed in JAGS (Plummer 2003) via R (R Core Team 2021) using the package R2jags (Su and Yajima 2015. Model chains were run until the chains converged. Convergence was defined when the Gelman and Rubin’s convergence diagnostic (scale reduction factor) was <1.05 for all parameters (Gelman et al. 2004). The model selection was performed by running a model with each variable separately and then including that variable in the final model if there was evidence it was important (95% CI excluded 0).

[bookmark: _Toc110599599]Results
[bookmark: _Toc110599600]Fox density
FoxNet modelling showed a reduction in fox density of 73% at 10 years after implementing model fox control (Figure 4). Fox densities at locations with baiting became significantly different from fox densities at locations without baiting 1 year after baiting began, and the mean fox density across TMLs was 0.46/km2 (min–max: 0.38–0.54).
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[bookmark: _Toc110599621]Figure 4. The modelled fox densities for the Glenelg Ark program—locations with fox control (aqua) and locations without fox control (red). Fortnightly baiting commenced in model year 11, as per the project description, and ran for the duration of the model.
The modelled fox density was reduced by >65% over 43% of the TMLs by June in model year 20 (Figure 5). Table 3 shows the average modelled density of foxes for each monitoring area in the spring 10 years after baiting commenced.
[bookmark: _Toc110599613]
Table 3. Modelled predictions of fox density at treatment and non-treatment monitoring locations at 10 years after baiting commenced, i.e. in 2015
	Treatment
	Monitoring location
	Modelled fox density (min–max)
(/km2)

	No fox control
	Annya
	1.20 (0.99–1.5)

	
	Hotspur
	1.25 (0.94–1.7)

	
	Lower Glenelg – North
	0.54 (0.34–0.70)

	Fox control
	Mount Clay
	0.22 (0.11–0.38)

	
	Cobboboonee
	0.09 (0.02–0.18)

	
	Lower Glenelg – South
	0.22 (0.16–0.34)
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[bookmark: _Toc110599622]Figure 5. Modelled spatial reduction in modelled fox densities for the Glenelg Ark program
[bookmark: _Toc110599601]Feral cat density
Camera trap data collected by the Glenelg Ark team as part of the Feral Cat project funded through the Biodiversity Response Planning program was added to the data compiled and then analysed by University of Melbourne PhD candidate Matthew Rees. Results from this analysis show that, on average, the feral cat density at locations with fox control was higher (0.47/km2 95% CL 0.31–0.70) than at locations without fox control (0.20/km2 95% CL 0.13–0.34) (Table 4). Note that these estimates are for cat density from a single year (2021) year. The underlying density of feral cats may differ between these locations, regardless of fox control.
[bookmark: _Toc110599614]Table 4. Estimated feral cat densities at locations with and without fox control
	Landscape
	Estimate
(/km2)
	Lower 95% CL
(/km2)
	Upper 95% CL
(/km2)
	Treatment
	Replicate

	Annya
	0.24
	0.17
	0.34
	NFC
	1

	Hotspur
	0.22
	0.14
	0.33
	NFC
	2

	LGNP-N
	0.15
	0.07
	0.35
	NFC
	3

	Cobboboonee
	0.60
	0.40
	0.88
	FC
	1

	Mount Clay
	0.24
	0.18
	0.31
	FC
	2

	LGNP-S
	0.56
	0.34
	0.90
	FC
	3


CL = confidence limit; FC = fox control; LGNP-N = Lower Glenelg National Park – North; LGNP-S = Lower Glenelg National Park – South; NFC = no fox control,
[bookmark: _Toc110599602]The influence of site-level covariates on colonisation, persistence, and growth rates between locations with and without fox control
[bookmark: _Toc110599603]Common Brushtail Possum
Persistence
The persistence rates for Common Brushtail Possums were higher at locations with fox control, while persistence tended to decline as distance to non-native vegetation increased, regardless of fox control status (Figure 6) (Table 4).
The odds of an occupied site remaining occupied by Common Brushtail Possums (i.e. persisting from one year to the next) were greater by 43% (95% CI 20–72%) than at the equivalent site without fox control.[image: Chart
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[bookmark: _Toc110599623]Figure 6. Estimated persistence rate for Common Brushtail Possum in relation to distance to non-native vegetation
Colonisation
The only covariate that influenced colonisation rates was the presence of fox control (Table 5). At sites with fox control, the odds of an unoccupied site becoming occupied by Common Brushtail Possums were greater by 35% (95% CI 1–79%) than at the equivalent site without fox control.
[bookmark: _Toc110599615]Table 5. Results from the Common Brushtail Possum occupancy model
	Component
	Parameter
	Median
	L.B.
	U.B.

