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Revealing microhabitat
requirements of an endangered
specialist lizard with LiDAR
Holly S. Bradley1*, Michael D. Craig2,3, Adam T. Cross1,4, Sean Tomlinson5,6,7,
Michael J. Bamford8 & Philip W. Bateman9
A central principle of threatened species management is the requirement for detailed understanding
of species habitat requirements. Difficult terrain or cryptic behaviour can, however, make the study
of habitat or microhabitat requirements difficult, calling for innovative data collection techniques.
We used high-resolution terrestrial LiDAR imaging to develop three-dimensional models of log
piles, quantifying the structural characteristics linked with occupancy of an endangered cryptic
reptile, the western spiny-tailed skink (Egernia stokesii badia). Inhabited log piles were generally
taller with smaller entrance hollows and a wider main log, had more high-hanging branches, fewer
low-hanging branches, more mid- and understorey cover, and lower maximum canopy height.
Significant characteristics linked with occupancy were longer log piles, an average of three logs, less
canopy cover, and the presence of overhanging vegetation, likely relating to colony segregation,
thermoregulatory requirements, and foraging opportunities. In addition to optimising translocation
site selection, understanding microhabitat specificity of E. s. badia will help inform a range of
management objectives, such as targeted monitoring and invasive predator control. There are also
diverse opportunities for the application of this technology to a wide variety of future ecological
studies and wildlife management initiatives pertaining to a range of cryptic, understudied taxa.
Contemporary wildlife extinctions are occurring at a rate thousands of times greater than background species
loss1 and are predicted to increase as a result of anthropogenic threats increasing in range and intensity commensurate with increasing human population pressures2. As a result, threatened species recovery is a major
conservation focus around the w
 orld3. Fundamental to a broad range of species recovery and wildlife management initiatives is understanding the two main factors that influence habitat use: habitat availability and habitat
choice4. The first restricts the distribution of species only through the quantity of options within the surrounding
environment, while the latter is linked to specific adaptations to particular habitats, regardless of what broader
spectrum of habitat is a vailable4. Species limited by habitat choice generally exhibit narrow niche breadth, meaning that they are constrained by the physical conditions under which they can survive and reproduce5,6. The more
specialised the habitat/microhabitat requirements of a species, the more targeted habitat selection is necessary
for successful species recovery.
Distribution maps based on historical sightings and species distribution models are often a useful starting
point for developing a broad sense of habitat requirements, due to their ability to identify patterns at a coarse
scale7,8. However, the dynamic nature of ecological systems means that species-specific microhabitat and habitat
suitability assessments may be critical for finer understanding of a species’ requirements9, and such data are difficult to obtain from conventional distribution m
 odels10,11. For example, in developing habitat selection protocols
for narrow-range plants, Tomlinson et al.10, noted that the resolution of many distribution maps were unable to
identify the specific microhabitats required. For animals, these can be influenced by numerous factors including
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refuge from predators12, thermoregulatory requirements13–15, dispersal ability16, and suitability for camouflage17,18.
However, in some cases, the nature of the environment (such as dense jungle and deep ocean), or the shy or
cryptic nature of the target species can make habitat assessments by direct observation difficult19. Such challenges
call for innovative approaches, such as the use of acoustic m
 onitoring19–22, camera t rapping23–25, and tracking
26–28
tunnels
. The choice of technology is species-specific, set by the limitations of the species’ cryptic n
 ature29.
The microhabitat requirements of many animals are relatively subtle, and relate to small differences in localised habitat structure30,31, especially for relatively sessile s pecies32,33 A novel option for assessment of localised
habitat structure is LiDAR (light detection and r anging34), a non-destructive tool that rapidly and precisely digitises an object or site into a three-dimensional (3D) point c loud34,35. LiDAR has been applied to the broad-scale
assessment of numerous fauna habitats, including f orests36–38, tidal fl
 ats39, subtidal coastal z ones40, and r ivers41,42,
but most of these have been at relatively large scales at square metre resolutions. At a smaller scale, terrestrial
LiDAR allows for detailed scanning of microhabitat structure without obstruction from overhanging canopy or
vegetation. We propose that the ultra-high-resolution (10 mm) precise characterisation of the physical environment provided by terrestrial LiDAR scanning provides a unique opportunity to gain an in-depth understanding
of log pile microhabitat requirements for fauna of conservation concern.
Coarse woody debris, such as fallen log piles, are often critical habitat features for threatened fauna such as
numbats (Myrmecobius fasciatus)43, chuditch (Dasyurus geoffroii)44, and the western spiny-tailed skink (Egernia
stokesii badia)45. However, not all log pile sites are equally suitable for species habitation, and species-specific
preferences for features such as log diameter, canopy cover and presence of adjacent trees can influence site
suitability46. Here, to our knowledge, we report the first study using ultra high-resolution terrestrial LiDAR to
quantify the microhabitat characteristics of fallen log piles, using this approach to estimate the suitability of log
piles for an endangered cryptic reptile subspecies (western spiny-tailed skinks). We aimed to determine if the
skinks exhibited a high selectivity for certain structural features of log pile habitat, such as structural complexity
with multiple logs providing potential refuge options, or associated features such as degree of vegetation cover
(e.g., canopy gaps for basking) through comparison of log piles known to be inhabited and uninhabited by the
species. Such detailed analysis of log pile characteristics and understanding skink microhabitat specificity will
provide crucial information in the design of future habitat improvement for management efforts, highlighting the
applicability of the technology for the assessment of other complex microhabitat structures, potentially including
the specific structures of specialised roosting habitats in some species of b
 ats47,48 or nesting hollows or sites of
endangered parrots49,50 to better understand sites for protection, translocation, or replication in restoration and
other threatened species management.

