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Abstract The increased severity and frequency of bushfires
accompanying human-induced global warming have dire
implications for biodiversity conservation. Herewe investigate
the response of a cryptic, cool-climate elapid, the mustard-
bellied snake Drysdalia rhodogaster, to the extensive Black
Summer fires of / in south-eastern Australia. The
species is categorized as Least Concern on the IUCN Red
List (last assessed in ), but because a large part of its
range was burnt during the Black Summer and little
was known about its ecology, D. rhodogaster was identified
as a priority species for post-fire impact assessment. We
evaluated three lines of evidence to assess the impact of the
Black Summer fires on D. rhodogaster. Habitat suitability
modelling indicated that c. % of the predicted range of
the species was affected by bushfire. Field surveys conducted
– months post-fire and collation of records from public
databases submitted – months post-fire indicated that
D. rhodogaster persisted in burnt landscapes. Fire severity
and proportion of the landscape that was burnt within a
,-m radius of survey sites were poor predictors of site
occupancy byD. rhodogaster. Although conclusions regarding
the effects of fire on D. rhodogaster are limited because of the
lack of baseline data, it is evident that the species has persisted
across the landscape in the wake of extensive bushfires.
Our work highlights the need for baseline knowledge
on cryptic species even when they are categorized as Least
Concern, as otherwise assessments of the impacts of
catastrophic events will be constrained.
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Introduction

Fire is a natural process that has shaped landscapes glo-
bally for more than  million years (Bowman et al.,

) and is crucial in maintaining the health of many eco-
systems. Yet wildfires can lead to long-lasting changes in
ecosystem structure, species distributions and species per-
sistence (Haslem et al., ; Lovich et al., ; Merrick
et al., ; Smith et al., ). At a regional scale, the extent,
frequency and severity of fires can shift because of land-use
changes such as human settlement (Spyratos et al., )
and logging (Lindenmayer et al., ). At a global scale,
human-induced global warming is driving shifts in fire
regimes, with forecasts and correlative studies predicting
increases in the extent, frequency and severity of wildfires
(Pitman et al., ; Canadell et al., ; van Oldenborgh
et al., ). This increased prevalence of megafires has
resulted in some authors referring to the contemporary
period as the Pyrocene (Nimmo et al., ).

Determining how different fire regimes directly and
indirectly affect species is a central research priority in
contemporary conservation science (Driscoll et al., ).
Although species in fire-prone landscapes have probably
adapted to cope with the effects of fires, increased severity
and frequency of fires could exceed the capacity of these
adaptations to facilitate population persistence (Pausas &
Parr, ; Nimmo et al., ). For example, in a fire-
adapted landscape, a survey conducted  years after an
extreme fire found only .% of , shrubs showed any
resprouting (Nicholson et al., ). Beyond direct mortal-
ity, fire can have species-specific effects on habitat structure
(Costa et al., ), fecundity (Smith et al., ) and preda-
tion pressure (Leahy et al., ) that can cause shifts in eco-
system dynamics. Because these effects are species-specific,
comprehensive information across a range of taxa is re-
quired to obtain a clear understanding of how ecosystems
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respond to fire, which is particularly important considering
the increased risk of megafires (Canadell et al., ).

Mounting fears regarding the increased extent of wild-
fires were realized in the – austral bushfire season
(hereafter ‘Black Summer’), during which prolonged
drought led to catastrophic bushfires in the forested land-
scapes of south-eastern Australia (van Oldenborgh et al.,
). During the Black Summer c. , km of vegetation
on the Australian mainland burnt (Ward et al., ).
Bushfires of such an extent and severity were historically un-
precedented in the Australian landscape (Gibson et al.,
; Ward et al., ). Understanding the conservation
implications of these megafires has been a key concern for
scientists and land managers, with estimates suggesting
that . billion vertebrates were occupying areas affected
by the fires (van Eeden & Dickman, ) and that the
range of more than , species of invertebrates was
affected (Marsh et al., ). Some field surveys have
confirmed the dire predictions of the impacts of the Black
Summer fires, with reports of adverse impacts on
some species of lizards (Letnic et al., ), snails (Decker
et al., ), birds (Lee et al., ), frogs (Beranek et al.,
) and bats (Law et al., a). However, the effects of
the Black Summer appear to be species- and context-
specific, with some frogs, invertebrates, lizards and snakes
showing varying responses to the severity of the fires and
some being relatively unaffected (Webb et al., ;
Foon et al., ; Reid et al., ; Hartley et al., ;
Letnic et al., ).

The variability in species’ responses to fire highlights that
effects of such extreme disturbance events are complex and
poorly understood (Ratnayake et al., ; Jolly et al., ).
Further complications arise regarding species that are rare or
elusive because of their low detectability (Bellemain et al.,
). Similarly, for species or ecosystems for which baseline
ecological knowledge is lacking, ecological shifts may not be
detected because of shifting baselines (Mills et al., ).
Snakes are a taxonomic group that is subject to these com-
bined effects because they are generally under-represented
in ecological research (Pyšek et al., ; Trimble & van
Aarde, ) and often show cryptic behaviour, which
makes them difficult to detect (Mazerolle et al., ). The
lack of baseline information combined with generally low
detectability hampers the conservation of snakes in the
wake of events such as the Black Summer fires.

The mustard-bellied snake Drysdalia rhodogaster, also re-
ferred to as rose-bellied snake or Blue Mountains crowned
snake, is a small (maximum total length c. mm), diurnal,
elapid snake (Plate ) endemic to New South Wales in south-
eastern Australia. Prior to the Black Summer bushfires, D.
rhodogaster was considered abundant and was categorized
as Least Concern on the IUCN Red List when it was last as-
sessed in  (Shea et al., ). However, because of its small
size and cryptic habits, little is known about the species’

ecology (Shine, ; Scanlon, ). Previous studies indi-
cate that D. rhodogaster is live-bearing, occurs in areas with
mild to cool climates and primarily consumes small scincid
lizards (Shine, ). Because of a lack of knowledge about
its ecology and preliminary assessments estimating that
more than % of its distribution had burnt, D. rhodogaster
was provisionally listed as needing conservation assessment
following the Black Summer bushfires (Legge et al., ).

