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Abstract 1 

Hollows in standing trees are an important ecological resource for many Australian vertebrates, 2 

including a range of threatened mammals, reptiles and birds. However, the ecology of tree hollows, 3 

and the extent to which they support hollow-dependent fauna, has been severely under-studied in 4 

northern Australia. This study eval- uated the reliability of ground-based surveys of tree hollows in a 5 

northern Australian eucalypt savanna. We counted hollows in trees using two approaches: (1) 6 



 

 

ground-based surveys and (2) climbing surveys, i.e. double sampling. Assuming that climbing surveys 7 

are accurate, ground-based surveys tended to overestimate hollow density (per tree) by around 8 

15%. However, of the hollows counted in the climbing surveys (n = 202), 44.5% were blocked by hard 9 

termitaria. Once unavailable (blocked) hollows were accounted for, ground-based surveys tended to 10 

overestimate available hollow density (per tree) by 59%. According to generalised linear mixed 11 

models (GLMMs), a hollow was more likely to be blocked if it had a smaller entrance diameter, 12 

occurred on a tree with a termite mound at its base and smaller DBH. We calibrated site-level 13 

ground-based counts using GLMMs of climbing counts and available climbing counts as a function of 14 

ground-based counts for double-sampled trees. Overall, our uncalibrated counts resulted in over-15 

reporting of mean site-based density of available hollows by 38%. The discrepancy between 16 

densities of total hollows and available hollows has important implications for the conservation of 17 

many threatened and declining species known to rely on tree hollows in northern Australia. We 18 

suggest that when conducting ground-based hollow surveys to assess tree hollow availability in 19 

northern Australia, a subsample of trees should be double-sampled, i.e. both ground-based and 20 

climbing counts, to ac- count for survey error due to the blocking of hollows by termitaria. 21 

1. Introduction  22 

Tree hollows are a critical ecological resource, providing shelter and nesting sites for a range of 23 

vertebrate fauna, including large birds such as owls and cockatoos, as well as arboreal mammals and 24 

bats (Carey et al., 1997; Nowak, 1999; Kays and Gittleman, 2001; Gibbons and Lindenmayer, 2002). 25 

Reductions in hollow availability can have serious consequences for hollow-dependent fauna, 26 

including an increase in territoriality and intra- and inter-specific competition, and heightened 27 

exposure to predation and environmental extremes (Gibbons and Lindenmayer, 2002). This can lead 28 

to a reduction in breeding success, dispersal capacity and potentially the local extinction of species 29 

(Short and Hide, 2012; Hunter, 2015). It has been well documented that anthropogenic disturbances 30 

such as logging and changes in fire regimes have substantially reduced the abundance of hollow-31 



 

 

bearing trees worldwide (Delamônica et al., 2002; Zhaofei et al., 2003; Lutz, et al., 2009; 32 

Lindenmayer et al., 2012). The associated reduction in the availability of suitable den sites has been 33 

at least partly blamed for the decline of hollow-dependent fauna (Lindenmayer, Cunningham and 34 

Donnelly, 1990; Andersson and Östlund, 2004; Cockle, Martin and Drever, 2010).  35 

Temperate southern Australia has been severely affected by the decline of arboreal vertebrate fauna 36 

because of a decrease in the abundance of large tree hollows (Bennett, et al., 1994; Lindenmayer et 37 

al., 1996; Lindenmayer, et al., 2000). Australia has no vertebrate species that excavate tree hollows, 38 

such as woodpeckers (Cockle, et al., 2011), and therefore the development of tree hollows relies on 39 

decay (e.g. fungal infections, termite activity) and stochastic disturbances (e.g. high-severity fire, 40 

damaging winds) (Gibbons and Lindenmayer, 1997). As a result, tree hollows in Australia may take 41 

many decades, in some cases centuries, to become large enough for hollow-dependent vertebrate 42 

fauna to use (Wormington and Lamb, 1999). Tree hollows therefore represent a valuable resource, 43 

critical for conservation of hollow-dependent fauna, and requiring active management.  44 