	Persistence
	Distance to non-native vegetation
	–0.326
	–0.630
	–0.015

	Persistence
	Distance to non-native vegetation with fox control status
	0.285
	–0.118
	0.712

	Persistence
	Fox control area
	0.360
	0.182
	0.542

	Colonisation
	Fox control area
	0.303
	0.014
	0.585


Rows in bold type are significant results. L.B. and U.B. are the lower and upper bounds from the 95% credible interval, respectively. All estimates are on the logit scale.
Growth rate
Since 2009, the difference in occupancy growth rate for Common Brushtail Possums has been very close to zero across all locations, suggesting that the most suitable habitat has become and remains occupied since then. Hence, there was a slight decline in the difference in growth rate (as a percentage change) with fox control (Figure 7).
[image: Glenelg-Update-2020-Covar-v2_files/figure-docx/BTPgrFoxD-1.png]
[bookmark: _Toc110599624]Figure 7. The difference in growth rates (percentage difference between sites with and without fox control) for Common Brushtail Possum over time. The dot is the median, and the lines represent the 95% credible interval.


[bookmark: _Toc110599604]Long-nosed Potoroo
Persistence
The covariates influencing Long-nosed Potoroo persistence rates were the presence of fox control and the topographic wetness index (Table 6). Sites with fox control tended to have higher persistence rates than sites without fox control, but this difference ceased as topographic wetness increased above a TWI of 9. (Figure 9).
The odds of an occupied site remaining occupied were 103% greater (95% CI 8–276%) than for the equivalent site without fox control.
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[bookmark: _Toc110599625]Figure 9. Estimated persistence rate for Long-nosed Potoroo in relation to distance to non-native vegetation, separated by fox control status
Colonisation
The covariate that influenced Long-nosed Potoroo colonisation rates was the presence of fox control (Table 6). At sites with fox control, the odds of an unoccupied site becoming occupied by Long-nosed Potoroo were 239% greater (95% CI 120–469%) than for the equivalent site without fox control.
[bookmark: _Toc110599616]
Table 6. Results from the Long-nosed Potoroo occupancy model
	Component
	Parameter
	Median
	L.B.
	U.B.

	Persistence
	Topographic wetness index
	0.960
	0.249
	1.796

	Persistence
	Topographic wetness index with fox control status
	–0.476
	–1.399
	0.432

	Persistence
	Fox control area
	0.706
	0.079
	1.324

	Colonisation
	Fox control area
	1.222
	0.789
	1.739


Rows in bold are significant results. L.B. and U.B. are the lower and upper bounds from the 95% credible interval, respectively. All estimates are on the logit scale.
Growth rate
The difference in growth rate at locations with fox control has been consistently greater than at locations without fox control (Figure 10).
[image: Glenelg-Update-2020-Covar-v2_files/figure-docx/LNPgrFoxD-1.png]
[bookmark: _Toc110599626]Figure 10. The difference in growth rates (percentage difference between sites with and without fox control) for Long-nosed Potoroo over time. The dot is the median, and the lines represent the 95% high-density interval.

[bookmark: _Toc110599605]Southern Brown Bandicoot
Persistence
The covariates influencing persistence of Southern Brown Bandicoots were the presence of fox control, the topographic wetness index, and the time since fire (Table 7). At sites without fox control, the Southern Brown Bandicoot persistence rate increased with an increase in topographic wetness index (Figure 11a), while at sites with fox control, there was little evidence that the topographic wetness index influenced persistence.
At sites without fox control, the local persistence rate of Southern Brown Bandicoots decreased with increasing time since fire (Figure 11b), while at sites with fox control, the local persistence rate did not seem to be influenced by time since fire.
[image: Glenelg-Update-2020-Covar-v2_files/figure-docx/fSBBSurv-1.png]Local persistence rate

