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Abstract.—Basic ecological information is of critical importance for the development of conservation strategies for 
endangered amphibian species.  The Gannoruwa Shrub Frog (Pseudophilautus zorro) is an endangered endemic 
and a geographically restricted frog found in mid elevations of the central highlands of Sri Lanka whose ecology is 
little known.  We assessed: (1) aspects of microhabitat associations; (2) the realized niche to identify potential areas 
of occupancy using Ecological Niche Modeling (ENM); and (3) estimated the Extent of Occurrence (EOO) and 
Area of Occupancy (AOO) of P. zorro with new locality data and predicted data.  The results indicate that there is a 
significant positive relationship between leaf litter thickness and number of individuals of P. zorro in quadrats and 
a significant relationship between percentage of canopy cover and number of individuals of P. zorro in quadrats.  
Pseudophilautus zorro is more abundant in broad-leaf forests than pine forests.  ENM predicted highly suitable 
areas (suitability > 80%) in the Kandy, Matale, and Kegalle districts in Sri Lanka.  The EOO and AOO of P. zorro 
with new occurrence data was 558 km2 and 9 km2, and with predicted data, 2,374 km2 and 612 km2 respectively, 
indicating an increase in EOO and AOO.  The data on microhabitat preferences and predicted habitats will be 
invaluable to formulate in-situ and ex-situ conservation strategies for this species.
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introduction

Anthropogenic activity is a key driver of global 
biodiversity decline (Pimm et al. 1995).  Among 
vertebrates, amphibians are the most threatened group 
in the world, with 33% of the global diversity at risk 
of extinction (International Union for Conservation 
of Nature [IUCN] 2020).  An alarming number of 
amphibian extinctions have occurred over the last two 
decades with nearly 35 species becoming extinct and 
populations of at least 33% of species declining (IUCN 
2020), a trend that is likely to accelerate in the future 
(Stuart et al. 2004).  Habitat modification and loss 
have been identified as key drivers for the decline of 
amphibians (Delis et al. 1996; Adams 1999; Davidson 
et al. 2001; Eigenbrod et al. 2008; Smith et al. 2009). 
 Sri Lanka is remarkably diverse in its amphibian 
fauna, with a high proportion of endemics and thus is 
an amphibian hotspot (Meegaskumbura et al. 2002; 
Manamendra-Arachchi and Pethiyagoda 2005).  The 
island is home to 120 species, 105 (87%) of which 
are endemic (Batuwita et al. 2019a); however, 67% of 
Sri Lankan amphibians face extinction and 19 species 
are already extinct (IUCN 2020) though some species 
that were thought to be extinct have been rediscovered 
(Wickramasinghe et al. 2013).  As in many parts of 
the world, habitat loss seems to be the major cause for 

the decline and extinction of amphibians in Sri Lanka 
(Pethiyagoda et al. 2006).  The majority of the Sri 
Lankan amphibians are restricted to the south-western 
wet zone (annual rainfall ≥ 2,500 mm) of the country 
(Batuwita et al. 2019b) in which > 95% of natural 
forest cover has been destroyed (Pethiyagoda et al. 
2006).  The extent of undisturbed forest in the wet zone 
at best is about 800 km2 and is severely fragmented 
(Pethiyagoda et al. 2006).  Habitat degradation in 
the highland (elevation > 900 m above sea level) wet 
zone is even more severe (Gunetilleke et al. 2008) and 
coupled with an increase in temperature and decline 
in precipitation (Abeywickrema et al. 1991), could be 
detrimental to amphibians in this region.  Hence, urgent 
conservation measures are necessary to mitigate the 
decline and extinction of amphibians.  The development 
of conservation measures for many amphibian species 
has been impeded, however, due to the lack of basic 
ecological information such as habitat preferences and 
geographic distribution.
 The Gannoruwa Shrub Frog, Pseudophilautus zorro 
(Manamendra-Aracchi and Pethiyagoda 2005; Fig. 1) 
of the family Rhacophoridae, is endemic to Sri Lanka.  
The species is confined to elevations between 400−800 
m in the central highlands of Sri Lanka with an Extent 
of Occurrence < 5,000 km2 and an area of occupancy 
(IUCN, Standards and Petitions Committee. 2019) 
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predicted to be < 500 km2 (Manamendra-Arachchi 
and Pethiyagoda 2004).  Within its range, the species 
is known only from a few locations, including the 
Gannoruwa Forest Reserve, Hantana Conservation 
Area, and the Udawattakele Forest Reserve in the Kandy 
District (Manamendra-Arachchi and Pethiyagoda 2005), 
and the Knuckles Conservation Forest (Bandara et al. 
2019).  The species generally occurs among leaf litter on 
the forest floor and males ascend shrubs to vocalize at 
night (Manamendra-Arachchi and Pethiyagoda 2005). 
 Pseudophilautus zorro inhabits closed canopy forest 
habitats with sparse understory and occurs also in 
densely planted residential gardens adjacent to forests 
(Manamendra-Arachchi and Pethiyagoda 2005).  Owing 
to its restricted distribution, limited number of known 
localities and predicted habitat decline, P. zorro is 
currently listed as Endangered (Manamendra-Arachchi 
and Pethiyagoda 2004).  Urgent conservation measures 
are thus needed to prevent this species from becoming 
critically endangered or extinct in the future.  This study 

was undertaken to identify the habitat associations of P. 
zorro and model the realized niche to identify potentially 
suitable habitats and environmental correlates that could 
assist with developing in-situ and ex-situ conservation 
strategies for this species.