Here we present a multifaceted investigation of the im-
pacts of the Black Summer bushfires on D. rhodogaster.
Firstly, we use habitat suitability models to predict the extent
of bushfires across the range of D. rhodogaster during the
Black Summer. Secondly, we report on the findings from
field surveys and occupancy modelling evaluating the effects
of fire severity and fire extent on the site occupancy and de-
tectability of D. rhodogaster. Thirdly, to further evaluate
whether D. rhodogaster continued to occur in areas burnt
during the Black Summer bushfires, we extracted records
ofD. rhodogastermade after the fires from a publicly access-
ible database (Atlas of Living Australia, ) and inter-
sected these with publicly available information on the
severity of the Black Summer bushfires.

Study area

Drysdalia rhodogaster is found in dry sclerophyll forest, heath
and woodlands across coastal regions of south-eastern
Australia (Plate ; Shine, ). Accordingly, we conducted
surveys in burnt and unburnt forests in the Greater Sydney
Basin of New SouthWales.We established survey sites within
forest dominated by Eucalyptus spp. inMortonNational Park
(n = ), Blue Mountains National Park (n = ) and
Wollemi/Yengo National Park (n = ; Fig. ) in close prox-
imity (within  km) to localities where D. rhodogaster had
been recorded previously according to the Atlas of Living
Australia (). Individual sites were at least m apart.

PLATE 1. One of the mustard-bellied snakes Drysdalia rhodogaster
that we detected during the field surveys. Photo: M. J. Hodgson.
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Movement ecology studies of the Australian elapid
Hoplocephalus bungaroides indicate that the maximum
distance snakes travel in a month rarely exceeds c. m
(Webb & Shine, ), thus we assumed a distance of
 m would ensure independence amongst sites for D. rho-
dogaster, which is a similarly sized elapid. Surveys were con-
ducted in successive years following the Black Summer,
during October –April , September –February
 and September –December , in the warmer
months when D. rhodogaster is most active (Shine, ).

Methods

Habitat suitability models

We constructed a habitat suitability model for D. rhodogaster
using themaximum entropy (MaxEnt) algorithm in the pack-
age dismo (Hijmans et al., ) inR .. (R Core Team, ).
We downloaded occurrence records from the Atlas of Living
Australia () and New South Wales Bionet Atlas (New

South Wales Government, ). The Atlas of Living
Australia is a biodiversity database that aggregates records
from Australian institutions (museums, public sightings,
citizen science projects and surveys). It also contains weekly
integrations of Australian-based records from the global
citizen science project iNaturalist (). Similarly, Bionet
aggregates records from state-issued scientific datasets and
surveys conducted by the environmental regulator. We
cleaned the records from both sources and removed dupli-
cates. This resulted in  occurrence records, further filtered
to  unique records within  km cells (reducing sample
redundancy) that we input into theMaxEntmodel algorithm
along with , background records (Supplementary
Material ). We ran the models with  environmental
variables that estimate climate, vegetation and soil conditions
at those points (Supplementary Table ). We chose these vari-
ables a priori to represent key determinants of habitat suitabil-
ity for reptiles (Cabrelli et al., ; Cabrelli & Hughes, ).

Our model provided gridded estimates of habitat
suitability at a spatial resolution of  m (the resolution of
the gridded environmental variables). We then categorized
these raw habitat suitability values into a binary representation
of suitability ( = no to low suitability,  = suitable) using a
species-specific threshold: the th percentile training presence
logistic threshold. This is based on the weighting of different
model errors (commission errors, whereby a grid cell is classi-
fied as suitable when it is not suitable, vs omission errors,
whereby a grid cell is classified as unsuitablewhen it is suitable).

To explore the effect of elevation on the distribution of
D. rhodogaster, we plotted the latitude of database records
and the centroids of grid cells generated by the habitat
suitability model with a probability of occurrence . .
against their elevation (in m). We extracted elevation
data from the Australian Government’s  second Shuttle
Radar Topographic Mission Derived Digital Elevation
Model Version . (Geoscience Australia, ).

To determine the approximate area of predicted habitat
for D. rhodogaster that was burnt during the Black
Summer, we intersected points from the suitability model
with an aggregated layer of the fire extent from the Black
Summer fires. A more detailed description of the methods
used for environmental variable selection, data cleaning,
model construction, calibration and evaluation is provided
in Supplementary Material  and Supplementary Table ,
and the environmental layers used are in Supplementary
Table . We treated our model predictions as hypotheses
for the potential distribution of D. rhodogaster (Lee-Yaw
et al., ), and therefore these hypotheses required inde-
pendent testing through further field sampling.

Field surveys for D. rhodogaster

At each site on each survey occasion we searched a
 ×  m area for  person-hour (active search) to

FIG. 1 The area surveyed for mustard-bellied snake Drysdalia
rhodogaster occupancy in south-eastern Australia during
October –April , September –February  and
September –December , indicating survey sites with and
without detections of the species, and the area burnt in the Black
Summer bushfires ( January – March ).
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standardize for the variable number of surveyors between
sites. We deployed artificial refugia consisting of four roof
tiles ( ×  cm) and two sheets of tin (c.  m) at each
site and checked these at the conclusion of the searches.
Little is known about the activity periods of D. rhodogaster,
with anecdotal evidence suggesting that the species is pri-
marily diurnal; however, the species has also been found
to be active at night (MJH, pers. obs., ). Because of
the dearth of knowledge about D. rhodogaster activity pat-
terns, we conducted the surveys under conditions assumed
to maximize snake detection, avoiding excessively warm
conditions or heavy rain. Searching included looking for
surface active animals, turning over suitable refuges and
raking litter. Where possible we minimized disturbance to
the microhabitat and in all instances we replaced turned
objects back to their original positions.

There was a minimum of  days between surveys at each
site, with most sites having at least  days between surveys.
The number of repeat surveys conducted within and across
years varied between sites (– surveys per site). We sampled
only a subset of sites (Blue Mountains National Park, n = ;
Morton National Park, n = )  years post-fire. We sampled
one Blue Mountains National Park site only  years post-fire.

Post-fire occurrences of D. rhodogaster

To complement our field surveys and further assess re-
sponses of D. rhodogaster across the species range, we ana-
lysed post-fire presence records from the Atlas of Living
Australia (downloaded on March ). We extracted re-
cords ofD. rhodogaster that were observed in the months
following the end of the bushfires in the greater Sydney re-
gion ( February – March ). We excluded re-
cords of D. rhodogaster in the Atlas of Living Australia
that were generated from the field surveys conducted for
this study. We determined whether each record had been
detected in a burnt or unburnt region by extracting burn se-
verity values from a remote sensing dataset that was created
after the Black Summer fires to quantify the extent and se-
verity of fires in New South Wales (Fire Extent and Severity
Mapping dataset; Department of Planning, Industry and
Environment, ).

