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Abstract 1 

One technique used to combat the growing global species extinction crisis has been to create 2 

artificial refuges—human-made replacements for natural refuges destroyed during habitat 3 

modification. However, there is limited knowledge of how closely artificial refuges replicate 4 

the natural refuges they seek to replace. Mining threatens many species worldwide through 5 

large-scale habitat modification, and artificial refuges have been proposed as a method to 6 

offset the resulting habitat loss. Here, we examined the microclimatic, physical, and biotic 7 

characteristics of natural dens occupied by the northern quoll (Dasyurus hallucatus)—an 8 

endangered marsupial threatened by habitat loss—and compared these to 1) superficially 9 

similar unoccupied crevices, and 2) artificial dens created by mining companies for northern 10 

quolls. Northern quolls occupied natural dens that were cooler and deeper than unoccupied 11 

crevices, likely to avoid lethal air temperatures as well as predators. Artificial dens provided 12 

similar thermal properties to occupied dens, but lacked key characteristics in having 13 

shallower den cavities, less complex surrounding habitat, increased feral cat visitation, and 14 

less small mammal prey compared to occupied dens. This study highlights the need to 15 

consider multiple facets when constructing artificial refuges, in order to avoid perverse 16 

outcomes, such as inadequate shelter, increased predation and food shortages.17 
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1. Introduction 18 

The scale of global habitat loss has rendered the protection of remaining habitat insufficient 19 

for maintaining biodiversity (Françoso et al. 2015), requiring active intervention for the 20 

restoration of lost and degraded habitats (Croak et al. 2013). However, the replacement of 21 

natural habitat is rarely straightforward (Lawrence et al. 2018). Some refuges such as tree 22 

hollows and logs, are renewable (sensu O’Connell and Keppel, 2016), often returning 23 

following restoration, but they can take decades to develop (Haslem et al. 2012). Non-24 

renewable refuges, such as rock crevices (sensu Croak et al. 2010), require intervention to be 25 

returned to landscapes following their loss (Croak et al. 2010; Dervo et al. 2018). 26 

 27 

Artificial refuges—such as artificial nests (Goldingay et al. 2018), rock crevices (Croak et al. 28 

2012), and hibernacula (Zappalorti, 1994)—are human-made substitutes for natural refuges 29 

where wildlife can shelter, hibernate, and rear offspring in areas lacking natural refuges 30 

(Sherley et al. 2012). Artificial refuges have been used in many restoration efforts across the 31 

globe to provide shelter to animals where natural habitat has been altered or destroyed (e.g. 32 

Bolton et al. 2004; Keppers et al. 2008; Dervo et al. 2018). Yet, the science of artificial 33 

refuges is still in its infancy and artificial refuges can fall short, sometimes with perverse 34 

outcomes (Ebrahimi et al. 2012; Griffiths et al. 2017). Recreating habitable refuges requires 35 

not only the provision of a thermal and physical environment that replicates natural refuges 36 

(e.g., Griffiths et al. 2018), but also the array of resources that animals require, including a 37 

safe haven from predators (Anderson et al. 2016). 38 

 39 

The northern quoll (Dasyurus hallucatus) is an Australian marsupial mesopredator (~520 g) 40 

that has declined substantially over the past 200 years (Braithwaite and Griffiths, 1994; 41 

Moore et al. 2019). Range contractions of up to 75% have been recorded (Moore et al. 2019) 42 
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due to habitat loss, introduced predators (namely the feral cat, Felis catus, and red fox, 43 

Vulpes vulpes), altered fire regimes, and poisoning by the introduced cane toad (Rhinella 44 

marina; Ibbett et al. 2018; Moore et al. 2019). The species is listed as endangered by the 45 

IUCN and has a ‘decreasing’ population trend (Oakwood et al. 2016). The Pilbara region of 46 

Western Australia is the last remaining stronghold for the northern quoll, likely due to the 47 

absence of cane toads (Woinarski et al. 2014; Moore et al. 2019). Yet, this stronghold is far 48 

from secure, with predation by feral cats threatening Pilbara quoll populations (Cramer et al. 49 

2016; Hernandez-Santin et al. 2016), and > 91% of the region under mining lease 50 

(Environmental Protection Authority, 2014). Conventional drill and blast mining in the 51 

Pilbara often destroys non-renewable refuges and habitat (e.g., rocky outcrops) and is a 52 

primary driver of habitat loss for northern quolls (Cramer, 2016). 53 

 54 

Rocky outcrops and mesas provide crucial denning sites for northern quolls (Burbidge and 55 

McKenzie, 1989; Hernandez-Santin et al. 2016), but are the focus of mining activities owing 56 

to their rich deposits of iron-ore and gravel (Ramanaidou and Morris, 2010; Cramer et al. 57 

2016). Mining companies are sometimes required to offset environmental damage caused by 58 

mining by replacing or compensating for destroyed habitat (McGregor et al. 2014; 59 

Shackelford et al. 2018), and artificial refuges have been touted as one tool that could—along 60 

with other actions—help to offset the destruction of non-renewable refuges (Trulio, 1995; 61 