There has been an enormous amount of research into the ecology of tree hollows in southern 45 

Australia (Gibbons and Lindenmayer, 2002), but very little in northern Australia’s vast uncleared 46 

eucalypt (Eucalyptus and Corymbia spp.) tropical savannas. The little evidence we have points to 47 

fundamental differences in hollow availability between tropical savannas in the north and temperate 48 

forests and woodlands in the south. It is thought that hollow availability is greater in northern 49 

Australia due to abundant termites (Woolley et al., 2018). As such, inferences drawn from southern 50 

studies may not be applicable to the north. Despite the apparent abundance of tree hollows in 51 

northern Australia, frequent high-intensity fires are believed to be driving the loss of hollow-bearing 52 

trees, thereby contributing to the declines of a number of hollow-dependent species, including the 53 

palm cockatoo (Probosciger aterrimus) on Cape York Peninsula (Queensland), the Gouldian finch 54 

(Erythrura gouldiae) and golden-backed tree-rat (Mesembriomys macrurus) in the Kimberley region 55 

(Western Australia) and the brush-tailed rabbit-rat (Conilurus penicillatus) in the Northern Territory 56 



 

 

(Firth, et al., 2006; Murphy and Legge, 2007; Brazill-Boast et al., 2011; Woinarski et al., 2011; 57 

Hohnen et al., 2015).  58 

The increasing appreciation of the ecological importance of tree hollows means that survey 59 

techniques are required to provide accurate inventories of tree hollows in northern Australia and 60 

elsewhere. The most common approach to assessing the abundance of tree hollows is a ground-61 

based count, usually aided by binoculars to scan the canopy and identify hollows (Gibbons et al., 62 

2002). While such surveys are quick, inexpensive, and can therefore be replicated over relatively 63 

large areas, they have limitations. For example, ground-based surveys can vary in accuracy 64 

depending on individual surveyors and tree species (Whitford and Williams, 2002; Harper et al., 65 

2004; Koch, 2008; Rayner et al., 2011; Stojanovic et al., 2012). Accuracy can also be reduced where 66 

trees are very tall, or their trunks and branches are obscured by dense foliage (Rayner et al., 2011). 67 

Additionally, wind damage to the canopy, fire scars, and sap stains can all be confused with hollows, 68 

reducing survey accuracy (Whitford and Williams 2002, Koch 2008). To assess accuracy and improve 69 

precision, ground-based counts require comparison and calibration with ‘true’ tree hollow counts, 70 

i.e. counts made using a significantly more accurate and precise approach. The dissection of felled 71 

trees can provide a more accurate and precise estimate of tree hollow abundance and provide 72 

information on hollow characteristics such as depth (Gibbons et al., 2002; Koch, 2008), but this 73 

method is destructive and very labour intensive (Koch, 2008). Climbing surveys provide the best 74 

estimates of hollow abundance and characteristics in standing trees (Stojanovic et al. 2012),  but are 75 

rarely undertaken because they require specialist skills (Harper et al., 2004; Koch, 2008; Rayner, et 76 

al., 2011).  77 

Ground-based surveys are increasingly complemented by climbing surveys or tree felling, in order to 78 

calibrate the ground-based hollow counts. This involves undertaking accurate hollow counts (via 79 

climbing or felling) on a subset of trees which have also been assessed from the ground, a process 80 

known as ‘double-sampling’. This allows the development of calibration equations to improve the 81 



 

 

accuracy of ground-based estimates (Harper et al., 2004; Rayner, et al., 2011). Rapid ground-based 82 

surveys can then be used with greater confidence following calibration.  83 

Our study aimed to characterise the accuracy of rapid ground-based surveys of tree hollows in a 84 

northern Australian eucalypt savanna, via a comparison with a more accurate and precise, though 85 

time-consuming, method (climbing surveys). We evaluate whether ground-based hollow counts 86 

provide accurate estimates of tree hollow abundance, and whether calibration of these counts 87 

provides a significant improvement in accuracy and precision. 88 

2. Methods  89 

2.1 Study area  90 

Our study took place on Melville Island (5786 km2), the larger of the two main Tiwi Islands, located 91 