Materials and MetHods

Study area.—We conducted the study in Gannoruwa 
(80.5948° E, 7.2863° N) and Udawattakele Forest 
Reserves (80.6425° E, 7.2979° N) and the Hantana 
Conservation Area (80.6203° E 7.2142° N) and adjacent 
habitats, which are situated in the Central Province of 
Sri Lanka (Fig. 2).  The average annual temperature in 
this area is 23.5° C and the average annual precipitation 
is 1,800–2,000 mm (Burt and Weerasinghe 2014).  The 
region experiences two rainy seasons from May through 
July and October to December, respectively.  The driest 
period of the year is January through to March, when 
monthly rainfall is often < 100 mm.

 
Sampling method and data analysis.—We 

conducted the habitat association study by laying 
10 × 10 m quadrats (n = 37) in arbitrarily selected 
areas in two habitats.   The two distinct habitats were 
broad-leaf vegetation, which included undisturbed 
tropical dry-mixed evergreen forests and neighboring 
mahogany (Sweitenia macrophylla and S. mahagoni) 
plantations, and Caribbean Pine (Pinus caribaea) 
plantations.  As P. zorro is a terrestrial litter dwelling 
species (Manamendra-Arachchi and Pethiyagoda 2005), 
we cleared the leaf litter in each quadrat using a rake, 
and then captured, identified, and counted all P. zorro 
present in the quadrats.  We identified P. zorro following 
Manamendra-Arachchi and Pethiyagoda (2005).  We 
recorded the GPS location of each quadrat using a 

figure 1.  An adult male Gannoruwa Shrub Frog (Pseudophilautus 
zorro) from Gannoruwa Forest Reserve, Sri Lanka. (Photographed 
by Deshan Rupasinghe).

figure 2.  Locations of the study sites, Gannoruwa Forest Reserve, Udawattakale Forest Reserve and the Hanthana Conservation Area 
in the Kandy District, Sri Lanka.  The black lines indicate the administrative district boundaries while green lines represent contour lines. 
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handheld GARMIN GPSMAP 64s (Garmin Limited, 
Olathe, Kansas, USA) and recorded parameters such 
as environmental temperature, leaf litter thickness, 
percentage canopy cover, and vegetation type, before we 
raked each quadrat.  We measured leaf litter thickness 
(cm) using a ruler.  To determine canopy cover in each 
plot, we took a digital photograph with constant zoom 
from the middle of the quadrat at a height of 1.5 m above 
ground, with the percentage of cover being calculated 
using Microsoft Visual Studio 2010 software (Microsoft 
Corporation, Redmond, Washington, USA).  The 
data were not normally distributed, so we performed 
bivariate Spearman Rank Correlation Tests (α = 0.05) to 
investigate the relationship between leaf litter thickness, 
canopy cover, and the number of P. zorro individuals per 
quadrat in IBM SPSS 20 software (IBM Corporation, 
Armonk, New York, USA).  To test the association 
between abundance of P. zorro and vegetation type, we 
compared the number of individuals per quadrat in the 
two main vegetation types: broad-leaf vegetation and 
pine plantation using Kruskal-Wallis test at α = 0.05.  

To determine potential areas of occupancy, we 
modeled the realized niche of P. zorro using the 
maximum-entropy (Maxent) technique, implemented 
in the software Maxent (Phillips et al. 2006).  We used 
coordinates of the occurrence localities (n = 9) of P. 
zorro and environmental variable layers as input data 
in Maxent.  We obtained the occurrence localities of P. 
zorro from the present study and published literature 
(Manamendra-Arachchi and Pethiyagoda 2005; 
Bandara et al. 2019), while environmental variable 
layers of the South Asian region (n = 19) came from 
BIOCLIM (Booth et al. 2014).  Additionally, we 
included the environmental variable layers, land use 
(Survey Department of Sri Lanka 2015), and elevation 
(downloaded from WORLDCLIM; Fick and Hijmans 
2017) in the analyses as conjectural information 
suggests that elevation and forest cover could be 
important determinants of the distribution of this species 
(Manamendra-Arachchi and Pethiyagoda 2005).