Cramer et al. 2016). Artificial refuges comprised of rock, concrete and gravel have been 62 

created by mining companies with the hope to rehabilitate previously destroyed habitat due to 63 

mining activities, as well as to provide off-site refuge for northern quolls during mining 64 

operations, particularly by trying to replace lost natal dens (i.e., crevices where female quolls 65 

raise their offspring; Cramer et al. 2016; Table S1). However, natural dens and their 66 

surroundings often have specific thermal, physical and/or biotic characteristics, making their 67 



 
 

 4 
 

replacement difficult (Gallant et al. 2014; White et al. 2015; Rowland et al. 2017). 68 

Importantly, it is not known how artifical dens compare to natural dens. 69 

 70 

In this study, we: 71 

1) Identify thermal, physical, and biotic attributes of northern quoll natal dens in the 72 

Pilbara, by comparing occupied dens to nearby unoccupied (but superficially similar) 73 

crevices. 74 

First, we predict that, like other dasyurids (Matthews et al. 2017), quolls will select cool, 75 

deep dens that buffer extreme temperatures, particularly given that summer temperatures in 76 

the Pilbara regularly exceed temperatures at which quolls are prone to hyperthermia and 77 

dehydration (i.e., > 36 °C; Cooper and Withers, 2010). Second, we predict that quolls will 78 

select dens with specific physical dimensions that reduce predation risk, such as an opening 79 

that is large enough for quolls to enter, but small enough to exclude predators such as feral 80 

cats (Oakwood, 2000; O'Connell and Keppel, 2016). Finally, we predict that quolls will 81 

select dens in areas that minimise the likelihood of encountering larger predators (e.g., 82 

choosing areas with low feral cat activity and complex surrounding habitat structure; 83 

McGregor et al. 2015; Hernandez-Santin et al. 2016), as well as having ample small 84 

vertebrate prey (Dunlop et al. 2017). 85 

 86 

2) Assess whether artificially created dens accurately replicate the thermal, physical, and 87 

biotic properties of occupied dens. 88 

First, we predict that artificial refuges will experience more extreme thermal fluctuations 89 

compared to natural dens, as has been found in previous studies (e.g. Rowland et al. 2017; 90 

Griffiths et al. 2018). Second, we predict that artificial refuges will be shallower than natural 91 

dens because of their difference in size, owing to the selection of deep dens by quolls. Third, 92 
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because artificial dens are located in previously disturbed areas, we predict that they will be 93 

surrounded by simpler habitat structure, and, partly because of this, will have more evidence 94 

of feral cat activity (as suggested by Hernandez-Santin et al. 2016). Finally, because of the 95 

simplifed habitat surrounding artifical dens, we predict a lower availability of small 96 

vertebrate prey.  97 

 98 

2. Methods 99 

2.1 Study area 100 

Study dens and crevices were distributed across nine sites within the Chichester subregion of 101 

the Pilbara bioregion (Figure 1a; Table S1).  These sites were chosen either because they 102 

were known from previous monitoring to have relatively high densities of northern quolls, or 103 

had existing artificial refuges constructed. The Pilbara bioregion is located in a semi-arid 104 

climate covering 179,000 km
2
 of north-west Western Australia (as described in McKenzie et 105 

al. 2009). The region has mean minimum/maximum temperatures of 25/40°C in summer and 106 

12/27°C in winter, while average annual rainfall is variable (250 – 500 mm), falling mainly 107 

during summer (~170 mm; Bureau of Meteorology, 2018). Landscapes are comprised of 108 

ranges and plateaus with rugged hills, granitic plains, and mesas, together with sandplains 109 

and dune fields (Van Vreeswyk et al. 2004). The flora of the region is diverse, dominated by 110 

Acacia, Triodia, and Eucalyptus species (Van Vreeswyk et al. 2004), while mining is the 111 

dominant land use (Environmental Protection Authority, 2014). 112 

 113 

2.2 Experimental design 114 

The experimental design included three treatments (n=10 each) based on den type: occupied 115 

dens, unoccupied crevices, and artificial dens. Occupied dens were chosen as a natural 116 

baseline against which the other two den types could be compared (Figure 1b). Unoccupied 117 
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crevices were used to determine whether northern quolls selected crevices with specific 118 

thermal, physical, and/or biotic characteristics. Artificial dens were created specifically for 119 

northern quolls by mining companies as part of rehabilitation works on previously developed 120 

land, as well as in areas outside existing mine works to mitigate damaged habitat. Most 121 

artificial dens were created between 2012 and 2015, with two dens created between 2015 and 122 

2018. All artificial dens were constructed with a similar method—using large earthmoving 123 

vehicles to pile up rock/concrete and create crevices and cavities among the material. Two 124 

types of artificial dens were created: 1) large piles of variously sized waste rock (Figure 1d), 125 

and 2) smaller piles of concrete slabs and gravel (Figure 1e). Two artificial dens were 126 

selected from a railway rock armoury where quoll activity had been previously recorded by 127 

Roy Hill (H. Davie, personal communication, 12 October, 2018), and these were classed the 128 

same as the first den type (for further details on artificial dens see Table S1).  129 