80 km north of Darwin in northern Australia (Fig. 1). The climate is intensely monsoonal, receiving 92 

around 90% of annual rainfall during the summer wet season (December–April). There is a 93 

substantial rainfall gradient, from <1500 mm per annum in the east, to >1800 mm per annum in the 94 

northwest. Eucalypt open forests and woodlands, a form of the savanna biome and henceforth 95 

referred to as savanna, cover around 75% of the island (Woinarski et al., 2003). Fire frequencies are 96 

very high, with 35% of the island's savannas burning in an average year. Around 72% of burning 97 

occurs in the late dry season (August–November) (Richards et al., 2012). Melville Island is home to a 98 

number of declining mammal species which utilise tree hollows. The decline of arboreal mammals in 99 

the tropical savannas may be caused, at least partly, by the destruction of tree hollows by frequent, 100 

high-severity fires, typical of contemporary fire regimes (Firth et al., 2010; Davies et al., 2018).  101 

2.2 Ground-based surveys  102 

A total of 100 sites were surveyed across Melville Island’s savannas (Fig. 1). At each site, a reference 103 

point was selected. Up to 12 trees with diameter at breast height (1.3 m; DBH) ≥15 cm and within 50 104 

m of the reference point were selected for hollow surveys. This produced a sample of 1123 trees. 105 



 

 

We recorded tree species, DBH (cm), height (m), indication of termite activity (termite tracks on the 106 

trunk or a mound at the base of the trunk), and relative tree health (assessment of canopy 107 

damage/mortality) (Whitford 2002). Hollows in the selected trees were counted from the ground 108 

with the aid of binoculars. A hollow was defined as having an entrance diameter ≥1 cm and sufficient 109 

depth. All ground-based surveys were performed by one individual (C.E. Penton) and were 110 

conducted in good light and weather conditions for optimal visibility (e.g. no rain or mist). A 111 

minimum of two minutes was spent surveying each tree for possible hollows from all available 112 

vantage points. For each tree, we recorded the total number of hollows in four entrance diameter 113 

classes (≥1–5 cm, ≥5–10 cm, ≥10–20 cm, ≥20 cm). 114 

2.3 Climbing surveys  115 

To assess the accuracy of ground-based surveys and calibrate the number of hollows per tree, a 116 

subset of 186 trees was ‘double-sampled’, i.e. climbing survey following ground-based survey, at 58 117 

of the 100 survey sites. Climbing surveys were conducted within three weeks of ground-based 118 

surveys. 119 

Double-sampled trees were climbed by the original ground surveyor (C.E. Penton) to identify and 120 

measure all hollows in the tree. Double-sampled trees were selected based on accessibility and the 121 

safety of the climber, without consideration of DBH, tree height, or total number of hollows. Double-122 

sampled trees tended to be slightly larger in DBH (37.2 cm (± 1.1 SE) vs. 29.8 cm (± 0.4 SE)) and 123 

similar in height (15.4 m (± 0.3 SE) Vs. 14.7 m (± 0.2 SE)) than single-sampled trees (Fig. 2). Climbing 124 

surveys were conducted from the best vantage point within the tree canopy or for safety dead trees 125 

were viewed from an adjacent canopy within 5 m of the focal tree where hollows could be 126 

adequately viewed (n = 10).  Surveys from within the canopy involved setting up the rope at the 127 

highest safe point within the tree and systematically assessing each branch for hollows whilst 128 

descending slowly. When multiple entrances could be seen leading to the same cavity, they were 129 

recorded as a single hollow.  130 



 

 

For all hollows identified during the climbing surveys, we assessed whether the entrance was 131 

blocked by a termitarium (termite nest). Total hollow counts comprised of blocked (by termitaria) 132 

and not blocked hollows. Available hollows were those with clear entrances and greater than 20 cm 133 

depth, given that these are important predictors of use and availability for denning (Gibbons et al. 134 