We investigated correlation among the environmental 
variable layers using Multidimensional Scaling using 
ENM tools package (Warren et al. 2010) in RStudio 
(RStudio team 2020).  We used a Pearson correlation 
coefficient > 0.75 as an indication of strong correlation 
between two environmental variable layers (Warren 
et al. 2010).  To determine the environmental variable 
layers that contribute most to the model, we used 100 
permutations in the enmtools.vip function in ENMtools 
package (Warren et al. 2010; RStudio team 2020) 
using all 21 environmental variable layers.  Of these, 
variable importance permutations plot indicated that 
the following environmental variable layers had the 
highest importance for the model: Mean Diurnal Range 
(Mean of monthly [maximum temperature ˗ minimum 

temperature]; BIO2), Temperature Seasonality (standard 
deviation of mean monthly temperature × 100; BIO4), 
Precipitation of Warmest Quarter (BIO18), Temperature 
Annual Range (BIO7), and Precipitation of Coldest 
Quarter (BIO19).  The final analysis consisted of 10 
environmental variable layers, comprising the above 
five and the following five layers: Elevation, Land Use, 
Precipitation of Wettest Month (BIO13), Precipitation 
of Driest Month (BIO14), and Isothermality (BIO3).  
We excluded all other environmental variable layers in 
the model building due to spatial autocorrelation.  We 
used 10% of the data points for testing with 10,000 
background points (default) and 5,000 iterations for the 
model building purpose.  We processed and interpreted 
output maps using ArcMap 10.3 (Esri, Redlands, 
California, USA).  We interpreted threshold levels for 
habitat suitability of the predicted map by maximum 
training sensitivity and specificity (maxTSS; Liu et 
al. 2016), and also classified predicted areas in to five 
groups (100–80%, 80–60%, 60–40%, 40–20%, 20–0%; 
Kumar and Stohlgren 2009; Sharifi et al. 2017) using 
ArcMap 10.3.

We determined the extent of occurrence (EOO) with 
new occurrence data by calculating the area contained 
within the shortest continuous imaginary boundary, 
which was drawn to encompass all the known occurrence 
localities (IUCN 2012), localities obtained from this 
study, and published literature (Manamendra-Arachchi 
and Pethiyagoda 2005; Bandara et al. 2019).  We 
calculated the area of occupancy (AOO) with new data 
by counting the number of 1 km2 grids that contained 
occurrence localities using ArcMap 10.3 (IUCN 2012).  
We predicted the extent of occurrence using the predicted 
distribution maps using both maxTSS and predicted 
suitability > 80%.  We drew a minimum convex polygon 
for predicted extent of occurrence by connecting all the 
grids, which had over 80% suitability for occurrence of 
P. zorro and calculated the area within the polygon using 
ArcMap 10.3 (IUCN 2012).  Similarly, we calculated the 
predicted EOO through maxTSS threshold by drawing 
a minimum convex polygon surrounding the entire 
area predicted to be suitable for P. zorro using ArcMap 
10.3.  We also calculated predicted AOO by counting 
the number of 1 km2 squares with over 80% suitability 
(IUCN 2012).  Further, we calculated predicted AOO 
through maxTSS threshold by counting the number of 
1 km2 grids that contained the predicted suitable area in 
ArcMap Version 10.3. 
 

results

Leaf litter thickness and number of P. zorro per 
quadrat was significantly positively correlated (r = 
0.667, P ≤ 0.001) when all quadrats including those that 
did not contain individuals of the species were included 
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in the analysis (Fig. 3).  This relationship was weaker 
and insignificant, though, when quadrats that did not 
contain the species were omitted from the analysis (r 
= 0.507, P > 0.076).  Canopy cover and number of 
individuals of P. zorro in quadrats also was significantly 
correlated (r = 0.543, P < 0.001; Fig. 4).  The variation 
in the occurrence of P. zorro among the two habitat 
types was significantly different (H = 14.90, df = 1, P < 
0.001).  

The mean Area Under the Curve (AUC) value was 
0.974 indicating good model performance.  The Maxent 
model predicted highly suitable (suitability > 80%) areas 
in the Central and Sabaragamuwa provinces (Fig. 5).  
The highly suitable areas in the Central province were 
mainly in the Kandy District, while a few were in the 

Matale District.  The suitable sites in the Sabaragamuwa 
province were restricted to a few localities in the 
Kegalle District (Fig. 5).  Suitable areas predicted 
through maxTSS threshold indicated most of the central 
highlands of Sri Lanka, which included Kandy, Matale, 
Kegalle, Nuwara Eliya, and Kurunegala districts (Fig. 
6); however, we did not observe this species in predicted 
areas of Nuwara Eliya and Kurunegala districts during 
our recent surveys. 

The environmental variable layer Mean Diurnal 
Range had the highest percentage contribution (59%) 
and permutation importance (58.6%) indicating its 
significance to the prediction of the model.  The 
predictive contribution of the environmental variable 

figure 3.  Relationship between the leaf litter thickness and the 
number of individuals in quadrats of Gannoruwa Shrub Frogs 
(Pseudophilautus zorro) from Sri Lanka.

figure 4.  Relationship between the percentage of canopy cover 
and number of individuals in quadrats of Gannoruwa Shrub Frogs 
(Pseudophilautus zorro) from Sri Lanka.

figure 5.  Predicted suitable (threshold > 80%) habitat of 
Gannoruwa Shrub Frogs (Pseudophilautus zorro) in Sri Lanka.  
Black dots indicate occurrence localities of P. zorro, which were 
used in Ecological Niche Modeling.

