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ABSTRACT

Context. Habitat loss and degradation are major drivers of biodiversity loss worldwide. In particular,
wetland environments are being removed and degraded faster than any other terrestrial habitat on
earth. The loss and degradation of wetlands has been particularly pronounced in south-eastern
Australia. Aims. Here we investigated the impact of habitat loss and degradation on the Data
Deficient glossy grass skink (Pseudemoia rawlinsoni), a species that predominantly favours wetland
vegetation in south-eastern Australia. Methods. We established artificial cover-object (roofing tiles)
survey grids in paired remnant and disturbed sites at six locations across Victoria, Australia, and
surveyed for skinks between November 2021 and April 2022. Key results. Sites at which glossy
grass skinks occur are characterised by tall dense vegetation, with a high cover of matted biomass.
Thermal profiles within these complex vegetation structures remain much cooler during hot days,
and warmer during cold nights, than external temperatures. Nearby disturbed sites (i.e. grazed or
mowed areas within dispersal distance of remnant sites) are generally devoid of skinks, have very
low and structurally simple (open) vegetation, and have thermal regimes that offer lizards no respite
from high summer temperatures. We found that roofing tiles are an effective way to survey for
glossy grass skinks; even on cool cloudy days, the temperature of tiles, and the lizards sheltering
beneath them, are often much higher than ambient temperatures. Conclusions. These findings
implicate habitat loss and degradation as having a substantial negative impact on glossy grass skink
presence and abundance; skinks largely avoid disturbed areas, even at sites immediately adjacent to
remnant habitat. This may be driven not simply by the removal of tall and dense vegetation
structures, but the consequent loss of the optimal thermal buffer afforded by such structures.
Implications. Our study emphasises the threat that habitat loss and degradation pose to
wetland species in Australia, and throughout the world.

Keywords: agriculture, artificial cover object, Data Deficient, habitat loss, lizard, reptile, thermal
biology, threatened, vegetation structure, wetland.

Introduction

The global human population has rapidly increased over recent decades, and is predicted to
reach 10 billion by the middle of the century (United Nations 2022). The impacts of this
rapid human proliferation to biodiversity have been profound, with current species
extinction rates estimated to be 100-1000 times greater than background rates (Pimm et al.
2014; Ceballos et al. 2015). Humans have been modifying landscapes with disturbances
such as fire (Pyne 1997) and agriculture (Smith 1995) for thousands of years, but the impact
of these activities has worsened following the industrial revolution (Steffen et al. 2007). As
a consequence of ongoing and major changes in land-use/cover (Lambin and Geist 2006),
many species have undergone significant population declines and extinctions (Dirzo et al.
2014; Ceballos et al. 2017, 2020). Anthropogenic habitat loss currently affects over 85% of
species on the International Union for Conservation of Nature (IUCN) Red List of Threatened
Species, and is the dominant threat for over 70% of those species (Hogue and Breon 2022).

In reptiles, habitat loss is a leading cause of population declines globally (Gibbons et al.
2000; Bohm et al. 2013; Doherty et al. 2020), and Australia has one of the worst track
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records for threatened species (Ritchie et al. 2013). Of
Australia’s most threatened reptile taxa, invasive species
(exotic weeds and predators) and agriculture are leading
threats to the persistence of these taxa (Geyle et al. 2021).
The Australian state of Victoria is particularly decimated by
habitat loss; since European colonisation, extensive land
conversion for agriculture and livestock has left the state
with approximately only 30% of the original vegetation
remaining (Bradshaw 2012). Consequently, many of Victoria’s
reptiles are subject to ongoing population declines and local
extinctions (Clemann 2015). To curtail this extinction crisis,
conservation managers require a sufficient understanding of
how populations will respond to anthropogenic habitat
modification.

In addition to the outright loss of natural ecosystems,
vegetative habitats are modified and degraded by humans,
resulting in changes to the composition (e.g. native vs exotic
spp.) and structure (e.g. simple vs complex) of plant commu-
nities. Invasive exotic plants can reduce reptile richness and
abundance (Martin and Murray 2011; Abom et al. 2015;
Lindenmayer et al. 2017); for example, some species of
habitat-specialised alpine skinks avoid modified ski slopes
dominated by exotic grasses (Sato et al. 2014a). But despite
the importance of floral composition, much research has
emphasised the role of vegetation structure on fauna (Garden
et al. 2007; Mizsei et al. 2020; Cornelis et al. 2023). For
example, the critically endangered striped legless lizard
(Delma impar) appears somewhat tolerant of exotic vegetation,
provided that its structural requirements are met (Dorrough
and Ash 1999) and herbivore grazing pressure is not
excessive (Howland et al. 2016). Vegetation-dependent fauna
often have strong preferences for specific structural attributes
of plant biomass, and are thus highly responsive to changes in
vegetation structures (Howland et al. 2016; Nugent et al. 2022;
Cornelis et al. 2023). With respect to grass-dwelling lizard
ecology, complex vegetative structures are beneficial because
they serve multiple important functions, such as providing
structures to bask on (House and Spellerberg 1983), a higher
abundance of invertebrate prey (Morton and James 1988),
thermal buffering (Bell et al. 2021) and protection from
predators such as birds (Sato et al. 2014b). Thus, the manipula-
tion of vegetation structures via weed invasion, agriculture,
livestock grazing, infrastructural works and recreational activities
is expected to negatively affect vegetation-specialised fauna.