[bookmark: _Toc110599627]Figure 11. (A) Persistence rates for Southern Brown Bandicoot across different topographic wetness indices, separated by fox control status, given all other covariates are held at their mean value. (B) Persistence rates for Southern Brown Bandicoot across different times since fire, separated by fox control status, given all other covariates are held at their mean value. The line is the median, and the shaded area represents the 95% credible interval.
Colonisation
The covariates influencing local colonisation rates of Southern Brown Bandicoots were the presence of fox control and the distance to non-native vegetation (Table 7). The colonisation rate increased with increasing distance to native vegetation at sites with and without fox control, although sites with fox control had higher colonisation rates (Figure 12).
The odds of an unoccupied site becoming occupied were 190% greater (95% CI 85–357%) than at the equivalent site without fox control.
[image: Glenelg-Update-2020-Covar-v2_files/figure-docx/SBBColCov-1.png]
[bookmark: _Toc110599628]Figure 12. Estimated local colonisation rate for Southern Brown Bandicoot in relation to distance to non-native vegetation, separated by fox control status

Growth rate
The difference in occupancy growth rate of Southern Brown Bandicoots at locations with fox control has been consistently greater than at locations without fox control (Figure 13).
[image: Glenelg-Update-2020-Covar-v2_files/figure-docx/SBBgrFoxD-1.png]
[bookmark: _Toc110599629]Figure 13. The difference in growth rates (percentage difference between sites with and without fox control) for Southern Brown Bandicoot over time. The dot is the median, and the lines represent the 95% high-density interval.
[bookmark: _Toc110599617]Table 7. Results from the Southern Brown Bandicoot model that relates to the covariates
	Component
	Parameter
	Median
	L.B.
	U.B.

	Persistence
	Topographic wetness index
	0.609
	–0.057
	1.309

	Persistence
	Time since fire
	–0.546
	–0.966
	–0.145

	Persistence
	Topographic wetness index with fox control status
	–0.967
	–1.797
	–0.066

	Persistence
	Time since fire with fox control status
	0.049
	–0.552
	0.616

	Persistence
	Fox control area
	0.651
	–0.143
	1.465

	Colonisation
	Distance to non-native vegetation
	0.490
	0.195
	0.795

	Colonisation
	Distance to non-native vegetation with fox control status
	–0.200
	–0.602
	0.193

	Colonisation
	Fox control area
	1.065
	0.617
	1.519


Rows in bold are significant results. L.B. and U.B. are the lower and upper bounds from the 95% credible interval, respectively. All estimates are on the logit scale.


[bookmark: _Toc110599606]Areas of potential additional monitoring for Long-nosed Potoroo and Southern Brown Bandicoot
We plotted the counts of the current monitoring sites for each predictor variable and included Normalised Difference Vegetation Index (NDVI), EVC, and Distance to Water (distance to a water course) as possible variables to include in the next update (Figure 14). Other suggestions for inclusion in the next update are the mean annual temperature, the mean annual precipitation, and the mean moisture index of the highest quarter.
Inspection of Figure 14a–l indicates that the distribution of camera sites is roughly proportional to the availability of locations for each covariate, with some of the more extreme values being slightly less well represented in the current monitoring design.
Visual inspection of the model outputs indicates that a distance of >2500 m from non-native vegetation was an important variable for Southern Brown Bandicoot colonisation. Approximately 5% of camera sites are, on average, >2500 m from non-native vegetation (Figure 14a), while the predicted surface indicates that approximately 13% of occupied sites are >2500 m from non-native vegetation (Figure 14b). From the current camera monitoring, approximately 18% of sites were >2500m from non-native vegetation across both locations, and approximately 22% of predicted sites were available in the landscape (Figure 14d). Similarly, a topographic wetness index above a value of 9 increased the persistence of Southern Brown Bandicoot at locations without fox control, and the current monitoring sampled around 33% of these sites—with approximately 41% of predicted sites available for monitoring (Figure 14e–f). Time since fire of less than around 20 years appeared to an important criterion for Southern Brown Bandicoot persistence at locations without fox control.
The proposed new covariates (NDVI and Distance to Water) are also well represented by the current monitoring array (Figure 14g–j). Monitoring a representative range of EVCs presents some challenges. Most of the camera sites and the predicted landscape are represented by EVC 8 (Figure14k–l). One solution may be to include ‘EVC 8’ and ‘other EVC’ as categories in the next modelling round.
Before potential new monitoring sites are allocated, it will be necessary to separate locations with and without fox control. This may be particularly useful, as time since fire and topographic wetness index were important only at locations without fox control for Southern Brown Bandicoots.
[image: Diagram

Description automatically generated] 
[bookmark: _Toc110599630]Figure 14. Counts of camera sites and raster cell values for model covariates used in current occupancy modelling, and three additional covariates. DTNV = distance to non-native vegetation; DTW = Distance to Water; EVC = Ecological Vegetation Class; NDVI = Normalised Difference Vegetation Index; TSF = time since fire; TWI = topographic wetness index.