figure 6.  Predicted suitable habitat of Gannoruwa Shrub Frogs 
(Pseudophilautus zorro) in Sri Lanka with maxTSS threshold.  
Red dots indicate occurrence localities of P. zorro, which were 
used in ENM.
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layers Precipitation of Driest Month and Temperature 
Seasonality were 22.2% and 6.8% respectively (Table 1).  
The environmental variable layer with the highest gain 
when used in isolation was Mean Diurnal Range, which 
therefore appears to have the most useful information 
for the model by itself.  The environmental variable that 
decreased the gain most when omitted was also Mean 
Diurnal Range, which therefore appears to have high 
predictive value for the prediction that is not present in 
the other variables.  The total EOO for P. zorro was 558 
km2, while the AOO was 9 km2 with new occurrence 
data.  Predicted EOO and AOO calculated from the area 
> 80% suitability for P. zorro was respectively 2,374 
km2 and 612 km2.  Predicted EOO and AOO calculated 
from the area suitable for P. zorro delimited by maxTSS 
threshold was respectively 8,498 km2 and 4,687 km2. 

discussion

We found that Pseudophilautus zorro is associated 
with habitats with thick leaf litter (average = 3 cm) 
and a dense canopy cover (91%).  Further, it is strictly 
limited to broad-leaf forests rather than exotic pine 
plantations.  New distribution data and ecological niche 
modeling indicated changes in currently recognized 
EOO and AOO of the species.  Also, ecological niche 
models indicated highly suitable areas for P. zorro in the 
Kandy, Matale, Kurunegala, and Kegalle districts in the 
Central, Northwestern and Sabaragamuwa provinces of 
Sri Lanka. 

The positive association between leaf litter thickness 
and the number of P. zorro individuals observed per 
quadrat could be attributed to a number of factors 
associated with its terrestrial mode of life (Manamendra-
Arachchi and Pethiyagoda 2005).  The leaf litter most 

likely camouflages P. zorro, the body coloration of 
which resembles that of litter.  Furthermore, during dry 
conditions, the frogs can retreat into moist litter to avoid 
desiccation.  A thick litter layer also helps retain moisture 
in the sub-surface environment, which is essential for 
direct developing frogs such as P. zorro that lay eggs 
in moist soil (Bahir et al. 2005).  The type and quantity 
of litter may also affect arthropod availability (Heinen 
1992), which is the main food source of amphibians 
(Solé and Rödder 2010).  Previous studies of leaf-litter 
dwelling frogs in the tropics have also revealed strong 
positive correlations with leaf litter thickness and 
amphibian species diversity and abundance (Scott 1976; 
Fauth et al. 1989). 

The significant correlation we observed between 
canopy cover and the number of individuals of P. 
zorro per quadrat has also been reported for other litter 
dwelling amphibians in the tropics (Heinen 1992).  This 
association probably relates to the fact that leaf litter 
levels are determined by the overlying canopy cover 
and the accumulation of litter on the forest floor.  The 
accumulation of litter on the forest floor is dependent 
upon litter decomposition rates, which are in turn 
influenced by many other factors such as moisture 
content, temperature, chemical composition of litter, and 
soil organisms (Krishna and Mohan 2017).  The canopy 
also provides shade and reduces evaporation of moisture 
from the leaf litter layer (Tanaka and Hashimoto 2006).  
Hence, long-term survival of this species depends 
upon the availability of broad-leaved forest habitats 
with canopy cover.  Thus, it is critical that broad-leaf 
forests with thick canopy cover in the Kandy, Matale, 
and Kegalle districts are surveyed for the presence of 
P. zorro and protected to ensure the future survival of 
this endangered species.  Further, the establishment of 
home gardens (Pushpakumara et al. 2016) with dense 
canopy cover (> 80%) in anthropogenic environments 
adjacent to its natural habitats may also provide 
suitable supplementary habitat for this species as well 
as many other species of amphibians (Somaweera 
and Ukuwela 2004; Kumara and Ukuwela 2009).  
The significant variation in the occurrence of P. zorro 
observed between the two main vegetation types, and 
the complete absence of P. zorro from the exotic pine 
plantations, indicate a distinct preference for broad-leaf 
forests by this species.  The difference in occurrence 
between these two habitat types could be due to the 
ability of broad-leaved habitats to retain more moisture 
in the leaf litter (Shi et al. 2015; Sheng-ping and Jun 
2018), greater diversity and abundance of insect prey 
(Heinen 1992; Robson et al. 2009) and protection from 
predators.  Alternatively, the origin of pine plantations, 
which were established in abandoned tea gardens, 
completely removed natural vegetation more than a 
century ago, no doubt extirpating P. zorro.  The absence 

Variable
Percentage

contribution
Permutation 
importance

Mean Diurnal Temperature 
Range (BIO2) 59.2 58.6

Precipitation of Driest 
Month (BIO14) 22.2 1.2

Temperature Seasonality 
(BIO4) 6.8 24

Temperature Annual Range 
(BIO5˗BIO6 = BIO7) 4.5 2.9

Elevation 2.7 2
Precipitation of Warmest 
Quarter (BIO18) 2.6 8.5

table 1.  The relative contribution of different environmental 
layers (BIO#) to the prediction of suitable areas for the Gannoruwa 
Shrub Frog (Pseudophilautus zorro) in Sri Lanka.  Only the highest 
contributing layers are shown here.  The Mean Diurnal Temperature 
Range is calculated as the mean of monthly maximum temperature 
˗ minimum temperature.  Temperature Seasonality is calculated as 
the standard deviation of mean monthly temperature × 100.
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of P. zorro in pine plantations adjacent to P. zorro habitat, 
and the presence of P. zorro in broad-leaved non-native 
mahogany plantations in the Gannoruwa Forest Reserve 
indicates a failure of P. zorro to colonize pine forests. 