South-eastern Australia has seen a significant loss and
degradation of wetland habitat from drainage works to
convert the land for pasture or cropping, infilling for
agriculture, or conversion to evaporative salt ponds for salt
extraction (Sinclair and Boon 2012; Boon et al. 2015). Such
alterations to wetlands also affect adjacent swamp scrub and
grassland communities that receive periodic flooding from
wetlands (Yugovic 2011), and hence affect fauna dependant
on such vegetation and hydrology (Gorissen et al. 2017).
Victoria’s freshwater lakes and swamps are largely found in
fragmented landscapes, and more than two-thirds have

been cleared or degraded (Victorian Environmental Assessment
Council 2011). Fortunately, many Victorian wetlands have
been retained as public land, most of which support remnant
native vegetation on their margins (Victorian Environmental
Assessment Council 2011). Nevertheless, reptiles that are
dependent on wetland, or wetland-adjacent vegetation may
be of particular conservation concern given that much of the
landscape between wetlands has been cleared of connecting
habitat. For example, the endangered swamp skink (Lissolepis
coventryi) has suffered declines in population size and genetic
diversity associated with fragmentation of its preferred dense
wetland vegetation (Senior et al. 2022). Small ectotherms
such as lizards generally have poor dispersal abilities, and
thus make excellent models for evaluating the effects of
habitat loss on populations at fine scales (Olsson and Shine
2003; Dubey and Shine 2010; Ackley et al. 2015; Doherty
et al. 2020).

Understanding population fragmentation and dispersal
characteristics can assist with predicting the impact of habitat
loss on vegetation-specialised fauna (Sato et al. 2014a;
Doherty et al. 2020). The glossy grass skink (Pseudemoia
rawlinsoni) is a small (adult snout-vent length up to ~65 mm)
lizard that appears to specialise on densely vegetated wetland
habitats, with a disjunct distribution across south-eastern
Australia, including Tasmania and alpine regions of New
South Wales and the Australian Capital Territory (Hutchinson
and Donnellan 1988; Wilson and Swan 2021; Farquhar et al.
2023). The glossy grass skink is currently listed as Data
Deficient on the IUCN Red List because of a lack of informa-
tion on its threats, ecology and populations status (Gillespie
et al. 2018). Recent studies have demonstrated that Data
Deficient reptiles are more likely to be threatened than are
assessed species (Chapple et al. 2021; Caetano et al. 2022;
Meiri et al. 2023). Thus, because habitat loss and degrada-
tion are a major threat to wetland habitats in south-eastern
Australia (Boon et al. 2015), it is likely that the glossy grass
skink has experienced range contractions and a reduction in
connectivity since European colonisation (Gillespie et al. 2018).
Indeed, the glossy grass skink is listed as Endangered in Victoria
(which comprises the bulk of its geographic range) because
of the loss, degradation and drainage of swamp habitats
(Department of Environment, Land, Water and Planning 2022).

Here we conducted field surveys to determine the impact
of habitat loss and degradation on the abundance and
microhabitat of the glossy grass skink at six locations across
Victoria. At each location, we examined paired remnant
and disturbed habitats, and predicted that the glossy grass
skink would be strongly affected by habitat loss and
degradation, being absent or occurring in low abundances at
disturbed sites. We expected that disturbed sites would have
structurally simple vegetation, and that lower abundances of
glossy grass skinks at such sites may reflect the species’
requirement for structurally complex habitats that provide
suitable thermal regimes and protection from predators
(e.g. Sato et al. 2014b).
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Materials and methods

Study region

Although the glossy grass skink has a patchy distribution from
the Australian Capital Territory, New South Wales, across
Victoria, and into South Australia and Tasmania, travel
restrictions owing to the COVID-19 pandemic limited our
fieldwork to Victoria. We established 12 sites at six different
locations; each location had paired sampling grids in remnant
and disturbed habitats in wetland locations across Victoria,
Australia, including Port Fairy, Queenscliff, Swan Bay, Yering,
Tooradin and Warringine (Table 1, Fig. 1). Each location
comprised one site in remnant native vegetation, which
contained known populations of the glossy grass skink, and
one paired nearby disturbed site (total of 12 tile-sampling
grid sites; Table 1). The remnant sites had not experienced
major anthropogenic disturbance for at least 15 years, and
were managed by Parks Victoria (n = 2), Melbourne Water
(n = 1), Council (n = 1), a rail trail committee (n = 1), and
a private landholder (n = 1). The vegetation structure at
remnant sites typically contained tall, dense vegetation. The
paired disturbed sites were subject to frequent mowing by
the land manager (n = 5) or grazing by livestock (n = 1).
Consequently, vegetation at the disturbed sites was
typically low and structurally simple (i.e. not dense).