Covariates and statistical analysis

To determine site occupancy, we ran a single-species, single-
season occupancy model in R. We built detection histories
for each site by assigning a score of ‘’ if we did not detect a
snake, ‘’ if we did detect a snake and ‘NA’ for no survey.We
ran the occupancy models in the unmarked package in R,
using the occu function (Fiske & Chandler, ). As surveys
occurred across multiple years, we included ‘year’ as a site-
level covariate. We also included ‘park’ as an occupancy

covariate because the initial occupancies probably varied
between the parks.

To assess the impacts of bushfire on D. rhodogaster, we
calculated the extent of habitat burnt within a ,-m
radius around each survey site using data extracted from
the Fire Extent and Severity Mapping dataset in ArcGIS
(Esri, USA) and estimated the fire severity at each site. We
assessed fire severity based on evidence of scorching and
canopy condition in the first round of surveys conducted
in spring  (Letnic et al., ). We classified sites as
being burnt at low severity if their understorey showed
evidence of recent burning (scorch marks on trees, burnt
stumps and shrubs) but the canopy of Eucalyptus trees
remained intact. We classified sites as being burnt at high
severity if evidence of recent burning was observed in the
understorey and in the canopy (i.e. leaves in the canopy
were either absent or evident as epicormic buds).

To account for seasonality in the detectability of reptiles,
we included an observation-level covariate of ‘day of year’,
which we defined as the difference between the survey
date and the start of the austral spring ( September).
Finally, because air temperature affects the detection of
cryptic reptiles (Scroggie et al., ), we included ‘daily
maximum temperature’ as an observational covariate.
We extracted daily maximum temperature data from
the SILO climate database (Jeffrey et al., ; Queensland
Government, ), which provides interpolated daily tem-
perature data at a  ×  km grid resolution. Given that this
method treats sites across years as different, if a site had
no surveys in a given year, then we omitted that year from
the final analysis (n = ). We standardized fire extent, day
of year and daily maximum temperature (mean =  ± SD )
using the scale function in R. If daily temperature data
could not be accurately assigned to a site visit, we removed
it from the final occupancy analysis.

We constructed a global model, a null model and several
candidate models (Table ) to investigate our a priori hypoth-
eses regarding D. rhodogaster occupancy. For all models
excluding the null model we included daily maximum
temperature and day of year as detection covariates. Our
model hypotheses were: () site occupancy is constant,
() occupancy will decrease with greater burn extent and
decrease in the years following fire, () occupancy will
decrease with greater burn extent, () occupancy will decrease
with greater burn extent and greater burn severity, ()
occupancy will decrease with greater burn severity and in the
years following fire and () occupancy will decreasewith great-
er burn extent and differ across parks.We constructed the final
global model with burn extent and severity as well as year and
park predicting occupancy probability and daily maximum
temperature and day of year predicting detection probability.

We confirmed model fit by performing a Mackenzie–
Bailey goodness-of-fit test using the function mb.gof.test
in the R package AICcmodavg (Mazerolle, ) on the global
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model. We ran goodness-of-fit tests with , iterations.
χ test results returned non-significant values (χ = ,.,
P = .), indicating that our global model fit the data; how-
ever, we found the models to have mild overdispersion
(ĉ = .). To account for this overdispersion, we inflated the
variances of the candidate model covariates by the value of ĉ
prior to model selection. We assessed model suitability using
the quasi-likelihood Akaike information criterion corrected
for small sample size (QAICc) and considered model struc-
tures suitable if they had the lowest QAICc value or
ΔQAICc,  compared to the leading model. To provide
inferences on covariate impacts on detection and occupancy,
we used model averaging with shrinkage on the supported
models to generate beta estimates and confidence intervals
using the modavgShrink function of AICcmodavg with an
adjusted ĉ (Mazerolle, ). We generated site occupancy
and detection estimates for the most parsimonious model
using the predict function in R.

Results

Habitat suitability models

Our model predicted the range of D. rhodogaster to be con-
siderably larger than current presence records indicate. We
predict that the range of D. rhodogaster extends north of
Hunter Valley along the Great Dividing Range towards
the border with Queensland (Fig. b). North of  °S the
predicted distribution of D. rhodogaster is restricted to
areas .  m elevation (Fig. c). When intersected
with fire extent mapping, c. % of the predicted range of
D. rhodogaster was burnt during the Black Summer.

Field detections and occupancy models

Across the three parks we surveyed  sites, representing a
total effort of  person-hours. Of the  sites, we classified

 as burnt at high severity,  as burnt at low severity and 
as unburnt. We recorded  detections of D. rhodogaster,
with  individuals recorded under tin sheets, seven under
roof tiles and  found during active searches.

We detected D. rhodogaster at  sites:  observations in
five sites classified as unburnt,  snakes in three sites burnt
at low severity and  snakes in eight sites burnt at high se-
verity. In the first  months after the Black Summer bush-
fires, % of the snakes detected were in burnt areas.

The most parsimonious occupancy model was the null
model. However, two additional models were supported.
One included detection covariates of daily maximum tem-
perature and day of year and the other contained these detec-
tion covariates and also fire extent (Table ). Park and year
were poorly supported (Table ). Model averaging of the
top models found no support for temperature (β =−.,
% CI: −., .) or day of year (β =−., % CI:
−., .) influencing detection or of fire extent influencing
occupancy (β =−., % CI:−., .). When only con-
sidering the detection covariate model, detection decreased
with higher daily maximum temperature (β =−., %
CI: −., −.), and there was no effect of day of year
(β = ., %CI:−., .). Similarly, themodel including
fire extent found decreased detection with higher maximum
temperature (β =−., % CI: −., −.) as well as no
effects of day of year (β = ., %CI:−., .) or fire ex-
tent (β =−., % CI: −., .). However, we refrain
from making inferences regarding these findings based on
the low weight of this model relative to the null. Hereafter,
we only present data from the most parsimonious (null)
model. D. rhodogaster showed a low mean site occupancy
(. ± SD ) as well as low detectability (. ± SD ).