 130 

We used natural positives (occupied dens) and negatives (unoccupied crevices) to determine 131 

the specific natural den characteristics that quolls use, allowing us to reveal whether northern 132 

quolls actively select specific den characteristics compared to other random crevices. We 133 

note that the types of crevices that quolls chose for dens is likely to be affected by the local 134 

density of quolls, with quolls potentially choosing less optimal dens when competition for 135 

dens—caused by high densities—is high. However, examining the impact of density on quoll 136 

den choice was beyond the scope of this study. We compared these characteristics to existing 137 

artificial dens, regardless of their occupancy, because we sought to define how artificial dens 138 

in their current form replicate refuges that northern quolls use in situ. Occupied dens and 139 

unoccupied crevices were paired so that each were subject to similar environmental variables 140 

including rainfall, temperature, quoll population density, and topography. The den type 141 

characteristics were: 142 
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1) Occupied dens—rock crevices with evidence of regular occupancy by female quolls 143 

(outlined below; Figure 1b). 144 

2) Unoccupied crevices—rock crevices within 50 m of, and superficially similar to, a 145 

nearby occupied den, but with no evidence of continued quoll occupancy (Figure 1c).  146 

3) Artificial dens—crevices within existing restoration works comprised of human-made 147 

refuges, constructed with either rock (Figure 1d) or concrete and gravel (Figure 1e). 148 

 149 

2.3 Den selection 150 

To locate occupied dens, we trapped northern quolls using cage traps and tracked them to 151 

their dens using VHF radio-tracking, spool-and-line tracking, and fluorescent pigment 152 

tracking (for details see Table S2). We confirmed den occupation using camera traps (see 153 

section 2.4.3). Within 50 m of each occupied den, we located a paired ‘unoccupied 154 

crevice’—crevices that were superficially similar to nearby occupied dens, but showed no 155 

evidence of occupation (i.e., tracks, scats or camera trap images). This categorisation was 156 

reversed for two den types due to camera traps showing that one ‘occupied den’ at Red Rock 157 

was unoccupied, and one ‘unoccupied crevice’ at De Grey Ridge was occupied. Occupied 158 

dens and unoccupied crevices were located among five sites, while artificial dens were 159 

located among four sites (for further details on dens and sites see Table S1). . 160 

2.4 Data collection 161 

2.4.1 Thermal properties 162 

We recorded temperature and relative humidity using DS1923 Hygrochron Temperature and 163 

Humidity Data Loggers (iButtons; Maxim Integrated Products, USA). iButtons were placed 164 

inside small fibreglass mesh pouches (5 x 10 cm) and programmed to record temperature (± 165 

0.5°C) and relative humidity (± 0.6%) hourly. Each den or crevice had one internal and one 166 
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external iButton deployed from October 2018 until January 2019. Internal iButtons measured 167 

thermal properties of the den cavity. Placement was minimally invasive to quolls and we saw 168 

no den abandonment. External iButtons measured ambient conditions outside dens/crevices 169 

and were attached to the underside of the forward-facing camera trap to protect them from 170 

rain and direct sunlight. In total, 11.7 percent of all iButtons failed, of the 30 dens monitored, 171 

internal iButtons failed at two occupied dens and two unoccupied crevices, while external 172 

iButtons failed at one occupied den, one unoccupied crevice, and one artificial den. 173 

 174 

2.4.2 Physical properties 175 

We measured the physical properties of dens, crevices, and their immediate surroundings 176 

including counting the number of entrances to the internal cavity, and measuring the width 177 

and height of the largest entrance with a tape measure. Den or crevice depth was measured 178 

using a 1.8 m in length, PVC-coated metal garden stake pushed in from the entrance to where 179 

it could go no further. For dens deeper than 1.8 m, garden stakes were cable tied together, end 180 

on end. By using a straight pole to measure depth, it is possible that we at times 181 

underestimated den depth if dens continued after sharp bends. To quantify habitat 182 

immediately surrounding each den or crevice, we measured ground cover at one metre 183 

intervals along two perpendicular 25-metre transects, centred on each den or crevice (n=50 184 

points per den/crevice). Ground cover was classified as rock, bare ground, Triodia spp., or 185 

grass/herb. Within a 50 × 50 m grid, we visually assessed the percent cover of rocks within 186 

four different size classes (embedded rock or individual rock diameters of <0.5 m, 0.5-2 m 187 

and >2 m). Embedded rock was part of a rock formation fixed to the ground (i.e. inselbergs). 188 

 189 
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2.4.3 Quoll interactions with predators and prey 190 

We used forward-facing camera traps to measure the activity of feral cats, northern quolls 191 

and their prey. We installed an unbaited, forward facing Reconyx PC900 Hyperfire covert 192 

cameras (camera traps) (Reconyx, Wisconsin, USA) on a 0.5-m high wooden stake, 1-3 m 193 

from each den or crevice (n = 30 in total), facing the entrance. Cameras were set on high 194 

sensitivity to take three shots per trigger at one second intervals, and remained in place from 195 