Quantifying habitat structure and microclimate

In October 2021, habitat-structure assessments were
conducted at each site to quantify important aspects of the
vegetation available to glossy grass skinks as habitat. At
each site fifteen 1 m? quadrats were randomly placed (by
selecting random GPS coordinates within the site), and we
visually estimated the percentage cover of rocks, logs, litter,

Table 1. Location details of Pseudemoia rawlinsoni field-survey sites
in Victoria (Fig. 1).
Location  Treatment Site name Latitude Longitude
Port Fairy ~ Remnant  McColls Road —38.346409 142.242085
Disturbed  Chris’s front paddock —38.346880 142.242171
Queenscliff Remnant  Crownland —38.268226 144.628523
Disturbed  Marine Centre —38.270315 144.633454
Swan Bay  Remnant  Sara’s swamp —38.201634 144.676130
Disturbed  Sara’s paddock —38.201556 144.675679
Yering Remnant  Spadonis Nature —37.681576 145.349988
Reserve
Disturbed ~ Spadonis Aeroclub —37.681850 145348554
Tooradin ~ Remnant  Tooradin Inlet —38.211158  145.427389
Disturbed  Harewood —38.212377  145.428118
Warringine Remnant  Warringine Park —38.325837 145191561
Disturbed  Mick’s paddock —38.326758 145186623

bare ground and various plant life forms, including matts of
vegetation, grass tussocks, sedges, rushes, reeds, shrubs,
subshrubs (i.e. species with a woody base and soft, non-woody
shoots), herbs, forbs and succulents. We also quantified
structural aspects of the vegetation, including vegetation
height and density, and shrub touches within three height
classes (0-50 cm, 51-100 cm, 101-180 cm). Vegetation
height was measured (in centimetres) at five standard
positions within each quadrat by vertically inserting a 1.8 m
measurement pole into the vegetation until it touched the soil
surface, then recording the height of the tallest leaves in
contact with the pole. At these same positions, density was
measured as the percentage of the vegetation height that
was visible to the observer (viewing the pole at a ~45°
angle); hence, vegetation density was measured proportional
to vegetation depth. The maximum litter depth found within
the quadrat was recorded in centimetres. Canopy cover and
canopy height were visually estimated as a percentage and
in metres respectively.

To quantify the buffering capacity of vegetation, we
attached two temperature data loggers (Thermochron iButton
model DS1922L, Maxim Integrated Products, San Jose, CA,
USA; +0.5°C) to a wooden picket by using three layers of
tan-coloured cloth tape. Pickets were inserted vertically into
the soil, with one logger positioned in the air above the
vegetation, and directly below this we placed the second
logger within 0-1 cm of the soil surface. The difference in
recorded temperature between these two logger positions is
assumed to describe the thermal buffering capacity of vegeta-
tion biomass. Loggers were set to record hourly temperatures
between 15 October 2021 and 2 March 2022 (138 days of
data). The height of vegetation (in centimetres), and thus
the distance separating the data loggers, was measured
using our measurement-pole method described previously.

Lizard surveys

We deployed 600 terracotta roof tiles in mid-October 2021,
then performed tile surveys at all sites once a month from
November 2021 to April 2022 (excluding February, total of
five survey sessions). Each site consisted of 50 tiles spaced
5 m apart, and in 10 rows of five tiles. The propensity for
glossy grass skinks to use tiles as a shelter site, and therefore
be detected, is likely to be weather dependent, as it is for other
lizards (Hoare et al. 2009; Joppa et al. 2009; Andersson et al.
2010). Therefore, to mitigate against the potential for a single
site visit to coincide with unfavourable weather, and to
improve our capture rates during the survey session in each
month, we checked the tiles three times within a 24 h period.
Differences in lizard detection numbers within a 24 h period
reflect the influence of weather and time of day, not seasonal
shifts in activity and abundance (i.e. our focus). Thus, glossy
grass skinks caught more than once within the 24 h session
were noted, but not labelled as true recaptures, given the
short period between tile checks; rather, we considered
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Fig. 1.