Post-fire presence records

Excluding snakes observed by our survey team, a total of 
records of D. rhodogaster were recorded in the Atlas of

TABLE 1 Candidate model structures and model selection to investigate hypotheses regarding the detection p(.) and occupancy ψ(.) of the
mustard-bellied snakeDrysdalia rhodogaster in south-eastern Australia (Fig. ). Models are ranked by quasi-likelihood Akaike information
criterion corrected for small sample size (QAICc), which was used because of the small sample sizes andmodel variances being inflated by a
global modal ĉ value of .. Models used in model averaging are marked with an asterisk (*).

Hypothesis/model Model parameters1 QAICc ΔQAICc Model weight

Null model* n/a 119.04 0.00 0.48
1* p(temp + day) 120.66 1.62 0.21
3* p(temp + day) ψ(ext) 120.98 1.94 0.18
4 p(temp + day) ψ(sev + ext) 123.16 4.12 0.06
2 p(temp + day) ψ(ext + year) 124.81 5.77 0.03
6 p(temp + day) ψ(park + ext) 124.94 5.90 0.03
5 p(temp + day) ψ(sev + year) 127.08 8.04 0.01
Global model p(temp + day) ψ(sev + park + ext + year) 131.03 11.99 0.00

day, day of year (difference between the survey date and the start of the austral spring on  September); ext, fire extent; park, location (national park in which
the survey took place); sev, fire severity; temp, air temperature; year, survey year
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Living Australia in the  years after the Black Summer bush-
fires. Of these,  records were from unburnt areas and 

records were from burnt areas (Fig. ). Notably, in the
first year after the fires all five snakes recorded in the
Atlas of Living Australia were detected in areas that had
been burnt.

Discussion

Our results show that c. % of the predicted distribution of
D. rhodogaster was burnt during the Black Summer bush-
fires. However, our field surveys suggest that fire severity
and burn extent at the site level probably had negligible
impacts on the occupancy of D. rhodogaster. Similarly,

occurrence records reported in public databases show that
D. rhodogaster was recorded in areas that had been burnt
during the Black Summer bushfires, with many of these
snakes being observed during the first  months following
the fires. Collectively, the results of our surveys and citizen
science records indicate that D. rhodogaster has continued
to occur in areas burnt by the Black Summer fires, suggest-
ing that the fires had limited effects on the distribution and
occupancy of D. rhodogaster within forest habitats.

During and immediately following the Black Summer
there was significant concern regarding the effects of the
fires on wildlife populations. Consequently, understanding
the environmental conditions and life histories predisposing
taxa to declines or persistence after severe fires is currently a
strong focus of research in Australia (Ensbey et al., ).
Several studies have found that rainforest species appear
to have been adversely affected by the Black Summer fires
(Law et al., a; Beranek et al., ), yet for grassland
and dry forest species evidence of adverse effects is mixed
(Webb et al., ; Hartley et al., ). However, for some

FIG. 2 (a) Occurrence records used for the habitat suitability
model of D. rhodogaster across the eastern seaboard of Australia.
Approximate locations of reliable D. rhodogaster records not
recorded in the Atlas of Living Australia () near the towns of
Gloucester and Tenterfield are indicated. (b) Probability of
suitable habitat generated by the habitat suitability model: values
closer to  represent a low suitability and values closer to 

represent high suitability. The location of Hunter Valley is
indicated. (c) Plot of latitude vs elevation (m) of the locations for
which the habitat suitability model for D. rhodogaster predicted a
probability of suitable habitat . ..

FIG. 3 Records of D. rhodogaster used to assess occurrence across
the species distribution in south-eastern Australia in the years
following the Black Summer bushfires. We obtained locality
records from the Atlas of Living Australia (extracted  March
) and field surveys reported in this study. The shaded area
represents areas burnt during the Black Summer bushfires.
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forest species fire severity appears to be an important factor,
with the effects of fire being greatest in areas burnt at high
severity (Law et al., a,b; Letnic et al., ). Our occu-
pancy models support emerging insights suggesting that
the effects of the Black Summer fires have varied markedly
between species, as fire severity and burn extent had little
effect on the occupancy of forest habitat by D. rhodogaster.

The occurrence of D. rhodogaster across the landscape
post-fire is not unexpected given that the long and narrow
bodies of these snakes are well suited to seeking thermally
buffered refugia to avoid mortality during wildfires
(Pausas, ). Soil is an effective buffer against lethal tem-
peratures, with depths as shallow as  cm being sufficient
to reduce temperatures to c.  °C during surface fires
(Bradstock & Auld, ), which is significantly below lethal
temperatures for several closely related elapid snakes
(Heatwole & Taylor, ). Given that D. rhodogaster is a
terrestrial snake that often shelters under debris, it is plaus-
ible that the animals may have persisted in situ in buffered
microsites rather than recolonizing from adjacent unburnt
areas (Pausas, ). Post-fire composition of reptile com-
munities has previously been found to be better explained
by in situ persistence than by recolonization for adjacent
unburnt regions (Santos et al., ).

Similarly, the post-fire occurrence of D. rhodogaster is
likely to have been assisted by the low metabolic rates and
energy demands that D. rhodogaster shares with other
reptiles (Else &Hulbert, ). These low energetic demands
are complemented by the availability of the small skinks on
which the snakes prey (Shine, ), which are often
abundant in post-fire environments (Lunney et al., ).
Although we did not quantify prey availability, we frequent-
ly observed small skinks (e.g. Lampropholis spp. and
Saproscincus mustelinus) at burnt sites, suggesting that
food was amply available for snakes after the fires.
Understanding the role of prey species in driving the
occurrence of snakes post-fire could be an important
focus of future research.

Our analysis of post-fire records showed c. threefold
moreD. rhodogaster observations in areas that were unburnt
(Fig. ). However, the presence of records in burnt areas
during the  months immediately following the fires, in-
cluding in areas burnt at high severity, suggests that these
snakes survived the fires. The number of detections must
be interpreted cautiously, as records from the databases
used were collected in a non-systematic manner and are
thus open to sampling bias. For example, after the Black
Summer bushfires, many reserves were closed to the public
for varying periods of time because of safety concerns and
therefore would not have been accessible to citizen scien-
tists. Covid- probably also decreased the input of records
because of restrictions on the movements of citizen
scientists (Stenhouse et al., ). Therefore, although
most records of D. rhodogaster in the  years after the

fires were from unburnt areas, it is important to note that
records from burnt areas may have been under-reported
because citizen scientists had less access to these areas.

