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Abstract

Context Understanding what characteristics influ-
ence retreat-site selection by fauna is critical for
both habitat management and species conservation.
Despite the documented ecological values of surface
rocks, there is limited knowledge of the attributes of
surface rock that contribute to their use in agricultural
landscapes or during winter months when reptiles are
brumating, activity patterns are reduced, and shelter-
ing individuals are most vulnerable to disturbance.
Objectives We surveyed reptiles sheltering beneath
surface rocks in grazing farms in south-eastern Aus-
tralia to address two questions: (i) What landscape
factors influence the occurrence of reptiles over aus-
tral winter? (ii) What physical and thermal factors
influence retreat-site selection?

Methods We surveyed 14 sites, with three plots per
site, stratified across a gradient of canopy cover. We
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measured landscape attributes of surveyed sites and
thermal and physical characteristics of individual
surface rocks to quantify relationships between the
occurrence of reptiles in the landscape and the prop-
erties of retreats selected.

Results We found that relatively small patches of
surface rock can support high reptile numbers, with
density estimates up to of 208 individuals per hectare.
Reptile abundance was positively associated with
increased elevation and limited canopy cover. Rep-
tiles selected smaller rocks with high surface area to
volume ratio, were minimally embedded in the soil,
and rocks supporting few invertebrates.

Conclusions Conserving cryptozoic reptiles in
agricultural landscapes can be enhanced through the
appropriate management and retention of surface
rock. We discuss implications for reptile conserva-
tion and surface rock management in agricultural
landscapes.

Keywords Cryptozoic fauna - Habitat use - Surface
rock - Retreat-site selection - Overwintering

Introduction

Over the past several decades, the range and size of
populations of many reptile species have severely
declined. Reptiles are consequently one of the most
threatened taxonomic groups globally (Gibbons
et al. 2000; Reading et al. 2010; Bohm et al. 2013;
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Cox et al. 2022). The most prominent threat to rep-
tiles is habitat loss and fragmentation (Ribeiro et al.
2009; Tingley et al. 2019). It is critical to understand
the characteristics of habitat structures that support
vulnerable reptile populations (Driscoll 2004; Mar-
tino et al. 2012; Driscoll et al. 2013; Vicenzi et al.
2021). Habitat structures such as rocky outcrops can
support high reptile diversity (Michael and Linden-
mayer 2018). Rocky outcrops provide species with
diverse microhabitats, satisfying ecological, physi-
ological, and behavioural needs, yet these features are
often highly degraded, undervalued, and can be heav-
ily impacted by agricultural activities (Michael et al.
2008, 2021; Vicenzi et al. 2021).

Retreat-sites are a key habitat element for fauna
(Morrison et al. 2006). Surface rocks provide vital
retreat habitat for a broad range of species, particu-
larly ectotherms adapted to saxicoline environments
(Goldsbrough et al. 2006; Chukwuka et al. 2021).
Reptiles often use multiple criteria to select suitable
retreat-sites (Downes and Shine 1998; Shah et al.
2004; Goldsbrough et al. 2006; Croak et al. 2012). At
a landscape scale, reptile presence can be influenced
by elevation (Fischer and Lindenmayer 2005; McCain
2010), canopy cover (Pringle et al. 2003; Golds-
brough et al. 2006; Pike et al. 2011b), aspect and
slope (Pringle et al. 2003). At a rock level, thermal
regimes (Huey et al. 1989; Webb and Shine 1998;
Pringle et al. 2003; Shah et al. 2004), physical con-
figuration (Croak et al. 2008; Penado et al. 2015; Cox
et al. 2018), scent cues from other species (Head et al.
2002; Du et al. 2009; Webb et al. 2009) or colonisa-
tion of invertebrates (Head et al. 2002; Goldsbrough
et al. 2006), can all influence selection of retreat-sites.