Methods

Study species. Egernia s. badia are a large skink, with both sexes reaching a mature size over 170 mm snout-

vent length (SVL)51. Females bear live young, with some E. stokesii subspecies producing litters of up to eight
individuals at a t ime52. The family groups are social and live together in groups comprised of different sexes and
age classes. These social aggregations occupy the same large fallen log pile45 over years, inhabiting the hollows
and crevices in the wood. The juvenile skinks also take over five years to reach mature size, with many skinks
remaining in the same social group as their parents even after reaching m
 aturity51. Beyond this basic information, the ecology of E. s. badia is largely unknown, compared to comparatively well-studied subspecies of E.
stokesii occurring in states outside of Western Australia.
Egernia s. badia are at risk of extinction and are recognised under both Australian Federal legislation (Endangered; Environment Protection and Biodiversity Conservation Act 1999) and Western Australian state legislation
(Schedule 1; Biodiversity Conservation Act 2016). One of the major threats identified for this subspecies is habitat
loss and modification through mining and grazing; the translocation of specific populations threatened by local
extinction is a recommended recovery o
 ption45. Although there have been no successful translocations of this
subspecies published in the scientific literature, there are anecdotal reports of failed attempts which may indicate
that the skink has specific log pile requirements to ensure establishment and persistence.

Study area. The study area is located approximately 450 km northeast of Perth, Western Australia, on a min-

ing tenement in the Mid West region (29°10′54"S, 116°32′55"E). The site occurs in a semi-arid region within the
distribution of the skinks and comprises mainly open eucalypt woodland on loam or clayey loam flats, predominantly York Gum (Eucalyptus loxophleba) over a sparse understorey53,54 (Fig. 1A). Log piles inhabited by the
skinks (determined from previous fauna surveys) were randomly selected for study (Fig. 1B, C & D) although,
due to site access limitations, log pile selection was restricted to within 1000 m of a 55 km access track (Fig. 2).

LiDAR technology. All research and animal observational experiments were carried out and approved by
the Animal Ethics Office of Curtin University (ARE2018-28) and conformed with all relevant guidelines and
regulations. Scans were taken during the end of the austral winter and beginning of spring, to capture the peak
abundance of annual plants. A total of 39 log piles (22 inhabited and 17 uninhabited), was scanned and threedimensional (3D) point clouds generated for quantification of the 14 structural characteristics. The laser scanning data for this investigation were collected using a terrestrial LiDAR scanner, the Maptek I-Site 8800 (Maptek,
Adelaide, Australia), which has a resolution of 10 mm46 and a range of up to 2000 m55. The LiDAR scanner was
set up using a tripod on a standard tribrach mount, and a marked post was installed at each log pile site so that
the scanner could be manually aligned to the top of the post using the survey alignment telescope for each scan.
The scanner was placed in three to five positions around each log pile, depending on how large the log pile was,
to create overlapping scans for development of a full 360-degree view of target log piles. Scan positions were tar-
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Figure 1.  Typical habitat of the skinks in the Mid West region of Western Australia; (A) open Eucalyptus
woodland in which log piles were sparsely distributed; (B and C) examples of log piles inhabited by skink
colonies; and (D) juvenile skinks basking by one of the hollows of an occupied log pile. Photos: H Bradley.
geted to ensure scanner positioning maximised capture of internal log structure within hollows. The LiDAR system position was coupled with a differential GPS system so that points were recorded with an xyz c oordinate56.

Data processing and analysis. Consecutive scans of each log pile were merged into a single point cloud