Occurrence records for Pseudemoia rawlinsoni in south-eastern Australia from Farquhar

et al. (2023). Study locations are denoted by blue arrows: (a) Port Fairy, (b) Queenscliff, (c) Swan

Bay, (d) Yering, (e) Tooradin, and (f) Warringine.

an individual a true recapture if it was captured again in
subsequent survey sessions (i.e. months), given that this is
the time scale at which we aimed to understand changes in
abundance. To distinguish new individuals from specimens
that we had previously detected, we maintained a record (a
physical photo album) of the unique identity of each captured
lizard based on a combination of features such as sex, size,
location, scars, and missing limbs/digits. We avoided checking
tiles during periods of heavy rain, and during summer we
avoided checking tiles during the hottest part of the day
when tiles would be too hot to be used by lizards. At the start
of each survey, we recorded air temperature (°C), wind speed
(km/h), relative humidity (%), cloud cover (0-8) and rain
intensity (0-3).

Thermal ecology

Internal body temperature of each lizard was measured within
5-10 s of capture, by using a digital thermometer (Omega
HH508 digital thermometer, Omega Engineering Inc.) with

a K-type thermocouple probe inserted ~1 cm into the cloaca.
The same digital thermometer was used to record the air
temperature 5-10 cm above the surface where the lizard
was caught. An infrared thermometer (°C, recorded with a
Xueliee GM320) was used to measure the under-tile surface
temperature, directly beneath the lizard. Wind speed (km/h)
was then recorded using a hand-held anemometer (Kestrel
5000 weather meter, Nielsen-Kellerman) ~10 cm above
the surface where the lizard was caught. Because most lizards
were captured when inactive under roof tiles, these data
were used to explore the thermal ecology of only inactive,
sheltering lizards.

Statistical analysis

We conducted all statistical analyses in R (v4.1.2; R Core
Team 2021). Analyses were not performed on abundance data.
Given the clear contrast in abundance between disturbed
and remnant sites (skinks are virtually absent from disturbed
sites, see Results section), we produced bar plots of mean
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glossy grass skink abundance for each site to provide a visual
comparison between treatments.

We performed a principal-component analysis (PCA;
package FactoMineR; Lé et al. 2008) to examine whether
vegetation structure and microclimate differ between remnant
and disturbed sites. We first removed variables with few
recorded values (e.g. canopy cover and canopy height were
zero at all sites), then removed highly correlated variables
by retaining the variable with a greater ecological relevance
from each pairing of highly correlated variables (p > 0.7). We
then examined and retained all principal components (PCs)
that explained more variation than that of their constituent
variables (i.e. we retained eigenvalue of >1, as per the Kaiser—
Guttman criterion; Jackson 1993). Student’s t-tests were then
conducted on these PC scores to determine whether disturbed
and remnant sites occupy significantly different positions along
major axes (i.e. important PCs) of environmental variation.

We used linear regression to determine the effect that
vegetation height and density have on microhabitat tempera-
tures. For the first model, vegetation height was used as the
independent variable and the difference between air and
ground temperature in December (A Tair-ground) as the dependent
variable. For the second model, vegetation density was the
independent variable, again with ATy grouna as the dependent
variable. Finally, we used the December microclimate data to
produce a line plot illustrating the median, minimum and
maximum AT grouna hourly differences between remnant
and disturbed sites. Although we recorded iButton thermal
data in all months, for analyses we subset the data to December
because this is the hottest time of year, and, hence, a time when
the thermal difference between inside and outside of vegetation
should be most relevant to the persistence of cool-adapted
lizards at these sites.

To explore the interaction between tiles and body
temperature (T},) of glossy grass skinks, we first tested the
effect of under-tile temperature (Ty) on T}, of sheltering
lizards. Second, we tested whether the temperature differential
(AT) between Ty and air temperature (T,;,) corresponds to an
increased AT between T}, and T,;; our expectation with this
second test is that tile-inactive lizards will be able to achieve
a higher T}, than their surroundings by exploiting the AT
afforded by tiles. Both tests were performed with linear
mixed-effects models (function Imer) in the package Ime4
(Bates et al. 2015), by using Ty, as the dependent variable and
Ty as a fixed effect. Sex was also included as a fixed effect to
account for possible differences in thermal physiology between
sexes. Site was included as a random effect in both models. We
did not use thermal data from the same individual twice.

Ethics statement

All research was conducted under permission of the
Department of Environment, Land, Water and Planning
(Permit No. 10010129) and was approved by the Monash
University Animal Ethics Committee (Approval No. 30059).

Results

Lizard surveys

In total, 82 glossy grass skinks were captured during the study,
71 of which were unique individuals, and 11 were recaptures
(November 2021: 19 individuals; December 2021: 22 individ-
uals; January 2022: 16 individuals; March 2022: 13 individ-
uals; and April 2022: 12 individuals). Of the 11 recaptures,
seven were recaptured at the same tile as where they were
previously captured at, and the remaining four individuals
were all recaptured at short distances from their initial
capture point (5, 6, 6.5 and 9 m). Whereas the species was
detected at seven sites (six remnant sites, and one disturbed
site), the total number of individuals captured varied
considerably among sites (Fig. 2). Two sites located in high-
quality coastal saltmarsh habitat on the Bellarine Peninsula
provided the majority (62%) of the individuals in this
study, with 28 lizards at the Queenscliff remnant site and
16 at the Swan Bay remnant site. Our key finding was the
stark differences in abundance of glossy grass skinks at
remnant sites from those of nearby disturbed sites (Fig. 2); the
species was not caught at any of the disturbed sites, except at
one, the disturbed Swan Bay site (Fig. 2; see Discussion). The
other reptiles and amphibians observed under tiles during our
surveys are shown in Table S1.