The high AUC value (0.974) indicated good model 
performance and accuracy reflecting that the model 
can discriminate accurately between locations at which 
the species is present or absent (Pearson 2010; Merow 
et al. 2013).  Because narrow range species have high 
AUC values; our AUC values may not in fact reflect 
high model performance (Lobo et al. 2008) but could 
be an overestimation, and thus should be treated with 
caution.  The use of nine presence points against 10,000 
background points (i.e., pseudo-absence points) in this 
study may have created an imbalance in the analyses; 
however, model performance and predictive accuracy 
is higher when 10,000 background points are used 
(Barbet-Massin et al. 2012).  Given that the absolute 
minimum presence points considered to be permissible 
for ENM is three for narrow range species (van Proosdij 
et al. 2016), it is possible that this imbalance between 
presence points and background points could be less 
significant in this study. 

The prediction of highly suitable areas (suitability 
> 80%) in the Central and Sabaragamuwa provinces 
through ENM indicate that the habitats in these regions 
of Sri Lanka including Kandy, Matale, and Kegalle 
districts have environmental conditions suitable for P. 
zorro, albeit this needs confirmation through surveys.  
The prediction of highly suitable areas with maxTSS 
threshold had a wider region encompassing most of the 
central highlands of Sri Lanka.  Yet, our recent surveys 
in these areas failed to recover this species in majority 
of the area predicted by maxTSS threshold.  Further, 
the majority of the natural habitats in the region have 
been cleared for plantations and human habitations 
(Wickramagamage 1998) in the last century.  Small 
forest fragments that have not been surveyed within 
the predicted area may yet persist, with populations of 
P. zorro.  Because the land use variable incorporated 
into the suitability model dates from 2015, some of the 
suitable areas predicted may no longer be favorable for 
P. zorro due to subsequent deforestation and habitat 
degradation.  Urgent action needs to be taken to survey 
and confirm the presence of P. zorro in the remaining 
natural habitats and adjacent home gardens.

The EOO in our study (558 km2) is higher than 
previous estimates (20.19 km2; Manamendra-Arachchi 
and Pethiyagoda 2004).  This discrepancy could be due to 
the previous estimate being limited to Gannoruwa Forest 
Reserve and the adjacent areas.  The present estimate 
includes localities such as the Hanthana Conservation 
Area, Udawattakale Forest Reserve, Doteloya forest 
in the Kegalle District and the Knuckles conservation 
forest, where the occurrence of P. zorro has now been 

established.  Further, the AOO according to this study 
was 9 km2, while the predicted EOO through ENM from 
the two separate thresholds were 2,374 km2.  The marked 
increase in EOO should be treated with caution until the 
presence of the species within the region is confirmed.  
The same caution applies to the EOO predicted through 
ENM.  Both EOO and AOO delimited by maxTSS 
threshold was comparatively greater than those 
predicted with 80% suitability threshold.  Predicted area 
delimited by maxTSS includes a large area that is higher 
than 1,000 m elevation; however, P. zorro appears to be 
restricted to elevations lower than 800 m (Manamendra-
Arachchi and Pethiyagoda 2005).  The predicted area 
delimited by maxTSS threshold, therefore, may not 
represent the actual realized niche or the distribution 
range of P. zorro.  Based on available data, the predicted 
area delimited by > 80% suitability threshold might 
truly represent the actual range of the species.      

In general, the variables linked to temperature 
(BIO2, BIO4, BIO18) and precipitation (BIO14) had 
high predictive value in the model.  Higher temperatures 
can increase evaporation from leaf litter (Kreye et al. 
2018) and influence the distribution of P. zorro, which 
depends on the leaf litter moisture for survival and 
reproduction.  In general, reduced moisture levels 
can reduce the survival of adult terrestrial amphibians 
(Rohr and Madison 2003) and desiccate the direct 
developing eggs (Bahir et al. 2005).  This assertion is 
further strengthened by the observation that during the 
comparatively dry months of the study period, P. zorro 
was rarely found at sites in which they had previously 
been recorded.  This may be due to P. zorro estivating 
to avoid unfavorable conditions.  Nevertheless, 
prolonged droughts that could create highly desiccating 
conditions may severely threaten the existence of P. 
zorro even in the most suitable habitats.  Furthermore, 
one of the prime habitats for P. zorro, Gannoruwa 
Forest Reserve, lacks surface water bodies, making 
the area more vulnerable to rapid desiccation.  Even in 
good habitats, significantly reduced rainfall, changes in 
rainfall seasonality and increasing temperatures could 
pose severe threats to populations of P. zorro and many 
other anuran species in Sri Lanka.  This is especially 
relevant as recent studies indicate trends in increasing 
temperatures and decreasing rainfall in many regions 
of Sri Lanka, including our study area (De Costa 2008; 
Naveendrakumar et al. 2018).   