oriented using known GPS coordinates57. Point clouds were then processed using the I-Site Studio software
package on Maptek v5 Point Studio. High-resolution digital images taken with each scan were ‘draped’ over each
point cloud to produce a 3D digital terrain model (DTM) of each log pile s cene57. Only landscape features within
a 10 m radius of each log pile were included and the model then divided into three sections: above 2 m (canopy
cover), between 30 cm and 2 m (mid-storey cover), and below 30 cm (understorey; Fig. 3A & B).
Surface area along a single plane was calculated using a topographical model post-filtering for the canopy
cover, mid-storey cover, and understorey layers. Manual filtering out of logs, trunks and branches prevented
overestimation of vegetation cover. The processing software CloudCompare (version 2.12, 2021 retrieved from
http://www.cloudcompare.org/) was used to develop system learning to isolate ‘bare ground’ versus ‘vegetation’
for understorey estimates.
Point clouds of each site were filtered to isolate each log pile system (Fig. 3C), and the physical characteristics
of each log pile were measured discretely: (i) maximum canopy height, (ii) number of logs, (iii) length of log
system, (iv) number of branches above and below/adjacent to the main log, (v) log structure height, (vi) diameter
of widest hollow, (vii) the presence of overhanging vegetation, (viii) the position of the log pile (majority resting
on ground or raised), (ix) orientation of the log pile, and (x) the diameter of the widest section of log (Table S1).
Analyses were conducted in the R 4.04 statistical e nvironment58. To determine whether the presence or
absence of skinks within log piles (binary dependent variable) was predicted by log pile characteristics, multiple
logistic regression models (sLRM) with continuous predictor variables (number of high branches, number of
low/adjacent branches, orientation, canopy cover, mid-storey cover, understorey, number of logs, length of log
system, height of log system, canopy maximum height, diameter of the widest section of log, diameter of widest
hollow entrance, presence of overhanging canopy, presence of logs raised above the ground) were fitted. Missing values were replaced with the global mean of each appropriate parameter. The “dredge” function from the
“MuMIn” package59 was used to apply a drop one protocol, to retain a candidate set of LRMs with a lower AICc
(Akaike’s Information Criterion corrected for small sample sizes) than the global model. From that candidate
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Figure 2.  Distribution records of Egernia stokesii badia (orange) according to records maintained by the Atlas
of Living Australia (https://www.ala.org.au/, accessed 16 December2021), and the location of the study site
(black), with different LiDAR scanning locations (pink).

Figure 3.  Example outputs of LiDAR scans; (A and B) the point cloud restricted within a ten-metre radius of
the central log pile including the canopy cover (green), mid-storey cover (dark blue), and understorey (pale
blue); and (C) the isolated log pile (red) from within the ten-metre radius point cloud.

set of models we selected the models with the lowest AICc (≤ ∆2 of the lowest AICc) and calculated the weight
(ωi) of each model, which is the probability of that model being the best model. To assess the importance of
individual variables we summed the weights of all models containing each variable and considered all variables
with a summed model weight > 0.4 to be well supported60.

Results

Compared with uninhabited log piles, inhabited log piles were generally taller with smaller entrance hollows and
a wider main log, had more high-hanging branches, fewer low-hanging branches, more mid- and understorey
cover, lower maximum canopy height (Fig. 4), most often faced in a SE direction (36%), and had some or most
of the log pile raised off the ground (81%). The most parsimonious LRM indicated that log pile occupation by
skinks was significantly predicted by increasing length of log piles (∑ωi = 0.9), decreasing number of logs per pile
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Figure 4.  Boxplots showing the average log pile characteristics at both inhabited and uninhabited log piles.
Thick horizontal lines indicate the median, boxes represent the 2nd and 3rd quartiles, and whiskers represent
the 1st and 4th quartiles. Individual points represent outliers. Variables well supported to influence log pile
occupancy (log pile length, number of logs and canopy cover) are bordered in red.
(∑ωi = 0.70), reduced canopy cover (∑ωi = 0.76; Fig. 4), and the presence of overhanging vegetation (∑ωi = 0.69;
Fig. 5; Table S1).

Discussion

Microhabitat selectivity. The novel use of LiDAR to study microhabitat provided a high accuracy and
resolution of structural characteristics otherwise unattainable by traditional techniques and determined four log
pile characteristics to significantly influence skink presence. The most significant variable was length of the log
pile, with skinks more commonly occupying longer logs. One possible reason for this trend is that taller trees
may be older61, and larger and older trees are more likely to have hollows usable by fauna62,63. Tall trees (and the
log piles they become) are also more likely to house a mixture of different sized cavities and hollow branches,
and greater refuge options for s kinks64,65. Therefore, before log decomposition can contribute to the production
of further hollows, log piles from taller trees begin with more crevice/hollow options. Longer log piles are also
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Figure 5.  Stacked bar chart showing the differing percentage of inhabited and uninhabited log piles with
vegetation overhanging the log pile (green) and with no vegetation overhanging the log pile (blue).
likely to have the space for segregation between members of the skink colony. Due to the size variability between
juveniles, adults, and gravid females, a range of crevice options is more likely to support an entire colony’s
requirements66, as well as greater structural complexity to allow for social separation and predator refuge67.
Other reptiles also non-randomly select trees with more branches and hollows, which is predicted to provide
increased opportunity for behavioural thermoregulation68,69.
Skink occupation was also found to be linked with log pile composition. However, while occupancy was
significantly linked with log piles averaging three logs, this was also the average for unoccupied log piles. This is
likely a result of how log piles form within the landscape. The open eucalypt woodland habitat contains sparsely
distributed trees or stands of t rees53,54 which form isolated ‘habitat islands’67 when single or a few trees fall and
decay to become log piles. The ‘logs’ within these fallen log piles were defined as the major trunks off which
branches emanate. As trees are often forked and have more than one trunk, three logs are likely the average
available within the landscape, or are at least the average number to provide the structural complexity (through
hollow options and associated increase in branches) to support a colony.
Skinks also generally occupied log piles with overhanging vegetation combined with reduced canopy cover,
indicating that the presence of vegetation, particularly at mid-storey height, adjacent to and overhanging log
piles is important. Microhabitat variability helps to facilitate behavioural thermoregulation of ectotherms, and
vegetation cover at a site of long-term residence is likely to be particularly important in an arid environment
where vegetation is highly s cattered70. Microhabitats that provide complex shading have been found to increase
the activity budget of other arid-dwelling lizard species during hot weather, with vegetation also acting as a temperature buffer during cooler m
 onths70. Presence of vegetation around log piles in arid habitats can also increase
the abundance and richness of reptiles, probably due to a range of benefits including increased food availability,
predator refuge, and options for behavioural t hermoregulation71–73. The effects of cover on predation are mixed:
some taxa are more susceptible to predation in habitats with less vegetative c over74. Similarly, many species also
preferentially forage in areas of vegetation75–77. However, other studies show that predation can increase if cover
provides perches for ambush p
 redators78,79, likely why skinks preferred less vegetation cover at canopy height.
Therefore, selection of log piles with overhanging vegetation either benefits both thermoregulatory capacity and
refuge from predation by skinks or is a trade-off between the two.