Understanding the factors influencing the selection
of retreat-sites is critical for both habitat management
and species conservation. Yet globally, few stud-
ies have examined overwintering retreat-site selec-
tion during which time reptiles are brumating, activ-
ity patterns are reduced, and sheltering individuals
are most vulnerable to disturbance (Langkilde et al.
2003; Thienpont et al. 2004; Row and Blouin-Demers
2006; Filippi and Luiselli 2007; Cecchetto et al. 2019;
Markle et al. 2020; Murphy et al. 2021). In addition,
much of our knowledge about retreat-site selection in
reptiles is based on laboratory experiments (Downes
and Shine 1998; Shah et al. 2004; Cox et al. 2018),
or from studies of saxicolous species that utilise
rock-on-rock habitats (Schlesinger and Shine 1994a,
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b; Shah et al. 2004; Goldsbrough et al. 2006). As far
as we are aware, no previous studies have quantified
retreat-site selection for cryptozoic species in heavily
modified agricultural landscapes. Approximately 16%
of Australian terrestrial squamates utilise rocks for
shelter (Michael et al. 2021), and this figure is likely
to be equally high in other agricultural regions in the
world (Ribeiro et al. 2009; Biaggini and Corti 2015;
Rotem et al. 2020). A limited understanding of the
ecological values of surface rock in agricultural land-
scapes impedes conservation and policy development.

Surface rocks are recognised as a retreat habitat
for reptiles and are a common feature in agricultural
landscapes that can support a diversity of reptile
species (Garden et al. 2007; Michael et al. , 2008,
2018). In recent years there has been a major resur-
gence in rock clearing practices in agricultural land-
scapes (Michael et al. 2021). Advances in machinery
have enabled widespread soil amelioration practices
to crush and permanently destroy surface rock in
the landscape (Michael et al. 2021), with the goal of
improving agricultural efficiency. Unlike some biotic
components of a species habitat, the formation of sur-
face rock requires slow geomorphological change and
erosion; lost surface rock is irreplaceable or can take
many centuries to be replaced via natural processes
(Schlesinger and Shine 1994a; Shine et al. 1998;
Croak et al. 2013). Current legislative protection of
surface rock habitat is inadequate and not in line with
the rate of destruction or disturbance to this resource
on private property, highlighting the need to quantify
the factors affecting retreat-site selection in changing
landscapes (Michael et al. 2021).

In this study, we surveyed reptiles sheltering
beneath surface rocks on grazing farms in south-east-
ern Australia to address two questions: (i) What land-
scape factors influence the occurrence of reptiles over
austral winter? (ii) What physical and thermal factors
influence retreat-site selection? We measured land-
scape attributes of surveyed sites and canopy, ther-
mal and physical characteristics of individual surface
rocks to quantify relationships between the occur-
rence of reptiles in the landscape and the properties
of retreats selected. We hypothesised that: (i) increas-
ing canopy cover would negatively affect retreat-site
selection (Row and Blouin-Demers 2006; Harvey
and Weatherhead 2010; Pike et al. 2011b; Huang
et al. 2014; Michael et al. 2018); (ii) aspect and
elevation would influence occurrence (Fischer and
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Lindenmayer 2005); (iii) there would be differences
between occupied and unoccupied rocks in their ther-
mal properties (Webb and Shine 1998; Langkilde
et al. 2003; Pringle et al. 2003; Cox et al. 2018) and
physical attributes such as volume and width (Golds-
brough et al. 2006; Croak et al. 2008; Cox et al.
2018). By quantifying what factors influence reptile
occurrence and habitat selection, we aim to inform
strategies to protect, manage and restore reptile popu-
lations in agricultural landscapes.

Materials and methods

Study area and site selection

We conducted this study on five private grazing prop-
erties located in the South West Slopes bioregion,

near the town of Jugiong, in New South Wales, Aus-
tralia (34°58'S, 148°29'E) (Fig. 1). We completed
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surveys in August (austral winter) 2020. Annual pre-
cipitation across the study area ranges from 612 to
926 mm and is uniformly distributed throughout the
year. The region experiences a temperate climate with
mean daily minimum and maximum air temperatures
for the month of August 3 and 15 °C, respectively
(Bureau of Meteorology 2021). The elevation ranges
from 267 to 560 m, and the landscape consists pri-
marily of agricultural land with patches of remnant
Western Slopes Grassy Woodland. The geology is
dominated by Silurian transitional granites and vol-
canics (Colquhoun et al. 2018). Small insular rocky
outcrops, expansive rocky slopes and scattered sur-
face rocks dominate the landscape.

