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Abstract

Amphibian surveys in remote tropical rainforests are often constrained by rugged terrain, dense vegetation, high logistical demands, 
and the invasive nature of observer-based methods. Passive acoustic monitoring (PAM) using autonomous recording units (ARUs) has 
emerged as a promising, non-invasive tool for biodiversity assess	 ments; however, its effectiveness can vary across taxa and 
landscapes. This study conducted a comparative evaluation of PAM with conventional visual encounter surveys (VES) to document 
the anuran community in a tropical wet evergreen forest within the Indo-Burma biodiversity hotspot. The results indicated that PAM 
effectively detected most visually observed species, as well as many vocally active cryptic, arboreal, and fossorial species that were 
missed by VES. Its ability to function effectively in dense tropical rainforests underscores its potential for broad-scale assessments, 
particularly in the Indo-Burma biodiversity hotspot. However, VES detected non-calling and conspicuous species, highlighting the lim-
itations of a single-method approach. A mixed-method approach integrating PAM with VES yielded a more comprehensive inventory. 
These findings provide crucial insights into optimizing amphibian monitoring protocols and support the adoption of integrated survey 
methodologies for long-term assessments, particularly in landscapes where conventional methods are constrained by terrain and effort.

Key Words

amphibian, Arunachal Pradesh, bioacoustics, monitoring, Namdapha, species richness

Introduction

Tropical rainforests support high amphibian diversity, with 
amphibians representing one of the most evolutionarily an-
cient and ecologically sensitive vertebrate groups (Stuart et 
al. 2004; Wells 2010; Penhacek et al. 2024). Anura, consist-
ing of frogs and toads, is the largest order within Amphibia, 
covering over 85% of all described species (Frost 2024). 
Amphibian discoveries have accelerated in recent years, with 
approximately 780 new species described between 2016 and 
2020, the majority of which were anurans (Womack et al. 
2022). Despite numerous ongoing discoveries, many species 
in rainforest regions likely remain undocumented, primarily 

due to insufficient sampling and cryptic speciation (Funk et 
al. 2011). These regions are severely under-sampled because 
of rugged topography, dense vegetation, seasonal flooding, 
and, in some cases, socio-political instability, all of which 
impede comprehensive biodiversity assessments (Feeley 
and Silman 2011; Jenkins et al. 2013). Conventional surveys 
depend on human observers being physically present in 
the field to identify species through visual or acoustic cues. 
However, observer-based visual encounter surveys (VES) 
are particularly challenging for nocturnal amphibians due 
to logistical constraints and the requirement for specialized 
personnel (Hoefer et al. 2023). Furthermore, comprehensive 
monitoring of biodiversity requires repeated assessments, 
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ideally conducted over extended periods and wide spatial 
scales (Lindenmayer and Likens 2010), which demands 
substantial effort for observer-based field surveys.

Bioacoustic approaches, such as passive acoustic mon-
itoring (PAM), involve deploying autonomous sound-re-
cording devices to detect vocalizing species without the 
need for physical presence during the recording period. 
PAM has emerged as a powerful method for amphibian 
research, which provides reliable estimates for vocal-
ly active species (Blumstein et al. 2011). Unlike VES, 
which is limited by weather, terrain, and observer effort, 
PAM offers continuous, non-invasive data collection and 
is flexible for prolonged sampling periods in logistically 
challenging areas (Marques et al. 2013; Melo et al. 2021). 
PAM is especially advantageous for nocturnal surveys, 
since observer-based surveys are subject to safety issues 
and incur higher costs during this period. Over the last 
decade, greater availability and affordability of PAM 
devices, driven by technological advancements, have 
increased the opportunity to acoustically survey wildlife 
(Gibb et al. 2019). However, in terrestrial ecosystems, 
bats, followed by birds, are the most studied using PAM, 
while only 12% of PAM studies until 2018 focused on 
anurans (Sugai et al. 2019). The number of published 
studies employing PAM to study anurans has increased 
since 2018; however, a significant research bias exists in 
the geographical distribution of these studies.

Lassandro et al. 2025, in their review, showed that there 
were no PAM studies in Asia between 2013 and 2023, al-
though the continent accounted for 25.5% of anuran spe-
cies (Lassandro et al. 2025). Globally, a few studies have 
compared PAM with VES in inventorying anurans, but 
their findings differ, shaped by differences in landscape 
features, habitat complexity, and species assemblages 
(Acevedo and Villanueva-Rivera 2009; Brauer et al. 2016; 
Boullhesen et al. 2021). This study aims to address this 
research gap by conducting the first anuran PAM study 
in Southeast Asia. The study aims to assess the relative 
effectiveness of PAM and VES in the rainforests of North-
east India, which is part of the Indo-Burma region—one 
among the eight hottest biodiversity hotspots of the world 
with high amphibian diversity (Myers et al. 2000; Pawar 
and Birand 2001). In recent years, this region has attracted 
researchers, particularly for biodiversity assessments, in 
the context of emerging habitat modification threats. How-
ever, large-scale surveys remain challenging due to logis-
tical constraints and rugged terrain (Ohler et al. 2018).

In this study, the performance of passive acoustic mon-
itoring (PAM) is compared and contrasted with visual en-
counter survey (VES) methods to inventory the amphib-
ian community in a tropical wet evergreen forest in the 
Indo-Burma biodiversity hotspot. Additionally, this study 
tests whether the combined PAM-plus-VES method 
yields a significantly better result in estimating the study 
area’s regional amphibian species richness. The overall 
goal here is to determine the most efficient and feasible 
method, which can be used to accelerate the creation of a 
comprehensive amphibian inventory for the Indian region 
of the Indo-Burma biodiversity hotspot.

Materials and methods
Study area

The study was conducted in and around Namdapha Tiger 
Reserve (NTR), a 1985 km2 protected area in Arunachal 
Pradesh, India (Fig. 1), situated within the Indo-Burma bio-
diversity hotspot (Myers et al. 2000). This region is home to 
extensive rainforests (Champion and Seth 1968) and is con-
sidered the northernmost lowland tropical wet evergreen 
forest in the world (Proctor et al. 1998). Due to its wide ele-
vation range (200–4,571 m), the forest types transition from 
wet evergreen forests to wet temperate forests with increas-
ing altitude (Champion and Seth 1968). The park’s habitat 
heterogeneity supports highly diverse species assemblages, 
including several endemic species. Previous amphibian sur-
veys in this region employed observer-based survey meth-
ods and did not incorporate passive acoustic monitoring 
(Sarkar and Sanyal 1984; Dinesh and Radhakrishnan 2019).

The study area map was generated using the digital 
elevation model (DEM, 30 m resolution) from the NASA 
Shuttle Radar Topography Mission (SRTM) (NASA JPL 
2013). This DEM was used to generate a terrain rugged-
ness layer using the Terrain Ruggedness Index (TRI) tool 
in QGIS (QGIS Development Team 2024).

Data sampling

Fourteen sampling locations were selected in the tropical 
evergreen forest zone of the study area for the survey (Fig. 
1), based on existing literature (Sarkar and Sanyal 1984; 
Dinesh and Radhakrishnan 2019), previous exploration 
surveys conducted in 2022, and information provided by 
local people. Each sampling location (site) corresponded 
to one of the following four habitats: (1) lake/pond, (2) 
river/stream, (3) roadside water puddle, and (4) swamps 
within the forest. Data were collected through PAM and 
VES methods at the beginning of the wet season (May–
June 2023) in Northeast India to avoid the risk of floods 
and landslides in the following months.