Management implications. Within Australia, many semi-arid and arid dwelling lizard species are

uncommon, with their distribution often correlated with habitat, microhabitat, or diet s pecificity80. As inappropriate habitat selection is one of the major reasons that herpetofauna translocations often f ail81, we predicted that
microhabitat structure may limit log pile suitability for skink colonies, contributing to their limited distribution
within the landscape. Our results support a degree of microhabitat selectivity by skinks, with occupation linked
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to log pile length, number of logs, canopy cover, and overhanging vegetation. Log pile length and composition
can be easily manipulated when selecting translocation sites or introducing coarse woody debris to restoration
sites. However, selection of sites with reduced canopy cover, but overhanging mid-storey, may take longer to
influence through management. Biomass and vegetation complexity at the understorey and mid-storey height
can be significantly reduced by introduced g razers82,83, retaining the canopy layer which they cannot reach. As
skink habitat both in our study, and regionally occurs in areas with a long history of pastoralism and landscape
degradation from grazing and mining operations84, restoration efforts and establishment of exclusion zones
may be required to recover appropriate vegetation structure prior to any translocations into the area. In areas
of mining restoration, while coarse woody debris can be introduced into the landscape, growth of surrounding
vegetation cover may take time to establish85,86, leading to a lag-phase in the development of suitable habitat for
fauna recolonisation or translocation. Pre-planning is, therefore, critical to ensure that recipient sites have suitable microhabitat characteristics to support skink colonies prior to any translocations taking place.
In addition to pre-planning and active management, we also recommend additional research be undertaken to further improve our knowledge of the ecological requirements of the western spiny-tailed skink. Our
observations of occupied log piles were restricted to a short window of time and our contemporary distinction
between inhabited and uninhabited log piles may not be reflective of the sites most suitable to support colonies.
Habitat degradation through grazing is a major threat for the s kink45, and the study area has a long history of
pastoralism84. Remnant skink colonies may, therefore, have been increasingly prevented from dispersing to
other suitable uninhabited log piles by habitat degradation and fragmentation arising from grazing and mining
infrastructure87. Increased predation pressure from introduced pests such as feral cats (Felis catus) may also have
impacted dispersal capability across the landscape, as has been observed for other species of Egernia in degraded
or disturbed landscapes88,89. Further research is recommended to understand if skinks have limited dispersal
capacity within degraded landscapes, and if the non-dispersing older adults are remaining with younger adults
and failing to establish new colonies. This research could also help determine if the trends in inhabited log pile
characteristics observed in this study become more pronounced with a greater influence of habitat choice.

Conclusions. The degree to which we could obtain highly accurate and finely resolved measurements of

inhabited and uninhabited microhabitats was essential to our capacity to differentiate between the two, and the
application of LiDAR made this possible in a way that conventional measurements would not have. Overall,
such detailed characterisation of microhabitat structure will provide important insight into the management
of a cryptic, endangered skink, such as selecting appropriate sites for translocation. Guiding translocations is,
however, only one aspect of wildlife management and species recovery to which an understanding of microhabitat preferences is central. We suggest that other applications might include designing restoration landscapes to
facilitate skink colony return, increasing the targeted nature of monitoring surveys, highlighting key areas within
their broader habitat range for protection, and indicating areas for targeted invasive predator control. The novel
application of terrestrial LiDAR for microhabitat characterisation will be a cost-effective, accurate tool with
far-reaching applications in the future study of ecological systems around the world, such as the assessment of
other complex microhabitat structures (e.g., roosting structures for bat species including the orange leaf-nosed
bat47 or nesting sites of endangered parrots such as the Swift Parrot49) to better understand sites for protection,
translocation, or replication in restoration and other threatened species management.