We selected grazing farms that had large areas of
scattered surface rock located within patches of vary-
ing amounts of remnant vegetation. We established
14 sites across the five properties, with between one
and four sites per farm, depending on the availabil-
ity of suitable habitats (Fig. 1). Because canopy cover

Elevation (m) [ | 200-350 ] 350-500 [ 500-650 [HN 650-800 I 800+

Fig. 1 The location of study sites in the South West Slopes bioregion of south-eastern Australia
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can influence the thermal conditions of retreat-sites
(Pringle et al. 2003), we stratified sampling units by
canopy cover and established three 25X25 m plots
per site; one each in open (0-30%), mid (30-60%)
and closed (> 60%) canopy woodland remnants. Sites
were located at least 500 m apart, and plots were
established at least 50 m apart. We assumed that indi-
viduals did not move between plots or sites during the
survey period as most species brumate or are inac-
tive during this time of year (Greer 2022). We also
assumed that individuals encountered had selected
the sheltering site to overwinter and were therefore
unlikely to occupy any other habitats while brumat-
ing. In total, we surveyed 42 plots across 14 sites.

Survey method

We conducted surveys in August of 2020 between
0800 and 1730 h on clear days with tempera-
tures< 15 °C (mean=11.2 °C+0.36 SE) and low
wind speed (mean=1.19 m/s+0.13 SE). We thor-
oughly searched all liftable surface rocks in a plot.
Reptiles were hand captured from beneath the rocks
within shallow burrow systems and processed. Only
one observer (JLO) searched under rocks in each plot.
Care was taken to replace all rocks to their original
position to minimise disturbance to the microhabitat.
After the rocks were replaced, all reptiles were placed
back under their original rocks via burrow entrances.
On all occasions, reptiles retreated under the rocks on
their own accord. Large tors or sheathing rocks, or
any other structural habitats were not surveyed. We

Table 1 Landscape, canopy, and rock attribute covariates taken

extensively searched all shallowly embedded rocks
found on the soil surface that could be safely lifted
within the specified plot area.

Measurement of landscape and rock variables

We measured several covariates to quantify the
landscape factors and rock attributes influencing
reptile presence (Table 1). At a landscape level, we
measured elevation, slope, and aspect (Table 1). We
assessed canopy cover as a proxy for projected shade
cover using a densitometer and measured at 10 ran-
dom points within each plot. We took the average of
the 10 measures to generate an overall canopy cover
for each plot.

After searching all liftable rocks in each plot, we
measured the attributes of all occupied rocks and
three randomly selected unoccupied rocks. We meas-
ured the attributes of three unoccupied rocks per plot
instead of using a matched case design so that reptile
abundance did not confound the rock attributes meas-
ured. In areas of high reptile abundance, it is likely
that most rocks are suitable, and an individual animal
has chosen a rock at random. Hence, if an equal num-
ber of occupied and unoccupied rocks were meas-
ured at each site, unoccupied rock sampling would be
biased towards favourable rocks/sites (Goldsbrough
et al. 2006). For each rock, we recorded: (i) rock
length (longest axis), (ii) width (longest axis perpen-
dicular to length), and (iii) height (longest axis per-
pendicular to plane defined by length and width). An
Optris MS Infrared Thermometer was used to take

Explanatory variable Description Mean, range
Elevation (metres above sea level) The highest point in the plot obtained from a Global Positioning System 400, 267—560
Slope (degrees) Measured using a clinometer 19,4—42
Aspect Grouping value of aspect—northeast, northwest, southeast, southwest NA

Canopy cover Mean canopy cover (proportion out of 1) across the plot measured usinga  0.36, 0—0.8

GRS densitometer at 10 random points. A proxy for projected shade cover

Rock volume (m?) length x width x height
Surface area to volume ratio

Embeddedness (cm)

(length x width)/volume. A proxy for rock flatness
Depth of rock buried below the surface level

0.014, 0.001—0.11
0.09, 0.02—0.5
5.9,0—-30

A T°C (surface temperature °C—  Difference in temperature between the underside of the rock and the ground 0.31, -8.7—6.1

adjacent temperature °C) adjacent to the rock
Time since sunrise (hours)

Invertebrate cover

Hours since sunrise at the time of survey commencement

Proportion (out of 1) of invertebrate colonisation of surface under rock

7.1,2.0—10.8
0.29,0—1
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temperature measures beneath each rock and on the
ground surface adjacent to each rock (Table 1). We
assessed invertebrate cover visually by estimating the
colonisation of the surface under a rock to the nearest
0.05 proportion.