2002; Goldingay 2011).  Hollow entrance diameter (cm), height (m) and hollow form (trunk middle, 135 

trunk end, branch middle, branch end) were also recorded.   136 

2.4 Data analysis  137 

We first assessed the accuracy of ground surveys by comparing whether trees were classified as 138 

hollow-bearing or non-hollow bearing from both sampling methods. Total ground survey counts 139 

were than compared against total climbing counts for hollow-bearing and non-hollow bearing trees. 140 

We calculated the absolute difference between total hollows from ground-based surveys and total 141 

available hollows identified in the climbing surveys for each tree double-sampled. We assessed the 142 

absolute count difference for hollows separately for smaller hollows (<10cm entrance diameter) and 143 

larger hollows (≥10cm entrance diameter). 144 

The likelihood of hollows being blocked was analysed using generalised linear mixed models 145 

(GLMMs) with binomial error family (lme4 package: Bates et al. 2019), with tree and site as random 146 

intercepts. Predictor variables related to individual trees were: DBH ; tree health (1 = low level of 147 

canopy damage, 2 = moderate canopy damage, 3 = high canopy damage/mortality); tree species (E. 148 

miniata, E. tetradonta, C. nesophila, other); and termite activity (none evident, signs of termite 149 

tracks on trunk, termite mound present at base of trunk). Predictor variables related to individual 150 

hollows were: entrance diameter; entrance height; and hollow form (trunk middle, trunk end, 151 

branch middle, branch end). Variance inflation factors were used to confirm that there was not 152 

excessive collinearity of predictor variables (Zuur et al. 2010). Continuous predictor variables were 153 

centred and standardised prior to analysis (Gelman, 2008). An information-theoretic model selection 154 

approach was used to identify the best model according to Akaike’s Information Criterion (AIC) (R 155 



 

 

package MuMIn: Barton (2016)). The best model was used for visualisation of variable effects (R 156 

package visreg: Breheny and Burchett, 20176 and R package ggplot2: Wickham, 2016)). 157 

Relationships are presented for highly influential predictors of hollow blockage.  158 

The total number of hollows and the number of available hollows, i.e. not blocked by termitaria, 159 

identified during climbing surveys were modelled as a function of the number of hollows identified 160 

during ground-based surveys. We used GLMMs with Poisson error family and log link functions, 161 

appropriate for count data. We modelled hollows in cumulative size classes (entrance diameter ≥1 162 

cm, ≥5cm, ≥10 cm, ≥20 cm) with site as a random intercept. The dispersion statistic was used to test 163 

the fit of the distribution, Cook’s distances to check for observations with disproportionally high 164 

influence, and Nagelkerke R2 (piecewiseSEM R package: Lefcheck, 2016) to estimate the deviance 165 

explained by the model. Pearson residuals were plotted against fitted values to check for 166 

homogeneity, independence and model fit. 167 

We evaluated the site-level effect of calibrating ground-based hollow counts to provide a more 168 

accurate estimate of the density of available hollows, i.e. those not blocked by termitaria, at a site. 169 

To do this, the regression equation generated by the GLMM of climbing counts of available hollows 170 

(≥1 cm entrance diameter) was applied to all ground-based counts from the full set of 100 sites 171 

surveyed (Table.2). The calibrated estimates of density of available hollows were compared to our 172 

raw ground-based estimates of hollow density. 173 

All analyses were performed using the software R, version 3.6.1 (R Core Team 2019).  174 

3. Results  175 

3.1 Accuracy of ground-based surveys  176 

Climbing surveys demonstrated that most ground-based classifications of trees as hollow-bearing or 177 

non-hollow-bearing were correct (hollow-bearing: 88.4% correct, n = 112; non-hollow-bearing: 178 

63.3% correct, n = 74; overall: 78.5% correct, n = 186), assuming the climbing surveys were accurate 179 



 

 

and precise. Ground-based surveys tended to overestimate the number of hollows per tree, relative 180 

to the climbing surveys. For double-sampled trees, the mean number of total hollows was 2.3 (± 0.2 181 

SE) from ground-based surveys, compared to 1.9 (± 0.2 SE) from climbing surveys. 182 