Data availability

The datasets generated during and/or analysed during the current study are available from the corresponding
author on reasonable request.
Received: 3 September 2021; Accepted: 17 February 2022

References

1. Ceballos, G., García, A. & Ehrlich, P. R. The sixth extinction crisis: Loss of animal populations and species. J. Cosmol. 8, 31 (2010).
2. Johnson, C. N. et al. Biodiversity losses and conservation responses in the Anthropocene. Science 356, 270–275 (2017).
3. Scott, J. M., Goble, D. D., Haines, A. M., Wiens, J. A. & Neel, M. C. Conservation-reliant species and the future of conservation.
Conserv. Lett. 3, 91–97 (2010).
4. Johnson, M. A., Kirby, R., Wang, S. & Losos, J. What drives variation in habitat use by Anolis lizards: Habitat availability or selectivity?. Can. J. Zool. 84, 877–886 (2006).
5. Gaston, K. J., Blackburn, T. M. & Lawton, J. H. Interspecific abundance-range size relationships: an appraisal of mechanisms. J.
Anim. Ecol. 66, 579–601 (1997).
6. Devictor, V. et al. Defining and measuring ecological specialization. J. Appl. Ecol. 47, 15–25 (2010).
7. Razgour, O., Hanmer, J. & Jones, G. Using multi-scale modelling to predict habitat suitability for species of conservation concern:
The grey long-eared bat as a case study. Biol. Cons. 144, 2922–2930 (2011).
8. Jetz, W., Sekercioglu, C. H. & Watson, J. E. Ecological correlates and conservation implications of overestimating species geographic
ranges. Conserv. Biol. 22, 110–119 (2008).
9. Seddon, P. J. From reintroduction to assisted colonization: Moving along the conservation translocation spectrum. Restor. Ecol.
18, 796–802 (2010).
10. Tomlinson, S., Lewandrowski, W., Elliott, C. P., Miller, B. P. & Turner, S. R. High-resolution distribution modeling of a threatened
short-range endemic plant informed by edaphic factors. Ecol. Evol. 10, 763–773 (2019).
11. Tomlinson, S., Webber, B. L., Bradshaw, S. D., Dixon, K. W. & Renton, M. Incorporating biophysical ecology into high-resolution
restoration targets: insect pollinator habitat suitability models. Restor. Ecol. 26, 338–347 (2018).
12. Glen, A. S., Sutherland, D. R. & Cruz, J. An improved method of microhabitat assessment relevant to predation risk. Ecol. Res. 25,
311–314 (2010).