[bookmark: _Toc110599607]Spatial predictions of occupancy
Based on the ‘best model’, we also generated predictive occupancy maps across the study region for Long-nosed Potoroo (Figure 15) and Southern Brown Bandicoot (Figure 16). Rather than predict occupancy by each species throughout the entire south-west, we limited our predictions to the core public land areas of Glenelg Ark, because predicting occupancy well outside the sampled environmental domain introduces a large amount of uncertainty into the predictions and would be unreliable.
The predicative occupancy maps (particularly for Southern Brown Bandicoot) indicate that the extreme values for the important covariates strongly influence the predicted occupancy outside the current monitoring area. It is in these locations that additional monitoring should be focused. Adding monitoring data from these locations and the proposed additional covariates from across the monitoring landscape should significantly improve model predictions and strengthen our ability to make inferences about the role of fox control in the occupancy of the three target native mammal species.
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[bookmark: _Toc110599631]Figure 15. Predicted occupancy of Long-nosed Potoroo across the Glenelg Ark landscape. Black dots are the location of existing camera-trap monitoring stations.
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[bookmark: _Toc110599632]Figure 16. Predicted occupancy of Southern Brown Bandicoots across the Glenelg Ark landscape. Black dots are the location of camera-trap monitoring stations.
[bookmark: _Toc110599608]
Conclusions and implications
We found that fox control has a strong positive effect on both Long-nosed Potoroos and Southern Brown Bandicoots, and a lesser but still positive effect on Common Brushtail Possums over Glenelg Ark. Long-nosed Potoroos occupied new sites and remained at current sites more often at locations with fox control. As topographic wetness (a surrogate for soil moisture and vegetation composition) increases, so does the probability that a site remains occupied by Long-nosed Potoroos, regardless of fox control status. Southern Brown Bandicoots had a higher probability of persisting at wetter sites and sites that had been unburnt for longer at locations without fox control, while they had a higher probability of occupying new sites as distance to non-native vegetation increased, regardless of fox control status; this difference, however, became less important above 2250m elevation. The weaker (but still positive) response by possums may have been because, since 2009, most available suitable habitat has become and remains occupied, resulting in a growth rate near zero.
The higher growth rates indicate that growth in occupied sites was consistently greater at locations with fox control compared with locations without fox control. While our results indicate that Long-nosed Potoroos and Southern Brown Bandicoots are doing better at locations with fox control, the magnitude of their responses is relatively small. Long-nosed Potoroo and Southern Brown Bandicoot occupancy rates are only 10% (6–14%) and 9% (6–13%), respectively, greater at locations with fox control compared with those without fox control.
FoxNet modelling indicates that fox density is likely to have been significantly reduced after 1 year of baiting and held at <0.25 foxes/km2 after 5 years of baiting. Interestingly, for Southern Brown Bandicoots at locations without fox control, the topographic wetness index and the time since fire were influential in driving persistence; this was not the case, however, at locations with fox control. One possible interpretation is that Southern Brown Bandicoots can occupy sites that encompass a more comprehensive set of characteristics (i.e. broaden their realised niche) at locations where the predation risk has been substantially reduced. This is in line with the predictions of the expanding niche hypothesis of Hutchinson (1978) and observations for Brush-tailed Rock-wallabies in Western Australia (Kinnear et al. 1988), where not only did the population of Brush-tailed Rock-wallabies increase, but they also increased their use of the habitat.
We believe that the ecology of the surviving populations of small-to-medium-sized mammals at Glenelg Ark is atypical because of fox predation. Probably, populations can only currently persist in refugia, which may be quite atypical of a species' niche requirements in the absence of introduced predators. Bennett (1993) investigated microhabitat use by the Long-nosed Potoroo in remnant forest vegetation in south-western Victoria. He found that the Long-nosed Potoroo, throughout its geographic range, is consistently associated with dense vegetation in the ground and shrub strata. Bennett (1993) concluded that the dense vegetation cover provided diurnal shelter and protection from predators, but that food resources were most abundant in the adjacent, more open areas. Bennett (1993) also suggested that a key characteristic of potoroo habitat selection is the presence of vegetation mosaics or ecotones that contain different microhabitats in temperate environments. Arthur et al. (2012) observed that bandicoot populations (Isoodon obesulus and Perameles nasuta combined) declined at a rate faster than the rate of decreasing shrub cover, and that in contrast Long-nosed Potoroos increased with closing tree canopy (10 years post-fire) and had a negative association with the presence of foxes. Both studies were undertaken in the presence of foxes (and most likely feral cats), thus representing conditions of possible niche restriction.
The Hutchinson (1978) concept of the niche posits that fox predation affects the dimensions of a species' realised niche by exaggerating the requirements for protective shelter and the need for food to be nearby. Niche theory predicts that a release from predation would relax the requirements for shelter and the proximity of food and thus permit the expansion of the realised niche, which is possibly what was observed in Southern Brown Bandicoots at Glenelg Ark (i.e. less stringent habitat requirements in areas with fox control), and to a lesser degree in Long-nosed Potoroos.
There is uncertainty regarding niche expansion in the current study, which may be related to the covariates in our models not fully describing the finer-scale differences when comparing the habitat use by Southern Brown Bandicoots and Long-nosed Potoroos at locations with and without fox control. Selecting the most informative predictors for species distribution and habitat modelling is challenging. Ideally, we would select factors that directly influence population growth (colonisation), survival (persistence), distribution (occupancy), or, if these are not identified or available, proxies that reflect biotic or abiotic processes relevant to the target species (Phillips et al. 2006). While the variables in this analysis were selected with this in mind, in future they will be reviewed and additional variables added that may clarify the differences in habitat use between locations with and without fox control, e.g. annual mean NDVI for the period January 2001 – December 2020. NDVI is a measure of surface reflectance and gives a quantitative estimation of vegetation growth and biomass change over time. A suitable NDVI layer for each year was not available at the time of this analysis. Other possible variables not available at the time of the study that might be considered include annual mean temperature for 2005–2022, mean annual precipitation for 2005–2022, mean moisture index of highest quarter for 2005–2022, Distance to Water, and light detection and ranging imagery (LiDAR) to assess vegetation structure at multiple levels (a commonly used metric in animal distribution studies, Simonson et al. 2014).