Statistical analyses

We performed our statistical analyses in two stages.
First, we examined which landscape factors influ-
enced reptile abundance at the plot level, and sec-
ond, we examined retreat-site selection within occu-
pied plots by testing whether rock properties differed
between occupied and unoccupied rocks. We con-
ducted all analyses in R version 4.1.0 (R Core Team
2022).

To test which landscape factors influenced the
occurrence of reptiles over winter, we used data
from all sites to model the effect of landscape fac-
tors on plot-level reptile abundance. We used gener-
alised linear mixed models (GLMM) using Laplace
approximation in the package “glmmTMB” (Brooks
et al. 2017). To allow for possible over-dispersion
or zero-inflation in the count data, we modelled the
abundance of reptiles at a plot using five different
distributional assumptions for the response variable.
We tested whether (i) Poisson, (ii) zero-inflated Pois-
son, (iii) Conway-Maxwell Poisson (Huang 2017),
(iv) negative binomial with quadratic parameterisa-
tion, or (v) hurdle negative binomial, fit our data best
as ranked by the Akaike Information Criterion with
correction for small sample sizes calculated for each
model with all covariates included (AICc, Burnham
and Anderson 2002). The fitted model in each case
was: abundance ~ slope 4+ canopy cover + aspect + ele-
vation + (1lsite). We found that the Poisson distribu-
tion fit our data best according to AICc (Supplemen-
tary Table S2).

To test whether rock attributes differed between
occupied and unoccupied rocks in multivari-
ate space, we performed a permutational analysis
of variance (PERMANOVA) (Anderson 2001),
using the ‘adonis’ function in the “vegan” R pack-
age (Oksanen et al. 2013). We then further tested
what rock and thermal factors influenced retreat-site
selection when reptiles occur by testing for differ-
ences in the characteristics of occupied and unoc-
cupied rocks, fitting an individual GLMM for each
rock attribute, with attribute as the response, and

rock occupancy as the predictor. Plots including no
occupied rocks were excluded from the analysis.
We fit a Gaussian distribution for the continuous
response variables of rock volume, embeddedness
and A T°C, and a beta distribution for proportional
response variables (Damgaard and Irvine 2019)
including surface area to volume ratio, rock shad-
ing and invertebrate cover. We included site as a
random-intercept in each model to account for site-
level effects. The model for A T°C (surface temper-
ature °C—adjacent temperature °C) was fitted with
an interaction effect of occupancy and time since
sunrise to account for time-of-day effects on air and
surface temperatures.

We used the “DHARMa” package to conduct
goodness-of-fit tests on the scaled residuals (Hartig
2022) of all linear models. We tested for multicol-
linearity using the package “olsrr’” (Hebbali 2018)
among potential explanatory variables and found
no evidence for strong effects (the highest Vari-
ance Inflation Factor value among variables was
1.30). Finally, we conducted post hoc calculations
of the marginal effects of predicted values for spe-
cific model terms using the R package “ggpredict”
(Liidecke 2018). For predictions, all variables other
than the variable of interest were held at their mean
value.

Results

The abundance of reptiles varied from zero to 25
individuals per site (mean=3.7, SD=6.6). No rep-
tiles were found at four out of 14 sites. At the plot
level, reptile abundance ranged from zero to 13
individuals per plot (mean=1.2, SD=2.6), equiv-
alent to mean and maximum densities of 19 and
208 individuals per hectare, respectively. Ctenotus
robustus (63.5% of individuals captured) was the
most frequently captured species, followed by Car-
lia tetradactyla (9.6% of individuals captured) and
Morethia boulengeri (9.6% of individuals captured).
All species captured were native taxa. Medium-bod-
ied species (mean snout-vent-length>5 cm) com-
prised the majority of captures (73.1% of captures)
compared to small-bodied species (mean snout-
vent-length <5 cm; see Table S1).
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Landscape factors

Elevation significantly influenced the abundance of
reptiles per plot (Table 2; Fig. 2). Canopy cover also
significantly influenced the abundance of reptiles
(Table 2; Fig. 2). Our analyses revealed that reptile
abundance increased with increasing elevation and
decreasing canopy cover (Fig. 2).