Scientific Reports |

(2022) 12:5193 |

https://doi.org/10.1038/s41598-022-08524-2

7
Vol.:(0123456789)

www.nature.com/scientificreports/
13. Limberger, D., Trillmich, F., Biebach, H. & Stevenson, R. D. Temperature regulation and microhabitat choice by free-ranging
Galapagos fur seal pups (Arctocephalus galapagoensis). Oecologia 69, 53–59 (1986).
14. Parmenter, R. R., Parmenter, C. A. & Cheney, C. D. Factors influencing microhabitat partitioning in arid-land darkling beetles
(Tenebrionidae): temperature and water conservation. J. Arid Environ. 17, 57–67 (1989).
15. Kleckova, I., Konvicka, M. & Klecka, J. Thermoregulation and microhabitat use in mountain butterflies of the genus Erebia:
importance of fine-scale habitat heterogeneity. J. Therm. Biol 41, 50–58 (2014).
16. Napierała, A. & Błoszyk, J. Unstable microhabitats (merocenoses) as specific habitats of Uropodina mites (Acari: Mesostigmata).
Exp. Appl. Acarol. 60, 163–180 (2013).
17. Marshall, K. L., Philpot, K. E. & Stevens, M. Microhabitat choice in island lizards enhances camouflage against avian predators.
Sci. Rep. 6, 1–10 (2016).
18. Lovell, P. G., Ruxton, G. D., Langridge, K. V. & Spencer, K. A. Egg-laying substrate selection for optimal camouflage by quail. Curr.
Biol. 23, 260–264 (2013).
19. Wrege, P. H., Rowland, E. D., Keen, S. & Shiu, Y. Acoustic monitoring for conservation in tropical forests: Examples from forest
elephants. Methods Ecol. Evol. 8, 1292–1301 (2017).
20. Measey, G. J., Stevenson, B. C., Scott, T., Altwegg, R. & Borchers, D. L. Counting chirps: Acoustic monitoring of cryptic frogs. J.
Appl. Ecol. 54, 894–902 (2017).
21. Lambert, K. T. & McDonald, P. G. A low-cost, yet simple and highly repeatable system for acoustically surveying cryptic species.
Austral Ecol. 39, 779–785 (2014).
22. Picciulin, M., Kéver, L., Parmentier, E. & Bolgan, M. Listening to the unseen: Passive Acoustic Monitoring reveals the presence of
a cryptic fish species. Aquat. Conserv. Mar. Freshwat. Ecosyst. 29, 202–210 (2019).
23. Linkie, M. et al. Cryptic mammals caught on camera: assessing the utility of range wide camera trap data for conserving the
endangered Asian tapir. Biol. Cons. 162, 107–115 (2013).
24. Balme, G. A., Hunter, L. T. & Slotow, R. Evaluating methods for counting cryptic carnivores. J. Wildl. Manag. 73, 433–441 (2009).
25. Carbone, C. et al. The use of photographic rates to estimate densities of tigers and other cryptic mammals in Animal Conservation
forum. 75–79 (2001) (Cambridge University Press).
26. Russell, J. C., Hasler, N., Klette, R. & Rosenhahn, B. Automatic track recognition of footprints for identifying cryptic species.
Ecology 90, 2007–2013 (2009).
27. Jarvie, S. & Monks, J. Step on it: can footprints from tracking tunnels be used to identify lizard species?. N. Z. J. Zool. 41, 210–217
(2014).
28. Watts, C., Thornburrow, D., Rohan, M. & Stringer, I. Effective monitoring of arboreal giant weta (Deinacrida heteracantha and D.
mahoenui; Orthoptera: Anostostomatidae) using footprint tracking tunnels. J. Orthop. Res. 22, 93–100 (2013).
29. Williams, E. M. Developing monitoring methods for cryptic species: a case study of the Australasian bittern, Botaurus poiciloptilus:
a thesis presented in partial fulfilment of the requirements for the degree of Doctor of Philosophy in Ecology at Massey University,
Manawatū, New Zealand, Massey University (2016).
30. Hacking, J., Abom, R. & Schwarzkopf, L. Why do lizards avoid weeds?. Biol. Invasions 16, 935–947 (2014).
31. Valentine, L. E. Habitat avoidance of an introduced weed by native lizards. Austral. Ecol. 31, 732–735 (2006).
32. Hawkins, J. P., Roberts, C. M. & Clark, V. The threatened status of restricted-range coral reef fish species in Animal Conservation
forum. 81–88 (2000) (Cambridge University Press).
33. Mason, L. D., Bateman, P. W. & Wardell-Johnson, G. W. The pitfalls of short-range endemism: High vulnerability to ecological
and landscape traps. PeerJ 6, e4715 (2018).
34. Dassot, M., Constant, T. & Fournier, M. The use of terrestrial LiDAR technology in forest science: Application fields, benefits and
challenges. Ann. For. Sci. 68, 959–974 (2011).
35. Weber, H. LiDAR Sensor Functionality and Variants (2018).
36. Michel, P., Jenkins, J., Mason, N., Dickinson, K. & Jamieson, I. Assessing the ecological application of lasergrammetric techniques
to measure fine-scale vegetation structure. Eco. Inform. 3, 309–320 (2008).
37. Lim, K., Treitz, P., Wulder, M., St-Onge, B. & Flood, M. LiDAR remote sensing of forest structure. Prog. Phys. Geogr. 27, 88–106
(2003).
38. Anderson, L. & Burgin, S. Patterns of bird predation on reptiles in small woodland remnant edges in peri-urban north-western
Sydney, Australia. Landsc. Ecol. 23, 1039–1047 (2008).
39. Hannam, M. & Moskal, L. M. Terrestrial laser scanning reveals seagrass microhabitat structure on a tideflat. Remote Sensing 7,
3037–3055 (2015).
40. Zavalas, R., Ierodiaconou, D., Ryan, D., Rattray, A. & Monk, J. Habitat classification of temperate marine macroalgal communities
using bathymetric LiDAR. Remote Sens. 6, 2154–2175 (2014).
41. Mandlburger, G., Hauer, C., Wieser, M. & Pfeifer, N. Topo-bathymetric LiDAR for monitoring river morphodynamics and instream
habitats—A case study at the Pielach River. Remote Sens. 7, 6160–6195 (2015).
42. Laize, C. et al. Use of LIDAR to characterise river morphology (2014).
43. Cooper, C. & Withers, P. Physiological significance of the microclimate in night refuges of the numbat Myrmecobius fasciatus.
Austral. Mammal. 27, 169–174 (2005).
44. Orell, P. & Morris, K. Chuditch recovery plan. Western Austral. Wildl. Manag. Program 13, 1 (1994).
45. Pearson, D. Western Spiny-Tailed Skink (Egernia stokesii) Recovery Plan (Department of Environment and Conservation, 2012).
46. McPeek, M. A., Cook, B. & McComb, W. Habitat selection by small mammals. Trans. Kentucky Acad. Sci. 44, 68–73 (1983).
47. Armstrong, K. The distribution and roost habitat of the orange leaf-nosed bat, Rhinonicteris aurantius, in the Pilbara region of
Western Australia. Wildl. Res. 28, 95–104 (2001).
48. Mancina, C. et al. Endemics under threat: an assessment of the conservation status of Cuban bats. Hystrix Ital. J. Mammal. 18,
3–15 (2007).
49. Webb, M. H., Holdsworth, M. C. & Webb, J. Nesting requirements of the endangered Swift Parrot (Lathamus discolor). Emu-Austral.
Ornithol. 112, 181–188 (2012).
50. Watson, S. J., Watson, D. M., Luck, G. W. & Spooner, P. G. Effects of landscape composition and connectivity on the distribution
of an endangered parrot in agricultural landscapes. Landsc. Ecol. 29, 1249–1259 (2014).
51. Duffield, G. & Bull, M. Stable social aggregations in an Australian lizard, Egernia stokesii. Naturwissenschaften 89, 424–427 (2002).
52. Duffield, G. A. & Bull, M. Characteristics of the litter of the gidgee skink, Egernia stokesii. Wildl. Res. 23, 337–341 (1996).
53. Ecoscape. Blue Hills - Mungada East Terrestrial Fauna Assessment. (Sinosteel Midwest Corporation, 2016).
54. Silver Lake Resources. Department of Water and Environmental Regulation Prescribe Premise Licence Application. (Egan Street
Resources Limited, 2021).
55. Maptek. I-Site 8800 Scanning System Solutions for Mining (2010).
56. SoilWater Group. 3D LiDAR Scanning (2018).
57. United States Department of Transportation. Ground-Based LiDAR Rock Slope Mapping and Assessment (2008).
58. R Core Team. R: a language and environment for statistical computing, https://www.R-project.org/ (2017).
59. Bartoń, K. Package ‘MuMIn’, https://cran.r-project.org/web/packages/MuMIn/MuMIn.pdf (2020).
60. Converse, S. J., White, G. C. & Block, W. M. Small mammal responses to thinning and wildfire in ponderosa pine-dominated
forests of the southwestern United States. J. Wildl. Manag. 70, 1711–1722 (2006).