Song Meter Micro units (Wildlife Acoustics, Inc.) were 
used for passive acoustic monitoring. Each PAM unit was 
powered by three AA alkaline batteries, and silica bags 
were placed inside to prevent moisture accumulation. Digi-
tal recordings were stored on microSD cards inserted in the 
units. The devices were configured using the Song Meter 
Configurator mobile app (v. 1.5.15). The sampling rate was 
set to 44.1 kHz, gain was set to 18 dB, and individual re-
cordings were saved as 60-min files. PAM units were con-
figured to record from dusk to midnight (18:00 to 23:59 h), 
coinciding with the peak activity period of amphibians. At 
each of the 14 sampling sites, one PAM unit was installed 
to record continuously for 6 h over 1 day. Each device was 
securely strapped to a tree or plant and positioned approxi-
mately 2 m above the ground (Walls et al. 2014).

At each ARU-installed location, a nocturnal visual en-
counter survey (VES) (Scott et al. 1994) was conducted 
between 19:00 and 21:00 h on the day following acoustic 
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data collection. Three surveyors searched for anurans at 
each site for a fixed duration of 2 h using flashlights. The 
VES sampling effort at each site was 6 person-h (3 per-
sons × 2 h), which is consistent with the PAM sampling 
effort of 6 h (1 unit × 6 h).

Data analysis

Raven Pro (v. 1.6) was used for analyzing the sound files 
retrieved from PAM units. Sampling effort was standard-
ized to 10 min for each hour of recording (Melo et al. 
2021; Ribeiro Jr et al. 2022). The 10-min continuous seg-
ment within each h was randomly selected. Thus, for each 
site, 60 min (6 h × 10 min/h) of call recording was consid-
ered the sample for analysis. Analysis involved listening 
to the recordings and visually scanning the spectrogram 
in Raven Pro, with frame length set to 60 s (Wimmer et al. 
2013; D’Anunciação et al. 2022). The spectrum function 
was set to a Hanning window of 256 samples and a DFT 
size of 1024 samples. Two team members with adequate 
knowledge of anuran calls listened to the recordings and 
identified the species. The identified calls were annotat-
ed, and the dominant frequency was measured using peak 
frequency measurement in Raven’s selection spectrum 
function (Bernardes et al. 2015). Dominant frequency is 
defined as the frequency at which the maximum power is 
observed in a call selection.

Gamma species richness was estimated for VES and 
PAM methods separately using a non-parametric boot-
strap approach (Efron and Tibshirani 1994), wherein 14 
sites were resampled with replacement 1000 times, and 
the number of unique species in each replicate was re-
corded. The resulting distribution of the estimated rich-
ness was used to calculate the 95% confidence interval 
(Efron and Tibshirani 1994; Chiu et al. 2014). Given 
that the sampling sites were independent and the sam-
pling effort was consistent, this resampling-based meth-
od is flexible and widely applied in ecological studies 
(Gotelli and Colwell 2001). The bootstrap-derived spe-
cies richness estimates of the two methods were com-
pared using the non-parametric Mann–Whitney U test 
(Mann and Whitney 1947).

Additionally, Jaccard’s index was used to measure 
the similarity between the set of amphibian species 
detected by PAM and VES. The species were grouped 
based on ecological traits to investigate the method-spe-
cific detection patterns (Davis et al. 2025). The ana-
lyzed traits were (1) vertically stratified habitat—fos-
sorial, stream, terrestrial, low-vegetation, and arboreal; 
(2) body size using snout–vent length (SVL)—small 
(≤ 30 mm), medium (31–60 mm), and large (> 60 mm); 
and (3) dominant call frequency—low (< 2 kHz), mid 
(2–4.5 kHz), and high (> 4.5 kHz). For each trait group, 
asymptotic species richness was estimated using the 
incidence-based estimators implemented in iNEXT, 

Figure 1. Map showing the sampled locations (black circles) in the study area, Namdapha landscape, which lies within the In-
do-Burma global biodiversity hotspot. Terrain Ruggedness Index (TRI) is a quantitative measurement of local elevation variability. 
Higher TRI indicates more rugged terrain with steeper slopes, cliffs, and ridgelines.
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which modeled the expected richness and provided the 
95% confidence intervals. Given the lack of published 
literature on traits for a few species, the literature-based 
values were supplemented with field data from this 
study. The referred literature for species traits is list-
ed in Table 1. SVL values correspond to the average 
snout–vent length of males. In cases where a species 
was detected exclusively through PAM but could not 
be reliably identified, the site was revisited to locate the 
calling individuals. Their SVL was measured (n ≥ 3), 
and associated habitat characteristics were recorded. 
Dominant call frequency corresponds to the mean dom-
inant frequency of the species. For species exhibiting 
multiple call types, the call type with the highest mean 
dominant frequency was used.

To examine species richness and sampling adequacy, 
species accumulation curves (SAC) were constructed for 
(1) PAM, (2) VES, and (3) PAM+VES methods, wherein 
the number of sampled sites was chosen as the effort. R 
software (v. 4.1.3) and the iNEXT package (Hsieh et al. 
2016) were used to run the above analysis. To estimate 
the effort required to detect all species, species detections 
were extrapolated to three times the minimum observed 
sample size (Hsieh et al. 2016).

Data resources

The data that support the findings of this study are de-
posited in the Figshare data repository at https://doi.
org/10.6084/m9.figshare.32323527 (Rajiv 2026).

Results
PAM vs. VES

After excluding corrupt files and those with excessive noise 
from rain, 3,360 min of acoustic recordings were obtained. 
From 720 min of subsampled data (10 min per h), a total of 
19 amphibian species belonging to 17 genera and six fam-
ilies (Frost 2024) were identified (Table 1). Visual encoun-
ter surveys also detected 19 species of amphibians belong-
ing to 17 genera and seven families (Frost 2024) (Table 
1). Both PAM and VES detected 11 endemic amphibian 
species (Table 1, Fig. 2). The bootstrap-derived 95% con-
fidence interval for species richness ranged between 14 
and 19 species for both PAM and VES methods (Fig. 3). A 
clear overlap was observed in the estimated richness con-
fidence intervals, indicating similarity in the output of the 
two methods. The Wilcoxon rank-sum test confirmed that 
there was no significant difference in regional species rich-
ness between methods (W = 494174, p > 0.1).

However, a marginal difference was observed in the 
composition of species detected by the two methods. The 
Jaccard similarity coefficient, or Jaccard index, was 0.652, 
which implies that 65.2% of the total species were record-
ed by both methods, while 17.4% of species were unique to 
each method. Fig. 4 displays the species detected by PAM 
and VES based on ecological traits. The results show that 
PAM was effective in detecting arboreal and fossorial an-
urans, whereas VES detected a greater number of species 
inhabiting streams. In terrestrial habitats, although VES 
detected two additional species, the estimated richness 

Table 1. List of anuran species identified through passive acoustic monitoring (PAM) and visual encounter surveys (VES), along with the referred literature.

