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Abstract: Temperature has a great impact on ectothermic animals such as frogs,
particularly on their physiological adaptation, habitat preferences, and ecological
significance. This study is an attempt to understand the body temperature of Bornean frogs
in their natural habitat. This knowledge is essential for us to have a better understanding of
their thermoregulatory strategies and their ability to adapt to environmental changes. The
primary objective of this study is to evaluate the body temperatures of Bornean frogs and
their correlation with different habitat types. Therefore, we evaluated the body temperatures
of 261 individuals from 40 different anuran species across five separate research sites
located in Sarawak. The findings suggested that the body temperatures of frogs, which
varied across different habitat types is intricately linked to their ecological niche. It was
further indicated that frogs inhabiting lentic habitats (e.g., ponds) tend to exhibit a higher
body temperature when compared with those residing in lotic (e.g., rivers) and terrestrial
(including arboreal) habitats. Their temperature varied between 19.9°C and 28.2°C. All
the observed amphibians exhibited thermoconforming behaviours, whereby their body
temperature closely corresponded to that of their surrounding substrate. Hence, it is clear
that ponds and other water bodies act as temperature regulators for aquatic organism as
they possess a high heat capacity and heat conductivity, effectively regulating temperature
changes in the surrounding environments. However, further research on the link between
body temperatures and various elevational zones is needed for a better understanding of the
thermal regime of Bornean frog species.

Keywords: Bornean frog, substrate, habitat adaptation, temperature regulator, environmental
changes.

Introduction

Ectothermic animals have evolved unique
mechanisms for regulating their body
temperatures. This built in mechanisms
enable them to make both behavioural and
physiological adjustments in order to adapt
to their environmental condition (Huey &
Kingsolver, 1989). Temperature changes have
been shown to have major effects on anurans,
including their metabolic rate regulation
(Pough et al., 2007), control in activity and
behaviour (Huey & Slatkin, 1976), growth
and development (Angilletta, 2009), anuran
reproduction (Shine, 2003), and physiological
performance (Hochachka & Somero, 2002).
Anurans exhibit varying degrees of temperature

sensitivity in relation to their physiological
activities (Martin & Huey, 2008). Throughout
their life stages, anurans may encounter different
microenvironments and experience fluctuations
in body temperature, which can influence their
physiological functions (Colinet et al., 2015;
Levy et al.,, 2015). Additionally, continuous
contact with specific thermal conditions can
impact their temperature-related reactions of
physiological activities, potentially resulting
in illness, especially in elevated temperature
conditions (Kingsolver & Woods, 2016).

Amphibians stand as one of the most
imperilled animal species on a global scale,
facing unparalleled rates of decline over the past
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few decades (Stuart et al., 2004). The thermal
physiology of amphibians is affected by global
anthropogenic change (Katzenberger et al.,
2014; Quiroga et al., 2019), as the greenhouse
effect intensifies contributing to global warming.
A swift increase in the overall global temperature
has been well documented. Recent scholarly
works have pointed to rising temperatures
caused by deforestation and global warming in
Borneo resulting in a rise in global temperatures
(Dungey, 2021). Over 34% of Borneo’s old-
growth forests were lost between 1973 and
2015, with an average deforestation rate of
approximately 0.25 million hectares per year,
while Sarawak lost about 80% of its primary
forest during this time (Gaveau et al., 2016;
Gaveau et al., 2019; Keuffner, 2023; Mohd-
Azlan et al., 2023). Temperature fluctuations can
also be caused by a variety of factors, including
geographic location, elevation, proximity to
bodies of water, plant cover, and local weather
patterns (Callendar, 1961).

Ectotherms, including Bornean frogs,
are highly influenced by daily temperature
fluctuations in their habitat (Paaijmans et
al., 2013). While increased temperatures
can accelerate growth rates, they may also
cause thermal stress, especially during heat
waves (Burraco et al., 2020). Conversely,
cold conditions can lead to lethargy or torpor,
significantly reducing their metabolic activities,
potentially leading to fatal outcomes with
prolonged exposure (Burraco et al., 2020).
Despite these critical temperature effects, the
body temperature of Bornean frogs across
different  habitats remains understudied.
This research seeks to address the following
questions: (1) How does the body temperature
of Bornean frogs vary across their different
habitat types? (e.g., lentic, lotic, and terrestrial)
and (2) How does the ability to resist water
loss correlate with their specific niches and
physiological adaptations? We hypothesised
that lotic habitats (flowing water) exhibit greater
thermal stability compared with terrestrial and
lentic (still water) habitats.
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Materials and Methods
Study Site

Fieldwork was carried out in five different study
locations in the state of Sarawak, located in East
Malaysia (the north-western Borneo); Bung
Jagoi, Bau (N 1°20°47.04”; E 110°2°37.32”),
Matang Wildlife Centre, Lundu (N 1°36°33.84”;
E 110°9°36.72”), West Campus, UNIMAS,
Samarahan (N 1°28°3.72”; E 110°25°54.84”),
Kampong Telok Melano, Sematan (N 2°0°25.2”;
E 109°38°45.6”), and Mulu National Park, Long
Lama Miri (N 4°5°31.56”; E 114°53°44.88”)
(Figure 1).

All five study locations were sampled for
two to three hours starting from 18:30 onwards
by traversing pathways that includes non-
aquatic ecosystems that are distant from water
sources, ponds, and streams. Frogs were found
sporadically by listening for calling males or by
using headlamps and their eyeshine to spot them
on ground level, in lotic and lentic bodies of
water, and perched in the foliage of plants up to
a height of two metres above ground. Since no
frogs had been collected from hiding locations,
all measurements of frogs that were captured are
those of active frogs (i.e., samples taken while
active).

Sampling Method

Given the varying average size of the
species, body temperature taken from
external skin temperature was calculated as
it is the only way to get comparable and precise
measurements (Navas ef al., 2013). Using an
infrared laser thermometer (Extech 42510A
Wide Range Mini Infrared Thermometer), body
temperatures (Tb) of 261 individuals and 40
different species were measured to the nearest
0.1°C at the dorsal part of the body. Once the
body temperature was successfully taken,
substrate temperatures (Ts), which are directly
in contact with the frogs (e.g., soil surface,
rocks, and leaves of plants) were taken with
the infrared laser thermometer. The subject
was not touched during the thermal recordings,
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which were conducted at less than one metre
between the subject and the substrate. At the
site of capture of every individual, ambient
temperature (Ta) and humidity (Th) were then
measured using the 4-in-1 environmental meter
(Extech 45170 4-in-1 Environmental Meter). We
primarily concentrated on substrate temperature
since it is more ecologically significant than
ambient temperature and humidity. After the
measurements, the individuals were taken to the
base camp for further identifications. Their sex
was recorded and the Weight (W), Tibia Length
(TL), and Snout-Vent Length (SVL) of the adult
specimens were measured.