Retreat-site attributes

At occupied plots, we measured the attributes of
100 rocks, of which 46 were occupied by reptiles
and 54 were unoccupied. Of rocks occupied by rep-
tiles, there were four instances of more than one

Table 2 The abundance of reptiles per plot and landscape
variables: aspect (northeast, northwest, southeast, southwest),
slope, canopy cover and elevation

Predictors Est SE Z P

Intercept (Northeast) —0.510 0425 —1.199 0.231
Northwest -0271 0477 -0.568 0.570
Southeast —-0.387 0527 -0.736 0.462
Southwest —0.851 0.894 -0952 0.341
Slope 0.157 0.307 0.511 0.610
Canopy cover —0.443 0.200 -—2.212 0.027
Elevation 0.984 0.321 3.063 0.002

Site was included as a random-intercept. Values in bold indi-
cate statistical significance of variables (P <0.05)

individual sheltering under the same rock. Permu-
tational analysis of variance provided evidence

Fig. 2 Predicted effects of
plot-scale factors influ-
encing the abundance of
reptiles. Graphs were con- 10
structed from predictions
calculated from the Poisson
model, with other covariates
being held at their mean
value to predict reptile

Abundance

abundance. 95% credible b
intervals are indicated by
the grey shaded areas

0 1 o)

for multivariate differences in rock traits between
occupied and unoccupied rocks (Fig. 3; F=10.07
5, P=0.001). Multivariate dispersion was signifi-
cantly lower for occupied than for unoccupied rocks
(Fig. 3; F=5.911 P=0.017).

We found that occupied rocks had significantly
smaller volume, were less embedded, had a higher
surface area to volume ratio, had less shading, and
supported fewer invertebrates compared to unoccu-
pied rocks (Table 3; Fig. 4).

Discussion

Quantifying the factors that influence retreat-site
selection by fauna is critical for habitat and species
management and identifying areas for protection.
We found that landscape factors, elevation, and can-
opy cover influenced the occurrence of reptiles over
winter and physical factors influenced the selection
of retreat-sites. Our analyses revealed a higher abun-
dance of reptiles on high elevation sites with little
to no canopy cover. At the rock level, smaller rocks
with a greater surface area, minimally embedded in
the soil, with little invertebrate colonisation of the
ground surface under a rock, were preferred by rep-
tiles as retreat-sites. We discuss our key findings in
the remainder of this section and conclude with some
commentary on implications for reptile conservation
and surface rock management, where further research
is needed, and outline ways surface rocks might be

300 400
Elevation (m)
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Table 3 Results of GLMM of rock attributes by occupancy at present sites
Est SE Z P

Attribute Distribution  Occ Unc Occ Unc Occ Unc Occ Unc
Rock volume (m?) Gaussian 0.0102  0.004 0.0208 0.0211 4.927 1.869 <0.001 0.062
Surface area to volume ratio  Beta —2.086 —0.209 0.092 0.125 —22576 —1.666 <0.001 0.096
Embeddedness Gaussian 2.785 3.624 0.794 0.914 3.509 3.966 <0.001 <0.001
Rock shading Beta — 1.429 0.300 0.202 0.237 -7.083 1.265 <0.001 0.206
Invertebrate cover Beta — 1.808 1.118 0.206 0.248 -8.766 4.513 <0.001 <0.001
*AT°C Gaussian 0.478 0.057 0.233 0.317 2.051 0.179 0.040 0.858

A Gaussian distribution was fit for the following continuous response variables: rock volume, embeddedness, and A T°C, and a
beta distribution for the proportional response variables: surface area to volume ratio, rock shading and invertebrate cover. Site was
included as a random-intercept in each model. *Model A T°C (surface temperature °C—adjacent temperature °C) includes occu-
pancy fitted with an interaction effect of time since sunrise; this interaction was not significant (P=0.870). Values in bold indicate

statistical significance of variables (P <0.05)

used as a management tool to improve biodiversity
outcomes in agricultural landscapes.