Family Species PAM VES Reference
Bufonidae Duttaphrynus melanostictus Yes (Prasad et al. 2020)
Ceratobatrachidae Alcalus fontinalis † Yes Yes (Boruah et al. 2023b)
Dicroglossidae Minervarya sp. Yes Yes (Dinesh and Radhakrishnan 2019; Prasad et al. 2020)

Limnonectes motijheel † Yes (Boruah et al. 2026)
Limnonectes sp. Yes (Dinesh and Radhakrishnan 2019)

Megophryidae Xenophrys ancrae † Yes Yes (Mahony et al. 2013)
Microhylidae Microhyla eos † Yes Yes (Biju et al. 2021; Gupta et al. 2024)
Ranidae Amolops marmoratus Yes Yes (Sarkar and Sanyal 1984)

Amolops adicola Yes (Patel et al. 2021)
Hylarana leptoglossa Yes Yes (Warjri et al. 2025)
Nidirana noadihing† Yes Yes (Boruah et al. 2023a)

Odorrana livida Yes (Shen et al. 2011; Xiang et al. 2016)
Rhacophoridae Gracixalus patkaiensis† Yes Yes (Boruah et al. 2023c)

Kurixalus naso Yes Yes (Annandale 1912)
Nasutixalus jerdonii Yes (Boruah et al. 2025)

Polypedates himalayensis Yes Yes (Annandale 1912; Saikia et al. 2020)
Raorchestes nasuta†‡ Yes (Boruah et al. 2025)

Raorchestes orientalis†‡ Yes Yes (Boruah et al. 2025)
Raorchestes arunachalensis†‡ Yes Yes (Boruah et al. 2025)
Rhacophorus namdaphaensis† Yes Yes (Sengupta et al. 2026)

Rhacophorus bipunctatus Yes Yes (Warjri et al. 2025)
Feihyla shyamrupus† Yes Yes (Biju et al. 2020)

Zhangixalus smaragdinus Yes (Ohler and Deuti 2018)

† species endemic to India.
‡ cryptic species.

https://doi.org/10.6084/m9.figshare.32323527
https://doi.org/10.6084/m9.figshare.32323527
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remained similar between methods, with overlapping 
confidence intervals. Across body-size classes, both meth-
ods revealed nearly identical species counts, with PAM 
detecting only one additional small-bodied species (SVL 
< 30 mm), Raorchestes nasuta. Across call-frequency 
groups, species richness patterns differed modestly be-
tween the two methods (Fig. 4). Among high-frequency 
callers, VES recorded two species, whereas PAM detected 
only one species. In the low-frequency group, both meth-
ods detected six species, but the estimated richness was 
higher for VES than for PAM. For mid-frequency call-
ers, observed and estimated richness values were similar 
between methods, with broadly overlapping confidence 
intervals. Limnonectes sp. could not be identified to the 
species level, and hence it was not possible to retrieve its 

representative dominant frequency value from the litera-
ture. Consequently, Limnonectes sp. was excluded from 
analyses examining the relationship between dominant 
frequency and species richness.

Interestingly, the upper limit of the bootstrap confidence 
interval of richness for both VES and PAM methods was 
not greater than the observed richness (Fig. 3). This disparity 
was investigated by evaluating sampling adequacy. Species 
accumulation curves (SAC) were constructed based on the 
species detection history across sampling locations. For both 
methods, a positive but decelerating trend in cumulative spe-
cies richness was observed with increasing sampling sites, 
indicating that new species continue to be detected, albeit at 
a slower rate (Fig. 5). The rate of species accumulation at the 
tail end of the rarefaction curve—calculated by measuring 

Figure 2. The image shows the majority of endemic species detected during the survey. Top, left to right: Alcalus fontinalis, Lim-
nonectes motijheel, and Feihyla shyamrupus; middle, left to right: Xenophrys ancrae, Gracixalus patkaiensis, and Nidirana noadihing; 
bottom, left to right: Rhacophorus namdaphaensis, Raorchestes nasuta, and Microhyla eos. Images by Abhijit Das and N.V. Rajiv.
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the slope of the last three points—was 0.46 for PAM and 
0.46 for VES. This indicates that, on average, 0.46 new spe-
cies were added with each additional site.

Mixed method

When both survey methods were combined (mixed meth-
od), a total of 23 species were recorded, which is 21% 
more than the observed species in either method (PAM or 

VES). Using bootstrap resampling, the 95% confidence 
interval was between 16 and 23 species (Fig. 3). The 
mixed-method richness estimate was significantly high-
er than the PAM estimate (W = 940992, p < 0.0005) and 
VES estimate (W = 939942, p < 0.0005). Similar to the ac-
cumulation curves of VES and PAM, sampling inadequa-
cy was observed in the mixed-method SAC, where 0.53 
additional species were detected with each new site. The 
extrapolated curve approached an asymptote at approxi-
mately three times the current sampling effort, suggesting 
that approximately 40 sites would be required to create a 
comprehensive inventory for the study area (Fig. 5).

Discussion
Amphibians are the most threatened vertebrate class, and 
their extinction rate shows no sign of decline (Luedtke et 
al. 2023). At the same time, the steady increase in the rate 
of newly described amphibian species suggests the pres-
ence of many unknown species (Womack et al. 2022). 
This indicates that the true rate of threat to this class is 
higher than currently known. This study was initiated in 
the context of inadequate documentation of amphibian 
diversity and monitoring efforts in the Indo-Burma bio-
diversity hotspot. To tackle the safety and accessibility 
challenges associated with nocturnal visual surveys in 
this landscape, the efficiency of PAM for anurans was 
tested as an alternative to traditional VES. The results 
indicated that PAM is a reliable method for estimating 
amphibian species richness, especially in remote and in-
accessible regions. However, a mixed method, wherein 
PAM is complemented with VES, yielded more compre-
hensive results. These findings provide crucial evidence 
for the large-scale assessment and monitoring of amphib-
ians in rugged terrains that are treacherous for nocturnal 
manual surveys in tropical rainforests.

Comparative performance

In this study, both visual encounter surveys and passive 
acoustics yielded the same landscape-level species rich-
ness, with identical bootstrap-derived 95% confidence 
intervals. Similar results were observed in Andean for-
ests, where equivalent amphibian species richness was 
observed across methods (Boullhesen et al. 2021). The 
PAM richness estimate was also similar to earlier visual 
surveys conducted in the Namdapha landscape. In 1984, 
Sarkar and Sanyal conducted an expedition and reported 
14 amphibian species (Sarkar and Sanyal 1984). A more 
recent survey conducted in 2009 reported 22 amphibian 
species in NTR (Dinesh and Radhakrishnan 2019). Tax-
onomic updates in amphibian systematics over the years 
have led to revisions in the names of several taxa. Con-
sidering these changes, the PAM method in this study 
detected the following species that were not documented 
in earlier surveys: Microhyla eos, Hylarana leptoglossa, 

Figure 3. Observed anuran species richness, shown as circles 
with 95% confidence intervals, shown as horizontal bars, ob-
tained from passive acoustic monitoring (PAM) only, visual en-
counter surveys (VES) only, and the mixed method (PAM+VES).

Figure 4. Number of anuran species detected in PAM and VES 
based on ecological traits: top, vertically stratified habitat; bot-
tom-left, body size, based on snout–vent length: small ≤ 30 mm, 
medium = 31–60 mm, large > 60 mm; bottom-right, dominant call 
frequency: low < 2 kHz, mid = 2–4.5 kHz, high > 4.5 kHz. The er-
ror bars indicate 95% confidence intervals calculated from species 
accumulation curves using the iNEXT package (Hsieh et al. 2016).
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Figure 5. Species accumulation curve of species richness with the number of sampled sites as the effort for PAM-only, VES-only, 
and PAM+VES methods. The shaded area around the curves represents the 95% confidence intervals.