October 2018 to January 2019. To detect potential vertebrate prey species, one baited (rolled 196 

oats, peanut butter, and sardines) camera trap was installed within ten metres of each den and 197 

crevice, mounted 1.5 m above the ground, facing downwards. Both camera trap types were 198 

deployed at each den or crevice from October 2018 to January 2019. When forward-facing 199 

cameras also detected prey species, these data were included in estimates of prey availability, 200 

however predators were only included in visitation analysis when detected by forward-facing 201 

cameras. Potential prey were animals that could be depredated by northern quolls, based on 202 

their diet in the Pilbara (Pollock, 1999; Dunlop et al. 2017). To avoid repeatedly counting 203 

single individuals over short periods of time, we defined an ‘independent detection’ as any 204 

triggers of the same species separated by more than 15 minutes (Rendall et al. 2014; Diete et 205 

al. 2016; Hofmeester et al. 2017). Visitation was defined as the number of independent 206 

detections of a given species over the duration of sampling (excluding cameras that failed), 207 

which was corrected for trap nights. For potential prey species, visitation data was pooled 208 

into three groups: “mammal”, “reptile”, and “bird” prey (Table S3). 209 

 210 

2.5 Data analysis  211 

We used R version 2.15.3 for our analyses (R Core Development Team, 2013), and first 212 

examined whether northern quoll visitation differed among den types, using Generalised 213 

Linear Models (GLMs) (Zuur et al. 2009). The response variable was northern quoll 214 
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visitation, and den type was included as a categorical predictor variable with three levels 215 

(occupied den, unoccupied crevice, artificial den). Because the response variable was a count, 216 

a Poisson distribution was initially specified, but showed evidence of over dispersion. 217 

Therefore, the model was refit specifying a negative binomial distribution (Zuur et al. 2009). 218 

Occupied dens were specified in this, and all GLMs, as the reference category (Crawley, 219 

2012).  220 

 221 

2.5.2 Thermal properties 222 

To compare thermal properties of dens, we first fitted Generalised Additive Mixed Models 223 

(GAMMs) (Zuur et al. 2009), with temperature and humidity as response variables. Predictor 224 

variables were time of day (continuous variable), and a six-level categorical variable that 225 

concatenated den type (occupied den, unoccupied crevice, artificial den) and iButton location 226 

(internal or external). Site was included as a random effect to account for repeated measures 227 

(Zuur et al. 2009). We included an interaction between time of day and the concatenated 228 

predictor using the ‘by’ function to allow a separate curve of internal and external 229 

temperature and humidity with time of day for each den type (Zuur et al. 2009). Separate 230 

models were constructed for spring and summer. GAMMs were fitted using the ‘gamm4’ 231 

package (Wood and Scheipl, 2017).  232 

 233 

Predictions from GAMMs were plotted in relation to the northern quoll’s ‘thermal stress 234 

range’, which is the range of temperatures within which quolls are likely to experience 235 

thermal stress, defined by two thresholds: 1) 36°C, the ambient temperature where quolls 236 

significantly increase physiological cooling via evaporative water loss, resulting in thermal 237 

stress (Cooper and Withers, 2010), and 2) 41°C, the lethal body temperature of other 238 
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marsupials, including green ringtail possums (Pseudochirops archeri) and quokkas (Setonix 239 

brachyurus) (Robinson and Morrison, 1957; Krockenberger et al. 2012). 240 

 241 

2.5.3 Physical properties 242 

We used GLMs to compare the physical properties of den types. Den dimensions (number of 243 

entrances, depth, entrance height, and entrance width) were specified as having a Gaussian 244 

distribution of errors. Ground cover (rock, bare ground, Triodia spp., and grass/herb) and 245 

rock abundance (embedded, <0.5 m, 0.5-2 m, and >2 m) were proportion data, and were 246 

therefore specified as having binomial distributions (Zuur et al. 2009; Crawley, 2012). A 247 

quasibinomial distribution was specified when binomial models showed evidence of over 248 

dispersion (Bates et al. 2015). 249 

 250 

2.5.4 Quoll interactions with predators and prey 251 

GLMs were used to examine whether predator visitation and prey availability differed among 252 

den types. The response variable was the relative visitation rates of feral cats and prey 253 

(pooled into mammals, reptiles, birds) corrected for the number of trap nights. A negative 254 

binomial distribution was specified in all models and den type was included as a categorical 255 

predictor. In addition to spatial avoidance, smaller predators are known to temporally avoid 256 

larger predators (Brook et al. 2012). Therefore, we measured activity overlap of quolls and 257 

feral cats at each den type. We fit kernel density curves of activity based on the timing of 258 

observations of each species from camera traps using the ‘Overlap’ package (Ridout and 259 

Linkie, 2009; Fancourt et al. 2015). A coefficient of overlap between quolls and cats was 260 

then calculated for each den type. This coefficient is a quantitative measure of overlap in 261 

activity time, ranging from 0 (no overlap) to 1 (complete overlap in activity). We used the ∆1 262 

estimator (appropriate for datasets with a small number of observations [Ridout and Linkie, 263 
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2009]) to measure activity overlap for occupied dens and unoccupied crevices, owing to feral 264 

cats having fewer than 75 individual detections. The same was used for artificial dens, with 265 

northern quolls having less than 75 individual detections (Meredith and Ridout, 2018). 266 