Factors associated with the presence of glossy
grass skinks

PC1 alone explained a considerable amount (52.1%) of the
variation in the habitat data (Fig. 3a, Table 2) and therefore
describes an important axis of environmental variation at our
study sites. PC2 (21.8% explained variation) and PC3 (15%
explained variation) were retained because they each had
eigenvalues of >1; however, neither PC2 (t = —-0.06, d.f. =
9.99, P = 0.951) nor PC3 (t = 0.11, d.f. = 9.62, P = 0.916)
differed significantly between site types. However, along
the PC1 axis there is clear separation of disturbed versus
remnant sites: remnant sites are characterised by increasing
values (positive PC1 scores) of vegetation height, vegetation
density, matted vegetation cover, and ATairgrouna, Whereas
disturbed sites are characterised by increasing values
(negative PC1 scores) of bare ground, herbs, and non-
matted vegetation. The PC1 scores of remnant sites, where
glossy grass skinks are abundant, are significantly different
from those of disturbed sites, where glossy grass skinks are
absent or very low in abundance (t = —12.50, d.f. = 8.70,
P < 0.001). Thus, glossy grass skinks favour structurally
complex habitat (tall, dense and matted vegetation) that
provides high values of AT, ground, and avoid structurally
simple habitat (short, open vegetation with high bare-ground
cover) that provides low values of AT grouna (Fig. 3a).

The AT,jrgrouna (°C) values at remnant sites in December
were positive during daylight hours (i.e. the ground beneath
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vegetation was cooler than the external ambient air;
Fig. 4a). The opposite trend was observed for the disturbed
sites; at disturbed sites, low and open vegetation affords
minimal thermal buffer, with daytime ground temperatures
becoming much hotter than air temperatures (hence, a
negative x-axis value for disturbed sites in Fig. 4a). Both
remnant and disturbed sites had similarly low A Tajr.grouna (°C)
values at night, but were slightly negative at remnant sites and
zero at disturbed sites. In other words, the night time ground
temperatures beneath vegetation were slightly warmer than
the external air at remnant (but not at disturbed) sites.
Linear regression showed that December ATy grouna (°C)
was positively associated with vegetation height (R? = 0.72,
F (1,10) = 25.88, P < 0.001; Fig. 4b) and vegetation density
(R? = 0.66, F (1,10) = 19.79, P = 0.001; Fig. 4c),
suggesting a causal relationship between complex vegetation
and thermally buffered microclimates at wetland margins.

Thermal ecology

The body temperature of glossy grass skinks sheltering
beneath tiles had a positive association with the under-tile
surface temperature (d.f. = 43.78, t=12.50, P < 0.001; Fig. 5a,
Table S2). There was also a positive association between
ATgteair and ATjizarqir (d.f. = 38.20, t = 7.87, P < 0.001;
Fig. 5b, Table S3), indicating that the degree of difference
between tile-sheltering lizard Tys and the external air
temperature is dependent on the degree to which under-tile
surface temperature differs from that of the external air. The
median and range values for weather conditions under which
glossy grass skink was detected are presented in Table S4.

Discussion

Our results showed that habitat loss and degradation have an
impact on the distribution and abundance of the glossy grass
skink. The presence of glossy grass skinks is associated with
vegetation complexity, described in this study by the

presence of matted, tall and dense vegetation, which in turn
creates a higher thermal-buffering effect than at structurally
simple sites. At disturbed sites, the simple vegetation struc-
ture (short, open grass) affords no such thermal buffer, with
daytime surface temperatures exceeding air temperatures,
owing to the negligible cover of vegetation. Our study also
demonstrated that roofing tiles are an effective survey and
monitoring method for glossy grass skinks, because the
surfaces beneath tiles offer temperatures that are often much
warmer than external conditions. Below we discuss the
implications of our results for the conservation of the glossy
grass skink and for future survey and management efforts.

Impact of habitat loss and degradation on glossy
grass skink

Farquhar et al. (2023) found that 38% of the glossy grass
skink’s predicted distribution has been converted to agricul-
tural land, with apparent population extirpations from
many sites in agricultural areas (inferred from field surveys
at known record sites). As a further testament to the impact
of agricultural development on the species, the present
study showed that glossy grass skinks were virtually absent
from the disturbed, structurally simple vegetation that
typifies farm paddocks, which are usually mowed with
machinery and/or grazed by livestock. Thus, the removal
of tall and dense native vegetation, and its replacement
with frequently disturbed low pasture grasses, is likely a
contributing driver of ongoing declines in glossy grass skink
populations.