This study evaluated the body temperatures
of 261 individuals from 40 distinct frog
species across five research sites in Sarawak.
The samples represented various habitats:
Terrestrial, arboreal, and semi-aquatic. Frogs
were categorised into several habitat and
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substrate groups according to their observed
location and conditions.

Based on the specific circumstances in
which they were located, the frogs were divided
into three types of habitat: Flowing water, non-
flowing water, and non-aquatic. The frogs were
classified under flowing water or non-flowing
water if they were located in the water or within
one metre of a water source. Frogs were placed
in the non-aquatic region if they were found
far from any water body, often more than 100
metres way.

Depending on the substrate that a frog
was sitting on, two substrates were allocated to
them, which are aquatic (directly in water) and
non-aquatic (out of the water). Frogs in the non-
aquatic habitat category were all counted in the
non-aquatic substrate category, but frogs in the
flowing water and non-flowing water habitat
categories might be in either the aquatic or non-
aquatic substrate categories.
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Figure 1: Study locations in Sarawak, Borneo generated by ArcGIS Pro 3.0.1
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Data Analysis

The relationship between Tb, Ts, Ta, and Th were
analysed, including their mean temperature,
standard deviation, and variances with IBM
SPSS version 26. The changes of these variables
were used to examined how it affects body
temperatures of frogs that were recorded during
sampling. Pearson’s correlation coefficient
analysis, in IBM SPSS version 26 was used to
test the autocorrelation of dependent variables
(e.g., Tb) with independent variables (e.g., Ts,
Ta, and Th) of different habitat types. Pearson’s
correlation coefficient was used because the
indicators selected in this study follows a
Gaussian or normal distribution. Variables with
correlation below the suggested threshold of 0.7
were eliminated while variables with correlation
that are significant were included in statistical
analysis (Fielding & Haworth, 1995; Chin,
1998).

When subjected to modelling, the degree
of thermoregulation is determined by the
gradient of the linear correlation between the
operative environmental temperature and body
temperature (0 <k <1). A value of k = 0 signifies
an ideal thermoregulator, whereas a value of k =
1 indicates an ideal thermoconformer (Huey &
Slatkin, 1976; Angilletta, 2009).

Results
Number of Individuals Found

A total of 261 frog individuals from 40 different
species of six families were found and recorded
during the sampling in 2022/2023 (Figure 2;
Table 1). About 27.20% (n = 71) of the total
species were primarily represented by family
Dicroglossidae, with family Ranidae accounting
for 21.84% (n = 57), family Bufonidae for
21.07% (n = 55), family Rhacophoridae for
19.92% (n = 52), family Megophryidae for
536% (n = 14), and family Microhylidae
for 4.60% (n = 12). Fejervarya limnocharis
(Grass Frog) from family Dicroglossidae was
found to be the most abundant in five locations
(11.49%; n = 30), followed by Polypedates
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leucomystax (Four-lined Tree Frog) from
family Rhacophoridae (10.3%; n = 27), and
Duttaphryunus melanostictus (Common Sunda
Toad) from family Bufonidae (9.96%; n = 26).

A total of 20 species discovered during
the sampling period are endemic to the
Borneo region, including Ansonia spinulifer,
Ingerophrynus divergens, Phrynoidis juxtasper,
Fejervarya cancrivora, Limnonectes ibanorum,
Limnonectes ingeri, Limnonectes leporinus,
Occidozyga baluensis, Leptobrachium abbotti,
Leptolalax  fritinniens, Leptolalax gracilis,
Kalophrynus meizon, Microhyla borneensis,
Huia cavitympanum, Chalcorana megalonesa,
CHalcorana raniceps, Meristogenys jerboa,
Staurois guttatus, Staurois latopalmatus, and
Philautus tectus (Inger et al., 2017).

All frog species in Sarawak, Borneo except
for one were categorised as Least Concern
(LC) in the IUCN Red List Category, 2023.
Meristogenys jerboa stands out as the only
species classified as vulnerable (VU) from
2004 to 2023. Nine species, including Ansonia
spinulifer, Limnonectes ibanorum, Limnonectes
ingeri, Limnonectes malesianus, Limnonectes
paramacrodon, Occidozyga baluensis,
Leptolalax gracilis, Nyctixalus pictus, and
Philautus tectus held the classification of Near
Threatened (NT) between 2018 and 2022.
Subsequently, their conservation status evolved,
with updated assessments reflecting changes in
their threat levels or vulnerability in later years.

Temperature Ranges of Bornean Frogs and
Their Habitat Types

The body temperatures of the frogs examined
varied between 19.9°C and 28.2°C, with a mean
+ standard deviation body temperature of 23.7
+ 1.7°C in five study locations (Figure 3). The
lowest body temperature recorded was 19.9°C
as it was located in non-aquatic (forested)
after heavy rains, whereas the highest body
temperature recorded was 28.2°C as it was
found in a non-flowing water habitat (temporary
pond).
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Figure 2: Number of individual frog species found during sampling in Sarawak, Borneo (2022/2023)
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The correlation between body temperature
and substrate temperature exhibits a strong
positive relationship across three habitat types,
with correlation coefficients (r-value) for;
flowing water = 0.992, non-flowing water
0.903, and non-aquatic = 0.940 (Table 2).

The k-value for; flowing water = 1.01, non-
flowing water = 0.86, and non-aquatic = 0.91.
The overall variance of Tb was 3.0°C, highest in
non-flowing water habitats (3.7°C), and similar
in flowing water and non-aquatic habitats
(2.8°C) (Table 3). All habitat categories have a
p-value <0.01.

The temperature of the substrate was 23.7
+ 1.8°C throughout all three environments, with
a 0.1°C different as mean + standard deviation
of body temperature of the frogs examined. The
lowest substrate temperature (18.1°C) recorded
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was in a non-flowing water habitat and the
highest substrate temperature (28.8°C) recorded
was non-aquatic habitat, as shown in Table 3.
The overall variance of Ts was 3.3°C, highest in
non-flowing water habitat (4.2°C), and lowest in
flowing water habitats (2.7°C).