Nidirana noadihing, Gracixalus patkaiensis, and 
Raorchestes nasuta. Based on these findings, passive 
acoustic monitoring appears to be a promising alterna-
tive to VES for assessing and monitoring anurans, partic-
ularly in the vastly unexplored and dense rainforests of 
Northeast India. However, developing a comprehensive 
inventory for this region requires examining the species 
composition detected by each method.

Variation in species composition

The results showed that 15 species were common to 
both methods, while four unique species were detected 
by PAM and VES, respectively (Table 1). Analysis by 
ecological traits revealed that PAM was effective in de-
tecting vocal amphibians that were either cryptic or occu-
pied concealed niches. VES failed to detect Nasutixalus 
jerdonii and Zhangixalus smaragdinus, likely because 
they are arboreal and, hence, outside the observer’s field 
of view. Barnes and Quinn (2023) detected arboreal an-
urans from ARUs alone, highlighting the distinct advan-
tage of PAM over VES in detecting tree-dwelling frogs 
(Barnes and Quinn 2023). Visually spotting species in 
the high canopy is challenging, and locating those hiding 
in subterranean environments is even more difficult. The 
ARUs detected a call type characterized by a low domi-
nant frequency, which was attributed to a putative species 
of the genus Limnonectes based on its acoustic features. 
Boruah et al. (2026) formally described it as a new spe-
cies (Limnonectes motijheel) and documented its calling 
behavior from mud nests beneath the leaf litter (Boruah et 
al. 2026). Similarly, PAM recordings in this study iden-
tified another previously undocumented call type. Based 
on its spectral and temporal features, it was inferred to 
be a cryptic species within the genus Raorchestes. This 
inference was subsequently supported by Boruah et al. 
(2025), who formally described the taxon as a new species 
(Raorchestes nasuta) (Boruah et al. 2025). With respect 

to call frequencies of the detected species, the highest 
species richness was observed in the mid-frequency range 
(2–4.5 kHz) across both methods. The most parsimonious 
explanation for this pattern is that mid-frequency callers 
may simply be more common in the assemblage. Only 
after accounting for this possibility should additional 
mechanisms, such as low-frequency masking or high-fre-
quency attenuation, be considered. Although call masking 
is well documented in the literature (Wiley and Richards 
1978; Buxton et al. 2017), its role cannot be confirmed in 
this study without targeted measurements of the acoustic 
environment. Overall, PAM outperformed VES by de-
tecting calls from species that were otherwise difficult to 
detect visually, including arboreal, fossorial, and cryptic 
species. These detections also suggest that the landscape 
harbors complex environments with vertically structured 
amphibian habitats (Oliveira and Scheffers 2019).

Four amphibian species—Amolops adicola, Dut-
taphrynus melanostictus, Odorrana livida, and Lim-
nonectes sp.—were uniquely detected by VES. Many 
Odorrana species produce complex ultrasonic calls (Shen 
et al. 2011; Arch et al. 2012). It is likely that Odorrana liv-
ida was not detected through PAM because its calls were 
outside the detection frequency range of the ARUs. Amo-
lops adicola occurs in riverine habitats, with peak calling 
and breeding activity documented in October (Patel et al. 
2021). Since this study was undertaken between May and 
June, it is likely that A. adicola was not vocalizing during 
this period for it to be detected by PAM. A greater num-
ber of species were detected by VES compared to PAM 
in stream habitats. This may be due to the high ambient 
noise around torrential streams, which is known to re-
duce acoustic detection rates (Towsey et al. 2014; Buxton 
et al. 2017). The Limnonectes sp. detected in VES was 
commonly found in road puddles and was not observed 
vocalizing during visual surveys. Similar to A. adicola, 
it is possible that this species breeds during a different 
season. The exclusive detection of D. melanostictus by 
VES may be attributed to its terrestrial and conspicuous 
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nature, along with its low-frequency and low-intensity 
calls that may be masked by ambient noise, limiting its 
detectability by PAM. Echoing other similar findings, this 
study concludes that VES performs well in detecting am-
phibians that are either non-vocal, have low-intensity or 
infrequent calls (Dodd 2010; Guzy et al. 2014), or occur 
in habitats with high ambient noise, such as streams.

Method integration

Noting the complementary nature of VES to acoustic 
methods, this study compared the performance of the 
mixed method (PAM+VES) with its counterparts. The 
mixed method yielded significantly higher amphibian spe-
cies richness estimates for the studied landscape. These 
findings support combining visual and passive acoustic 
surveys for the comprehensive assessment of amphibian 
communities (Boullhesen et al. 2021; Hoefer et al. 2023).

Sampling sufficiency

The observed species richness in all three methods (PAM, 
VES, and PAM+VES) was equal to the upper limit of the 
bootstrap-derived confidence interval. This can be due to 
the presence of rare species—those detected at only one 
or a few sites. Nearly 50% of the total species detected 
in the mixed method were observed at a maximum of 
two sites. The presence of a high number of rare species 
in communities reflects habitat complexity and environ-
mental heterogeneity, highlighting their conservation 
importance (Magurran and Henderson 2011). However, 
the percentage of rare species and the discrepancy in ob-
served richness (vs. CI) could also be due to insufficient 
sampling. Limited or uneven sampling effort across the 
study area can result in a downward bias of bootstrap-de-
rived richness estimates. In all three methods, non-as-
ymptotic species accumulation rarefaction curves were 
observed (Fig. 5), reflecting the incomplete detection of 
community richness (Gotelli and Colwell 2001).

Caveats

This study was designed to fulfill the stated objectives; 
however, it was constrained by logistical and financial 
limitations that influenced the extent of sampling effort. 
Although the full potential of PAM is typically realized 
through long-term deployments (Melo et al. 2021; Kunz 
et al. 2024), ARU deployments were limited to a single 
night per site due to resource constraints. Although the 
sampling effort was standardized to 6 h per site, this dura-
tion may be insufficient for detecting anurans that vocal-
ize infrequently or exhibit temporal variation in calling 
behavior. Sampling was further limited to the onset of 
the wet season (May–June 2023) to minimize risks as-
sociated with landslides and flooding, thereby excluding 

the full seasonal variation. Spatial coverage was similarly 
limited, as sampling locations were based on previous-
ly surveyed accessible locations and did not encompass 
the full altitudinal range of the study area. Consequently, 
both temporal and spatial sampling efforts were restrict-
ed. Despite these limitations, PAM detected a diverse as-
semblage, including acoustically distinct taxa not record-
ed in earlier surveys, underscoring its sensitivity even 
under limited sampling effort.

Recommendations

Based on the extrapolated species accumulation curve, an-
uran species richness in the Namdapha landscape can be 
effectively estimated using passive acoustic devices by sam-
pling across a minimum of 40 sites spanning different eleva-
tions and habitats. Future PAM studies should deploy ARUs 
for longer durations per site or incorporate temporally strati-
fied recording schedules to test their full potential. Wherever 
possible, PAM should be complemented with VES, or sam-
pling should be undertaken across multiple seasons of a year.

Conclusion
This study provides the first comparative account of passive 
acoustic monitoring and visual encounter survey approach-
es for anurans in India. The findings highlight the effective-
ness of PAM in detecting anurans in structurally complex 
tropical rainforests. Since PAM is non-invasive and can be 
deployed for extended durations in remote and challenging 
terrains, its implementation is advocated in Northeast India 
and its neighboring countries that share similar landscapes. 
However, to create comprehensive inventories and conduct 
long-term monitoring of anurans, a mixed-method approach 
combining visual and acoustic surveys is recommended.

