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ABSTRACT

Vast areas of tropical evergreen forests have been selectively logged in the past, and many areas continue to be logged. The impacts of
such logging on amphibians are poorly understood. I examined the response of anuran communities to historical selective logging in a
wet evergreen forest in south India. Anuran assemblages in unlogged forest were compared with assemblages in selectively logged forest.
Forty 10 m 9 10 m quadrats in forest, riparian zones, and streams of unlogged and selectively logged forests were searched at night
for anurans. Species richness did not appear to be affected by logging. However, anuran density varied significantly and was 42 percent
lower in selectively logged forests compared to unlogged forests. Anuran densities also varied significantly across microhabitats, with
highest densities in streams of both selectively logged and unlogged forests. Patterns of niche overlap varied with selective logging as
niche breadth either expanded, contracted, or remained neutral for different species. Ordination analysis explained 95 percent of the var-
iation in species assemblage across selectively logged and unlogged forests. The assemblage in selectively logged forest was nested within
unlogged forest. Among the habitat characteristics, litter thickness and water depth had the highest influence on the assemblage. This
was followed by litter/water temperature, air temperature, and lastly relative humidity. It appears that species richness and composition
of anurans in selectively logged forests is converging with unlogged forests, but the effects of historical logging seem to persist on
anuran densities and their niche characteristics even ca 40 yr since logging ceased.
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TROPICAL EVERGREEN FORESTS ARE INCREASINGLY BEING SELECTIVELY

LOGGED FOR TIMBER (Johns 1992, Asner et al. 2005, Gibson et al.
2011). Given drastic declines in forest cover, strategies for sustain-
able timber trade and biodiversity conservation in secondary for-
ests are becoming increasingly important (Vallan et al. 2004, Asner
et al. 2005, Peters et al. 2006, and Wilcove et al. 2013). Although
selective logging is considered to be relatively less impactful than
clear felling (Hartshorn 1995), it alters vegetation composition,
microclimate, and resource availability (Fredericksen & Frederick-
sen 2004). Such changes can increase disease susceptibility and
reduce breeding success in animal populations, as well as result in
the loss or degradation of habitat (Johns 1985, Sodhi et al. 2010,
and Wilcove et al. 2013). Such impacts are known to persist from
a few years to several decades following the cessation of logging
activities (Chapman et al. 2000, Ernst et al. 2006). Despite increas-
ing rates of logging in the tropics, there is a limited understanding
of both the extent of impacts on biodiversity, and the means for
effective mitigation for conservation (Asner et al. 2005). Thus,
how such logging activities affect forests, wildlife populations in
them, and how best to manage logging to facilitate biodiversity
conservation are among many critical questions in conservation
science (e.g., Ernst et al. 2006, Peters et al. 2006, Broadbent et al.
2008, Hillers et al. 2008, and Gardner et al. 2009).

Amphibians are sensitive to environmental perturbations
and can be severely affected by habitat modification (Alford &
Richards 1999, Bickford et al. 2010). Amphibian populations are
undergoing an unprecedented decline globally, but particularly in
the tropics (Stuart et al. 2004). Increase in prevalence of dis-
eases, UV-B irradiation, environmental variability (Ernst & R€odel
2005, Kiesecker 2010), and loss or modification of habitat
appear to be important causal factors leading to such drastic
declines.

Only a few studies have investigated the impacts of selec-
tive logging activities and habitat loss or modification on
amphibians, and most report negative responses with species
richness, density, and community composition as a measure of
impact (e.g., Fredericksen & Fredericksen 2004, Vallan et al.
2004, Gardner et al. 2007 and citations there in, Broadbent et al.
2008, Bickford et al. 2010, Ofori-Boateng et al. 2012). However,
effects of modified habitats on niche breadth and overlap of
amphibians persisting in modified habitats are not well under-
stood. While species richness and densities serve as a good mea-
sure of impact, examining niche breadth can provide insights
into the ability of a species to persist in modified habitats (Swi-
hart et al. 2003). Changes to niche breadth and subsequent over-
lap are also indicative of species-specific responses to logging
(V�azquez & Simberloff 2002). Thus, using niche breadth based
on microhabitat use and overlap as a species-specific measure of
the response would provide a nuanced insight into the effects of
selective logging.
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The Western Ghats, along with the hill ranges in Sri Lanka,
are a global biodiversity hotspot with exceptionally high amphib-
ian diversity and endemism (Duellman & Trueb 1994). The Wes-
tern Ghats harbor about 185 species of anurans, over 80 percent
of which are endemic, 37 percent threatened and 44 percent are
data deficient (Dinesh et al. 2013). As with the tropical rain
forests of Asia, forests of the Western Ghats are rapidly declin-
ing. While large areas of forests are legally protected by legisla-
tion, the Western Ghats have continued to be affected by
anthropogenic forces (Chandran 1997, Cincotta et al. 2000). Large
areas of forest land are being diverted and/or used for mineral
mining, construction of reservoirs, conversion to agriculture/
urbanization, fuel wood collection, and for other such develop-
mental activities (e.g., Bhat et al. 2001). Studies on the recovery of
forests after such land-use changes report noticeable changes in
vegetation composition even after 10–15 yr (Pelissier et al. 1998).
Only few studies have investigated the consequence of logging in
the Western Ghats and Sri Lanka and, consistent with patterns
from other regions, these studies report negative responses (Va-
sudevan et al. 2001, Gururaja 2002, Krishnamurthy 2003, Kudav-
idanage et al. 2012). Some of these negative responses include
local extinction of amphibians in Sri Lanka (Meegaskumbura et al.
2007). However, such extinctions are not recorded from India,
possibly be due to inadequate studies.