 267 

3. Results 268 

Camera traps were deployed for a total of 2526 trap nights, during  we detected northern 269 

quolls at all occupied dens and unoccupied crevices, and at five artificial dens. There was a 270 

total of 459 independent detection events—at least 15 minutes apart—of northern quolls 271 

across all dens and crevices over the 2526 trap nights, ranging from 2 to 108 at occupied 272 

dens, 0 to 28 at unoccupied crevices, and 0 to 40 at artificial dens. There was no significant 273 

difference in the number of quoll detections between occupied dens and unoccupied crevices 274 

(Figure S1), whereas occupied dens had more detections compared to artificial dens (p<0.05, 275 

CI95%: -2.71, -0.12) (Figure S1). There was also no significant difference in the number of 276 

quoll detections between unoccupied crevices and artificial dens. Quolls at occupied dens 277 

were regularly pictured entering and leaving the den cavity, often with young, whilst quolls at 278 

unoccupied crevices and artificial dens were usually moving past or briefly inspecting the 279 

crevice. Failed camera traps were removed from analysis with one each at occupied dens and 280 

unoccupied crevices, and three at artificial dens. Relative visitation rates of northern quolls 281 

were corrected for trap nights. 282 

 283 

3.2 Thermal properties 284 

Temperatures outside all den types fluctuated more widely than inside (Figure 2a, b). During 285 

spring, there were higher peak mean temperatures of ~42°C-45°C externally, compared to 286 

~33°C-36°C internally, and lower mean temperatures of ~22°C-24°C externally, compared to 287 

~29°C-32°C internally (Figure 2a). Occupied dens were on average significantly cooler 288 
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internally and externally compared to unoccupied crevices, but did not differ significantly 289 

from artificial dens (Table S4). Trends during summer showed similar patterns to spring, 290 

albeit at higher temperatures (Figure 2b). Unoccupied crevices were significantly warmer 291 

than occupied dens, while artificial dens resembled occupied den temperatures internally 292 

throughout the day, with no significant differences in average temperature (Table S4; Figure 293 

2a; b). Humidity at all den types was also less variable inside the cavity than outside (Figure 294 

2c). External humidity was higher during the night (~60%) than internal humidity (~40%) 295 

(Figure 2c). Internal and external humidity did not differ significantly among den types 296 

(Table S4). Time of day was a significant predictor of temperature and humidity at all den 297 

types and in all seasons (Table S5). 298 

 299 

3.3 Physical properties 300 

Occupied dens were significantly deeper than both unoccupied crevices and artificial dens 301 

(Table S6; Figure 3c). There was no significant difference in entrance height, entrance width 302 

or number of entrances among den types (Table S6; Figure 3a,b,d). Occupied dens had 303 

significantly less bare ground and significantly more cover of Triodia spp. and grass/herb 304 

compared to artificial dens (Table S6; Figure 3f-h). There was no difference in ground cover 305 

between occupied dens and unoccupied crevices (Table S6; Figure 3e-l). Embedded rock 306 

cover was significantly higher at occupied dens compared to artificial dens, with artificial 307 

dens having no embedded rock at any sites (Table S6; Figure 3i). Artificial dens had no 308 

difference in cover of Triodia spp. and grass/herb, but concrete artificial dens had less rock 309 

and more bare ground compared to rock artificial dens (Table 8). Occupied dens had a 310 

significantly lower percentage of rock <0.5 m in diameter compared to artificial dens (Table 311 

S6; Figure 3j). Percentage of 0.5–2 m and >2 m rock was not significantly different among 312 

den types (Table S6; Figure 3k,l). 313 
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  314 

3.4 Quoll interactions with predators and prey 315 

Over 2526 total trap nights, there were 150 independent feral cat detections on 87 trap nights 316 

at five occupied dens, three unoccupied crevices, and four artificial dens. Of the dens and 317 

crevices visited by feral cats, occupied dens and unoccupied crevices had a range of 1 to 2 318 

and an average of 1 individual cat per den, while artificial dens had a range of 1 to 3 and an 319 

average of 2 individual cats per den. Feral cats were recorded exploring the entrances of two 320 

occupied dens and one artificial den at similar times to which northern quolls were using it 321 

(Figure S2). Relative feral cat visitation (corrected for trap nights) did not differ between 322 

occupied dens and unoccupied crevices, however feral cat visitation was significantly lower 323 

at occupied dens than at artificial dens (Table S7; Figure 4a). This difference however, was 324 

driven by an outlier: an artificial den with >100 independent detections. Images showed a 325 

feral cat entering and existing the den with kittens, suggesting that the den may have been 326 

used for rearing young (Figure S2). Northern quolls were most active at night and feral cats 327 

were most active in the early morning. At occupied dens, feral cats were active for longer, 328 

with activity only decreasing between approximately 9:00 am and 12:00 pm (Figure 5b). 329 

Northern quolls and feral cats were more likely to be active at similar times at occupied dens, 330 

compared to unoccupied crevices (Figure 5c) and artificial dens (Figure 5d): activity overlap 331 

was highest at occupied dens (0.69, CI95%:0.46, 0.82), followed by unoccupied crevices (0.53, 332 