We believe that our study provides a starting point 
for habitat modeling of threatened species in Sri Lanka.  
By identifying potential new habitats and variables such 
as leaf litter thickness and broad-leaved canopy cover, 
which are positively associated with P. zorro abundance, 
modeling studies can streamline conservation efforts 
and narrow down survey efforts to sites with a high 
probability of occurrence.  Identifying habitat variables 
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that are positively associated with the abundance of 
endangered species such as P. zorro has implications 
for both in-situ and ex-situ conservation of endangered 
species.

Acknowledgments.—We thank the Department of 
Wildlife Conservation (Permit no: WL/3/2/30/15) and 
the Forest Department of Sri Lanka (Permit No: R&E/
RES/NFSRCM/2015−04) for granting permission to 
conduct this study.  This study would not have been 
possible if not for the generous funding by the Mohamed 
Bin Zayed Species Conservation fund to KDBU and 
RPGV (Project No: 14259626).  We are very grateful 
to Senani Karunarathne (CSIRO, Australia) for help 
with spatial analyses and Ecological Niche Modeling. 
Dan Warren (Senckenberg Biodiversity and Climate 
Research Center, Germany) is highly appreciated 
for providing the ENM tools R script.  Our sincere 
gratitude goes to our colleagues Mahesh Madushan, 
Inosha Priyankarage, Rajitha Perera, Supun Attanayaka, 
Rakshitha Witharana, Akila Satharasinghe, Krishantha 
De Zoysa, Maleesha Kumarage, Ishwara Vitharana, 
M.A.S. Sandaruwan, Thilina Kumarasiri, Isuru Supasan 
for help with fieldwork.  Assanga Wijetunga and Nimal 
Gunetilake are thanked for assistance with literature. 

literature cited

Abeywickrema, B.A., M.A. Baldwin, C.M. Jansen, and 
M.S. Bandara. 1991. Natural Resources of Sri Lanka. 
Conditions and Trends. Natural Resources, Energy 
and Science Authority of Sri Lanka, Colombo, Sri 
Lanka.

Adams, M.J. 1999. Correlated factors in amphibian 
decline: exotic species and habitat change in western 
Washington. Journal of Wildlife Management 
63:1162−1171.

Bahir, M.M., M. Meegaskumbura, K. Manamendra-
Arachchi, C.J. Schneider, and R. Pethiyagoda. 2005. 
Reproduction and terrestrial direct development in 
Sri Lankan shrub frogs (Ranidae: Rhacophorinae: 
Philautus). Raffles Bulletin of Zoology 12:339−350.

Bandara, C., B. Herath, N. Karunaratha, S. de Silva, 
H. Adhikari, and N. Wijayathilaka. 2019. Range 
Extension and vocalization of endangered Shrub Frog, 
Pseudophilautus zorro (Amphibia: Rhacophoridae) 
in Sri Lanka. Proceedings of the 24th International 
Forestry and Environment of Symposium. University 
of Sri Jayewardenapura, Sri Lanka.   

Barbet-Massin, M., F. Jiguet, C.H. Albert, and W. 
Thullier. 2012. Selecting pseudo-absences for species 
distribution models: how, where and how many? 
Methods in Ecology and Evolution 3:327−338.

Batuwita, S., M. De Silva, and S. Udugampala. 2019a. 
Description of a new species of Pseudophilautus 

(Amphibia: Rhacophoridae) from southern Sri 
Lanka. Journal of Threatened Taxa 11:13120−13131.

Batuwita, S., S. Udugampola, M. de Silva, J. Diao, and 
U. Edirisinghe. 2019b. A review of amphibian fauna 
of Sri Lanka: distribution, recent taxonomic changes 
and conservation. Journal of Animal Diversity 1:44–
82. 

Booth, T.H., H.A. Nix, J.R. Busby, and M.F. Huchinson. 
2014.  BIOCLIM, the first species distribution 
modeling package, its early applications and 
relevance to most current MAXENT studies. 
Diversity and Distributions 20:1−9.

Burt, T.P., and K.D.N. Weerasinghe. 2014. Rainfall 
distributions in Sri Lanka in time and space: an 
analysis based on daily rainfall data. Climate 
2:242−263.

Davidson, C., H.B. Shaffer, and M.R. Jennings. 2001. 
Declines of the California Red-legged Frog: climate, 
UV-B, habitat, and pesticides hypotheses. Ecological 
Applications 11:464−479.

De Costa, W.A.J.M. 2008. Climate change in Sri 
Lanka: myth or reality? Evidence from long-term 
meteorological data. Journal of the National Science 
Foundation of Sri Lanka 36:63−88.

Delis, P.R., H.R. Mushinsky, and E.D. McCOY. 
1996. Decline of some west-central Florida anuran 
populations in response to habitat degradation. 
Biodiversity & Conservation 5:1579−1595.

Eigenbrod, F., S.J. Hecnar, and L. Fahrig. 2008. 
Accessible habitat: an improved measure of 
the effects of habitat loss and roads on wildlife 
populations. Landscape Ecology 23:159−168.

Fick, S.E., and R.J. Hijmans. 2017. WorldClim 2: new 
1km spatial resolution climate surfaces for global 
land areas. International Journal of Climatology 
37:4302−4315.