This study examines the impacts of selective logging on
amphibian assemblages in the southern Western Ghats. In pres-
ent day, Kalakad Mundanthurai Tiger Reserve (KMTR), a large
extent of mid-elevation evergreen forests (1200–1500 m asl) was
selectively logged about 40 yr ago; following protection these
forests have since regenerated. However, the vegetation structure
of dominant tree species in selectively logged forests show notice-
able differences (Ganesan & Davidar 2003). To determine poten-
tial impacts of selective logging, I compared species richness,
density, niche breadth, and niche overlap of anuran assemblages
in selectively logged areas with those of unlogged forests and
addressed these questions: (1) does long-term protection follow-
ing cessation of logging lead to convergence of anuran assem-
blage with unlogged forests? (2) What habitat characteristics
influence the persistence of anuran assemblages in selectively
logged forests and how do they differ from unlogged forests?

METHODS

STUDY AREA.—The Kalakad Mundanthurai Tiger Reserve
(KMTR, 895 km2) located between 8°250 to 8°530 N and 77°100

to 77°350 E (Fig. S1) forms the southern extreme of the Western
Ghats of India. It encompasses a range of forest types ranging
from scrub in lower elevations to wet evergreen forests at higher
elevations and is known for high species diversity and endemism
(Johnsingh 2001). I carried out this study in mid-elevation wet
evergreen forests of Upper Kodayar (1300 m asl). The region
receives a mean annual rainfall of 3500 mm spread across two
rainy seasons (Ganesh & Davidar 1999). In some areas of this
reserve, the forest has been selectively logged since 1870s for res-
ervoir construction, commercial plantations, softwood industries,

and road building (Ganesan 2000). The forests have not experi-
enced any intermittent disturbances since moderate logging activ-
ity ceased in the early 1970s (Devy & Davidar 2001). I chose the
selectively logged and unlogged forests within Upper Kodayar
range (ca 6 km2) in reference to previous studies carried out by
Devy and Davidar (2001) on butterflies, and Ganesan and Davi-
dar (2003) on vegetation. Sampling was conducted at the end of
the rainy season from December 2010 to February 2011.

ANURAN SAMPLING.—I sampled anurans in quadrats stratified in
selectively logged and unlogged forests and within these into mi-
crohabitats of ‘stream’ (on the stream); ‘riparian’ (10 m from
stream edge); and ‘forest’ (beyond 10 m from stream edge). A
total of 40, 10 m 9 10 m quadrats were laid and permanently
marked with ribbon tags and co-ordinates recorded using a hand-
held GPS (Etrex Hc Garmin�, Garmin International Inc.,
Olathe, Kansas, USA). I maintained a minimum of 50–100 m
between quadrats (to ensure spatial independence) and from the
only road passing through this habitat (to avoid edge effects). I
laid 20 quadrats in both selectively logged and unlogged forest
over an area of 0.4 ha. Selectively logged quadrats were within ca
2 km on either side of the road and the unlogged forest quadrats
were between ca 3–5 km away from the road. I avoided sampling
quadrats in the interface of selectively logged and unlogged forest
as it would dilute treatment effect. Further, quadrats were strati-
fied within each microhabitat with 10 in forest, five in riparian
zone, and five on the stream in both selectively logged and un-
logged forests. I sampled between 1800 and 2100 h correspond-
ing with peak activity periods of anurans (Marsh & Pearman
1997). I searched each quadrat for 20 min using an ‘all out area
based search’ method (Krishnamurthy 2003) where three observ-
ers searched the forest floor by scraping litter with a search stick
2.5 m in length and thoroughly scanned the vegetation up to
2 m height. I limited the search to litter and did not dig up the
soil, thus limiting detection of some fossorial species. Unidenti-
fied species were caught and we measured the snout to vent
length (SVL) using Mitutoyo� (Mitutoyo corporation, Kawasaki,
Japan) digital slide caliper to the nearest 0.1 mm. Subsequently,
we photographed species using a Canon Powershot S5IS�

(Canon Inc., Tokyo, Japan) and released them in the same quad-
rat within 30 min of capture. No voucher specimens were col-
lected during the study. Those individuals with uncertain identity
were assigned to the closest resembling congener and indicated
with ‘aff.’ and treated as taxonomically distinct units.