Landscape factors

Aspect preferences are associated with warming and
basking physiological requirements in reptiles (Lang-
kilde et al. 2003; Shah et al. 2004). However, we
did not find significant preferences for aspect in this
study. In contrast, elevation was positively related to
reptile abundance. Reptiles can be sensitive to small
changes in elevation (Fischer and Lindenmayer 2005).
Species composition, particularly of oviparous and
viviparous reptiles can change with elevation, with
intermediate elevations supporting diverse reptile

populations (Shine et al. 2003; Fischer and Linden-
mayer 2005; McCain 2010). The elevation range
assessed in our study is reflective of an intermediate
range (267 to 560 m) when compared with other stud-
ies from this region (see Fischer and Lindenmayer
2005) and to dry mountains globally (McCain 2010).
In addition, increased abundance at higher elevation
sites in our study could be driven by greater availabil-
ity of suitable surface rock habitat as weathering and
erosion processes are more pronounced on peaks and
ridges than on lower slopes where silt deposits can
bury rocks. This could increase local scale carrying
capacity and potentially cause a concentration effect
in higher elevation areas if there is limited overwin-
tering habitat in the surrounding landscape.

@ Springer
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Fig. 4 Predicted values of rock traits influencing reptile occu-
pancy at present sites. Values represent mean +95% confidence
interval. Site is fitted as a random-intercept effect in all mod-

The negative association with canopy cover
found in our study corroborates other evidence that
rock-dependent reptiles actively avoid shaded areas
(Langkilde et al. 2003; Pringle et al. 2003; Golds-
brough et al. 2006; Row and Blouin-Demers 2006;
Harvey and Weatherhead 2010; Croak et al. 2012;
Huang et al. 2014). Increased canopy cover reduces
the quality of thermally suitable basking and retreat-
sites for reptiles and other ectotherms (Pringle et al.
2003; Goldsbrough et al. 2006; Row and Blouin-
Demers 2006; Harvey and Weatherhead 2010). This
correlation has implications for vegetation manage-
ment and the rehabilitation of rocky environments
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Hours since sunrise

els. Model A T°C (surface temperature °C—adjacent tempera-
ture °C) includes occupancy fitted with an interaction effect of
time since sunrise

in production landscapes. In agricultural areas, the
primary conservation strategy is to fence off native
remnant areas and introduce dense tree and shrub
plantings, typically in areas that landholders perceive
as low productivity. Often these areas of perceived
low productivity contain rock habitat. Tree and shrub
plantings result in a high density of stems, canopy
cover and shade levels. This could have a perverse
effect on the diversity of rock-dependent reptile spe-
cies occupying these areas. In addition, rocky areas
are less likely to burn, and prescribed fire is often
ineffective for thinning eucalypts in rocky habitats,
leading to areas becoming overgrown (Clarke 2002).
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The conservation conundrum of improving vegetation
cover in the landscape while maintaining structur-
ally open habitats, highlights the need to consider the
effects of conservation actions on all taxa and manage
areas appropriately to ensure both structural and veg-
etative aspects are maintained.