Scientific Reports |
Vol:.(1234567890)

(2022) 12:5193 |

https://doi.org/10.1038/s41598-022-08524-2

8

www.nature.com/scientificreports/
61. Vieira, I. C. G. et al. Classifying successional forests using Landsat spectral properties and ecological characteristics in eastern
Amazonia. Remote Sens. Environ. 87, 470–481 (2003).
62. Whitford, K. & Williams, M. Hollows in jarrah (Eucalyptus marginata) and marri (Corymbia calophylla) trees: II. Selecting trees
to retain for hollow dependent fauna. For. Ecol. Manag. 160, 215–232 (2002).
63. Salmona, J., Dixon, K. M. & Banks, S. C. The effects of fire history on hollow-bearing tree abundance in montane and subalpine
eucalypt forests in southeastern Australia. For. Ecol. Manag. 428, 93–103 (2018).
64. Lindenmayer, D., Cunningham, R., Donnelly, C., Tanton, M. & Nix, H. The abundance and development of cavities in Eucalyptus
trees: a case study in the montane forests of Victoria, southeastern Australia. For. Ecol. Manage. 60, 77–104 (1993).
65. Craig, M. D. et al. How many mature microhabitats does a slow-recolonising reptile require? Implications for restoration of bauxite
minesites in south-western Australia. Aust. J. Zool. 59, 9–17 (2011).
66. Schwarzkopf, L., Barnes, M. & Goodman, B. Belly up: Reduced crevice accessibility as a cost of reproduction caused by increased
girth in a rock-using lizard. Austral Ecol. 35, 82–86 (2010).
67. Cooper, W. E. Jr. & Whiting, M. J. Islands in a sea of sand: Use of Acacia trees by tree skinks in the Kalahari Desert. J. Arid Environ.
44, 373–381 (2000).
68. Webb, J. K. & Shine, R. Out on a limb: conservation implications of tree-hollow use by a threatened snake species (Hoplocephalus
bungaroides: Serpentes, Elapidae). Biol. Cons. 81, 21–33 (1997).
69. Fitzgerald, M., Shine, R. & Lemckert, F. Radiotelemetric study of habitat use by the arboreal snake Hoplocephalus stephensii (Elapidae) in eastern Australia. Copeia 2002, 321–332 (2002).
70. Grimm-Seyfarth, A., Mihoub, J. B. & Henle, K. Too hot to die? The effects of vegetation shading on past, present, and future activity
budgets of two diurnal skinks from arid Australia. Ecol. Evol. 7, 6803–6813 (2017).
71. Attum, O., Eason, P., Cobbs, G. & El Din, S. M. B. Response of a desert lizard community to habitat degradation: Do ideas about
habitat specialists/generalists hold?. Biol. Cons. 133, 52–62 (2006).
72. Melville, J. & Schulte Ii, J. A. Correlates of active body temperatures and microhabitat occupation in nine species of central Australian agamid lizards. Austral. Ecol. 26, 660–669. https://doi.org/10.1046/j.1442-9993.2001.01152.x (2001).
73. Munguia-Vega, A., Rodriguez-Estrella, R., Shaw, W. W. & Culver, M. Localized extinction of an arboreal desert lizard caused by
habitat fragmentation. Biol. Cons. 157, 11–20 (2013).
74. Pietrek, A., Walker, R. & Novaro, A. Susceptibility of lizards to predation under two levels of vegetative cover. J. Arid Environ. 73,
574–577 (2009).
75. Moreno, S., Delibes, M. & Villafuerte, R. Cover is safe during the day but dangerous at night: The use of vegetation by European
wild rabbits. Can. J. Zool. 74, 1656–1660 (1996).
76. Tchabovsky, A. V., Krasnov, B., Khokhlova, I. S. & Shenbrot, G. I. The effect of vegetation cover on vigilance and foraging tactics
in the fat sand rat Psammomys obesus. J. Ethol. 19, 105–113 (2001).
77. Pizzuto, T. A., Finlayson, G. R., Crowther, M. S. & Dickman, C. R. Microhabitat use by the brush-tailed bettong (Bettongia penicillata) and burrowing bettong (B. lesueur) in semiarid New South Wales: Implications for reintroduction programs. Wildl. Res. 34,
271–279 (2007).
78. Hawlena, D., Saltz, D., Abramsky, Z. & Bouskila, A. Ecological trap for desert lizards caused by anthropogenic changes in habitat
structure that favor predator activity. Conserv. Biol. 24, 803–809 (2010).
79. Oversby, W., Ferguson, S., Davis, R. A. & Bateman, P. Bad news for bobtails: Understanding predatory behaviour of a resourcesubsidised corvid towards an island endemic reptile. Wildl. Res. 45, 595–601 (2018).
80. Pianka, E. R. Rarity in A ustralian desert lizards. Austral Ecol. 39, 214–224 (2014).
81. Germano, J. M. & Bishop, P. J. Suitability of amphibians and reptiles for translocation. Conserv. Biol. 23, 7–15 (2009).
82. Tsiouvaras, C., Havlik, N. & Bartolome, J. Effects of goats on understory vegetation and fire hazard reduction in a coastal forest in
California. For. Sci. 35, 1125–1131 (1989).
83. Tasker, E. M. & Bradstock, R. A. Influence of cattle grazing practices on forest understorey structure in north-eastern New South
Wales. Austral. Ecol. 31, 490–502 (2006).
84. Payne, A., Van Vreeswyk, A., Leighton, K., Pringle, H. & Hennig, P. An inventory and condition survey of the Sandstone-YalgooPaynes Find area, Western Australia (1998).
85. Shoo, L. P., Freebody, K., Kanowski, J. & Catterall, C. P. Slow recovery of tropical old-field rainforest regrowth and the value and
limitations of active restoration. Conserv. Biol. 30, 121–132 (2016).
86. Lamb, D. in Regreening the Bare Hills 325–358 (Springer, 2011).
87. Bowler, D. E. & Benton, T. G. Causes and consequences of animal dispersal strategies: Relating individual behaviour to spatial
dynamics. Biol. Rev. 80, 205–225 (2005).
88. Stow, A. J., Sunnucks, P., Briscoe, D. & Gardner, M. The impact of habitat fragmentation on dispersal of Cunningham’s skink
(Egernia cunninghami): Evidence from allelic and genotypic analyses of microsatellites. Mol. Ecol. 10, 867–878 (2001).
89. Stow, A. & Sunnucks, P. High mate and site fidelity in Cunningham’s skinks (Egernia cunninghami) in natural and fragmented
habitat. Mol. Ecol. 13, 419–430 (2004).