3.2 Relationship between total and available hollows  183 

Of the hollows counted in the climbing surveys (n = 205), almost half (43.4%) were blocked by 184 

termitaria, with an additional 11.2% of hollows partly blocked, i.e. having a depth <20 cm due to 185 

residual termitarium material. Termitaria encountered was occasionally friable (Fig. 3a), but was 186 

typically composed of a hard-set, clay-rich material (Fig. 3b). For double-sampled trees, the mean 187 

number of hollows per tree was reduced to 1.4 (± 0.1 SE) when the unavailability of hollows due to 188 

blockage by termitaria was considered. 189 

Ground-based and climbing surveys recorded the same number of hollows in hollow-bearing trees in 190 

only 23.2% of double-sampled trees (n = 112) (Fig. 4a). In 50% of double-sampled trees, the number 191 

of small hollows (<10 cm entrance diameter) was overestimated (Fig. 4b), whereas the number of 192 

large hollows (≥10 cm entrance diameter) was overestimated in only 12.4% of trees (Fig.4c). 193 

Overestimation and underestimation of the number of large hollows occurred at equivalent 194 

frequency (12.4% of trees each), with most hollows being identified during both ground-based and 195 

climbing surveys (Fig. 4c). Ground-based surveys overestimated the number of hollows by 15%, 196 

relative to climbing surveys. However, accounting for blockage by termitaria, ground-based counts 197 

overestimated the number of available hollows, i.e. not blocked, by 59%.  198 

The probability that a hollow was blocked was strongly negatively correlated with hollow entrance 199 

diameter (Table 1, Fig. 5a). Hollows were more likely to be blocked if there was evidence of termite 200 

activity (i.e. termite tracks or a termite mound) on or at the base of the trunk (Fig. 5b). The 201 

probability that a hollow was blocked also decreased as hollow entrance diameter increased (Fig. 202 

5c).  203 



 

 

Ground-based counts were more strongly correlated with climbing counts, including all hollows, 204 

than climbing counts of available hollows only (Fig. 6a). This was also true for hollows ≥5 cm and ≥10 205 

cm (Fig. 6b–c). However, ground-based counts of the largest hollows (≥20 cm entrance diameter) 206 

were similarly correlated with climbing counts for all hollows and available hollows only (Fig. 6d).  207 

3.3 Reporting site densities of hollows 208 

Across all ground-based survey sites (n = 100) the mean density of hollows was 165 ha–1 (± 9.8 SE) 209 

for all hollow sizes, and 70 ha–1 (± 5 SE) for hollows with entrance diameter ≥5 cm. Using the 210 

calibration equations from the GLMs (Table 2) with models that had greatest confidence in 211 

predictability (Fig. 6), we estimate the mean site densities of available hollows, i.e. not blocked, to 212 

be 102 ha–1 (± 7.7 SE) for all hollow sizes, and 64 ha–1 (± 4.8 SE) for hollows with ≥5 cm entrance 213 

diameter. Calibrated densities were far lower than our uncalibrated estimates: 38% lower for all 214 

hollow sizes, and 9% lower for hollows with ≥5 cm entrance diameter.   215 

4. Discussion 216 

Past research has concluded that tree hollows are particularly abundant in northern Australian 217 

eucalypt savannas, due to high levels of activity of arboreal termites (Braithwaite, 1985; Woolley et 218 

al., 2018).  Termite hollowing of Australian savanna trees, especially eucalypts, is exceptionally 219 

common. For the two most common savanna trees, Eucalyptus tetrodonta and E. miniata, 82% and 220 

97% of individuals (respectively) are reported to be hollowed by termites (Werner and Prior 2007). 221 

However, our results show that not only do termites create hollows, but they are also responsible 222 

for blocking hollows with hard nesting material (termitaria), making the hollows unavailable for use 223 

by hollow-dependent vertebrate fauna. We found that a significant percentage, around 43.4%, of 224 

tree hollows in the mesic savannas of Melville Island, northern Australia, are blocked by hard 225 

termitaria. It is well known that the abundance and species richness of termites are particularly high 226 

in the savannas of northern Australia (Abensperg-Traun and Steven, 1997). Hence, it is likely that 227 

extensive blockage of hollows by termitaria is a less common phenomenon in temperate southern 228 