CI95%:0.19, 0.69), and artificial dens (0.20, CI95%:0.17, 0.36) (Figure 5a). 333 

 334 

Mammal prey detections did not differ significantly between occupied dens and unoccupied 335 

crevices, but there were significantly more mammal prey detections at occupied dens 336 

compared to artificial dens (Table S7; Figure 4b). Over 5631 total trap nights, the common 337 

rock rat (Zyzomys argurus) was the most common mammal prey detected (93 detections; 338 
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Table S3). Reptile prey detections were significantly lower at occupied dens compared to 339 

unoccupied crevices, with no difference at artificial dens (Table S7; Figure 4c). Rock style 340 

artificial dens had one site that detected northern quolls and three sites that detected feral 341 

cats, while concrete style artificial dens had three sites that detected feral cats and one site 342 

that detected northern quolls. There were 614 detections of birds across all den types (Table 343 

S3), with significantly more bird prey detections at occupied dens, compared to unoccupied 344 

crevices, and no difference compared to artificial dens (Table S7; Figure 4d). 345 

 346 

4. Discussion 347 

Artificial refuges are used across the world to restore animal populations and offset habitat 348 

loss, yet few studies have measured how closely they replicate natural refuges (Ebrahimi et 349 

al. 2012; Griffiths et al. 2018). Here, we found that dens occupied by northern quolls were 350 

cooler and deeper than unoccupied crevices. Artificial dens constructed for northern quolls 351 

closely replicated the thermal environments of occupied dens, but differed in other important 352 

aspects, including being shallower in depth, having less complex surrounding habitat 353 

structure, having a greater visitation of feral cats, and having fewer available potential 354 

mammal prey than occupied dens. This study shows the importance of considering the many 355 

factors that comprise natural habitat when constructing artificial refuges, the value of 356 

naturally occurring habitat, and the complexity of recreating it to a standard that is 357 

ecologically functional. 358 

 359 

4.1 Thermal properties 360 

A key challenge in the construction of artificial refuges is to closely replicate the thermal 361 

environments of natural refuges (Rowland et al. 2017; Griffiths et al. 2018), because natural 362 

refuges often have specific thermal properties that are critical for their inhabitants, such as 363 
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internal temperatures that are more stable than the external climate (O'Connell and Keppel, 364 

2016). Artificial refuges that fail to replicate natural conditions can expose animals to thermal 365 

stress (Griffiths et al. 2018). For instance, evaporative heat loss of arboreal mammals needs 366 

to be 1.5 to 2.4 times higher in nest boxes than natural hollows during summer to avoid 367 

overheating, which could lead to dehydration (Rowland et al. 2017). In arid and semi-arid 368 

regions, it is particularly important for refuges to buffer high external temperatures and 369 

maintain humidity to avoid mortality of the animals inside (Gardner et al. 2015). Ambient 370 

temperatures near dens and crevices far exceeded the temperatures at which quolls must 371 

increase physiological cooling through evaporative heat loss (~36°C), and regularly reached 372 

lethal temperatures (i.e., >41°C) (Cooper and Withers, 2010). In our study, temperatures 373 

inside crevices of all types were cooler and all den types had more stable internal temperature 374 

and humidity profiles compared to the outside air. However, occupied northern quoll dens 375 

were cooler-still compared to nearby, unoccupied crevices, suggesting that they—like many 376 

animals (Scheffers et al. 2014; Isaac et al. 2008; Reside et al. 2019)—select dens that offer 377 

additional thermal buffering, presumably to reduce the time spent at stressful temperatures 378 

within the refuge (O'Connell and Keppel, 2016). In contrast to unoccupied crevices, artificial 379 

dens closely matched the thermal properties of occupied dens. Like occupied dens, artificial 380 

dens remained below the thermal stress range for longer and during a greater range of 381 

ambient temperatures. This finding is important and implies that—contrary to our 382 

predictions, and despite quite specific den selection by northern quolls—artificial dens can 383 

provide a suitable thermal environment, potentially allowing quolls to survive and rear young 384 

in areas they otherwise could not. 385 

 386 

4.2 Physical properties 387 
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Despite offering similar thermal environments, artificial dens differed from occupied dens in 388 

important ways. First, as predicted, occupied dens were deeper than both unoccupied crevices 389 

and artificial dens, suggesting that quolls seek crevices with long, internal tunnels. Deep dens 390 

are important for the survival of other species in the family Dasyuridae, such as the yellow-391 

footed antechinus (Antechinus flavipes), which uses deep dens to avoid fire and extreme 392 

temperatures (Matthews et al. 2017). Failing to account for internal den dimensions when 393 

constructing artificial refuges can lead to negative outcomes, such as enhanced predation risk 394 

(Ebrahimi et al. 2012). Shallow artificial dens could expose quolls to a higher predation risk 395 

from feral cats, or limit opportunities for behavioural thermoregulation during extreme heat 396 

(Briscoe et al. 2014). 397 

 398 

It is reassuring that artificial dens are similar to occupied dens in all other den dimensions 399 

(entrance height and width, number of entrances), given den entrances that exclude larger 400 

predators can be crucial for the protection of animals and their young (Cockle et al. 2015; Le 401 

Roux et al. 2016). Similarly, more den entrances can increase the number of escape routes 402 

from predators and create a range of microhabitats within a den (Gaylard and Kerley, 2001; 403 