The model predictions for occupancy were used to map the likely occurrence of Long-nosed Potoroos and Southern Brown Bandicoots, so that land managers can use these outputs in planning future monitoring activities, adding to the current monitoring sites and relocating current sites if necessary, depending on available capacity and resources. We recommend adding to the current monitoring locations, using the predicted surfaces to identify areas in which the present covariates are under sampled and where new sites are needed.
FoxNet has been run on fox projects with known outcomes (changes in density) to validate the modelling (Hradsky et al. 2019), and it has proven to be a reliable representation of changes in fox populations following control actions. FoxNet model predictions for Glenelg Ark indicate that fox densities at locations with fox control are significantly lower than at locations without fox control. Data on the actual density of foxes are required to validate the predicted fox densities. These data are already being sought as part of a University of Melbourne project at Annya, Hotspur, Mount Clay and Cobboboonee and will soon be available. It would be beneficial for Glenelg Ark monitoring to include collection and analysis of density data from Lower Glenelg National Park – South and Lower Glenelg National Park – North to complete the assessment.
What is unclear is the precise fox density at which prey species are released from limitation in growth by predation. This notion of a threshold density, a point at which predator density is so low that native species are no longer limited by predation, has long been sought after. FoxNet modelling was incorporated into occupancy models investigating the impact of the 2019–2020 bushfires in Gippsland (Robley et al. 2022). Fox density was found to be a significant variable affecting the occurrence of Long-footed Potoroo, with the probability of Long-footed Potoroos occurring at a site being zero when fox density was higher than 0.5/km2. In a series of introduction experiments into 14-km2 fenced areas, Moseby et al. (2019) found that during a trial of 66 Burrowing Bettong (Bettongia lesuerii) releases into a large, fenced paddock, one fox, at a density of 0.027/km2, drove the bettong population extinct within 12 months. These results indicate that fox density needs to be reduced and maintained at very low levels for Burrowing Bettongs to persist. However, it is likely that, even at low densities, habitat structure and diversity will remain important factors affecting the survival of species such as bandicoots and potoroos. 
It needs to be noted, however, that predator–prey dynamics are complex. Predators can interact with one another and with prey to influence mortality among prey via interference, competition, or cooperative predation (Delong and Vasseur 2013; Stallings and Dingeldein 2012). In addition to the number of predators, the availability of refugia can influence prey mortality rates. Refugia, should lead to reduced predator–prey interaction rates (Sih 1987). Prey may alter their foraging behaviour to avoid predators if refugia are available, leading to a lower mortality rate (Luttbeg and Kerby 2005; Searle et al. 2008). The amount of habitat refugia also shifts as land managers alter habitat through actions like planned burning. Recent studies have indicated that foxes and feral cats can increase their activity around recently burnt landscapes (McGregor et al. 2017).
Feral cats are regularly detected on cameras across all the Glenelg Ark monitoring areas. Data supplied by University of Melbourne PhD candidate Matthew Rees and the Biodiversity Response Planning project shows that, on average, feral cat density at locations with fox control was higher (0.47/km2 95% CI 0.31–0.70) than at locations without fox control (0.20/km2 95% CI 0.13–0.34). Note that these estimates are for cat density from a single year and the underlying feral cat density may higher at these locations, regardless of fox control. Over the past few decades, robust evidence has emerged demonstrating the significant impact of feral cats on native wildlife through direct predation (Nogales et al. 2004; Marlow et al. 2015; Jones et al. 2016). It has been shown that feral cats preferentially select small mammals as prey (Kutt 2012) and that some individual feral cats can be disproportionately responsible for predation on populations of native species (Moseby et al. 2015). Predation by feral cats has been identified as the main contributing factor in the failure of several reintroduction programs (Moseby et al. 2011, 2015; Hardman et al. 2016). Feral cats have also been demonstrated to be the main predator of medium-sized mammals at locations where there has been sustained control of foxes (Marlow et al. 2015). There is little doubt that feral cats will be impacting native wildlife values in the Glenelg Ark operations area.
Until recently, the tools available to land managers for the control of feral cats have been limited to confinement traps and shooting. With the declaration of feral cats as an established pest animal on specified Crown land in Victoria under the Catchment and Land Protection Act 1994, and the registration of Curiosity feral cat bait in 2020, landscape scale control of feral cats is now a possibility. We would recommend that planning for feral cat control be undertaken, commencing in 2023. A possible design of the rollout for feral cat control is provided in Robley et al. (2019). This approach would continue the current long-term monitoring dataset but allow for the integration of feral cat control.
The Glenelg Ark monitoring program has provided information to DELWP and Parks Victoria land managers and policy groups, highlighting the positive response of Southern Brown Bandicoots and Long-nosed Potoroos to the reduction in foxes, and the complexity of predator–prey responses to fox control. It has involved new approaches to monitoring and is providing insights into additional factors that may contribute to the long-term sustainability of the target species and other ecosystem components. Glenelg Ark is in a solid position to adapt its focus in the light of these insights. In addition, the project provides a framework and the infrastructure through which other management-focused research questions could be addressed (e.g. the response of other small mammals, and the impact of possible unintended consequences, such as changes in the feral cat population). Currently, investigations into these issues are happening in a largely ad hoc fashion. A refocus of the direction and purpose of the project, including development of a project-specific strategic plan, within an adaptive management framework, would provide guidance for prioritisation and future funding.