Fauth, J.E., B.I. Crother, and J.B. Slowinski. 1989. 
Elevational patterns of species richness, evenness, 
and abundance of the Costa Rican leaf-litter 
herpetofauna. Biotropica 21:178−185.

Gunetilleke, N., R. Pethiyagoda, and S. Gunetilleke. 
2008. Biodiversity of Sri Lanka. Journal of the 
National Science Foundation of Sri Lanka 35:25−62. 

Heinen, J.T. 1992. Comparisons of the leaf litter 
herpetofauna in abandoned cacao plantations and 
primary rain forest in Costa Rica: some implications 
for faunal restoration. Biotropica 24:431−439.

International Union for Conservation of Nature (IUCN). 
2012. Red List Categories and Criteria, Version 3.1. 
2nd Edition. https://www.iucn.org.

International Union for Conservation of Nature (IUCN). 
2020. The IUCN Red List of Threatened Species. 
Version 2020-3. http//www.iucn.org. 

International Union for Conservation of Nature (IUCN), 
Standards and Petitions Committee. 2019. Guidelines 



 45   

Herpetological Conservation and Biology

for Using the IUCN Red List Categories and Criteria. 
http://www.iucnredist.org.

Kreye, J.K., J.K. Hiers, J.M. Varner, B. Hornsby, S. 
Drukker, and J.J. O’Brien. 2018. Effects of solar 
heating on the moisture dynamics of forest floor 
litter in humid environments: composition, structure, 
and position matter. Canadian Journal of Forestry 
Research 48:1331–1342.   

Krishna, M.P., and M. Mohan. 2017. Litter decomposition 
in forest ecosystems: a review. Energy, Ecology and 
Environment 2:236−249.

Kumara, D.M.N.P, and K.D.B. Ukuwela. 2009. A survey 
on the amphibians of Ambagamuwa, a tropical 
wet mid land area in Sri Lanka. Herpetology Notes 
2:81−85.

Kumar, S., and T.J. Stohlgren. 2009. Maxent modeling 
for predicting suitable habitat for threatened and 
endangered tree Canacomyrica monticola in 
New Caledonia. Journal of Ecology and Natural 
Environment 1:94−98.

Liu, C., G. Newell, and M. White. 2016. On the selection 
of thresholds for predicting species occurrence 
with presence-only data. Ecology and Evolution 6: 
337−348. 

Lobo, J.M., A. Jimenez-Valverde, and R. Real. 2008. 
AUC: a misleading measure of the performance of 
predictive distribution models. Global Ecology and 
Biogeography 17:145−151.

Manamendra-Arachchi, K., and R. Pethiyagoda. 2004. 
Pseudophilautus zorro. The IUCN Red List of 
Threatened Species 2004. International Union for 
Conservation of Nature. http://dx.doi.org/10.2305/
IUCN.UK.2004.RLTS.T58940A11859701.en. 

Manamendra-Arachchi, K. and R. Pethiyagoda. 2005. 
The Sri Lankan shrub-frogs of the genus Philautus 
Gistel, 1848 (Ranidae: Rhacophorinae), with 
description of 27 new species. Raffles Bulletin of 
Zoology 12:163−303.

Meegaskumbura, M., F. Bossuyt, R. Pethiyagoda, 
K. Manamendra-Arachchi, M. Bahir, M.C. 
Milinkovitch, and C.J. Schneider. 2002. Sri Lanka: 
an amphibian hot spot. Science 298:379−379.

Merow, C., M.J. Smith, and J.A. Silander. 2013. A 
practical guide to MaxEnt for modeling species’ 
distributions: what it does, and why inputs and 
settings matter. Ecography 36:1058–1069. 

Naveendrakumar, G., M. Vithanage, H-H. Kwon, 
M.C.M. Iqbal, S. Pathmarajah, and J. Obeysekera. 
2018. Five decadal trends in averages and extremes 
of rainfall and temperature in Sri Lanka. Advances in 
Meteorology 2018 Article ID 4217917:1–13. https://
doi.org/10.1155/2018/4217917.

Pearson, R.G. 2010. Species’ distribution modeling for 
conservation educators and practitioners. Lessons in 
Conservation 3:54–98. 

Pethiyagoda, R., K. Manamendra-Arachchi, M.M. 
Bahir, and M. Meegaskumbura. 2006. Sri 
Lankan amphibians, diversity, uniqueness and 
conservation. Pp. 125−133 In Fauna of Sri Lanka, 
Status of Taxonomy, Research and Conservation. 
Bambaradeniya, C.N.B. (Ed.). The World 
Conservation Union, Colombo, Sri Lanka, and 
Government of Sri Lanka, Colombo, Sri Lanka.

Phillips, S.J., R.P. Anderson, and R.E. Schapire. 2006. 
Maximum entropy modeling of species geographic 
distributions. Ecological Modeling 190:231−259.

Pimm, S.L., G.J. Russell, J.L. Gittleman, and T.M. 
Brooks. 1995. The future of biodiversity. Science 
269:347−350.