Our habitat suitability model (Fig. b) predicted a much
broader potential distribution for D. rhodogaster than is
evident from previous occurrence records (Fig. a).
Our habitat suitability model predicted that the range of
D. rhodogaster extends north of Hunter Valley at elevations
. malong the Great Dividing Range towards the border
with Queensland (Fig. b,c). It is possible that our model
overestimates the distribution of D. rhodogaster because it
extends the range of the species into areas where there are
no records in the Atlas of Living Australia. However, the
reliability of our model is strengthened by published records
of D. rhodogaster near Gloucester and Tenterfield in
northern New South Wales (Fig. a), as well as by a spe-
cimen collected from the Tenterfield region in November
 (Australian Museum, R.; Goldingay et al.,
; Daly & Lemckert, ), none of which are reported
in the Atlas of Living Australia or included in our model.
These populations north of Hunter Valley are probably
genetically distinct as the valley is a dispersal barrier for
many woodland reptiles (Chapple et al., ). Moreover,
they may be heavily fragmented or patchily distributed.
Further studies are warranted to confirm the relationship
between populations separated by the valley and to confirm
whether northern populations warrant additional conserva-
tion measures. This is particularly important as much of the
predicted range of D. rhodogaster north of Hunter Valley
was burnt in the Black Summer bushfires and because
both published records from the region are from land
used for recent or ongoing native forestry (Goldingay
et al., ; Daly & Lemckert, ).

Given that the reptile fauna of north-eastern New South
Wales has been extensively surveyed (e.g. Milledge ;
Daly et al., ) and there are few reliable records of D. rho-
dogaster from the region, it is possible that biotic factors
such as habitat type or competition may be restricting the
species. However, because the literature records suggest
that D. rhodogaster does occur in north-eastern New
South Wales (Goldingay et al., ; Daly et al., ) and
our suitability model suggests that the species will be
geographically restricted to elevated areas with a cool
climate, we believe it is more likely that survey efforts
using methods appropriate to detect this cryptic species
have been insufficient in climatically suitable habitats.
Consequently, we recommend that targeted searches for
D. rhodogaster are undertaken in areas of suitable habitat
(e.g. high-altitude forest) in this region to better determine
its status and how it is affected by fire.

Overall, the data on D. rhodogaster occupancy in post-
fire environments that we have collated from our own sur-
veys and the Atlas of Living Australia suggest that even
though a considerable portion of the known and predicted
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range of D. rhodogaster was burnt in the Black Summer
bushfires, the species persists in areas affected by fires.
Like many other species, D. rhodogaster was of low con-
servation concern prior to the fires, and little was known
about its ecology or population status. Although our
research provides some insight into the occurrence of
D. rhodogaster after an extensive bushfire, the strength
of our conclusions is limited by the absence of pre-fire
information for this cryptic species. Moving forward,
there is a need for a concerted effort to build baseline data
on cryptic species categorized as Least Concern, so that
more comprehensive comparisons can be made in the
wake of future catastrophic events.

Author contributions Study conception: ML, with contributions
from MJH; data collection: MJH, AKR, YL, SC, BR, OP, JW, NS, JL,
SWL, ML; data analysis: MJH, SWL, HMB, FM, ML; writing: MJH,
with contributions from HMB; revision: all authors; funding acquisi-
tion: JW, ML.

Acknowledgements We thank the many volunteers who assisted
with the fieldwork; Tony Thorne for donating the roof tiles used in
the field surveys; Marc Mazerolle for providing statistical advice; and
two anonymous reviewers for their comments. This project was funded
by the Bushfire Recovery Fund (BWHR-T2_GA-2000634). The
University of Sydney has a publishing agreement with Cambridge
University Press that facilitated the open access publication of this
article.

Ethical standards This research abided by the Oryx guidelines on
ethical standards. All fieldwork methods and animal handling were
approved by the University of New South Wales Animal Ethics
Committee (20/160B) and the University of Wollongong Animal
Ethics Committee (AE1912). The field research was conducted with
approval from New South Wales National Parks and Wildlife Service
(SL102394).

Conflicts of interest None.

Data availability Occupancy data are available at doi.org/10.6084/
m9.figshare.24804003. Pipelines for habitat suitability models are
available at github.com/HMB3/habitatIntersect.

References

ATLAS OF LIVING AUSTRALIA () Drysdalia rhodogaster
occurrence records download. doi.ala.org.au/doi/-bf-
-aab-dbcea.

BELLEMAIN, E., SWENSON, J.E., TALLMON, D., BRUNBERG, S. &
TABERLET, P. () Estimating population size of elusive animals
with DNA from hunter-collected feces: four methods for brown
bears. Conservation Biology, , –.

BERANEK, C.T., HAMER, A.J., MAHONY, S.V., STAUBER, A., RYAN,
S.A., GOULD, J. et al. () Severe wildfires promoted by climate
change negatively impact forest amphibian metacommunities.
Diversity and Distributions, , –.

BOWMAN, D.M.J.S., BALCH, J.K., ARTAXO, P., BOND, W.J., CARLSON,
J.M., COCHRANE, M.A. et al. () Fire in the earth system. Science,
, –.

BRADSTOCK, R.A. & AULD, T.D. () Soil temperatures during
experimental bushfires in relation to fire intensity: consequences for
legume germination and fire management in south-eastern
Australia. Journal of Applied Ecology, , –.

CABRELLI , A.L. & HUGHES, L. () Assessing the vulnerability of
Australian skinks to climate change. Climatic Change, , –.

CABRELLI , A.L., STOW, A.J. & HUGHES, L. () A framework for
assessing the vulnerability of species to climate change: a case study
of the Australian elapid snakes. Biodiversity and Conservation,
, –.

CANADELL, J.G., MEYER, C.P. (Mick), COOK, G.D., DOWDY, A.,
BRIGGS, P.R., KNAUER, J. et al. () Multi-decadal increase of
forest burned area in Australia is linked to climate change. Nature
Communications, , .