Discussion

Sarawak is renowned for its vast and different
type of forests, each possessing distinctive
ecosystem attributes and abundant biodiversity
(Choy, 2014). They are tropical rainforests,
peat swamp forests, mangrove forests,
hill dipterocarp forests, kerangas forests,
montane forests, limestone forests, freshwater
swamp forests, and secondary forests (Forest
Department Sarawak, 2020). The current study
sampled the lowland mixed dipterocarp forests

Table 2: The autocorrelation between dependent variable (body temperature, Tb) and independent variables
(substrate temperature, Ts; ambient temperature, Ta; humidity, Th) with Pearson’s correlation coefficient, »

Pearson’s Correlation Coefficient (r)

Habitat Types
Tb & Ts Tb & Ta Tb & Th
Flowing water 0.992%* -0.189 0.523
Non-flowing water 0.903* -0.143 -0.143
Non-aquatic 0.940%* 0.102 0.348

*Variables with strong positive correlation.

Body Temperature vs. Substrate Temperature

Habitat
® Non.aquatic
© Non-flowing water
@ Flowing water
R Linear = 0870

Body Temperature («C)

200

200 %00 2800 3000

Substrate Temperature (-C)

Clustered Boxplot of Body Temperature by Habitat

00

%00

Body Temperature («C)
B » 8
8 £ H

8
8

1800

Non-aquatic Non-flowing Flowing

B

Habitat Type

Figure 3: The interplay of Bornean frog body temperatures and substrate temperatures is depicted graphically
(°C). (A) A regression line suggesting a strong, positive relationship between body and substrate temperatures
in three distinct environments is shown; flowing water (blue), non-flowing water (green), and non-aquatic
(red). (B) Bornean frog body temperatures in three distinct habitat types are colour-coded in A
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Table 3: Body temperature (Tb) and substrate temperature (Ts) values were acquired from a varied collection of frogs in Borneo, Sarawak, in three habitat
types. The correlations between Tb and Ts are shown by ranges with means + standard deviations, variances, and Pearson’s correlation coefficient (7). p-value <

0.01 was the significance level for each comparison

Min-Max Tsubs

Var
Tsubs

Var

Mean £ SDTb Mean £+ SD Tsubs

Min-Max Th Range

(oC) (cC) r p-value (0.01)

O

Tb

()

" O

Habitat

0.992  0.000<0.01

6.9 20.1-27.2

2.7 20.2-27.1

37 241+1.7 24.1+1.7 2.8

Flowing
water

18.1-26.8 0.903  0.000<0.01

7.9

20.3-28.2

4.2

3.7

23.4+2.0

69 23.6+1.9

Non-flowing

water

0.000 < 0.01

20.3 -28.8 0.940

7.1

19.9-27.0

3.0

2.8

23.8+1.7

155 23.7+1.7

Non-aquatic
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of Mount Bung Jagoi, Matang Wildlife Centre,
and Mulu National Park, as well as an open
field in West Campus, UniMAS, and Kampong
Telok Melano. The researchers identified and
recorded 261 frogs from 40 different species
of six families. As most of the sampling sites
were conducted in urban settings, certain frog
species have the potential to display commensal
behaviour with humans, adapting well to this
lifestyle to enhance their survival chances
(Zainudin et al., 2017; Marques et al., 2018).
As forest areas become more accessible, frog
species that exhibit commensal behaviour with
humans have the chance to encroach upon
forested areas, potentially displacing indigenous
species in the process (Grafe & Das, 2014). The
authors found the three most prevalent species
recorded demonstrated the capability to thrive
and adjust to challenging environments.

Inger et al. (2017) reported that Grass Frog
or Kampung Frog (i.e., Fejervarya limnocharis)
is restricted to disturbed and even unproductive,
habitats that are associated with human activities
(e.g., agriculture, roadside borders, lawns, and
football fields), and it is a prevalent species in
rural and urban areas due to its adaptability and
notable mating calls. The Four-lined Tree Frog
(i.e., Polypedates leucomystax) have similar
behaviours and they can be found in various
disturbed habitats everywhere and are closely
associated with humans in both urban and rural
area. Inger et al. (2017) also mentioned that
Common Sunda Toad or Asian Common Toad
(i.e., Duttaphrynus melanostictus) is the only
Bornean toad that does not inhabit a forest and
it is more capable of adapting to environments
impacted by human activities compared with
other frogs (Licata et al., 2020).

The measurement of frog  body
temperatures contributes to our understanding
of their ecology, guides conservation efforts,
and provides useful data for researching the
influence of environmental changes on these
anurans (Kozak & Wiens, 2010; Lowe, 2012).
In this study, the mean body temperature of
23.7 £ 1.7°C of the specimens was analysed
across five study locations. These results are
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consistent with the body temperatures of other
anuran species that have been recorded in
tropical areas between 2013 and 2022 (Navas et
al., 2013; Rasolonjatovo et al., 2020; Ruthsatz
et al., 2022). We concluded that Bornean frogs
exhibit varying body temperatures across
different habitats and these variations are
closely tied to their ecological preferences. Our
finding indicates that frogs residing in non-
flowing habitats such as ponds, exhibit higher
body temperatures compared with those in
stream habitat with flowing water and terrestrial
habitats that are non-aquatic. These results align
with the findings of Ruthsatz et al. (2022).

Anurans regulate their body temperatures by
relocating within their environment and seeking
microhabitats with different temperatures such
as basking in the sun to warm up or seeking
shade and burrows to cool down (Schulte, 2015;
Sinclair et al., 2016; Gonzalez-del-Pliego et al.,
2020). Their body temperature is influenced
by environmental factors such as ambient
temperature, humidity, and atmospheric pressure
(Gonzalez & Briggs-Gonzalez, 2022), as well as
internal changes and behavioural adaptations,
including life cycle stage, genetic adaptation,
and orientation (Centeno et al., 2015; Farallo
et al., 2018). Regardless of whether the frog is
in freshwater or dry land, its skin is essential
for maintaining fluid balance (Larsen, 2021).
Their skin is highly transparent and consists of
stratified squamous epithelium in the epidermis,
with the Stratum Corneum (SC) made up of a
very thin layer of keratinised cells (Llewelyn
et al., 2019; Varga et al., 2019). The hydration
state and skin morphology of amphibians
significantly influence their ability to engage in
behavioural thermoregulation, as dehydration
restricts their mobility and thermoregulatory
choices (Navas et al., 2008; Rozen-Rechels
et al., 2019; Ortega et al., 2023). Our study
revealed that frogs inhabiting various ecological
niches demonstrate distinctive temperature
preferences and behaviours to regulate their
body temperatures and the ability to resist water
loss is closely associated with their specific
niches and adaptations.
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Aquatic or semi-aquatic frogs exhibit
increased resistance to evaporative water
loss in high temperatures compared with
terrestrial or arboreal frogs (Mokhatla et al.,
2019; Acosta-L et al., 2023), resulting in the
retention of moisture on the skin. This leads to
the maintenance of higher body temperatures
which are vital for improving muscle function,
locomotion, and overall performances (Akat
Comden et al., 2023). Aquatic and semi-aquatic
frogs possess adaptations that allow them to
prevent water loss by residing in or near water.
The epidermis of aquatic or semi-aquatic
frogs has larger intercellular spaces in surface
layers compared to basal layers, facilitating
easier water penetration without requiring
impermeability (Toledo & Jared, 1993). Relying
on thinner skin for respiration and gas exchange
(Seymour & Bradford, 1992; Clarke, 1997), they
can potentially reduce water loss by maintaining
a lower body temperature for thermoregulation.