Recommendations
Here we provide some recommendations on possible next steps in the monitoring program.
1. Add additional monitoring at locations of high predicted occupancy and/or at locations with covariate values underrepresented in the occupancy model to improve model predictions and inferences about the role of fox control in native species occupancy.
2. Include the additional variables Normalised Difference Vegetation Index, Distance to Water, Ecological Vegetation Class, mean annual rainfall, and mean annual temperature in the next round of analysis to strengthen the model predictions.
3. Consider the collection and analysis of fox monitoring data from Lower Glenelg – South and Lower Glenelg – North to complete the assessment of fox density across Glenelg and confirm FoxNet model predictions.
4. If recommendation three is implemented and both LiDAR and fox density data is available from the University of Melbourne project, incorporate this data directly into the occupancy model.
5. Commence planning for the integration of feral cat control in the financial year 2023/24. A possible design of the rollout for feral cat control is provided in Robley et al. (2019). This approach would continue to add to the current long-term monitoring dataset but allow for the integration of feral cat control.
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Table A1. Occupancy model output for all species. Parameters of interest in bold were significant in that model
	Sp.
	Parameter of interest
	Model
	Parameter
	Estimate
	Lower bound
	Upper bound

	CBP
	Distance to non-native vegetation
	Persistence rate
	DNNV
	–0.441
	–0.818
	–0.085