CHAPPLE, D.G., HOSKIN, C.J., CHAPPLE, S.N. & THOMPSON, M.B.
() Phylogeographic divergence in the widespread delicate skink
(Lampropholis delicata) corresponds to dry habitat barriers in
eastern Australia. BMC Evolutionary Biology, , .

COSTA, B.M., PANTOJA, D.L., SOUSA, H.C., DE QUEIROZ, T.A. &
COLLI , G.R. () Long-term, fire-induced changes in habitat
structure and microclimate affect Cerrado lizard communities.
Biodiversity and Conservation, , –.

DALY, G. & LEMCKERT, F. () Survey of the reptiles and amphibians
of the montane forests near Tenterfield on the north coast of New
South Wales. Australian Zoologist, , –.

DECKER, O., FOON, J. K., KÖHLER, F., MOUSSALLI , A., MURPHY, N. P.
& GREEN, P. T. (). Fire severity is an important driver of land
snail declines after the black summer bushfires in Australia.
Biological Conservation, , .

DEPARTMENT OF PLANNING, INDUSTRY AND ENVIRONMENT ()
Fire Extent and Severity Mapping. data.gov.au/dataset/ds-nsw-
caaa-ace--ed-fddfcefc/details?q= [accessed 

September ].
DRISCOLL, D.A., LINDENMAYER, D.B., BENNETT, A.F., BODE, M.,

BRADSTOCK, R.A., CARY, G.J. et al. () Fire management for
biodiversity conservation: key research questions and our capacity
to answer them. Biological Conservation , –.

ELSE, P.L. & HULBERT, A.J. () Comparison of the ‘mammal
machine’ and the ‘reptile machine’: energy production. American
Journal of Physiology–Regulatory, Integrative and Comparative
Physiology, , R–R.

ENSBEY, M., LEGGE, S., JOLLY, C.J., GARNETT, S.T., GALLAGHER, R.V.,
LINTERMANS, M. et al. () Animal population decline and
recovery after severe fire: relating ecological and life history traits
with expert estimates of population impacts from the Australian
– megafires. Biological Conservation, , .

FISKE, I. & CHANDLER, R. () unmarked: an R package for fitting
hierarchical models of wildlife occurrence and abundance. Journal
of Statistical Software, , –.

FOON, J.K., MOUSSALLI , A., MCINTOSH, F., LAFFAN, S. & KÖHLER, F.
() Assessing the immediate impacts of the / bushfires
on land snails in north-eastern New South Wales. Australian
Zoologist, , –.

GEOSCIENCE AUSTRALIA () Geoscience Australia,  second SRTM
Digital Elevation Model (DEM) v. Bioregional Assessment Source
Dataset. data.gov.au/dataset/ds-dga-ee-a-cd-e-
cdc/details?q= [accessed July ].

GIBSON, R., DANAHER, T., HEHIR, W. & COLLINS, L. () A remote
sensing approach to mapping fire severity in south-eastern Australia
using sentinel  and random forest. Remote Sensing of Environment,
, .

GOLDINGAY, R., DALY, G. & LEMCKERT, F. () Assessing the
impacts of logging on reptiles and frogs in the montane forests of
southern New South Wales. Wildlife Research, , –.

776 M. J. Hodgson et al.

Oryx, 2024, 58(6), 769–778 © The Author(s), 2024. Published by Cambridge University Press on behalf of Fauna & Flora International doi:10.1017/S0030605324000048

https://doi.org/10.1017/S0030605324000048
Downloaded from https://www.cambridge.org/core. IP address: 18.118.30.3, on 02 May 2025 at 00:13:24, subject to the Cambridge Core terms of use, available at https://www.cambridge.org/core/terms.

https://doi.org/10.6084/m9.figshare.24804003
https://doi.org/10.6084/m9.figshare.24804003
https://github.com/HMB3/habitatIntersect
Https://doi.ala.org.au/doi/88894439-b6f2-4170-a7ab-36d3b2c36ea9
Https://doi.ala.org.au/doi/88894439-b6f2-4170-a7ab-36d3b2c36ea9
https://.
https://,
https://.
Https://data.gov.au/dataset/ds-nsw-c28a6aa8-a7ce-4181-8ed1-fd221dfcefc8/details?q=
Https://data.gov.au/dataset/ds-nsw-c28a6aa8-a7ce-4181-8ed1-fd221dfcefc8/details?q=
https://.
https://data.gov.au/dataset/ds-dga-099e11e5-148a-42cd-94e4-71c46461d3c7/details?q=
https://data.gov.au/dataset/ds-dga-099e11e5-148a-42cd-94e4-71c46461d3c7/details?q=
https://doi.org/10.1017/S0030605324000048
https://www.cambridge.org/core
https://www.cambridge.org/core/terms


HARTLEY, R., BLANCHARD, W., CLEMANN, N., SCHRODER, M.,
SCHULZ, M., LINDENMAYER, D.B. & SCHEELE, B.C. () Rare but
not lost: endemic mountain lizard occupancy following megafire
and grazing disturbances. Austral Ecology, , –.

HASLEM, A., KELLY, L.T., NIMMO, D.G., WATSON, S.J., KENNY, S.A.,
TAYLOR, R.S. et al. () Habitat or fuel? Implications of long-term,
post-fire dynamics for the development of key resources for fauna
and fire. Journal of Applied Ecology, , –.

HEATWOLE, H., & TAYLOR, J. A. () Ecology of Reptiles. Surrey
Beatty & Sons, Chipping Norton, Australia.

HIJMANS, R.J., PHILLIPS, S., LEATHWICK, J. & ELITH, J. () dismo:
Species Distribution Modeling. cran.r-project.org/package=dismo
[accessed April ].

INATURALIST () iNaturalist. inaturalist.org [accessed July ].
JEFFREY, S.J., CARTER, J.O., MOODIE, K.B. & BESWICK, A.R. ()

Using spatial interpolation to construct a comprehensive archive of
Australian climate data. Environmental Modelling and Software,
, –.

JOLLY, C.J., DICKMAN, C.R., DOHERTY, T.S., VAN EEDEN, L.M.,
GEARY, W.L., LEGGE, S.M. et al. () Animal mortality during
fire. Global Change Biology, , –.

LAW, B.S., MADANI, G., LLOYD, A., GONSALVES, L., HALL, L.,
SUJARAJ, A. et al. (a) Australia’s – mega-fires are
associated with lower occupancy of a rainforest-dependent bat.
Animal Conservation, , –.