Frafjord, 2003). Artificial refuges that mimic the dimensions of natural refuges can provide 404 

suitable shelter for animals (Bolton et al. 2004; Ebrahimi et al. 2012; Sherley et al. 2012), and 405 

we found that the artifical dens currently used for northern quolls at least partially fulfill these 406 

requirements. 407 

 408 

The environmental context surrounding potential refuges can also influence whether they will 409 

be used or not (McElhinny et al. 2006; Bhattacharyya et al. 2015; Reside et al. 2019). Many 410 

animals often select natural refuges close to important resources that provide protection, 411 

temperature regulation, or food (Croak et al. 2012; Bretscher et al. 2018). Northern quolls in 412 
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the Pilbara often inhabit complex rocky habitat, likely because it provides protection from 413 

predation (Cook, 2010; Hernandez-Santin et al. 2016) and fire (Burrows et al. 2009), and 414 

often contains temporary ponds and sheltered crevices (Radford et al. 2015; Henneron et al. 415 

2019). Artificial dens in our study area were usually placed in open, flat landscapes, with a 416 

history of disturbance—characteristics that have been shown to negatively affect refuge use 417 

in other species (Lalas et al. 1999; McGregor et al. 2014). As predicted, we found areas 418 

surrounding artificial dens lacked important habitat complexity; they were characterised by 419 

less embedded rock, Triodia cover, and herbaceous vegetation, and had more small rocks and 420 

bare ground. To improve environmental context surrounding artificial dens, further long-term 421 

research should focus on the capacity of artificial landscapes to recover over time through 422 

both active restoration and on their own, to avoid placing dens in habitat that may never be 423 

suitable. 424 

 425 

Restoring habitat complexity is often a focus of ecological restoration at disturbed sites, 426 

particularly following mining activities (Nichols and Nichols, 2003; Shackelford et al. 2018). 427 

Active restoration (e.g. revegetation, placement of logs, debris, and rock piles) following 428 

habitat loss can improve population connectivity and movement patterns for other species, 429 

including the closely related chuditch (Dasyurus geoffroii; McGregor et al. 2014). Female 430 

northern quolls have a relatively small home range (~35 ha; Oakwood, 2002), and for this 431 

reason—depending on the aim of the artificial refuges (i.e. habitat connectivity cf. 432 

relocation)—the distance that artificial dens are placed from natural habitat is important. 433 

Currently, it is unknown how the distance from natural habitat affects the use of artificial 434 

dens by northern quolls. 435 

 436 
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4.3 Quoll interactions with predators and prey 437 

Many studies have shown that the use of artificial refuges are linked to their attractiveness to 438 

predators (e.g. Anderson et al. 2016; Patterson et al. 2016). One of Australia’s most 439 

successful introduced predators, the feral cat, often prefers open habitats (McGregor et al. 440 

2015; Hernandez-Santin et al. 2016; Hohnen et al. 2016; McDonald et al. 2016; Pavey et al. 441 

2017). Therefore, we expected them to show a preference for artificial dens. Consistent with 442 

this, we found feral cats visited artificial dens more often than occupied dens, and we 443 

observed direct evidence of cats searching an artificial den that contained young quolls 444 

(Figure S2). Furthermore, camera trap images showed evidence of feral cats using at least 445 

one artificial den to raise their young. Regular visitation of artificial dens by feral cats, 446 

combined with their increased hunting efficiency in open, simple environments (McGregor et 447 

al. 2015), means that artifical dens may have a heightened predation risk for northern quolls. 448 

 449 

It is possible that, in some instances, artifical dens could act as ecological traps for northern 450 

quolls: habitats that are selected by animals because they appear high quality (e.g. having 451 

thermally suitable crevices) but are in fact maladaptive as they decrease fitness or increase 452 

mortality risk (Battin, 2004). This reinforces the importance of creating (or maintaining) 453 

structurally complex habitats around artificial dens, to create less preferable habitat for cats. 454 

These findings, including observations of feral cat breeding within an artificial den, also 455 

highlight the importance of tailoring den dimensions (e.g., depth, entrance width) such that 456 

they exclude predators both from predating upon quolls within dens and using dens for their 457 

own recruitment (e.g. Bailey and Bonter, 2017). One possible reprieve for quolls is that cat 458 

and quoll activity overlap was lowest at artificial dens, suggesting a reduced probability of 459 

animals encountering one another outside of the den. However, high overlap at occupied dens 460 

may indicate cats are tracking quolls to their dens and synchronising their activity to increase 461 
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the probability of an encounter: dasyurids are most abundant in feral cat diet throughout the 462 

Pilbara region and adjacent deserts (Murphy et al. 2019). We cannot discount that—should 463 

artificial dens become regularly occupied by quolls—it is possible that such temporal 464 

tracking of quolls by cats could occur at artificial dens as well. 465 

 466 

The lack of potential mammal prey at artificial dens is important, as small marsupials and 467 

rodents can make up a large portion of northern quoll diet (Dunlop et al. 2017), and predators 468 

often use habitat based on the availability of prey (Gallant et al. 2014; Khalatbari et al. 2018; 469 

Rabelo et al. 2019). The most commonly recorded mammal prey in this study was the 470 

common rock-rat (Zyzomys argurus), which is a favoured food item for northern quolls 471 

(Dunlop et al. 2016). Rock-rats feed mainly on seeds, stems, leaves, and fruit of Ficus spp. 472 