Funding
This work was supported by the National Geographic So-
ciety (NGS-74044R-20) and the Science and Engineering 
Research Board–Department of Science & Technology, 
India (SERB-DST) (CRG/2018/000790).

Competing interests
The authors have no relevant financial or non-financial 
interests to disclose.

Acknowledgments
The authors thank the National Geographic Society for 
the award of the National Geographic Explorer Grant 
(NGS-74044R-20) and SERB-DST (CRG/2018/000790) 



Herpetozoa 39: 261–271 (2026)

herpetozoa.pensoft.net

269

for financial support. The authors thank the Arunachal 
Pradesh Forest Department (APFD) for the research per-
missions (CWL/GEN/355/2021/3178, dated 20 April/
September 2023). Shri Aduk Paron (Field Director 2023), 
Dr. Tajum Yomcha (Research Officer), Mayur Variya (Bi-
ologist), and the forest staff of Namdapha Tiger Reserve 
facilitated the study in the reserve. The authors are grate-
ful to all field assistants—Kumar Chakma, Tudo, Rebo 
Chakma, Toni Chakma, Gogoi, Anand Kumri, Kusum, 
Deng, Peter, Kallu, Nivaran, Jylliewfourth Lyngdon, 
and Prechal Kharbani. The authors thank team members 
Bitupan Boruah, Jason G, and Sourav D for their assis-
tance. The authors thank the anonymous reviewers for 
their valuable feedback on the manuscript. N.V.R. thanks 
Dr. Vivek Ramachandran for valuable feedback on the 
data analysis. A.D. thanks the Director, Dean, and Reg-
istrar of the Wildlife Institute of India for their support.

References
Acevedo MA, Villanueva-Rivera L (2009) Using automated digital re-

cording systems as effective tools for the monitoring of birds and 
amphibians. Wildlife Society Bulletin 34: 211–214. https://doi.org/1
0.2193/0091-7648(2006)34%5B211:UADRSA%5D2.0.CO;2

Annandale N (1912) Zoological results of the Abor Expedition, 1911–
1912. I. Batrachia. Records of the Indian Museum 8: 7–36. https://
doi.org/10.26515/rzsi/v8/i1/1912/163133

Arch VS, Simmons DD, Quiñones PM, Feng AS, Jiang J, Stuart BL, 
Shen J-X, Blair C, Narins PM (2012) Inner ear morphological cor-
relates of ultrasonic hearing in frogs. Hearing Research 283: 70–79. 
https://doi.org/10.1016/j.heares.2011.11.006

Barnes I, Quinn J (2023) Passive acoustic sampling enhances traditional 
herpetofauna sampling techniques in urban environments. Sensors 
23: 9322. https://doi.org/10.3390/s23239322

Bernardes C, De Carvalho T, Giaretta A (2015) Advertisement call of 
Rhinella major (Anura: Bufonidae) from the lower Amazonas Riv-
er basin with comments on intraspecific variation. Zootaxa 4012: 
375–378. https://doi.org/10.11646/zootaxa.4012.2.8

Biju SD, Garg S, Kamei RG, Maheswaran G (2021) A new Microhy-
la species (Anura: Microhylidae) from riparian evergreen forest in 
the eastern Himalayan state of Arunachal Pradesh, India. Zootaxa 
4674: 100–116. Zootaxa 5082: 600–600. https://doi.org/10.11646/
zootaxa.5082.6.6

Biju SD, Garg S, Gokulakrishnan G, Chandrakasan S, Thammachoti 
P, Ren J, Gopika C, Bisht K, Hamidy A, Shouche Y (2020) New 
insights on the systematics and reproductive behaviour in tree frogs 
of the genus Feihyla, with description of a new related genus from 
Asia (Anura, Rhacophoridae). Zootaxa 4878: 1–55. https://doi.
org/10.11646/zootaxa.4878.1.1

Blumstein DT, Mennill DJ, Clemins P, Girod L, Yao K, Patricelli G, 
Deppe JL, Krakauer AH, Clark C, Cortopassi KA, Hanser SF, Mc-
Cowan B, Ali AM, Kirschel ANG (2011) Acoustic monitoring in ter-
restrial environments using microphone arrays: applications, tech-
nological considerations and prospectus. Journal of Applied Ecology 
48: 758–767. https://doi.org/10.1111/j.1365-2664.2011.01993.x

Boruah B, Deepak V, Das A (2023a) Musicians in the marsh: a new 
species of music frog (Anura: Ranidae: Nidirana) from Arunachal 

Pradesh, India. Zootaxa 5374: 51–73. https://doi.org/10.11646/zoo-
taxa.5374.1.3

Boruah B, Deepak V, Das A (2025) Revision of bush frogs, Raorchestes 
and Philautus (Amphibia: Anura: Rhacophoridae) from the north-
east Indian biodiversity hotspot with description of thirteen new 
species. Vertebrate Zoology 75: 517–625. https://doi.org/10.3897/
vz.75.e148133

Boruah B, Rajiv NV, Dutta S, Das A (2026) A new mud-nesting fanged 
frog (Anura: Dicroglossidae) from arunachal pradesh with notes on 
L. longchuanensis from India. Zootaxa 5796: 551–571. https://doi.
org/10.11646/zootaxa.5796.3.8

Boruah B, Narayanan S, Gerard JD, Das A, Deepak V (2023b) Discov-
ery of a new species of dwarf frog (Anura: Ceratobatrachidae: Al-
calus) extends the northwestern distributional limits of the genus to 
Northeast India. Systematics and Biodiversity 21: 2249891. https://
doi.org/10.1080/14772000.2023.2249891

Boruah B, Deepak V, Patel NG, Jithin V, Yomcha T, Das A (2023c) A 
new species of green tree frog of the genus Gracixalus (Anura: Rha-
cophoridae) from the evergreen forest of Northeast India. Vertebrate 
Zoology 73: 557–574. https://doi.org/10.3897/vz.73.e98444

Boullhesen M, Vaira M, Barquez RM, Akmentins MS (2021) Eval-
uating the efficacy of visual encounter and automated acoustic 
survey methods in anuran assemblages of the yungas andean for-
ests of Argentina. Ecological Indicators 127: 107750. https://doi.
org/10.1016/j.ecolind.2021.107750

Brauer C, Donovan T, Mickey R, Katz J, Mitchell B (2016) A com-
parison of acoustic monitoring methods for common anurans of the 
northeastern United States. Wildlife Society Bulletin 40: 140–149. 
https://doi.org/10.1002/wsb.619

Buxton R, McKenna M, Clapp M, Meyer E, Stabenau E, Angeloni 
L, Crooks K, Wittemyer G (2017) Efficacy of extracting indices 
from large‐scale acoustic recordings to monitor biodiversity. 
Conservation Biology 32: 1174–1184. https://doi.org/10.1111/
cobi.13119

Champion SHG, Seth SK (1968) A Revised Survey of the Forest Types 
of India. Govt. of India Press, New Delhi, 404 pp.