LAW, B.S., GONSALVES, L., BURGAR, J., BRASSIL, T., KERR, I. &
O ’LOUGHLIN, C. (b) Fire severity and its local extent are key to
assessing impacts of Australian mega-fires on koala (Phascolarctos
cinereus) density. Global Ecology and Biogeography, , –.

LEAHY, L., LEGGE, S.M., TUFT, K., MCGREGOR, H.W., BARMUTA,
L.A., JONES, M.E. et al. () Amplified predation after fire
suppresses rodent populations in Australia’s tropical savannas.
Wildlife Research, , –.

LEE, J.S., CALLAGHAN, C.T. & CORNWELL, W.K. () Using citizen
science to measure recolonisation of birds after the Australian
– mega-fires. Austral Ecology, , –.

LEE-YAW, J., MCCUNE, J.L., PIRONON, S. & SHETH, S.N. ()
Species distribution models rarely predict the biology of real
populations. Ecography, , e.

LEGGE, S., WOINARSKI , J., GARNETT, S., NIMMO, D., SCHEELE, B.,
LINTERMANS, M. et al. () Rapid Analysis of Impacts of the
– Fires on Animal Species, and Prioritisation of Species for
Management Response – preliminary report. Department of
Agriculture Water and the Environment, Australian Government,
Canberra, Australia. dcceew.gov.au/sites/default/files/env/pages/
effebd-faec-cc-ea-bdfdcb/files/assessments-species-
vulnerability-fire-impacts-.pdf [accessed April ].

LETNIC, M., ROBERTS, B., HODGSON, M., ROSS, A.K., CUARTAS, S.,
LAPWONG, Y. et al. () Fire severity influences the post-fire
habitat structure and abundance of a cool climate lizard. Austral
Ecology, , –.

LINDENMAYER, D.B., KOOYMAN, R.M., TAYLOR, C., WARD, M. &
WATSON, J.E.M. () Recent Australian wildfires made worse by
logging and associated forest management. Nature Ecology and
Evolution, , –.

LOVICH, J. E., QUILLMAN, M., ZITT, B., SCHROEDER, A., GREEN, D. E.,
YACKULIC, C. et al. () The effects of drought and fire in the
extirpation of an abundant semi-aquatic turtle from a lacustrine
environment in the southwestern USA. Knowledge and
Management of Aquatic Ecosystems, , .

LUNNEY, D., EBY, P. & O ’CONNELL, M. () Effects of logging, fire
and drought on three species of lizards in Mumbulla State Forest on
the south coast of New South Wales. Australian Journal of Ecology,
, –.

MARSH, J.R., BAL, P., FRASER, H., UMBERS, K., LATTY, T.,
GREENVILLE, A. et al. () Accounting for the neglected:
invertebrate species and the – Australian megafires. Global
Ecology and Biogeography, , –.

MAZEROLLE, M.J. () AICcmodavg: model selection and multimodel
inference based on (Q)AIC(c). R package version ... cran.r-project.
org/package=AICcmodavg [accessed April ].

MAZEROLLE, M.J., BAILEY, L.L., KENDALL, W.L., ROYLE, J.A.,
CONVERSE, J., NICHOLS, J.D. et al. () Making great leaps
forward: accounting for detectability in herpetological field studies.
Journal of Herpetology, , –.

MERRICK, M.J., MORANDINI , M., GREER, V.L. & KOPROWSKI, J.L.
() Endemic population response to increasingly severe fire: a
cascade of endangerment for the Mt. Graham red squirrel.
BioScience, , –.

MILLEDGE, D. () The herpetofauna of northeastern New South
Wales forests and the forestry EIS process. InHerpetology in Australia:
A Diverse Discipline (eds D. Lunney & D. Ayers), pp. –. Royal
Zoological Society of New South Wales, Mosman, Australia.

MILLS, C.H., WAUDBY, H., FINLAYSON, G., PARKER, D., CAMERON,
M. & LETNIC, M. () Grazing by over-abundant native
herbivores jeopardizes conservation goals in semi-arid reserves.
Global Ecology and Conservation, , e.

NEW SOUTH WALES GOVERNMENT () NSW BioNet. The Gateway
to NSW Biodiversity Information. Department of Climate Change,
Energy, the Environment and Water, New South Wales Government,
Sydney, Australia. bionet.nsw.gov.au [accessed  March ].

NICHOLSON, Á, PRIOR, L.D., PERRY, G.L.W. & BOWMAN, D.M.J.S.
() High post-fire mortality of resprouting woody plants in
Tasmanian Mediterranean-type vegetation. International Journal of
Wildland Fire, , –.

NIMMO, D.G., CARTHEY, A.J.R., JOLLY, C.J. & BLUMSTEIN, D.T. ()
Welcome to the Pyrocene: animal survival in the age of megafire.
Global Change Biology, , –.

PAUSAS, J.G. () Generalized fire response strategies in plants and
animals. Oikos, , –.

PAUSAS, J.G. & PARR, C.L. () Towards an understanding of the
evolutionary role of fire in animals. Evolutionary Ecology, , –.

PITMAN, A.J., NARISMA, G.T. & MCANENEY, J. () The impact of
climate change on the risk of forest and grassland fires in Australia.
Climatic Change, , –.

PYŠEK, P., RICHARDSON, D.M., PERGL, J., JAROŠ ÍK, V., SIXTOVÁ, Z. &
WEBER, E. () Geographical and taxonomic biases in invasion
ecology. Trends in Ecology and Evolution, , –.

QUEENSLAND GOVERNMENT () SILO: Australian Climate Data
from  to Yesterday. longpaddock.qld.gov.au/silo/ [accessed
September ].

R CORE TEAM () R: A Language and Environment for Statistical
Computing. R Foundation for Statistical Computing, Vienna,
Austria. r-project.org [accessed April ].

RATNAYAKE, H.U., KEARNEY, M.R., GOVEKAR, P., KAROLY, D. &
WELBERGEN, J.A. () Forecasting wildlife die-offs from extreme
heat events. Animal Conservation, , –.

REID, C., RUNAGALL-MCNAULL, A., CASSIS , G. & LAFFAN, S. ()
The impact of the –wildfires on beetles (Coleoptera) in the
forests of north-eastern New South Wales. Australian Zoologist,
, –.