(Begg and Dunlop, 1985; Nano et al. 2003), and are often associated with rock complexity, 473 

grasses, and plants that produce seeds (e.g. Triodia spp.) (Begg, 1981; Trainor et al. 2000; 474 

Radford, 2012). A lack of appropriate habitat in the form of rocky cover, Triodia cover, and 475 

other herbaceous plants may therefore explain rock-rat absences at artificial dens. Restoring 476 

habitat complexity and vegetation around artificial dens may help to attract small mammals 477 

like common rock-rats and increase the availability of mammal prey for northern quolls. 478 

There is scope for future research to focus on the best practice of restoring habitat complexity 479 

for the benefit of northern quolls and their prey, particularly revegetation and the availability 480 

of multiple crevices in the artificial landscape. 481 

 482 

5. Implications and conclusion 483 

The role of artificial refuges in conservation has expanded with the need to ‘offset’ 484 

environmental damage caused by industry (Maron et al. 2012). Offsets seek to compensate 485 

for the environmental costs of human actions, such as mining or urban development, by 486 
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creating equivalent environmental gains elsewhere (Miller et al. 2015). If artificial refuges do 487 

not closely replicate natural refuges, and are therefore not used by target species, they are 488 

likely to fail to offset ecological damage (Lindenmayer et al. 2017).  489 

 490 

Providing refuge alone is unlikely to ensure that a species will occupy and breed within it; 491 

animals require other resources to survive and reproduce (Croak et al. 2012; Reside et al. 492 

2019). At present, artificial dens built for northern quolls provide climatic and structural 493 

properties similar to those at occupied dens, but lack other vital habitat characteristics. While 494 

currently used materials seem suitable for artificial den construction, deeper dens would 495 

provide further protection from extreme temperature, predation, and fire. By improving 496 

active restoration efforts surrounding artificial dens, practitioners may decrease the visitation 497 

of feral cats, and increase the availability of mammal prey, but this remains to be 498 

demonstrated. Placing artificial dens inside existing or minimally disturbed habitat may be an 499 

efficient solution to address such issues, but this depends on the overall aim of the artificial 500 

refuges (e.g., to increase population size cf. the extent of occurrence) and will be location-501 

dependent. If the installation of artificial denning habitat seeks to offset habitat lost during 502 

mining, then it must be understood that mining results not only in the loss of dens, but also 503 

the modification of the broader environment, including food resources, habitat structure, and 504 

predator-prey relationships. We therefore emphasise the value and complexity of quality 505 

habitat for native species, and the difficulty of completely replicating ecosystem function.  506 
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Figure legends 

 

 

Figure 1: A map of the study sites (red dots) and the closest town (black dot) (a). The Turner 

River is shown in blue running between the Red Rock and Turner River sites and railways 

are grey lines. Den type examples: (b) occupied den at Turner River, (c) unoccupied crevice 

at De Grey Ridge, (d) rock-style artificial habitat at Mount Dove Artificial and (e) concrete 

and gravel style artificial habitat at Fortescue Rail Camp. 
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Figure 2: Predictions from Generalised Additive Mixed Models of internal and external daily 

temperature (°C) patterns for den types during (a) spring (October 2018 to November 2018) 

and (b) summer (December 2018 to January 2019), and internal and external daily relative 

humidity (%) patterns for den types during (c) spring and (d) summer. Blue lines represent 

occupied dens, maroon lines represent unoccupied crevices, black lines represent artificial 

dens, solid lines represent internal temperature or humidity, dashed lines represent external 

temperature or humidity, the thermal stress range is shown by the yellow bar with black 

dotted boundaries, grey shaded areas around treatment lines define 95% confidence intervals. 
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Figure 3: Physical and environmental properties of each den type, specifically: (a) entrance 

height (mm), (b) entrance width (mm), (c) depth (mm), (d) number of entrances, and cover of 

(e) rock, (f) bare ground, (g) Triodia spp., (h) grass/herb, (i) embedded rock, (j) rock < 0.5 m 

in diameter, (k) rock 0.5 - 2 m, and (l) rock > 2 m. Black dots represent data values, grey dots 

represent suspected outliers and red asterisks denote a significant difference from the 

intercept (occupied dens). 
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Figure 4: Relative visitation of (a) feral cats, (b) mammal prey, (c) reptile prey, and (d) bird 

prey corrected for trap nights at occupied dens (blue), unoccupied crevices (maroon) and 

artificial dens (grey), from October 2018 to January 2019. Black dots represent data values, 

grey dots represent suspected outliers and red asterisks denote a significant difference from 

the intercept (occupied dens). 
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Figure 5:  Activity patterns of northern quoll and feral cat activity (0=no overlap and 

1=complete overlap), plotted against time of day at (b) occupied dens (blue), (c) unoccupied 

crevices (maroon) and (d) artificial dens (grey), from October 2018 to January 2019, as well 

as (d) temporal overlap estimates. Solid and dashed lines represent northern quoll and feral 

cat activity, respectively. For line graphs, coloured areas represent activity overlap between 

northern quolls and feral cats and black bars indicate the scotophase, and for bar graphs, error 

bars represent 95% confidence intervals. 

 