Our findings have confirmed that both
stream-dwelling frogs and pond-dwelling frogs
possess the attribute of being thermoconformers.
This indicates that their body temperatures
depend solely on substrate temperatures, as
shown by the k-values (Table 3) for flowing
water (1.01), non-flowing water (0.86), and
non-aquatic environments (0.91). Relying
significantly on environmental temperature,
their thermal limits remain constant and do not
vary in response to seasonal changes in climatic
parameters (de Oliveira Anderson et al., 2018).
It is noteworthy that the variability of body
temperature (Tb) in frogs residing in streams
is relatively lower (2.7) (Table 3), indicating
a decreased level of intrapopulation variation
compared to pond-dwelling frogs (3.7) (Table
3), which demonstrates the highest Tb variance.
Duellman and Trueb (1994) has stated that frogs
that reside in streams primarily occupy their time
in water, which offers a thermally consistent
habitat. The consistent water temperature may
benefit species by acting as a buffer against
environmental temperature fluctuations and
preventing thermal stress (von Tschirnhaus &
Correa, 2021). Research conducted by Hussain
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et al. (2021) suggested that global warming
and human activities had a substantial impact
on small bodies of freshwater supply (e.g.,
ponds, reservoirs, and lakes) and temperature
as a result of increased in greenhouse gas
levels in the troposphere. Greenhouse gases
effectively trap heat in the atmosphere, creating
a phenomenon called the greenhouse effect
(Rajak, 2021). Elevated air temperatures in these
scenarios are likely to heighten the demand for
evapotranspiration (Islam et al., 2012a) as high
evapotranspiration demand can potentially
contribute to an increase in water temperature.

The  correlation  between  ambient
temperature and the body temperatures of
amphibians is typically significant (Mokhatla
et al., 2019). Utilising modifications between
Tb and Ts is a traditional method for assessing
the degree of thermoregulation in ectotherms,
as proposed by Huey and Slatkin (1976).
All groups in this research display nocturnal
behaviour and the Tb was significantly impacted
by Ts, indicating thigmothermic tendency as the
frogs absorb heat passively through conduction
from the surfaces they are in contact with
(Lazcano et al., 2022). The Pearson product
correlation coefficient indicates a strong
positive association (7> 0.7) between frog body
temperature (Tb) and substrate temperatures
(Ts), showing changes in substrate temperature
are closely related to corresponding changes in
frog body temperatures across all three habitats.
This correlation was statistically significant,
just as Khatiwada et al. (2020) concluded that
alterations in substrate temperature coincide
with variations in frog body temperature. This
study shows flowing water (» = .992, p < .01),
non-flowing water (» = .903, p <.01), and non-
aquatic habitat (» = .940, p < .01) (Table 2),
indicating a rise in substrate temperature would
result in an elevated body temperature in frogs.

The highest body temperature observed
in our study (28.2°C) (Table 3) was typically
seen in non-flowing aquatic habitats, similar
to Ruthsatz et al. (2022), which illustrates the
thermal stability these environments provide,
unlike fast-flowing streams or rivers. Non-

220

flowing water bodies (e.g., ponds and lakes)
have stable temperatures due to their depth
and minimal water movement that allows
accumulation of heat (Longhini et al., 2021).
According to Gonzalez-del-Pliego et al. (2020),
the stable thermal environment is crucial for
ectothermic frogs, allowing them to maintain the
ideal body temperatures required for metabolic
processes, reproduction, and movement. Recent
research by Evans et al. (2020) emphasises the
role of habitat use and basking behaviour under
climate change adaptation. These adaptations
are crucial for frogs’ survival and reproductive
success amidst environmental fluctuations.
Additionally, pond habitat quality, including the
availability of basking spots and vegetation has
a substantial impact on frog population diversity
and health (Jansen & Healey, 2003).

The lower substrate temperature recorded
(18.1°C) (Table 3) was documented in non-
flowing aquatic habitats such as ponds and
lakes, reflects their relatively stable temperature
conditions. The lack of turbulence in these
habitats enables for temperature layering,
allowing the substrate to stay cooler and
minimising the mixing of warm and cold water,
which results in more consistent temperatures
over time (Dodds et al., 2013; Bergey, 2024).
Non-flowing water bodies such as ponds
and lakes have stable thermal environments
due to restricted water movement and depth,
allowing heat to accumulate and warmer surface
temperatures (Bergey, 2024). Direct sunlight
warms surface layers, creating constant thermal
environments. Vegetation along the banks
helps to keep substrate temperatures cooler by
providing shade (Brettschneider et al., 2023).
Despite seasonal and climatic variations,
substrate temperatures, which are correlated with
water temperatures remain colder due to thermal
inertia and the insulating qualities of sediment
(Brettschneider et al., 2023; Bergey, 2024).
Non-aquatic habitats encounter heightened
substrate temperature (28.8°C) (Table 3) due
to the intense solar radiation and the limited
moisture in the substrate. Longhini ef al. (2021)
examined how temperature acclimatisation
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impacts amphibian physiological performance,
noting that high substrate temperatures,
especially in areas with minimal vegetation
cover can influence their metabolic rates and
general health. Increased solar exposure can
cause substrate temperatures to exceed ambient
air temperatures, especially during midday when
solar radiation is at its highest. The moisture
content of substrate is critical for temperature
regulation, as dry substrates heat up faster and
retain heat longer than moist substrates, allowing
water to evaporate and mitigate temperature
increases (Inforsato et al., 2020). According to
Ovenden ef al. (2021), drier conditions result in
higher substrate temperatures due to the lack of
evaporative cooling. Dubiner et al. (2024) found
that locations with little vegetation and moisture
can have elevated substrate temperatures,
frequently around or above 28°C, due to
increased solar exposure.