 

 

Australia. Termite activity has previously been identified as a key driver of hollow formation 229 

(Braithwaite, et al., 1988), however, has been rarely recognised as a process that reduces the 230 

availability of hollows. One of the few existing reports of this phenomenon is provided by Tidemann 231 

et al. (1999), who reported that in a semi-arid savanna of the Northern Territory up to 25% of tree 232 

hollows used for nesting by the Gouldian finch became unavailable over a 4-year period due to 233 

blocking of entrances by termites. It seems very likely that the majority of hollows blocked by 234 

termitaria are unavailable for use by arboreal vertebrates, as the outer walls of arboreal termitaria in 235 

northern Australia are known to be extremely hard (Andersen et al., 2005), especially during the dry 236 

season. 237 

Ground-based surveys are the typical method for estimating the density of tree hollows in forests 238 

and woodlands and are a key indicator of habitat quality for arboreal fauna. Although hollow 239 

entrances are usually visible from the ground, we found that the termitaria blocking hollows are not 240 

usually visible. Hence, ground-based surveys may substantially overestimate the density of available 241 

hollows, i.e. not blocked and therefore available for use by fauna. This effect was most pronounced 242 

for small hollows (entrance diameter <10 cm) because they are typically located at upward-pointing 243 

branch ends. Large hollows (entrance diameter ≥10 cm) were less frequently misidentified as 244 

available (cf. blocked), because the entrances are typically horizontally-facing, allowing the ground-245 

based surveyor to see into the hollow. Most trees had visible termite activity at the base of the 246 

trunk, identifiable as mounds or tracks, however this did not reliably indicate that hollows would be 247 

blocked by termitaria. Our results clearly indicate that in northern Australian savannas, ground-248 

based estimates of the density of available hollows should be corrected using hollow size-specific 249 

calibration equations, developed using double-sampling of a subset of trees, i.e. ground-based 250 

survey plus a more accurate method such as climbing or drone survey. Such correction equations are 251 

likely to be needed in savanna landscapes elsewhere in the Australian tropics where arboreal 252 

termite activity is also high (Abensperg-Traun and Steven, 1997).  253 



 

 

Using calibration equations, we were able to correct ground-based estimates of site-level mean 254 

hollow density across Melville Island to more closely reflect the true density of available hollows, i.e. 255 

those not blocked by termitaria. The calibrated densities of available hollows were on average 43% 256 

lower than the raw, ground-based mean site densities. This suggests that previous, ground-based 257 

estimates of the density of tree hollows across northern Australia are likely to overestimate 258 

availability. The only previous extensive survey was that reported by Woolley et al. (2018), 259 

describing variation in tree hollow densities across the mesic savannas of the Northern Territory. 260 

They reported an average of 207 (± 22.1 SE) hollows ha-1 and from double-sampling of a subset of 261 

trees and noted the tendency of their ground-based surveys to slightly overestimate hollow 262 

densities; ground-based surveys resulted in 10% overestimation of hollow densities at the tree level, 263 

however blockage of hollows by termitaria was not taken into account. This overestimation was 264 

slightly less than we found, as our ground-based surveys resulted in 15% overestimation of hollow 265 

densities at tree level. While Woolley et al. (2018) noted that the densities of hollows (using raw 266 

counts from ground-based surveys) in northern Australia are relatively high, our calibrated densities 267 

of available hollows (accounting for blocked, unavailable hollows) from Melville Island are in fact 268 

similar to other intact woodlands in Australia (Rayner, et al., 2014; McLean et al., 2015). Therefore, 269 

while total hollow densities may be high in northern Australian savannas, the density of the subset 270 

of hollows available to fauna for denning would be substantially lower. 271 

Systematic overestimation of the density of available hollows during ground-based surveys can have 272 

important implications for understanding the extent to which the availability of tree hollows limits 273 

the abundance of threatened arboreal fauna in northern Australia. In our study, overestimation of 274 

the density of hollows by ground-based surveys was greatest for the smallest hollows, and the 275 

density of these smaller size class hollows could be substantially less than previously reported. This is 276 

important because there are many small species in northern Australia that can utilise small hollows 277 