Our finding that glossy grass skinks are largely dependent
on complex wetland vegetation emphasises the ecological
value of these habitats for the conservation of the species,
particularly for their thermal-buffering capacity. To avoid
thermal extremes and optimise performance, reptiles seek
thermally buffered retreat sites (Huey et al. 1989; Sato et al.
2014b; Moore et al. 2018). Species depending on vegetation
for thermoregulation may be disadvantaged when biomass

6
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Fig.3. (a)Principal-component analysis of vegetation-structure data obtained from remnant (blue)

sites (favoured by Pseudemoia rawlinsoni) and disturbed (red) sites. Colour-shaded ellipses
represent 90% confidence intervals. (b) Correlation circle of the seven habitat variables. The length
and directionality of arrows (vectors) illustrate respectively, the strength of contribution (loading)
and sign of correlation (positive, negative) of each variable on the two components (PCT: x-axis; PC2:
y-axis). Variables closer to each other are more correlated on a given component.

is removed or altered through mowing or grazing, which
effectively eliminates the thermal buffer available for lizards
(Sato et al. 2014b). Being exposed to higher ground surface
temperatures at sites lacking vegetation cover, the efficiency
of behavioural thermoregulation may be reduced (Kearney
et al. 2009), because lizards contend with shorter thermally

optimum activity-time windows (Huey et al. 2010). We
suspect that the reduced thermal quality of matrix habitat
is a leading ecological factor that limits glossy grass skinks
predominantly to dense remnant vegetation. Our temperature-
data loggers demonstrated a strong relationship between
vegetation complexity and summertime thermal buffering;
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Table 2. Summary statistics and loadings of the principal-component
analysis (PCA) of habitat variables.
Item PC1 PC2 PC3
Proportion of variance 0.52 0.21 0.5
Cumulative proportion 0.52 073 0.89
Eigenvalue 3.64 1.52 1.06
Loadings
Bare ground —-0.33 043 076
Matted vegetation 0.73 —0.46 0.40
Non-matted grass —0.46 074 —0.20
Herbs —0.69 —0.53 -0.37
Vegetation height 0.72 0.51 —-0.32
Vegetation density 0.96 —0.04 —0.02
Maximum AT 091 0.14 —0.16

The first three PCs are shown because these each had an eigenvalue of >1.

in structurally simple disturbed habitat, the lack of vegetative
cover makes ground surface temperatures often hotter than
the ambient temperature during thermally challenging periods
(midday-mid-afternoon). Conversely, undisturbed sites with
glossy grass skinks typically feature dense vegetation, beneath
which lizards can access temperatures many degrees cooler

than the ambient temperature. Additional research into the
thermal adaptation of the glossy grass skink is required to
put our findings into a robust ecophysiological context.
Once the thermal-tolerance limits and thermal preference of
the species are known, we can then model the sensitivity of
the species to variation in the thermal landscape (Moore
et al. 2018; Garcia and Clusella-Trullas 2019).

Dispersal capacity of glossy grass skink

If the glossy grass skink were a habitat generalist, we perhaps
would have detected individuals at disturbed sites with some
regularity. Indeed, other generalist lizard species were often
detected at most disturbed sites (e.g. grass skink (Lampropholis
guichenoti), southern grass skink (Pseudemoia entrecasteauxii);
Table S1), indicating that such sites are not entirely unsuitable
for lizards. Instead, the glossy grass skink exhibits a near
complete avoidance of disturbed sites; by positioning our
paired disturbed and remnant sites in close proximity to
each other (i.e. within dispersal distance of small lizards),
we could determine the degree to which they are confined
to remnant swamp vegetation. The avoidance of disturbed
habitat was also found in habitat-specialist skinks such as
alpine she-oak skink (Cyclodomorphus praealtus) and the
tussock skink (Pseudemoia pagenstecheri) that are rarely found
in mowed, structurally open ski fields (Sato et al. 2014a).
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Similarly, Gorissen et al. (2017) showed that the Blue
Mountains water skink (Eulamprus leuraensis) is restricted
to densely vegetated and wet swamp habitat, and was not
detected in any disturbed site. We recaptured glossy grass
skinks either in the same location or at short distances
(<10 m) from their initial capture points, suggesting that the

species may have small home ranges with limited capacity for
dispersal. However, because our recaptures were few, a more
focused study on home-range size is needed to understand this
species’ spatial ecology in greater detail (e.g. Olsson and
Shine 2003).