Rock factors

We found evidence that reptile retreat-site selec-
tion was associated with the physical characteristics
of the habitat, consistent with previous work (Shah
et al. 2004; Goldsbrough et al. 2006; Chukwuka et al.
2021). As the majority of the species captured in our
study were medium-bodied skinks, our results would
most closely reflect the preferences of this group
rather than other size classes. Occupied rocks were
smaller and had a greater surface area to volume ratio
than unoccupied rocks. By contrast, retreat-site selec-
tion was positively related to greater rock size in New
Zealand (Chukwuka et al. 2021), but the results are
mixed for other reptiles in Australia (Shah et al. 2004;
Goldsbrough et al. 2006; Croak et al. 2008; Denni-
son et al. 2012), although these studies examined
only rock-on-rock habitat. However, our results are
consistent with other research that saxicolous reptiles
select thinner rocks, suggesting that larger surface
area to volume ratios may explain the mixed results
of rock size and the prevailing preference for thin-
ner rocks (Schlesinger and Shine 1994a; Webb et al.
2004; Croak et al. 2008). Flatter rocks have a greater
surface area and thus receive more solar radiation
across the rock resulting in a broader thermal gradient
within or underneath it (Huey et al. 1989). A signifi-
cant difference in thermal properties of occupied and
unoccupied rocks was not found in this study, most
likely due to the single time point of rock tempera-
ture measurements, and measurement of displaced
rocks, rather than a series of continuous under-rock
measurements (Pike et al. 2010). Including individual
size data or species size classes (small-bodied com-
pared with medium-large bodied species) may help
to further explain thermal refugia preferences due
to differences in cooling and heating rates among
reptiles and individuals. Nevertheless, the physical
rock traits selected by reptiles in this study are likely
explained by their favourable thermal properties,
which is consistent with other research that thermal
regimes profoundly influence retreat-site selection of

rocks by reptiles (Huey et al. 1989; Kearney 2002;
Sabo 2003; Webb and Pringle 2004; Row and Blouin-
Demers 2006; Harvey and Weatherhead 2010; Cox
et al. 2018; Chukwuka et al. 2021). Traits of occupied
rocks can help to inform management and restoration
efforts, particularly in agricultural areas.

We found that reptiles selected rocks that were
shallowly-embedded in the soil. Minimal embed-
dedness is likely to provide easy access under rocks,
particularly for species that construct burrows under-
neath rocks for nocturnal retreats (Goldsbrough et al.
2006). Further, the small depressions between a rock
and soil substrate provides an opportunity for ther-
moregulation, allowing reptiles to position them-
selves to maximise heat conduction (Huey et al. 1989;
Croak et al. 2008; Chukwuka et al. 2021). We also
found that reptiles avoided rocks that had high colo-
nisation by invertebrates of the substrate surface. Our
results were broadly consistent with laboratory trials
indicating avoidance behaviours by similar reptiles
such as the copper-tailed skink Crenotus taeniolatus
(Goldsbrough et al. 2006) and juveniles of the yellow-
bellied water-skink Eulamprus heatwolei (Head et al.
2002) when exposed to chemosensory cues of preda-
tory invertebrates such as ants and spiders. Under-
standing additional features of the three-dimensional
space available under rocks, including colonisation
patterns by other species, may assist in management
and refining restoration efforts (Croak et al. 2008).

Conservation implications and further research

Our analyses revealed that surface rocks support
abundant reptile populations at small spatial scales
in temperate agricultural landscapes. Yet there is
a paucity of information concerning the properties
of surface rock that provide optimal habitat, how to
best manage this habitat or the importance of surface
rock for conservation globally. For example, surface
rocks can provide a refuge against the effects of fire
and extreme temperatures (Clarke 2002; Atkins et al.
2015), yet protection from fire may lead to outcrops
becoming overgrown (Clarke 2002). There is a need
to protect critical surface rock from clearing (Shine
et al. 1998; Michael et al. 2021), overgrowth (Pike
et al. 2011a, b), invasive plants and animals (Michael
et al. 2008) and potentially from inappropriate graz-
ing regimes (Michael et al. 2008, 2010). However,
further research is needed to quantify appropriate
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grazing and fire regimes in landscapes dominated by
scattered surface rocks. Based on our results, we sug-
gest canopy openness is maintained in surface rock
habitats, particularly those supporting high densi-
ties of smaller, flat rocks. There is evidence that tar-
geted canopy removal can increase the availability
of sun-exposed habitat patches for specialist reptiles
and restore reptile assemblages (Pike et al. 2011a, b).
Further, vegetation restoration should occur adjacent
to, not within areas of high densities of surface rock.
Actively managing and monitoring changes in vegeta-
tion structure to maintain thermally suitable environ-
ments is critical for reptile persistence.