(entrance diameter <10 cm) including frogs, small lizards (especially skinks and geckos), small 278 

mammals, and birds including the threatened Gouldian finch (Tidemann et al., 1999; Taylor, et al., 279 



 

 

2003; Goldingay, 2009, 2011).  Most concerning is the overestimation of the densities of large 280 

hollows, considering that many of our threatened and declining species are known or suspected to 281 

rely on larger size class hollows (Kurucz, 2000; Taylor, Woinarski and Chatto, 2003; Murphy and 282 

Legge, 2007; Firth et al., 2010; Hohnen et al., 2015). It is likely that many arboreal mammal species 283 

require high densities of hollows due to den-swapping behaviour and specialised hollow 284 

preferences. If hollow availability occurs at lower densities than previously recognised in northern 285 

Australia, then hollows may be a critical limiting resource for hollow-dependent species and be of 286 

conservation concern (Taylor and Chisholm, 2005; Woolley et al., 2018).  287 

Currently, there are large gaps in our understanding of the tree hollow ecology of many threatened 288 

species, and this limits their long-term management and conservation (Goldingay, 2009, 2011).  289 

Compared to southern Australian forests and woodlands, northern Australian savannas appear to 290 

have a greater proportion of reptile and mammal species that use tree hollows (Taylor et al., 2003). 291 

However, in northern Australia there is little information on inter- and intra-species competition and 292 

the hollow densities required to maintain stable populations of such species (Gibbons and 293 

Lindenmayer, 2002; Taylor, et al., 2003; Goldingay, 2011). Given that a diverse range of threatened 294 

vertebrate species use hollows, it may be important to conserve areas with high densities of 295 

available hollows. To identify areas of high conservation value, we need to understand the 296 

distribution of available tree hollows in the landscape, as well as the densities required to support 297 

threatened hollow-dependent species. We also need to identify management actions (e.g. nest-box 298 

installation, prescribed burning to prevent trees being killed by high-intensity wildfires) that can 299 

enhance or maintain the conservation values of such areas.  300 

5. Conclusion  301 

The availability of tree hollows varies spatially (e.g. in response to variation in resources and 302 

disturbance regimes) and temporally (e.g. in response to time since disturbance) (Bennett, et al., 303 

1994; Remm and Lõhmus, 2011; Lindenmayer et al., 2012, 2016; Woolley et al., 2018). It is important 304 



 

 

that tree hollow surveys accurately describe these differences as tree hollows act as an important 305 

ecological resource for fauna (Gibbons and Lindenmayer, 2002), and the density of tree hollows is 306 

often an important consideration in conservation planning. In northern Australian savannas, a key 307 

factor limiting the availability of tree hollows appears to be arboreal termites, with tree hollows 308 

frequently blocked by hard termitaria, and hence rendered unavailable for use by hollow-dependent 309 

fauna. However, previous ground-based surveys of tree hollow densities in northern Australia have 310 

not accounted for blockage of hollows by termitaria, and thus to accurately associate hollow density 311 

with hollow availability, double-sampling and calibration is required. Accurate and cost-effective 312 

approaches to surveying tree hollows will help us understand whether the hollow requirements of 313 

our threatened hollow-dependent fauna are being met, to identify abundant densities of tree 314 

hollows and manage high-value areas. 315 
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Table 1. Relative variable importance derived from model selection based on Akaike Information 477 

Criterion (AIC) to test the effects of tree and hollow characteristic predictor variables on hollow 478 

blockage at the site and tree level. Relative variable importance (wi) is the sum of Akaike weights 479 

(Akaike weight is the probability that model i is the best model) for all models containing a given 480 

predictor variable. Highly influential variables have w+ ≥ 0.73 (equivalent to an AIC difference of 2) 481 

and are indicated in bold. The best model was composed of highly influential variables 482 