Chiu C-H, Wang Y-T, Walther BA, Chao A (2014) An improved non-
parametric lower bound of species richness via a modified good–
turing frequency formula. Biometrics 70: 671–682. https://doi.
org/10.1111/biom.12200

D’Anunciação P, Sugai L, Martello F, Carvalho L, Ribeiro M (2022) Es-
timating the diversity of tropical anurans in fragmented landscapes 
with acoustic monitoring: lessons from a sampling sufficiency per-
spective. Biodiversity and Conservation 31: 3055–3074. https://doi.
org/10.1007/s10531-022-02475-w

Davis W, Bailey L, Wright FB (2025) Life history traits influence meth-
od-specific detection of native and invasive amphibians. Frontiers in 
Amphibian and Reptile Science 3: 1547830. https://doi.org/10.3389/
famrs.2025.1547830

Dinesh KP, Radhakrishnan C (2019) Amphibia. In: Fauna of Namdapha 
Tiger Reserve, Arunachal Pradesh. Conservation Area Series. Zoo-
logical Survey of India, Kolkata, India.

Dodd CK (2010) Amphibian Ecology and Conservation: A Handbook 
of Techniques. Oxford University Press, New York, USA, 585 pp. 
https://doi.org/10.1093/oso/9780199541188.001.0001

Efron B, Tibshirani RJ (1994) 57 An introduction to the bootstrap. 
Chapman and Hall/CRC, New York, NY, USA, 436 pp. https://doi.
org/10.1201/9780429246593

https://doi.org/10.2193/0091-7648(2006)34%5B211:UADRSA%5D2.0.CO;2
https://doi.org/10.2193/0091-7648(2006)34%5B211:UADRSA%5D2.0.CO;2
https://doi.org/10.26515/rzsi/v8/i1/1912/163133
https://doi.org/10.26515/rzsi/v8/i1/1912/163133
https://doi.org/10.1016/j.heares.2011.11.006
https://doi.org/10.3390/s23239322
https://doi.org/10.11646/zootaxa.4012.2.8
https://doi.org/10.11646/zootaxa.5082.6.6
https://doi.org/10.11646/zootaxa.5082.6.6
https://doi.org/10.11646/zootaxa.4878.1.1
https://doi.org/10.11646/zootaxa.4878.1.1
https://doi.org/10.1111/j.1365-2664.2011.01993.x
https://doi.org/10.11646/zootaxa.5374.1.3
https://doi.org/10.11646/zootaxa.5374.1.3
https://doi.org/10.3897/vz.75.e148133
https://doi.org/10.3897/vz.75.e148133
https://doi.org/10.11646/zootaxa.5796.3.8
https://doi.org/10.11646/zootaxa.5796.3.8
https://doi.org/10.1080/14772000.2023.2249891
https://doi.org/10.1080/14772000.2023.2249891
https://doi.org/10.3897/vz.73.e98444
https://doi.org/10.1016/j.ecolind.2021.107750
https://doi.org/10.1016/j.ecolind.2021.107750
https://doi.org/10.1002/wsb.619
https://doi.org/10.1111/cobi.13119
https://doi.org/10.1111/cobi.13119
https://doi.org/10.1111/biom.12200
https://doi.org/10.1111/biom.12200
https://doi.org/10.1007/s10531-022-02475-w
https://doi.org/10.1007/s10531-022-02475-w
https://doi.org/10.3389/famrs.2025.1547830
https://doi.org/10.3389/famrs.2025.1547830
https://doi.org/10.1093/oso/9780199541188.001.0001
https://doi.org/10.1201/9780429246593
https://doi.org/10.1201/9780429246593


herpetozoa.pensoft.net

N. V. Rajiv & Abhijit Das: PAM and VES reveal complementary species detection in rainforest anurans270

Feeley K, Silman M (2011) The data void in modeling current and fu-
ture distributions of tropical species. Global Change Biology 17: 
626–630. https://doi.org/10.1111/j.1365-2486.2010.02239.x

Frost DR (2024) Amphibian Species of the World: an Online Reference. 
https://doi.org/10.5531/db.vz.0001

Funk WC, Caminer M, Ron SR (2011) High levels of cryptic species 
diversity uncovered in Amazonian frogs. Proceedings of the Roy-
al Society B: Biological Sciences 279: 1806–1814. https://doi.
org/10.1098/rspb.2011.1653

Gibb R, Browning E, Glover-Kapfer P, Jones K (2019) Emerging op-
portunities and challenges for passive acoustics in ecological as-
sessment and monitoring. Methods in Ecology and Evolution 10: 
169–185. https://doi.org/10.1111/2041-210X.13101

Gotelli N, Colwell R (2001) Quantifying biodiversity: Procedures 
and pitfalls in the measurement and comparison of species rich-
ness. Ecology Letters 4: 379–391. https://doi.org/10.1046/j.1461-
0248.2001.00230.x

Gupta S, Dutta A, Kumar Roy J, Ahmed MF (2024) Breeding behaviour 
and advertisement call of the arunachal chorus frog, Microhyla eos 
Biju et al., 2019, from Namdapha National Park, Arunachal Pradesh, 
India. Herpetology Notes 17: 43–48.

Guzy J, Price S, Dorcas M (2014) Using multiple methods to assess 
detection probabilities of riparian-zone anurans: implications for 
monitoring. Wildlife Research 41: 243–257. https://doi.org/10.1071/
WR14038

Hoefer S, McKnight D, Allen-Ankins S, Nordberg E, Schwarzkopf L 
(2023) Passive acoustic monitoring in terrestrial vertebrates: a re-
view. Bioacoustics 32: 1–26. https://doi.org/10.1080/09524622.202
3.2209052

Hsieh TC, Ma KH, Chao A (2016) iNEXT: an R package for rarefaction 
and extrapolation of species diversity (Hill numbers). Methods in 
Ecology and Evolution 7: 1451–1456. https://doi.org/10.1111/2041-
210X.12613

Jenkins C, Pimm S, Joppa L (2013) Global patterns of terrestrial ver-
tebrate diversity and conservation. Proceedings of the National 
Academy of Sciences of the United States of America 110: E2602–
E2610. https://doi.org/10.1073/pnas.1302251110

Kunz BK, Waddle JH, Green NS (2024) Amphibian monitoring in hard-
wood forests: Optimizing methods for contaminant‐based compen-
satory restorations. Integrated Environmental Assessment and Man-
agement 20: 1939–1953. https://doi.org/10.1002/ieam.4202

Lassandro M, Bolitho L, Newell D (2025) A systematic review of Pas-
sive Acoustic Monitoring for anuran conservation. Bioacoustics 34: 
579–628. https://doi.org/10.1080/09524622.2025.2518486

Lindenmayer D, Likens G (2010) The science and application of eco-
logical monitoring. Biological Conservation 143: 1317–1328. 
https://doi.org/10.1016/j.biocon.2010.02.013

Luedtke JA, Chanson J, Neam K, Hobin L, Maciel AO, Catenazzi A, 
Borzée A, Hamidy A, Aowphol A, Jean A, Sosa-Bartuano Á, Fong 
GA, de Silva A, Fouquet A, Angulo A, Kidov AA, Muñoz Saravia 
A, Diesmos AC, Tominaga A, Shrestha B, Gratwicke B, Tjaturadi 
B, Martínez Rivera CC, Vásquez Almazán CR, Señaris C, Chan-
dramouli SR, Strüssmann C, Cortez Fernández CF, Azat C, Hoskin 
CJ, Hilton-Taylor C, Whyte DL, Gower DJ, Olson DH, Cisner-
os-Heredia DF, Santana DJ, Nagombi E, Najafi-Majd E, Quah ESH, 
Bolaños F, Xie F, Brusquetti F, Álvarez FS, Andreone F, Glaw F, 
Castañeda FE, Kraus F, Parra-Olea G, Chaves G, Medina-Rangel 
GF, González-Durán G, Ortega-Andrade HM, Machado IF, Das I, 