While there are numerous studies documenting the
surface rock preferences of reptiles (Schlesinger and
Shine 1994a; Langkilde et al. 2003; Shah et al. 2004;
Goldsbrough et al. 2006; Croak et al. 2012), these
studies focus on rock sheaths and crevices (rock-on-
rock). Studies of surface rocks on soil substrates are
limited, and in some ecosystems, the study of these
retreat-sites is actively avoided (Kearney 2002; Croak
et al. 2012). However, it is important that surface rock
on soil is recognised as being important for conser-
vation, given the ecological values documented in
this study and threats faced by this habitat (Michael
et al. 2021). The relatively small size of surface rocks
in agricultural landscapes enables vast areas to be
picked, crushed, and destroyed with little time or
effort. Concerningly, the scale and rate of current and
past rock removal from farming regions are unknown
as there are no reporting or offsetting requirements as
part of routine agricultural activities anywhere in the
world. The occurrence of surface rocks in the land-
scape is also not easily detected by satellite imagery,
so remote methods are currently unsuitable for map-
ping this habitat at small spatial scales. By contrast,
large outcrops are rarely targeted for agriculture,
although they do face their own threats such as bush-
rock collection (Schlesinger and Shine 1994a; Pike
et al. 2010), quarrying, heavy shading by vegetation,
and the impacts of pest species (Michael et al. 2010).

The loss and degradation of surface rocks in agri-
cultural landscapes has broad implications for main-
taining populations of cryptozoic species. For exam-
ple, many cryptozoic species that depend on surface
rocks rarely occupy alternative overwintering habi-
tats (e.g., logs or vegetation), such as the nationally
vulnerable pink-tailed worm-lizard Aprasia para-
pulchella (Environment Protection and Biodiversity
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Conservation Act 1999). Grass tussocks and logs
can provide some surrogate habitat in the absence of
rocks during warmer months when species are active,
yet they do not provide the same protection and ther-
mal properties, particularly for burrowing species
(Atkins et al. 2015). Therefore, declines in vulner-
able reptile populations in agricultural regions will go
undetected without on-ground monitoring or policy
changes pertaining to the clearing of rock habitats as
part of routine agricultural activities (Michael et al.
2021).

Current global estimates are that one in five rep-
tiles are threatened with extinction (Cox et al. 2022)
with agricultural expansion and intensification the
most prominent threat to reptiles (Ribeiro et al. 2009;
Tingley et al. 2019; Cox et al. 2022). There is an
urgent need to protect and manage habitats that sup-
port reptile populations, particularly in agricultural
areas where extinction threats are greatest. In Aus-
tralia, approximately 16% of terrestrial squamates uti-
lise surface rocks for shelter (Michael et al. 2021) and
this is likely to be equally high in other regions of the
world (Ribeiro et al. 2009; Biaggini and Corti 2015;
Rotem et al. 2016; Chukwuka et al. 2021). To com-
bat potential population extinctions, we recommend
greater protection for current surface rock habitat and
suggest that incorporating surface rock in restoration
programs (see McDougall et al. 2016; Alvarez and
Guida-Johnson 2019; Palmer et al. 2022) can improve
biodiversity outcomes in agricultural landscapes.

Conclusion

We found that surface rocks are utilized as overwin-
tering retreat-sites by many reptiles in a temperate
agricultural landscape. Because many temperate zone
reptiles brumate or have reduced activity during cool
seasons, prolonged use of surface rocks makes these
species vulnerable to disturbance. Our study high-
lights that relatively small patches of surface rock can
support high reptile numbers, with maximum density
estimates up to 208 individuals per hectare. Our anal-
yses highlight that multiple factors at multiple spatial
scales have an important influence on site and retreat-
site selection in surface rock habitats. Our results
suggest that, in the study region, focusing conserva-
tion and restoration efforts on areas at intermediate
elevations, with minimal canopy cover and smaller,
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flatter rocks is likely to be of most benefit to rep-
tiles in this landscape. To date, restoration on farms
has focused primarily on improving and maintain-
ing native vegetation attributes and related functions.
The negative association with canopy cover found in
our study corroborates other evidence suggesting that
native vegetation restoration may not always lead to
beneficial conservation outcomes for reptiles (Cun-
ningham et al. 2007; Craig et al. 2010; Michael et al.
2011; Pike et al. 2011a, b). Maintaining and restor-
ing abiotic habitats is just as important as their living
counterparts.
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