SANTOS, X., BELLIURE, J., GONÇALVES, J.F. & PAUSAS, J.G. ()
Resilience of reptiles to megafires. Ecological Applications, , .

SCANLON, J.D. () Notes on herpetofauna of Bendalong (south
coast of NSW) with reproductive data on elapid snakes and a range
extension for Hemiaspis signata. Herpetofauna, , –.

SCROGGIE, M.P., PETERSON, G.N.L., ROHR, D.H., NICHOLSON,
E. & HEARD, G.W. () Disturbance has benefits as well as costs

Drysdalia rhodogaster persists after wildfires 777

Oryx, 2024, 58(6), 769–778 © The Author(s), 2024. Published by Cambridge University Press on behalf of Fauna & Flora International doi:10.1017/S0030605324000048

https://doi.org/10.1017/S0030605324000048
Downloaded from https://www.cambridge.org/core. IP address: 18.118.30.3, on 02 May 2025 at 00:13:24, subject to the Cambridge Core terms of use, available at https://www.cambridge.org/core/terms.

https://cran.r-project.org/package=dismo
https://inaturalist.org
https://www.dcceew.gov.au/sites/default/files/env/pages/ef3f5ebd-faec-4c0c-9ea9-b7dfd9446cb1/files/assessments-species-vulnerability-fire-impacts-14032020.pdf
https://www.dcceew.gov.au/sites/default/files/env/pages/ef3f5ebd-faec-4c0c-9ea9-b7dfd9446cb1/files/assessments-species-vulnerability-fire-impacts-14032020.pdf
https://www.dcceew.gov.au/sites/default/files/env/pages/ef3f5ebd-faec-4c0c-9ea9-b7dfd9446cb1/files/assessments-species-vulnerability-fire-impacts-14032020.pdf
Https://cran.r-project.org/package=AICcmodavg
Https://cran.r-project.org/package=AICcmodavg
http://www.bionet.nsw.gov.au/
https://www.longpaddock.qld.gov.au/silo/
https://www.r-project.org
https://doi.org/10.1017/S0030605324000048
https://www.cambridge.org/core
https://www.cambridge.org/core/terms


for fragmented populations of a cryptic grassland reptile. Landscape
Ecology, , –.

SHEA, G., COGGER, H.G. & GREENLEES, M.J. ()
Drysdalia rhodogaster. In The IUCN Red List of Threatened Species
. dx.doi.org/./IUCN.UK.-.RLTS.TA.
en.

SHINE, R. () Venomous snakes in cold climates: ecology of the
Australian genus Drysdalia (Serpentes: Elapidae). Copeia,
, –.

SMITH, A.L., BULL, C.M. &DRISCOLL, D.A. () Post-fire succession
affects abundance and survival but not detectability in a knob-tailed
gecko. Biological Conservation, , –.

SMITH, F.R., O ’CONNOR, T.G., GRANGER, J.E. & BEAUMONT, A.J.
() Fire and the persistence, decline and extirpation of Protea
roupelliae subsp. roupelliae trees in a montane grassland. African
Journal of Range and Forage Science, , –.

SPYRATOS, V., BOURGERON, P.S. & GHIL, M. () Development at
the wildland-urban interface and the mitigation of forest-fire risk.
Proceedings of the National Academy of Sciences of the United States
of America, , –.

STENHOUSE, A., PERRY, T., GRÜTZNER, F., RISMILLER, P., KOH, L.P. &
LEWIS, M. () COVID Restrictions impact wildlife monitoring
in Australia. Biological Conservation, , .

TRIMBLE, M.J. & VAN AARDE, R.J. () Geographical and taxonomic
biases in research on biodiversity in human-modified landscapes.
Ecosphere, , .

VAN EEDEN, L.M. & DICKMAN, C.R. () Estimating the number of
wild animals affected by Australia’s – wildfires. In Australia’s
Megafires: Biodiversity Impacts and Lessons from – (eds
L. Rumpff, S.M. Legge, S. van Leeuwen, B.A.Wintle & J.C.Z.Woinarski),
pp. –. CSIRO Publishing, Melbourne, Australia.

VAN OLDENBORGH, G., KRIKKEN, F., LEWIS, S., LEACH, N.J., LEHNER,
F., SAUNDERS, K.R. et al. () Attribution of the Australian
bushfire risk to anthropogenic climate change.Natural Hazards and
Earth System Sciences, , –.

WARD, M., TULLOCH, A.I.T., RADFORD, J.Q., WILLIAMS, B.A.,
RESIDE, A.E., MACDONALD, S.L. et al. () Impact of –
mega-fires on Australian fauna habitat. Nature Ecology and
Evolution, , –.

WEBB, J.K. & SHINE, R. () A field study of spatial ecology and
movements of a threatened snake species, Hoplocephalus
bungaroides. Biological Conservation, , –.

WEBB, J.K., JOLLY, C.J., HINDS, M., ADAMS, C., CUARTAS-VILLA, S.,
LAPWONG, Y. & LETNIC, M. () Effects of the Australian
– megafires on a population of endangered broad-headed
snakes Hoplocephalus bungaroides. Austral Ecology, , –.

778 M. J. Hodgson et al.

Oryx, 2024, 58(6), 769–778 © The Author(s), 2024. Published by Cambridge University Press on behalf of Fauna & Flora International doi:10.1017/S0030605324000048

https://doi.org/10.1017/S0030605324000048
Downloaded from https://www.cambridge.org/core. IP address: 18.118.30.3, on 02 May 2025 at 00:13:24, subject to the Cambridge Core terms of use, available at https://www.cambridge.org/core/terms.

https://dx.doi.org/10.2305/IUCN.UK.2018-1.RLTS.T177569A83453480.en
https://dx.doi.org/10.2305/IUCN.UK.2018-1.RLTS.T177569A83453480.en
https://.
https://doi.org/10.1017/S0030605324000048
https://www.cambridge.org/core
https://www.cambridge.org/core/terms

	A cryptic elapid snake persists in the wake of catastrophic wildfires
	Abstract
	Introduction
	Study area
	Methods
	Habitat suitability models
	Field surveys for D. rhodogaster
	Post-fire occurrences of D. rhodogaster
	Covariates and statistical analysis

	Results
	Habitat suitability models
	Field detections and occupancy models
	Post-fire presence records

	Discussion
	Acknowledgements
	References