Dias IR, Urbina-Cardona JN, Crnobrnja-Isailović J, Yang J-H, Ji-
anping J, Wangyal JT, Rowley JJL, Measey J, Vasudevan K, Chan 
KO, Gururaja KV, Ovaska K, Warr LC, Canseco-Márquez L, Toledo 
LF, Díaz LM, Khan MMH, Meegaskumbura M, Acevedo ME, Nap-
oli MF, Ponce MA, Vaira M, Lampo M, Yánez-Muñoz MH, Scherz 
MD, Rödel M-O, Matsui M, Fildor M, Kusrini MD, Ahmed MF, 
Rais M, Kouamé NG, García N, Gonwouo NL, Burrowes PA, Im-
bun PY, Wagner P, Kok PJR, Joglar RL, Auguste RJ, Brandão RA, 
Ibáñez R, von May R, Hedges SB, Biju SD, Ganesh SR, Wren S, 
Das S, Flechas SV, Ashpole SL, Robleto-Hernández SJ, Loader SP, 
Incháustegui SJ, Garg S, Phimmachak S, Richards SJ, Slimani T, 
Osborne-Naikatini T, Abreu-Jardim TPF, Condez TH, De Carvalho 
TR, Cutajar TP, Pierson TW, Nguyen TQ, Kaya U, Yuan Z, Long B, 
Langhammer P, Stuart SN (2023) Ongoing declines for the world’s 
amphibians in the face of emerging threats. Nature 622: 308–314. 
https://doi.org/10.1038/s41586-023-06578-4

Magurran A, Henderson P (2011) Commoness and Rarity. In: Biological 
Diversity Frontiers in Measurement and Assess. Oxford University 
Press, Oxford; New York, 97–104.

Mahony S, Teeling E, BIJU SD (2013) Three new species of horned 
frogs Megophrys (Amphibia: Megophryidae) from northeast India, 
with a resolution to the identity of Megophrys boettgeri popula-
tions reported from the region. Zootaxa 3722: 143–169. https://doi.
org/10.11646/zootaxa.3722.2.2

Mann HB, Whitney DR (1947) On a test of whether one of two ran-
dom variables is stochastically larger than the other. The Annals 
of Mathematical Statistics 18: 50–60. https://doi.org/10.1214/
aoms/1177730491

Marques TA, Thomas L, Martin SW, Mellinger DK, Ward JA, Moretti 
DJ, Harris D, Tyack PL (2013) Estimating animal population density 
using passive acoustics. Biological Reviews 88: 287–309. https://
doi.org/10.1111/brv.12001

Melo I, Llusia D, Bastos R, Signorelli L (2021) Active or passive acous-
tic monitoring? Assessing methods to track anuran communities 
in tropical savanna wetlands. Ecological Indicators 132: 108305. 
https://doi.org/10.1016/j.ecolind.2021.108305

Myers N, Mittermeier RA, Mittermeier CG, da Fonseca GAB, Kent J 
(2000) Biodiversity hotspots for conservation priorities. Nature 403: 
853–858. https://doi.org/10.1038/35002501

NASA JPL (2013) NASA Shuttle Radar Topography Mission (SRTM) 
Global 1 arc second. https://doi.org/10.5067/MEASURES/SRTM/
SRTMGL1N.003

Ohler A, Deuti K (2018) Polypedates smaragdinus Blyth, 1852—a se-
nior subjective synonym of Rhacophorus maximus Günther, 1858. 
Zootaxa 4375: 273. https://doi.org/10.11646/zootaxa.4375.2.7

Ohler A, Borah M, Das MK, Tesia C, Bordoloi S (2018) A Study on 
Amphibian Fauna of Arunachal Pradesh (India). Alytes (Internation-
al Journal of Batrachology) 36: 276–288.

Oliveira BF, Scheffers BR (2019) Vertical stratification influences 
global patterns of biodiversity. Ecography 42: 249–249. https://doi.
org/10.1111/ecog.03636

Patel N, Garg S, Das A, Stuart B, Biju SD (2021) Phylogenetic position 
of the poorly known montane cascade frog Amolops monticola (Ra-
nidae) and description of a new closely related species from North-
east India. Journal of Natural History 55: 1403–1440. https://doi.org
/10.1080/00222933.2021.1946185

Pawar S, Birand A (2001) A survey of amphibians, reptiles, and birds in 
Northeast India. Centre for Ecological Research and Conservation, 

https://doi.org/10.1111/j.1365-2486.2010.02239.x
https://doi.org/10.5531/db.vz.0001
https://doi.org/10.1098/rspb.2011.1653
https://doi.org/10.1098/rspb.2011.1653
https://doi.org/10.1111/2041-210X.13101
https://doi.org/10.1046/j.1461-0248.2001.00230.x
https://doi.org/10.1046/j.1461-0248.2001.00230.x
https://doi.org/10.1071/WR14038
https://doi.org/10.1071/WR14038
https://doi.org/10.1080/09524622.2023.2209052
https://doi.org/10.1080/09524622.2023.2209052
https://doi.org/10.1111/2041-210X.12613
https://doi.org/10.1111/2041-210X.12613
https://doi.org/10.1073/pnas.1302251110
https://doi.org/10.1002/ieam.4202
https://doi.org/10.1080/09524622.2025.2518486
https://doi.org/10.1016/j.biocon.2010.02.013
https://doi.org/10.1038/s41586-023-06578-4
https://doi.org/10.11646/zootaxa.3722.2.2
https://doi.org/10.11646/zootaxa.3722.2.2
https://doi.org/10.1214/aoms/1177730491
https://doi.org/10.1214/aoms/1177730491
https://doi.org/10.1111/brv.12001
https://doi.org/10.1111/brv.12001
https://doi.org/10.1016/j.ecolind.2021.108305
https://doi.org/10.1038/35002501
https://doi.org/10.5067/MEASURES/SRTM/SRTMGL1N.003
https://doi.org/10.5067/MEASURES/SRTM/SRTMGL1N.003
https://doi.org/10.11646/zootaxa.4375.2.7
https://doi.org/10.1111/ecog.03636
https://doi.org/10.1111/ecog.03636
https://doi.org/10.1080/00222933.2021.1946185
https://doi.org/10.1080/00222933.2021.1946185


Herpetozoa 39: 261–271 (2026)

herpetozoa.pensoft.net

271

Mysore. Technical, 120 pp. https://archive.org/details/ncf-tr-6-
pawar-birand-2001 [September 8, 2025]

Penhacek M, Souza TS, Santos JP, Guerra V, Castro-Souza RA, Ro-
drigues D de J (2024) Amazonian amphibians: diversity, spatial dis-
tribution patterns, conservation and sampling deficits. Biodiversity 
Data Journal 12: e109785. https://doi.org/10.3897/BDJ.12.e109785

Prasad V, Das A, Gautam K (2020) Identification of anuran species 
diversity of the Panna Tiger Reserve, Central India, using an inte-
grated approach. Zootaxa 4851: 26. https://doi.org/10.11646/zoot-
axa.4851.3.2

Proctor J, Haridasan K, Smith GW (1998) How Far North does Lowland 
Evergreen Tropical Rain Forest Go? Global Ecology and Biogeogra-
phy Letters 7: 141–146. https://doi.org/10.2307/2997817