Acknowledgements

We respectfully acknowledge the Yamatji Peoples, the Elders past and present, who are the Traditional Owners
and First People of the land on which we carried out this research. The authors would like to thank the hardworking and diligent environment and safety team on site for their assistance throughout the project. We would also
like to thank the team at SoilWater Group for their assistance on site and with the point cloud digitisation and
processing. This research is an outcome of the Australian Research Council Industrial Transformation Training
Centre for Mine Site Restoration (ICI150100041). The views expressed herein are those of the authors and are
not necessarily those of the Australian Government or the Australian Research Council. H.S.B was additionally supported by the 2019 PostgradAustralia scholarship and funding by the Gunduwa Regional Conservation
Association. The authors thank the anonymous reviewers and editor for their helpful and thorough critique of
the manuscript.

Author contributions

H.S.B. and P.W.B. designed the experiment. H.S.B carried out the fieldwork and undertook the digitisation of
LiDAR 3D models. H.S.B, A.T.C, M.D.C., and S.T. conducted the statistical analysis and interpretation of the
data. H.S.B. wrote the main manuscript text, with P.W.B., M.D.C., S.T., A.T.C., and M.J.B. all contributing to
subsequent drafts.

Scientific Reports |

(2022) 12:5193 |

https://doi.org/10.1038/s41598-022-08524-2

9
Vol.:(0123456789)

www.nature.com/scientificreports/

Competing interests

The authors declare the following financial interest/relationship: M.J.B has worked as a consultant for the mining
company where this research took place, although this work was separate to the research included within this
study. All other authors have no financial or non-financial conflict of interest.

Additional information

Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/s41598-022-08524-2.
Correspondence and requests for materials should be addressed to H.S.B.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.
Open Access This article is licensed under a Creative Commons Attribution 4.0 International
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.
© The Author(s) 2022

Scientific Reports |
Vol:.(1234567890)

(2022) 12:5193 |

https://doi.org/10.1038/s41598-022-08524-2

10