Pushpakumara, D.K.N.G., H.M.S. Heenkenda, B. 
Marambe, R.H.G. Ranil, B.V.R. Punyawardena, J. 
Weerahewa, G.L.L.P. Silva, D. Hunter, and J. Rizvi. 
2016. Kandyan home gardens: a time-tested good 
practice from Sri Lanka for conserving tropical fruit 
tree diversity. Pp. 171−190 In Tropical Fruit Tree 
Diversity. Sthapit, B., H. Lamers, R. Rao, and A. 
Baily (Eds.). Routledge, Abingdon, UK.

Rohr, J.R., and D.M. Madison. 2003. Dryness increases 
predation risk in efts: support for an amphibian 
decline hypothesis. Oecologia 135:657−664.

Robson, T.C., A.C. Barker, and B.R. Murray. 2009. 
Differences in leaf-litter invertebrate assemblages 
between Radiata pine plantations and neighbouring 
native eucalypt woodland. Austral Ecology 
34:368−376.

RStudio Team 2020. RStudio: Integrated Development 
for R. RStudio, Public Benefit Corporation, Boston, 
Massachusetts, USA. http://www.rstudio.com/.

Scott, N.J., Jr. 1976. The abundance and diversity of 
the herpetofaunas of tropical forest litter. Biotropica 
8:41−58.

Sharifi, M., P. Karami, V. Akmali, M. Afroosheh, and 
S. Vaissi. 2017. Modeling geographic distribution 
for the endangered Yellow Spotted Mountain Newt, 
Neurergus microspilotus (Amphibia: Salamandridae) 
in Iran and Iraq. Herpetological Conservation and 
Biology 12:488−497.

Sheng-ping, S., and W. Jun. 2018. Analysis of water-
holding capacity of litters in three types of near-
mature plantations in the Jinsha River Valleys. 
Journal of Sichuan Forestry Science and Technology 
39:61−65.    

Shi, R., L. Biao, S. Liu, and S. Wang. 2015. Water 
holding characteristics of litters from different 
ecological public welfare forest types. Proceedings of 
the 2nd International Conference on Green Materials 
and Environmental Engineering 35:55–59.  

Smith, K.G., K.R. Lips, and J.M. Chase. 2009. Selecting 
for extinction: non-random disease associated 
extinction homogenizes amphibian biotas. Ecology 



 46   

Rupasinghe et al.—Habitat and distribution of Pseudophilautus zorro.

Letters 12:1069−1078.
Solé, M., and D. Rödder. 2010. Dietary assessments 

of adult amphibians. Pp. 167−184 In Amphibian 
Ecology and Conservation. A Handbook of 
Techniques. Dodd, C.K., Jr. (Ed.). Oxford University 
Press, New York, New York, USA.

Somaweera, R., and K. Ukuwela. 2004. A comparison 
of amphibians in Kandyan home garden agro-
ecosystems of central Sri Lanka. Lyriocephalus 
(special issue) 5:52−54. 

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

Tanaka, K., and S. Hashimoto. 2006. Plant canopy 
effects on soil thermal and hydrological properties 
and soil respiration. Ecological Modeling 196:32−44. 

van Proosdij A.S.J., M.S.M. Sosef, J.J. Wieringa, and 
N. Raes. 2016. Minimum required number of records 
to develop accurate species distribution models. 
Ecography 39:542−552.

Warren, D.L., R.E. Glor, and M. Turelli. 2010. 
ENM Tools: a toolbox for comparative studies of 
environmental niche models. Ecography 33:607−611. 

Wickramagamage, P. 1998. Large scale deforestation 
for plantation agriculture in the hill country of Sri 
Lanka and its impacts. Hydrological Processes 
12:2015−2028.

Wickramasinghe, L.J.M., D.R. Vidanapathirana, M.D.G. 
Rajeev, and N. Wickramasinghe. 2013. Rediscovery 
of Pseudophilautus hypomelas (Günther, 1876) 
(Amphibia, Anura, Rhacophoridae) from the Peak 
Wilderness, Sri Lanka, a species thought to be 
extinct! Journal of Threatened Taxa 5:5181−5193.

u.a.l. desHan rupasingHe is a Marine Environment officer at the Marine Environment Protection 
Authority of Sri Lanka.  He obtained his B.Sc. (Hons) in Biodiversity and Conservation from Rajarata 
University of Sri Lanka where he also began his career in research with a focus on ecology and habitat 
modeling of amphibians.  Currently, he is involved in molecular systematic studies of some selected 
amphibians and reptiles in Sri Lanka.  (Photographed by Shamesh Wijenayake).

rajnisH p.g. Vandercone is a Senior Lecturer in Zoology at Rajarata University of Sri Lanka.  Rajnish 
obtained his PhD in the area of primate behavior and ecology from Washington University in St Louis, 
Missouri, USA.  His research focuses on animal behavior, community ecology, specifically on species 
interaction and coexistence.  (Photographed by Rajnish Vandercone).

kanisHka d.b. ukuwela is a Senior Lecturer in Zoology at the Rajarata University of Sri Lanka.  He 
holds a Ph.D. in Evolutionary Biology from the University of Adelaide, Australia.  His research is 
primarily focused on the systematics and conservation of the South Asian herpetofauna.  (Photographed 
by Kanishka Ukuwela).