The temperature exhibited by Bornean frogs
in their natural habitat were observed to vary
between 19.9°C and 28.2°C, which correspond
to the temperatures that are deemed most
favourable for facilitating the optimal growth
and reproductive capacity of Batrachochytrium
dendrobatidis (Bd) (17°C to 23°C) (Stevenson
et al., 2013; Sonn et al., 2017). The results
indicate that the likelihood of Bd infection
varies depending on the habitat of the frog, as
pond-dwelling frogs have a greater ability to
avoid the infection by choosing to inhabit warm
temperatures of pond water.

The chytrid fungus, specifically named
Batrachochytrium dendrobatidis (Bd) is a
recently discovered pathogen responsible
for a fungal disease in amphibians known as
chytridiomycosis (Ruggeri ef al., 2018). It has
been observed that infections caused by Bd
become more severe when the amphibian host’s
body temperature matches the optimal growth
temperature of the former, consequently leading
to a significant decline in amphibian population
worldwide (Stevenson et al., 2013; Stevenson
et al., 2020). In order to reduce their risk of
infection, tropical amphibians may engage in
behavioural thermoregulation by frequently
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inhabiting microhabitats that are not conducive
to the pathogen’s optimal developmental
temperature (Rowley & Alford, 2013; Stevenson
et al., 2013). This indicates that even minor
environment or behavioural adjustments can
have a significant impact on an individual’s
susceptibility to infection (Richards-Zawacki,
2010). However, the ability of an individual to
intentionally induce behavioural fever while
infected relies on habitat temperature variability
and the ability to locate favourable microclimates
(Beukema et al., 2021). Therefore, evaluating
the association between ecological determinants
and body temperatures of frogs can aid in an
initial evaluation of the risk of diseases (Sauer ef
al., 2018; von May et al., 2018; Rasolonjatovo
et al., 2020).

Conclusions

In conclusion, Bornean frogs, like other
amphibians, employ various strategies to
regulate their body temperature in accordance
with variations in ambient and substrate
temperature, as these adaptations aid in
sustaining their physiological functions and
behaviours, which ultimately enhance their
survival in the multifaceted ecosystems of
Borneo. Our study demonstrates a correlation
between the ecology of Bornean frogs and
their body temperatures, with frogs from
non-flowing habitats exhibiting higher body
temperatures in contrast to those from stream
and terrestrial habitats. The thermophysiological
data pertaining to frogs in Borneo has the
potential to assess the susceptibility of not
only these specific amphibians but also other
amphibian species in relation to changes in their
surrounding environment. Further research is
necessary to correlate body temperatures across
different elevation zones and diel variance in
order to comprehend the thermal patterns of
Bornean frog species. The analysis of body
temperatures of different anuran species that
inhabit varied habitats can also potentially
assist in the assessment of disease risk in the
amphibian community.

Journal of Sustainability Science and Management Volume 20 Number 2, February 2025: 210-227



Eugenie Clare Kaboi and Ramlah Zainudin

Acknowledgements

This study was funded by Ministry of Higher
Education, Fundamental Research Grant
Scheme, FRGS/1/2019/WABOS5/UNIMAS/02/1,
and UniMAS Special Top-Down Grant granted
to co-author, Professor Dr. Ramlah Zainudin.
Special thanks to Sarawak Forest Departmentand
Sarawak Forestry Corporation for the permits to
access the national parks in Sarawak (Permit No.
(43)JHS/NCCD/600-7/2/107(J1d.2) and park
permit No.WL17/2019; SFC.PL&RS/2020-012
and park permit No.WL27/2020).

Conflict of Interest Statement

The authors declare that they have no conflicts
of interest.

References
Acosta-L, E., Galindo-Uribe, D., Bracho-
Altamiranda, F., & Pinto-Sanchez, N.

R. (2023). Inferring the effect of abiotic
factors on body temperature and water
loss in agar models of the Sabanera frog
(Dendropsophus ~ molitor) in  Cajica-
Cundinamarca. Actualidades Biologicas,
45(118).

Akat Comden, E., Yenmis, M., & Cakir, B.
(2023). The complex bridge between
aquatic and terrestrial life: Skin changes
during development of amphibians. Journal
of Developmental Biology, 11(1), 6.

Angilletta, M. J. (2009). Thermal adaptation: A
theoretical and empirical synthesis. Oxford:
Oxford University Press. https://books.
google.com.my/books?hl=en&lr=&id=yrv
qlaHdRZIC&oi=fnd&pg=PR7&ots=58PG
zgAqdr&sig=PJirKjbKqIFxDIMJOfLPOw
qJu-g&redir_esc=y#v=onepage&q&f=false

Bergey, E. A. (2024). The impacts of non-native

watercress in Oklahoma spring ecosystems.
Aquatic Ecology, 1-17.

Beukema, W., Pasmans, F., Van Praet, S., Ferri-
Yafez, F., Kelly, M., Laking, A. E., Erens,
J., Speybroeck, J., Verheyen, K., Lens, L.,

222

& Martel, A. (2021). Microclimate limits
thermal behaviour favourable to disease
control in a nocturnal amphibian. Ecology
Letters, 24(1), 27-37.

Brettschneider, D. J., Spring, T., Blumer, M.,
Welge, L., Dombrowski, A., Schulte-
Oehlmann, U., Sundermann, A., Oetken,
M., & Oehlmann, J. (2023). Much effort,
little success: Causes for the low ecological
efficacy of restoration measures in German
surface waters. Environmental Sciences
Europe, 35(1), 31.

Burraco, P., Orizaola, G., Monaghan, P., &
Metcalfe, N. B. (2020). Climate change
and ageing in ectotherms. Global Change
Biology, 26(10), 5371-5381.

Callendar, G. S. (1961). Temperature fluctuations
and trends over the earth. Quarterly Journal
of the Royal Meteorological Society,
87(371), 1-12.

Carey, C. (1978). Factors affecting body
temperatures of toads. Oecologia, 35, 197-
219.

Carey, C. (2005). How physiological methods
and concepts can be useful in conservation
biology. Integrative and Comparative
Biology, 45(1), 4-11.

Centeno, F. C., Antoniazzi, M. M., Andrade, D.
V., Kodama, R. T., Sciani, J. M., Pimenta,
D. C., & Jared, C. (2015). Anuran skin and
basking behaviour: The case of the treefrog
Bokermannohyla alvarengai (Bokermann,
1956). Journal of Morphology, 276(10),
1172-1182.

Chin, W. W. (1998). The partial least squares
approach to structural equation modelling.
Modern Methods for Business Research,
295(2), 295-336.

Choy, Y. K. (2014). Land ethics from the Borneo
tropical rainforests in Sarawak, Malaysia:
An empirical and conceptual analysis.
Environmental Ethics, 36(4), 421-441.