The glossy grass skink was detected at only one disturbed
site (Sara’s paddock, Swan Bay); however, it is noteworthy
that this disturbed (regularly mowed) site was intentionally
situated in very close proximity (~10 m) to undisturbed
vegetation occupied by the species. This suggests that the
species has some capacity for short-distance dispersal into the
disturbed habitat matrix adjacent to high-quality remnant
habitat. Given this, activities such as mowing and grazing
can cause direct mortality of individuals and hinder dispersal
outside of habitat patches (Sato et al. 2014b). Indeed, on
vehicle tracks through swampy habitat, dead glossy grass
skinks (with photographic evidence) have been found at
Lake Connewarre (immediately following track resurfacing
works; B. Lingham, pers. comm. 2021) and at a desalination
plant near Wonthaggi (C. Boase, pers. comm. 2021).

Together these findings implicate glossy grass skink as a
habitat specialist, largely confined to complex and mostly
undisturbed swampy vegetation. However, it also has the
capacity to disperse into adjacent disturbed and structurally
simple vegetation communities, which, if left to regenerate,
may become sufficiently complex and more habitable for
the species. We caution that biomass disturbance within
and adjacent to glossy grass skink habitat has the potential
to adversely affect the species, via the loss of potential
dispersal habitat and direct mortality of individuals. If mowing
of vegetation in or near glossy grass skink habitat is
unavoidable, such activities should be restricted to winter
months (June-August), when lizard activity is lowest.

Managing vegetation for glossy grass skink
conservation

Although this study emphasises the importance of intact
native vegetation, we are careful not to discount the
potential value of disturbed and exotic habitats for the glossy
grass skink. There is a pervasive notion that disturbed
and exotic vegetation communities are synonymous with
‘unsuitable’ habitat for threatened species (Davis et al.
2011). Whereas this is partially true for some disturbance-
intolerant species (e.g. Sato et al. 2014a; Wong et al. 2021),
the reality is that disturbed sites with exotic vegetation can
fulfil the ecological needs of threatened species (Lampert
et al. 2014; Howland et al. 2016), even if suboptimally and
in the short term. For example, there are numerous observa-
tions of glossy grass skinks occupying sites containing, or
dominated by, Kikuyu grass (Cenchrus clandestinus), a globally
significant invasive weed (Herrero-Borgofién et al. 1995).
Kikuyu grass grows in dense and connected clump formations,
and, in doing so, we suggest that its structure may be analogous
to that of some native grasses, such as Australian salt-grass

9


www.publish.csiro.au/wr

). E. Farquhar et al.

Wildlife Research 51 (2024) WR23102

(Distichlis distichophylla), a plant commonly used by glossy
grass skink in high-quality remnant habitat in coastal areas.
Glossy grass skink has been observed at a site on the outskirts
of Korumburra (South Gippsland) confined to a small patch of
dense Kikuyu grass, surrounded by buildings and mowed lawn-
grass on one side, and a grazed cattle paddock on the other,
both with very low and open exotic biomass (R. Kidd, pers.
comm. 2021). We highlight this example to demonstrate the
difficulties that may emerge in the conservation manage-
ment of glossy grass skink, particularly in urban areas were
populations still persist in degraded and isolated habitat
patches that are subject to mowing, slashing, invasive plants
and infrastructural developments.

It is typically desirable to control weedy vegetation, owing
to its impacts on native fauna persistence and ecosystem
function (Valentine et al. 2007; Martin and Murray 2011;
Sato et al. 2014a; Abom et al. 2015; Lindenmayer et al.
2017). But in highly modified landscapes lacking native
vegetation, the structural complexity afforded by some
exotic grasses is perhaps better (for the species’ persistence)
than is a complete lack of vegetation (Garden et al. 2007;
Howland et al. 2016; Cornelis et al. 2023). For example,
Kikuyu-dominated wetlands in Perth were found to offer tiger
snakes similar habitat quality (thermally and structurally)
to that of native vegetation (Cornelis et al. 2023). This is of
course no advocacy of exotic grass proliferation, but conserva-
tion practitioners responsible for biomass management must
recognise the potential conservation value of these disturbed
and exotic, but nonetheless complex and habitable, plant
communities (Davis et al. 2011; Lampert et al. 2014).

Potential impact of tree and shrub planting on
glossy grass skink

The present study focused on exploring structurally simple
versus complex strata (grasses, herbs, low shrubs, etc.) at
the ground level, rather than exploring differences between
open versus closed canopy. This was by necessity, given that
most known glossy grass skink occurrence localities tend to
lack canopy cover such as tall trees; most record sites are
situated in open swampy areas that naturally have little or
no canopy (dataset in Farquhar et al. 2023). It is possible
that high canopy cover, and hence reduced incident solar
radiation, is detrimental to the species’ persistence, at least
at some sites. There is some preliminary support for this;
for instance, the species was routinely detected at an
ecological monitoring site in seasonally swampy habitat in
Bayswater North (in Melbourne’s east), but over the course
of a decade, its apparent disappearance coincided with the
overgrowth of densely planted trees, tall shrubs and tussocks
(D. De Angelis, pers. comm. 2021). It is likely that most
current revegetation projects are not sympathetic to the
habitat structural requirements of glossy grass skink. Dense
plantings or natural encroachments of trees and tall shrubs
can increase shading of the ground strata, thereby reducing

basking- and shelter-site suitability for heliothermic reptiles
adapted to more open canopy habitats (House and Spellerberg
1983; Todd and Andrews 2008; Michael et al. 2011).
Revegetation initiatives should aim to restore historic
vegetation composition and structure for glossy grass skink,
rather than aiming to meet arbitrary ‘number-of-trees-planted’
quotas that may result in overly shaded biomass.