Response 
variable 

w+  

Hollow 
diameter 

 
Termite 
activity 

 
DBH 

 
Tree health 

 
Hollow 
height 

 
Hollow form  

 
Species 
group 

Blocked 
Hollow 
(yes/no) 
 

0.99 0.80 0.78 0.36 0.31 0.08 0.03 

 

Table 2. Regression equations for the generalised linear models of counts of hollows from climbing 483 

surveys, as a function of counts of hollows from ground-based surveys. Hollows were modelled in 484 

cumulative size classes.  485 

Cumulative size class  Regression equations  



 

 

All hollows (blocked and not 
blocked) 

 

All hollows  𝑦 = exp(0.33(𝑥) − 0.52) 
≥5 cm entrance diameter 𝑦 = exp(0.48(𝑥) − 0.73) 
≥10 cm entrance diameter  𝑦 = exp(0.77(𝑥) − 1.12) 
≥20 cm entrance diameter  𝑦 = exp(2.40(𝑥) − 3.15) 
Available hollows (not blocked)  
All hollows  𝑦 = exp(0.33(𝑥) − 0.94) 
≥5 cm entrance diameter 𝑦 = exp(0.49(𝑥) − 1.26) 
≥10 cm entrance diameter  𝑦 = exp(0.70(𝑥) − 1.51) 
≥20 cm entrance diameter  𝑦 = exp(2.32(𝑥) − 3.21) 

 



 

 

 486 

Fig 1. Distribution of the 100 study sties on Melville Island, off the coast of the Northern Territory, 487 

Australia. Double-sampled sites are indicated as white-filled circles and black-filled circles are only 488 

ground-based surveyed sites. Eucalypt savanna is shaded in grey and isohyets show the gradient in 489 

mean annual rainfall across the island. 490 

 491 



 

 

Fig 2. Allometry of tree height (m) verses diameter at breast height (cm) for double and single-492 

sampled trees. Tree hollows were counted from the ground and by climbing survey for double-493 

sampled trees, while single-sampled tree hollows were only counted from the ground. Double-494 

sampled trees are indicated as black filled circles with the solid line displaying general trend of fit. 495 

Whereas single-sampled trees are indicated as white filled circles and the dashed line displaying 496 

general trend of fit.  497 

Fig 3. Photographs of termitaria blocking tree hollows. Termitarium material is occasionally friable 498 

(a), though typically composed of (b) a hard-set, clay-rich material.  499 



 

 

Fig 4. Absolute differences in counts of hollows (percentage of trees) during ground-based and 500 

climbing surveys of available hollows, i.e. not blocked by termitaria, shown separately for: (a) all 501 

hollows; (b) small hollows (entrance diameter <10 cm); and (c) large hollows (entrance diameter ≥10 502 

cm). 503 



 

 

 



 

 

Fig 5. Relationships between the probability of a blocked (1) and unblocked (0) hollow and key 504 

predictors: (a) termite activity, (b) tree diameter at breast height and (c) hollow entrance diameter. 505 

Relationships are shown for highly influential predictors of hollow blockage; the black line is model 506 

fit, and the grey band represents 95% confidence interval. Coding for the categorial variable ‘termite 507 

activity’ are: Nil = No sign of termite activity; Tracks = termite tracks on trunk; Mound = termite 508 

mound at base of tree. 509 



 

 

 510 



 

 

Figure 6. Predictions of generalised linear models of counts of hollows from climbing surveys, as a 511 

function of counts of hollows from ground-based surveys. Hollows were modelled in cumulative size 512 

classes: (a) all hollows; (b) ≥5 cm entrance diameter; (c) ≥10 cm entrance diameter; (d) ≥20 cm 513 

entrance diameter. The solid line depicts the model predictions, with 95% confidence intervals 514 

shaded in grey. The dashed line depicts the 1:1 relationship. The dots indicate the raw data, with 515 

larger dots representing multiple instances of the same counts, R2 is the conditional psudeo-R2 value. 516 

Regression equations are provided in Table 2. 517 

 