Journal of Sustainability Science and Management Volume 20 Number 2, February 2025: 210-227



FIELD BODY TEMPERATURES OF BORNEAN FROGS

Clarke, B. T. (1997). The natural history of
amphibian skin secretions, their normal

functioning, and potential medical
applications. Biological Reviews, 72(3),
365-379.

Clough, Y., Barkmann, J., Juhrbandt, J., Kessler,
M., Wanger, T. C., Anshary, A., Buchori,
D., Cicuzza, D., Darras, K., Putra, D.
D., Erasmi, S., Pitopang, R., Schmidt,
C., Schulze, C. H., Seidel, D., Steffan-
Dewenter, 1., Stenchly, K., Vidal, S.,
Weist, M., Weilgoss, A. C., & Tscharntke,
T. (2011). Combining high biodiversity
with high yields in tropical agroforests.
Proceedings of the National Academy of
Sciences, 108(20), 8311-8316.

Colinet, H., Sinclair, B. J., Vernon, P, &
Renault, D. (2015). Insects in fluctuating
thermal environments. Annual Review of
Entomology, 60, 123-140.

de Oliveira Anderson, R. C., Bovo, R. P., &
Andrade, D. V. (2018). Seasonal variation
in the thermal biology of a terrestrial
toad, Rhinella icterica (Bufonidae), from
the Brazilian Atlantic Forest. Journal of
Thermal Biology, 74, 77-83.

Dodds, W. K., Perkins, J. S., & Gido, K. B.
(2013). Chapter 1: Temperature and aquatic
life. In Freshwater ecology: Concepts and
environmental — applications. Academic
Press.

Dubiner, S., Aguilar, R., Anderson, R. O.,
Arenas Moreno, D. M., Avilaa, L. J.,
Boada-Viteri, E., ... & Meiri, S. (2024). A
global analysis of field body temperatures
of active squamates in relation to climate
and behaviour. Global Ecology and
Biogeography, 33(4), e13808.

Duellman, W. E., & Trueb, L. (1994). Biology of
amphibians. JHU Press.

Dungey, G. (2021). In a warming world.
Deforestation turns the heat deadly, Borneo
study finds. https://news.mongabay.com/
2021/11/in-a-warming-world-deforestation-
turns-the-heat-deadly-borneo-study-finds/

223

Evans, M. J., Scheele, B. C., Westgate, M. J.,
Yebra, M., Newport, J. S., & Manning, A.
D. (2020). Beyond the pond: Terrestrial
habitat use by frogs in a changing climate.
Biological Conservation, 249, 108712.

Farallo, V. R., Wier, R., & Miles, D. B. (2018).
The Bogert effect visited: Salamander
regulatory behaviours are differently
constrained by time and space. Ecology and
Evolution, 8(23), 11522-11532.

Fielding, A. H., & Haworth, P. F. (1995). Testing
the generality of bird-habitat models.
Conservation Biology, 9(6), 1466-1481.

Forest Department Sarawak. (2020). Wildlife
Sanctuaries Official website of Forestry
Department Sarawak. https:/forestry.sarawak.
gov.my/web/home/index/

Gonzalez-del-Pliego, P., Scheffers, B. R.,
Freckleton, R. P., Basham, E. W., Aratjo,
M. B., Acosta-Galvis, A. R., Medina
Uribe, C. A., Haugaasen, T., & Edwards,
D. P. (2020). Thermal tolerance and the
importance of microhabitats for Andean
frogs in the context of land use and climate
change. Journal of Animal Ecology, 89(11),
2451-2460.

Gonzalez, S. C., & Briggs-Gonzalez, V. S.
(2022). The effects of environmental cues
on chorusing onset in a tropical frog
assemblage. Amphibia-Reptilia, 43(2), 113-
123.

Grafe, T. U., & Das, 1. (2014). Conservation
biology of amphibians of Asia: Status of
conservation and decline of amphibians:
Eastern hemisphere. Natural History
Publications (Borneo), 11, 300-309.

Hansen, M. C., Potapov, P. V., Moore, R.,
Hancher, M., Turubanova, S. A., Tyukavina,
A., Thau, D., Stehman, S. V., Goetz, S. J.,
Loveland, T. R., Kommareddy, A., Egorov,
A., Chini, L., Justice, C. O., & Townshend,
J. R. G. (2013). High-resolution global
maps of 21st-century forest cover change.
Science, 342(6160), 850-853.

Journal of Sustainability Science and Management Volume 20 Number 2, February 2025: 210-227



Eugenie Clare Kaboi and Ramlah Zainudin

Hansen, T. S. (2005). Spatio-temporal aspects of
land use and land cover changes in the Niah
catchment, Sarawak, Malaysia. Singapore
Journal of Tropical Geography, 26(2), 170-
190.

Hochachka, P. W., & Somero, G. N. (2002).
Biochemical adaptation: Mechanism and
process in physiological evolution. Oxford
University Press.

Huey, R. B., & Kingsolver, J. G. (1989).
Evolution of thermal sensitivity of
ectotherm performance. Trends in Ecology
& Evolution, 4(5), 131-135.

Huey, R. B., & Slatkin, M. (1976). Cost and
benefits of lizard thermoregulation. The
Quarterly Review of Biology, 51(3), 363-
384.

Huey, R. B., & Stevenson, R. D. (1979).
Integrating thermal physiology and ecology
of ectotherms: A discussion of approaches.
American Zoologist, 19(1), 357-366.

Hussain, S., Aslam, M. U., Javed, M., Zahra,
M., Ejaz, H., Kubra, K. A., & Mushtaq,
I. (2021). Impact of climatic changes and
global warming on water availability.
Anthropogenic Pollution, 5(2), 57-66.

Inforsato, L., de Jong van Lier, Q., & Pinheiro,
E. A. R. (2020). An extension of water
retention and conductivity functions to
dryness. Soil Science of America Journal,
84(1), 45-52.

Inger, R. F., Stuebing, R. B., Grafe, T. U., &
Dehling, J. M. (2017). A4 field guide to the
frogs of Borneo (3" ed.). Kota Kinabalu:
Natural History Publications (Borneo).

Islam, A., Ahuja, L. R., Garcia, L. A., Ma, L.,
& Saseendran, A. S. (2012a). Modeling the
effect of elevated CO, and climate change
on reference evapotranspiration in the semi-

arid Central Great Plains. Transactions of
the ASABE, 55(6), 2135-2146.

Jansen, A., & Healey, M. (2003). Frog
communities and wetland condition:
Relationships with grazing by domestic

224

livestock along an Australian floodplain
river. Biological Conservation, 109(2),
207-219.