Further research is needed to understand the glossy grass
skink’s sensitivity to different revegetation schemes; only
then can we confidently develop a well-informed framework
for reinstating its habitat at degraded sites. In situations where
habitat is degraded and significantly altered from its original
state, the right answer to the question ‘How best to manage
biomass for the glossy grass skink?’ is likely to be elusive
and context dependent. This is not least because the species
has a wide distribution, over which it occupies many different
habitats, from coastal swamps to alpine bogs (Farquhar et al.
2023). Thus, conservation and land management efforts will
need to consider the historical habitat state, its legacy of
disturbance, the extent of invasive plant encroachment, fire
and hydrological regimes, and the (sometimes conflicting)
ecological needs of co-occurring priority species (Michael
et al. 2011). Nonetheless, for existing habitat, the preserva-
tion of structurally complex and undisturbed native vegeta-
tion should be a general conservation priority for the glossy
grass skink (Sato et al. 2014a).

Roofing tiles are an effective survey method for
glossy grass skink

As a diurnal heliothermic ectotherm, the glossy grass skink
controls its body temperature via behavioural thermoregula-
tion, and will bask on grass, rocks and logs, as well as artificial
cover objects (ACOs; e.g. roofing tiles), so as to achieve ideal
body temperatures (Hoare et al. 2009; Andersson et al. 2010;
Saleeba et al. 2020). The species makes frequent use of roofing
tiles (when available) as a thermally favourable shelter site.
Indeed, we found that glossy grass skink body temperature
was strongly correlated with under-tile surface temperature,
including on cool, cloudy days during which lizards sheltered
beneath tiles to achieve Ti,s much warmer than external air
temperatures (Hoare et al. 2009; Joppa et al. 2009). Thus,
roofing tiles have proved a useful survey tool for glossy
grass skinks, and other reptile and frog species (see Table S1),
because of their thermal properties (Saleeba et al. 2020).
Wetlands are fragile ecosystems (Tooth and McCarthy
2007), and digging into soil to install pitfall traps, and rolling
logs and rocks can be damaging to the habitat. Although
visual-encounter surveys are a low-impact survey method,
this method is practical only for detecting active lizards,
which may be difficult to observe and capture when habitat
is complex (Hoare et al. 2009). Additionally, live-trapping,
such as pitfall trapping and funnel trapping, increases the
risk of predation, drowning and heat stress for the target
species (Enge 2001). Artificial cover objects are a low-cost
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survey method that has very little negative environmental
impact (Hoare et al. 2009). This method has also been
shown to be successful at capturing other lizard species that
co-occur with glossy grass skink in wetland habitats, such as
the swamp skink (Humphrey et al. 2017; present study). The
use of ACOs also increases the accuracy of surveys because it
reduces the chance of misidentification of a species, because
tile-sheltering lizards are easily hand-captured (Sewell et al.
2012). Weather conditions for detecting lizards beneath ACOs
should be considered when using this sampling method,
although their direct impacts are not clearly understood and
may be specific to taxa (Hoare et al. 2009; Joppa et al. 2009).
For glossy grass skinks, we found that the ideal weather
conditions for capture beneath tiles were moderate tempera-
tures, relative humidity and cloud cover, and low wind speeds
(see Table S4).

Conclusions

We have demonstrated that habitat loss and degradation are a
clear threat to the persistence of wetland reptiles, and may
limit the dispersal and connectivity among isolated subpopula-
tions. The glossy grass skink is more abundant in (and may
require) sites with tall, dense, and matted vegetation. In
general, grazed or mowed sites with very short and structurally
simple vegetation appear to be avoided, and, as we have
shown, this may be explained by the lack of thermally
buffered microclimates in such sites. However, we emphasise
that disturbed sites can still be valuable conservation assets
that are used by dispersing individuals, and may become
more habitable if left to regenerate. In general, conservation
management actions should ensure that complex, native
vegetation structure is preserved and incorporated in revegeta-
tion planning for this species. However, we suspect that the
relationship among glossy grass skink abundance, site
occupancy and habitat structure is likely to be more complex
and context-dependent than that identified in the present
study. Nonetheless, our study offers the first insight into the
general habitat requirements of the glossy grass skink, and
highlights its vulnerability to habitat loss and degradation.

Supplementary material

Supplementary material is available online.
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