	CBP
	Distance to non-native vegetation
	Persistence rate
	DNNV:Bait
	0.394
	–0.080
	0.897

	CBP
	Distance to non-native vegetation
	Persistence rate
	Bait
	8.491
	5.379
	9.841

	CBP
	Distance to non-native vegetation
	Colonisation rate
	DNNV
	–0.119
	–0.348
	0.105

	CBP
	Distance to non-native vegetation
	Colonisation rate
	DNNV:Bait
	–0.271
	–0.620
	0.064

	CBP
	Distance to non-native vegetation
	Colonisation rate
	Bait
	–4.160
	–7.082
	0.309

	CBP
	Time-since-fire
	Persistence rate
	TSF non-baited
	–0.016
	–0.222
	0.190

	CBP
	Time-since-fire
	Persistence rate
	TSF baited
	0.206
	–0.096
	0.521

	CBP
	Time-since-fire
	Colonisation rate
	TSF non-baited
	–0.031
	–0.190
	0.134

	CBP
	Time-since-fire
	Colonisation rate
	TSF baited
	0.175
	–0.077
	0.422

	CBP
	Terrain wetness index
	Persistence rate
	TWI
	0.122
	–0.287
	0.552

	CBP
	Terrain wetness index
	Persistence rate
	TWI:Bait
	0.027
	–0.577
	0.607

	CBP
	Terrain wetness index
	Persistence rate
	Bait
	8.034
	3.232
	9.317

	CBP
	Terrain wetness index
	Colonisation rate
	TWI
	–0.153
	–0.466
	0.151

	CBP
	Terrain wetness index
	Colonisation rate
	TWI:Bait
	–0.053
	–0.558
	0.446

	CBP
	Terrain wetness index
	Colonisation rate
	Bait
	–4.047
	–7.064
	0.928

	CBP
	Terrain ruggedness index
	Persistence rate
	TRI
	0.105
	–0.237
	0.463

	CBP
	Terrain ruggedness index
	Persistence rate
	TRI:Bait
	0.677
	–0.075
	1.485

	CBP
	Terrain ruggedness index
	Persistence rate
	Bait
	8.034
	3.232
	9.317

	CBP
	Terrain ruggedness index
	Colonisation rate
	TRI
	0.309
	0.053
	0.587

	CBP
	Terrain ruggedness index
	Colonisation rate
	TRI:Bait
	0.730
	0.022
	1.468

	CBP
	Terrain ruggedness index
	Colonisation rate
	Bait
	–4.047
	–7.064
	0.928

	LNP
	Distance to non-native vegetation
	Persistence rate
	DNNV
	–1.679
	–3.634
	0.240

	LNP
	Distance to non-native vegetation
	Persistence rate
	DNNV:Bait
	1.834
	–0.154
	3.845

	LNP
	Distance to non-native vegetation
	Persistence rate
	Bait
	4.522
	0.715
	7.564

	LNP
	Distance to non-native vegetation
	Colonisation rate
	DNNV
	0.283
	–0.186
	0.751

	LNP
	Distance to non-native vegetation
	Colonisation rate
	DNNV:Bait
	0.327
	–0.235
	0.901

	LNP
	Distance to non-native vegetation
	Colonisation rate
	Bait
	–9.473
	–9.982
	–7.302