Katzenberger, M., Hammond, J., Duarte, H.,
Tejedo, M., Calabuig, C., & Relyea, R.
A. (2014). Swimming with predators and
pesticides: How environmental stressors
affect the thermal physiology of tadpoles.
PLOS ONE, 9(5), €98265.

Keuftner, K. (2023). Utilizing passive acoustic
monitoring fo investigate occupancy
patterns of Babblers in native and planted
forest in Sarawak, Malaysia [Doctoral
dissertation, The Evergreen State College].
https://collections.evergreen.edu/files/origi
nal/78f7140485eaab01ce31187efc9c6ba23
9431a01.pdf

Khatiwada, J. R., Zhao, T., & Jiang, J. (2020).
Variation of body temperature of active
amphibians along elevation gradients
in eastern Nepal Himalaya. Journal of
Thermal Biology, 92, 102653.

Kingsolver, J. G., & Woods, H. A. (2016).
Beyond thermal performance curves:
Modeling time-dependent effects of
thermal stress on ectotherm growth rates.
The American Naturalist, 187(3), 283-294.

Koh, L. P., & Gardner, T. A. (2010). Conservation
in human-modified landscapes. Conservation
Biology for All, 236-261.

Kozak, K. H., & Wiens, J. J. (2010). Niche
conservationism drives elevational diversity
patterns in Appalachian salamanders. The
American Naturalist, 176(1), 40-54.

Larsen, E. H. (2021). Dual skin functions in
amphibian osmoregulation. Comparative
Biochemistry and Physiology Part A:
Molecular & Integrative Physiology, 253,
110869.

Lazcano, D., Banda-Leal, J., Gadsden-
Esparza, H., Castaneda-Gaytan, G., &
Hernandez-Bocardo, S. C. (2022). Thermal
ecology of the Pygmy Alligator Lizard,
Gerrhonotus parvus Knight and Scudday,

Journal of Sustainability Science and Management Volume 20 Number 2, February 2025: 210-227



FIELD BODY TEMPERATURES OF BORNEAN FROGS

1985 (Squamata: Anguidae). Nuevo Léon,
Mexico. Amphibian & Reptile Conservation,
16(1), 14-24.

Levy, O., Buckley, L. B., Keitt, T. H., Smith,
C. D., Boateng, K. O., Kumar, D. S, &
Angilletta Jr, M. J. (2015). Resolving the
life cycle alters expected impacts of climate
change. Proceeding of the Royal Society B:
Biological Sciences, 282(1813), 20150837.

Licata, F., Andreone, F., Freeman, K.,
Rabesihanaka, S., Robsomanitrandrasana,
E., Reardon, J. T., & Crottini, A. (2020). The
Asian toad (Duttaphrynus melanostictus)
in Madagascar: A report of an ongoing
invasion. Problematic Wildlife II: New
Conservation and Management Challenges
in the Human-Wildlife Interactions, 617-
638.

Llewelyn, V. K., Berger, L., & Glass, B. D.
(2019). Permeability of frog skin to
chemicals: Effects of penetration enhancers.
Heliyon, 5(8).

Longhini, L. S., Zena, L. A., Polymeropoulos,
E. T., Rocha, A. C., da Silva Leandri, G.,
Prado, C. P,, Bicego, B. C., & Gargaglioni,
L. H. (2021). Thermal acclimation to
the highest natural ambient temperature
compromises physiological performance in
tadpoles of a stream-breeding savanna tree
frog. Frontiers in Physiology, 12, 726440.

Lowe, W. H. (2012). Climate change is linked to
long-term decline in a stream salamander.
Biological Conservation, 145(1), 48-53.

Marques, N. C. S., Rattis, L., & Nomura, F.
(2018). Local environmental conditions
affecting anuran tadpoles’ microhabitat
choice and morphological adaptation.
Marine and Freshwater Research, 70(3),
395-401.

Martin, T. L., & Huey, R. B. (2008). Why
“suboptimal” is optimal: Jensen’s inequality
and ectotherm thermal preferences. The
American Naturalist, 171(3), E102-E118.

Mohd-Azlan, J., Kaicheen, S. S., Hong, L. L.
C., Cheok, M., Maiwald, M. J., Helmy, O.

225

E., Giordano, A. J., & Brodie, J. F. (2023).
Ecology, occurrence and distribution of
wild felids in Sarawak, Malaysian Borneo.
Oryx, 57(2), 252-261.

Mokhatla, M., Measey, J., & Smit, B. (2019).
The role of ambient temperature and
body mass on body temperature, standard
metabolic rate and evaporative water loss
in Southern African anurans of different
habitat specialisation. PeerJ, 7, €7885.

Navas, C. A., Carvajalino-Fernandez, J. M.,
Saboya-Acosta, L. P., Rueda-Solano, L. A.,
& Carvajalino-Fernandez, M. A. (2013).
The body temperature of active amphibians
along a tropical elevation gradient: Patterns
of mean and variance and inference from
environmental data. Functional Ecology,
27(5), 1145-1154.

Navas, C. A., Gomes, F. R., & Carvalho, J.
E. (2008). Thermal relationships and
exercise physiology in anuran amphibians:
Integration and evolutionary implications.
Comparative Biochemistry and Physiology
PartA: Molecular & Integrative Physiology,
151(3), 344-362.

Ortega, Z., Ganci, C. C., & Rivas, M. L. (2023).
Thermoregulation and hydric balance
in amphibians. Evolutionary Ecology of
Amphibians, 103-119.

Ovenden, T. S., Perks, M. P, Clarke, T. K.,
Mencuccini, M., & Jump, A. S. (2021).
Life after recovery: Increased resolution of
forest resilience assessment sheds new light
on post-drought compensatory growth and

recovery dynamics. Journal of Ecology,
109(9), 3157-3170.

Paaijmans, K. P., Heinig, R. L., Seliga, R. A.,
Blanford, J. I., Blanford, S., Murdock, C.
C., & Thomas, M. B. (2013). Temperature
variation makes ectotherms more sensitive
to climate changes. Global Change Biology,
19(8), 2373-2380.

Pough, F., Andrews, R., Cadle, J., Crump, M., &
Savitsky, A. (2007). Notes on the ecology
of the colubrid snake Leptodeira annulata

Journal of Sustainability Science and Management Volume 20 Number 2, February 2025: 210-227



Eugenie Clare Kaboi and Ramlah Zainudin

in the Pantanal, Brazil. Herpetological
Review, 38(3), 278-280.

Quioga, L. B., Sanabria, E. A., Fornés, M.
W., Bustos, D. A., & Tejedo, M. (2019).
Sublethal concentrations of chlorphyrifos
induce changes in the thermal sensitivity
and tolerance of anuran tadpoles in the

toad Rhinellaa arenarum? Chemosphere,
29,671-677.