QGIS Development Team (2024) QGIS Geographic Information Sys-
tem. https://www.qgis.org

Rajiv NV (2026) Occurrence dataset for anurans in the Namda-
pha Landscape. figshare. Dataset. https://doi.org/10.6084/m9.
figshare.32323527.v1

Ribeiro Jr J, Harmon K, Leite G, Melo T, LeBien J, Campos Cerqueira 
M (2022) Passive Acoustic Monitoring as a Tool to Investigate the 
Spatial Distribution of Invasive Alien Species. Remote Sensing 14: 
4565. https://doi.org/10.3390/rs14184565

Saikia B, Bora A, Sinha B, Purkayastha J (2020) A note on the type lo-
cality of the himalayan treefrog, Polypedates himalayensis (Annan-
dale 1912) (Anura: Rhacophoridae). Reptiles & Amphibians 27(3): 
517–518. https://doi.org/10.17161/randa.v27i3.14905

Sarkar AK, Sanyal DP (1984) Amphibia. Records of the Zoological Sur-
vey of India 82(1–4): 285–295. https://doi.org/10.26515/rzsi/v82/i1-
4/1984/161303

Scott NJ, Crump ML, Zimmerman BL, Jaeger RG, Inger RF, Corn PS, 
Woodward BD, Dodd CK, Scott DE, Shaffer HB, Alford RA, Rich-
ards SJ, Altig R (1994) Standard techniques for inventory and moni-
toring. http://hdl.handle.net/10088/19095 [August 10, 2025]

Sengupta S, Boruah B, Jithin V, Hussain B, Purkayastha J, Dutta S, 
Das A (2026) Back to basics: resurrecting Rhacophorus namdaph-
aensis Sarkar and Sanyal, 1985 (Anura, Rhacophoridae) from In-
dia. Records of the Zoological Survey of India: 51–74. https://doi.
org/10.26515/rzsi/v126/i1/2026/173045

Shen J-X, Xu Z-M, Feng A, Narins P (2011) Large odorous frogs 
(Odorrana graminea) produce ultrasonic calls. Journal of com-
parative physiology. A, Neuroethology, sensory, neural, and 

behavioral physiology 197: 1027–30. https://doi.org/10.1007/
s00359-011-0660-7

Stuart SN, Chanson JS, Cox NA, Young BE, Rodrigues ASL, Fischman 
DL, Waller RW (2004) Status and Trends of Amphibian Declines 
and Extinctions Worldwide. Science 306: 1783–1786. https://doi.
org/10.1126/science.1103538

Sugai L, Silva T, Ribeiro Jr J, Llusia D (2019) Terrestrial Passive 
Acoustic Monitoring: Review and Perspectives. BioScience 69: 
15–25. https://doi.org/10.1093/biosci/biy147

Towsey M, Parsons S, Sueur J (2014) Ecology and acoustics at a large 
scale. Ecological Informatics 21: 1–3. https://doi.org/10.1016/j.
ecoinf.2014.02.002

Walls SC, Waddle JH, Barichivich WJ, Bartoszek IA, Brown ME, Hef-
ner JM, Schuman MJ (2014) Anuran site occupancy and species 
richness as tools for evaluating restoration of a hydrologically-mod-
ified landscape. Wetlands Ecology and Management 22: 625–639. 
https://doi.org/10.1007/s11273-014-9356-4

Warjri H, Purkayastha J, Das M (2025) An insight into the bioacous-
tics of some anurans of Meghalaya, India (Amphibia: Anura). 
Natural History Sciences 12(1): 21–34. https://doi.org/10.4081/
nhs.2024.778

Wells KD (2010) The Ecology and Behavior of Amphibians. University 
of Chicago Press, Chicago, IL, 400 pp. https://press.uchicago.edu/
ucp/books/book/chicago/E/bo5298950.html [February 6, 2025]

Wiley RH, Richards D (1978) Physical constraints on acoustic com-
munication in the atmosphere: Implications for the evolution of an-
imal vocalizations. Behavioral Ecology and Sociobiology 3: 69–94. 
https://doi.org/10.1007/BF00300047

Wimmer J, Towsey M, Roe P, Williamson I (2013) Sampling environmen-
tal acoustic recordings to determine bird species richness. Ecological 
Applications 23: 1419–1428. https://doi.org/10.1890/12-2088.1

Womack MC, Steigerwald E, Blackburn DC, Cannatella DC, Catenazzi 
A, Che J, Koo MS, McGuire JA, Ron SR, Spencer CL, Vredenburg 
VT, Tarvin RD (2022) State of the Amphibia 2020: A Review of Five 
Years of Amphibian Research and Existing Resources. Ichthyology 
& Herpetology 110: 638–661. https://doi.org/10.1643/h2022005

Xiang J, Wang H, Ma C, Zhou M, Wu Y, Wang L, Guo S, Chen T, Shaw 
C (2016) Ex vivo smooth muscle pharmacological effects of a nov-
el bradykinin-related peptide, and its analogue, from chinese large 
odorous frog, Odorrana livida skin secretions. Toxins 8(10): 283. 
https://doi.org/10.3390/toxins8100283

https://archive.org/details/ncf-tr-6-pawar-birand-2001
https://archive.org/details/ncf-tr-6-pawar-birand-2001
https://doi.org/10.3897/BDJ.12.e109785
https://doi.org/10.11646/zootaxa.4851.3.2
https://doi.org/10.11646/zootaxa.4851.3.2
https://doi.org/10.2307/2997817
https://www.qgis.org
https://doi.org/10.6084/m9.figshare.32323527.v1
https://doi.org/10.6084/m9.figshare.32323527.v1
https://doi.org/10.3390/rs14184565
https://doi.org/10.17161/randa.v27i3.14905
https://doi.org/10.26515/rzsi/v82/i1-4/1984/161303
https://doi.org/10.26515/rzsi/v82/i1-4/1984/161303
http://hdl.handle.net/10088/19095
https://doi.org/10.26515/rzsi/v126/i1/2026/173045
https://doi.org/10.26515/rzsi/v126/i1/2026/173045
https://doi.org/10.1007/s00359-011-0660-7
https://doi.org/10.1007/s00359-011-0660-7
https://doi.org/10.1126/science.1103538
https://doi.org/10.1126/science.1103538
https://doi.org/10.1093/biosci/biy147
https://doi.org/10.1016/j.ecoinf.2014.02.002
https://doi.org/10.1016/j.ecoinf.2014.02.002
https://doi.org/10.1007/s11273-014-9356-4
https://doi.org/10.4081/nhs.2024.778
https://doi.org/10.4081/nhs.2024.778
https://press.uchicago.edu/ucp/books/book/chicago/E/bo5298950.html
https://press.uchicago.edu/ucp/books/book/chicago/E/bo5298950.html
https://doi.org/10.1007/BF00300047
https://doi.org/10.1890/12-2088.1
https://doi.org/10.1643/h2022005
https://doi.org/10.3390/toxins8100283

	Frogs in sight and sound: passive acoustics and visual surveys reveal complementary species detection in tropical rainforest anurans
	Abstract
	Introduction
	Materials and methods
	Study area
	Data sampling
	Data analysis
	Data resources

	Results
	PAM vs. VES
	Mixed method

	Discussion
	Comparative performance
	Variation in species composition
	Method integration
	Sampling sufficiency
	Caveats
	Recommendations

	Conclusion
	Funding
	Competing interests
	Acknowledgments
	References