	LNP
	Terrain wetness index
	Persistence rate
	TWI
	2.595
	0.696
	4.340

	LNP
	Terrain wetness index
	Persistence rate
	TWI:Bait
	–2.239
	–4.093
	–0.210

	LNP
	Terrain wetness index
	Persistence rate
	Bait
	4.170
	0.306
	6.949

	LNP
	Terrain wetness index
	Colonisation rate
	TWI
	–0.162
	–1.154
	0.604

	LNP
	Terrain wetness index
	Colonisation rate
	TWI:Bait
	0.268
	–0.591
	1.311

	LNP
	Terrain wetness index
	Colonisation rate
	Bait
	–9.465
	–9.979
	–7.254

	LNP
	Terrain ruggedness index
	Persistence rate
	TRI
	0.873
	–2.087
	3.891

	LNP
	Terrain ruggedness index
	Persistence rate
	TRI:Bait
	–1.103
	–4.367
	2.148

	LNP
	Terrain ruggedness index
	Persistence rate
	Bait
	4.170
	0.306
	6.949

	LNP
	Terrain ruggedness index
	Colonisation rate
	TRI
	0.031
	–0.782
	0.594

	LNP
	Terrain ruggedness index
	Colonisation rate
	TRI:Bait
	–0.998
	–1.948
	0.019

	LNP
	Terrain ruggedness index
	Colonisation rate
	Bait
	–9.465
	–9.979
	–7.254

	LNP
	Time-since-fire
	Persistence rate
	TSF non-baited
	0.953
	0.248
	1.797

	LNP
	Time-since-fire
	Persistence rate
	TSF baited
	–0.471
	–1.434
	0.409

	LNP
	Time-since-fire
	Colonisation rate
	TSF non-baited
	1.223
	0.769
	1.730

	LNP
	Time-since-fire
	Colonisation rate
	TSF baited
	0.701
	0.077
	1.337

	SBB
	Distance to non-native vegetation
	Persistence rate
	DNNV
	0.090
	–0.678
	0.852

	SBB
	Distance to non-native vegetation
	Persistence rate
	DNNV:Bait
	0.660
	–0.364
	1.690

	SBB
	Distance to non-native vegetation
	Persistence rate
	Bait
	3.332
	–0.605
	6.570

	SBB
	Distance to non-native vegetation
	Colonisation rate
	DNNV
	0.474
	0.170
	0.801

	SBB
	Distance to non-native vegetation
	Colonisation rate
	DNNV:Bait
	–0.231
	–0.688
	0.200

	SBB
	Distance to non-native vegetation
	Colonisation rate
	Bait
	–9.077
	–9.943
	–6.618

	SBB
	Terrain wetness index
	Persistence rate
	TWI
	0.768
	–0.327
	1.987

	SBB
	Terrain wetness index
	Persistence rate
	TWI:Bait
	–1.434
	–2.867
	–0.096

	SBB
	Terrain wetness index
	Persistence rate
	Bait
	3.550
	0.014
	6.551

	SBB
	Terrain wetness index
	Colonisation rate
	TWI
	0.055
	–0.378
	0.467

	SBB
	Terrain wetness index
	Colonisation rate
	TWI:Bait
	–0.106
	–0.664
	0.454

	SBB
	Terrain wetness index
	Colonisation rate
	Bait
	–9.259
	–9.962
	–6.814

	SBB
	Terrain ruggedness index
	Persistence rate
	TRI
	–0.927
	–3.033
	0.819

	SBB
	Terrain ruggedness index
	Persistence rate
	TRI:Bait
	0.707
	–1.308
	2.952

	SBB
	Terrain ruggedness index
	Persistence rate
	Bait
	3.550
	0.014
	6.551

	SBB
	Terrain ruggedness index
	Colonisation rate
	TRI
	–0.157
	–0.612
	0.229

	SBB
	Terrain ruggedness index
	Colonisation rate
	TRI:Bait
	0.442
	–0.208
	1.097

	SBB
	Terrain ruggedness index
	Colonisation rate
	Bait
	–9.259
	–9.962
	–6.814

	SBB
	Time-since-fire
	Persistence rate
	TSF non–baited
	–0.652
	–1.113
	–0.232

	SBB
	Time-since-fire
	Persistence rate
	TSF baited
	–0.533
	–0.952
	–0.144

	SBB
	Time-since-fire
	Colonisation rate
	TSF non-baited
	–0.030
	–0.291
	0.236

	SBB
	Time-since-fire
	Colonisation rate
	TSF baited
	–0.262
	–0.508
	–0.027



CBP = Common Brushtail Possum; DNNV = distance to non-native vegetation; LGNP = Lower Glenelg National Park; LNP = Long-nosed Potoroo; SBB = Southern Brown Bandicoot; TRI = terrain ruggedness index; TSF = time since fire; TWI = terrain wetness index.
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