Rajak, J. (2021). A preliminary review on impact
of climate change and our environment with
reference to global warming. International
Journal of Environmental Science, 10, 11-
14.

Rasolonjatovo, S. M., Scherz, M. D.,
Rakotoarison, A., Glos, J., Raselimanana,
A. P, & Vences, M. (2020). Field body
temperatures in the rainforest frog
Mantidactylus (Brygoomantis) bellyi from
northern Madagasca: Variance and predictors.
Malagasy Nature, 14, 57-68.

Richards-Zawacki, C. L. (2010). Thermoregulatory
behaviour affects prevalence of chytrid
fungal infection in a wild population of
Panamanian golden frogs. Proceedings of
the Royal Society B: Biological Sciences,
227(1681), 519-528.

Rowley, J. J., & Alford, R. A. (2013). Hot bodies
protect amphibians against chytrid infection
in nature. Scientific Reports, 3(1), 1515.

Rozen-Rechels, D., Dupoué, A., Lourdais, O.,
Chamaillé-Jammes, S., Meylan, S., Clobert,
J., & Le Galliard, J. F. (2019). When water
interacts with temperature: Ecological
and evolutionary implications of thermos-
hydroregulation in terrestrial ectotherms.
Ecology and Evolution, 9(17), 10029-
10043.

Ruggeri, J., de Carvalho-e-Silva, S. P., James,
T. Y., & Toledo, L. F. (2018). Amphibian
chytrid infection is influenced by rainfall
seasonality and water availability. Diseases
of Aquatic Organisms, 127(2), 107-115.

Ruthsatz, K., Rakotoarison, A., Razafimampiandra,
J. C.,Randriamahefa, V. S., Rabemananjara,

226

F. C. E., Rakotondraparany, F., Bletz,
M. C., & Vences, M. (2022). Field body
temperatures in Malagasy rainforest frogs.
Herpetology Notes, 15, 565-578.

Sauer, E. L., Fuller, R. C., Richards-Zawacki,
C. L., Sonn, J., Sperry, J. H., & Rohr, J. R.
(2018). Variation in individual temperature
preferences, not behavioural fever, affects
susceptibility to chytridiomycosis in
amphibians. Proceedings of the Royal
Society B, 285(1885), 20181111.

Schulte, P. M. (2015). The effects of temperature
on aerobic metabolism: Towards aa
mechanistic understanding of the responses
of ectotherms to a changing environment.
The Journal of Experimental Biology,
218(12), 1856-1866.

Seymour, R. S., & Bradford, D. F. (1992).
Respiration of the California toad (Bufo
boreas) in relation to temperature, hydration
and lung ventilation during activity and

estivation. Journal of Experimental Biology,
162(1),233-252.

Shahrudin, S. (2018). Interfamilial amplexus
between a male and Polypedates
leucomystax (Gravenhorst 1829) (Anura:
Rhacophoridae) and a female
Leptobrachium hendricksoni (Taylor 1962)
(Anura: Megophrynidae) from Peninsular
Malaysia. Reptiles & Amphibians, 25(2),
151-152.

Shine, R. (2003). Reproductive strategies in
snakes. Proceedings of the Royal Society
of London. Series B: Biological Sciences,
270(1519), 995-1004.

Sinclair, B. J., Marshall, K. E., Sewell, M. A.,
Levesque, D. L., Willet, C. S., Slotsbo, S.,
Dong. Y., Harley, C. D. G., Marshall, D. J.,
Helmuth, B. S., & Huey, R. B. (2016). Can
we predict ectotherm responses to climate
change using thermal performance curves
and body temperatures? Ecology Letters,
19(11), 1372-1385.

Sonn, J. M., Berman, S., & Richards-Zawacki,
C. L. (2017). The influence of temperature

Journal of Sustainability Science and Management Volume 20 Number 2, February 2025: 210-227



FIELD BODY TEMPERATURES OF BORNEAN FROGS

on chytridiomycosis in vivo. EcoHealth,
14, 762-770.

Stevenson, L. A., Alford, R. A., Bell, S. C.,
Roznik, E. A., Berger, L., & Pike, D. A.
(2013). Variation in thermal performance of
a widespread pathogen, the amphibian chytrid
fungus Batrachochytrium dendrobatidis.
PLOS ONE, 8(9), €73830.

Stevenson, L. A., Roznik, E. A., Greenspan,
S. E., Alford, R. A., & Pike, D. A. (2020).
Host thermoregulatory constraints predict
growth of an amphibian chytrid pathogen
(Batrachochytrium dedrobatidis). Journal
of Thermal Biology, 87, 102472.

Stuart, S. N., Chanson, J. S., Cox, N. A., Young,
B. E., Rodrigues, A. S., Fischman, D. L.,
& Waller, R. W. (2004). Status and trends
of amphibian declines and extinctions
worldwide. Science, 306(5702), 1783-1786.

Syazali, M., Artayasa, 1. P., & Ilhamdi, M.
L. (2021). Potential analysis of Asian
toad (Duttaphrynus melanostictus) as a
controller of harmful insects and their
substitutions in elementary school science
lessons. Jurnal Pijar Mipa, 16(4), 547-554.

Toledo, R. C., & Jared, C. (1993). Cutaneous
adaptations to water balance in amphibians.

227

Comparative Biochemistry and Physiology
Part A: Physiology, 105(4), 593-608.

Varga, J. F., Bui-Marinos, M. P., & Katzenback,
B. A. (2019). Frog skin innate immune
defences: Sensing and surviving pathogens.
Frontiers in Immunology, 9, 3128.

von May, R., Catenazzi, A., Santa-Cruz, R.,
Kosch, T. A., & Vredenburg, V. T. (2018).
Microhabitat temperatures and prevalence
of the pathogenic fungus Batrachochytrium
dendrobatidis in lowland Amazonian frogs.
Tropical ~ Conservation  Science, 11,
19400082918797057.

Von Tschirnhaus, J., & Correa, C. (2021).
Third time’s the charm: The definitive
rediscovery of Telmatobius halli Noble,
1938 (Anura, Telmatobiidae) at its historic
type locality.  https://preprints.arphahub.
com/article/68571/download/pdf/541855

Zainudin, R., Zain, B. M., Ahmad, N., & Nor,
S. M. (2017). Microhabitat partitioning
of closely related Sarawak (Malaysian
Borneo) frog species previously assigned
to the genus Hylarana (Amphibia: Anura).
Turkish Journal of Zoology, 41(5), 876-891.

Journal of Sustainability Science and Management Volume 20 Number 2, February 2025: 210-227