The resource states or stratum on which each anuran was
encountered was listed in six categories based on which I com-
puted niche breadth and niche overlap. ‘Leaf litter’ (LL); ‘Under-
story’: shrubs of up to 2 m (US); ‘In water’: water flowing in
streams (IW); ‘On stones’ in water: rocks and pebbles in streams
(OSW); ‘Rocks adjacent to stream’ (RAS) and ‘Pools adjacent to
stream’: water stagnation adjacent to streams (PAS).

MEASUREMENT OF HABITAT CHARACTERISTICS.—We obtained soil and
water temperature using a standard 110°C alcohol thermometer.
We measured substrate thickness (leaf litter depth for terrestrial
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and water depth for aquatic habitats respectively) using a 30 cm
steel scale, and measured air temperature and humidity using Kes-
trel� 4500 pocket weather tracker (Nielsen-Kellerman Co., Boot-
hwyn, Pennsylvania, USA). These measurements were taken
immediately after searching for anurans and at three points within
each quadrat. The mid-point was used for analysis. I estimated the
percentile of canopy openness using a modified method by Enge-
lbrecht and Herz (2001) carried out after approximately 2 wk after
sampling was completed. Daylight photographs from below the
canopy were taken using an 18–105 mm lens mounted on a Nikon
D90� digital camera (Nikon Corp. Tokyo, Japan) kept 30 cm
above ground. Images were converted to gray scale, brightness
reduced to �100 and contrast increased to +100 before obtaining
the percentile canopy cover using the ‘Histogram’ option in Adobe
Photoshop� v. 7.0 (Adobe Systems, San Jose, California, USA).

DATA ANALYSIS.—I carried out all data analysis and statistical tests
using Microsoft Excel�, PAST� (Hammer et al. 2001), Esti-
mateS� (Colwell 2006), and Graphpad Instat� (v. 5.04 for Win-
dows, La Jolla, California, U.S.A., www.graphpad.com). I used
Shannon H0 index as a measure of diversity and compared it
between sites using a diversity ‘t’ test between two samples of
abundance data (Poole 1974). I also used second-order Jackknife
for species rarefaction (Colwell 2006). Mean density across habitat
(selectively logged and unlogged) and microhabitats (stream, ripar-
ian, and forest) were log-transformed for normality and compared
using one-way ANOVA followed by Tukey’s pair wise comparison
test within microhabitats. I used Mann–Whitney U-test for testing
differences among habitat characteristics and for comparing abun-
dance of each amphibian species between selectively logged and
unlogged forests. I computed niche breadth of each species using
Shannon index and the H0 values were used for comparison

H 0 ¼ �
X

pi log pi

where pi is the proportion of individuals of a species found in ith
resource state.

I calculated niche overlap between species pairs using Pian-
ka’s Niche overlap Index (Inger et al. 1987)

Ojk ¼
P

pij pikpP
pij

2P pik
2

where pij and pik are proportions of jth and kth species in the ith
resource states.

I only used those species encountered more than five times
for computing niche breadth and overlaps to avoid biases from
singletons. I tested the relationship of habitat characteristics on
anuran assemblage using a canonical correspondence analysis
(CCA) followed by a permutation test (Legendre & Legendre
1998). I used a matrix listing samples in rows and corresponding
habitat variables in columns followed by abundance of all species
for CCA. Data were log (x + 1) transformed for this analysis.

Canopy cover values were in percentages and hence were arc-sine
transformed before log (x + 1) transformation (McDonald 2009).

RESULTS

SPECIES RICHNESS AND DIVERSITY.—I recorded a total of 12 anuran
species belonging to seven families. Only three species were
unique to unlogged forests and all twelve species were endemic
to Western Ghats (Appendix S1). There was only a marginal dif-
ference between observed and rarefied species richness (second
order jackknife estimate) in both unlogged (observed: 12 vs. rare-
fied: 13.8) and selectively logged forests (observed: 9 vs. rarefied:
13.7). Diversity was significantly higher in unlogged compared to
selectively logged forests (Shannon H0 = 2.0 and 1.7 respectively;
diversity ‘t’ test = 3.022, df = 198.24, P = 0.002).

CHANGES IN ANURAN DENSITY ACROSS DISTURBANCE GRADIENT AND

MICROHABITATS.—A total of 257 individuals were encountered in
an area of 0.4 ha with an average of 6.4 individuals/100 m2.
Mean anuran density (�SE) was significantly higher in unlogged
forests (8.15 � 2.5/100 m2) compared to selectively logged for-
ests (4.7 � 0.8/100 m2; F = 6.443, df = 5, P < 0.005). Among
three microhabitats, anuran densities were highest in streams fol-
lowed by riparian zones and were the least in forest microhabitat
of both unlogged and selectively logged forests (Fig. 1). The den-
sities differed significantly between stream (N = 10) and riparian
(N = 5) microhabitats of unlogged forests (Tukey’s HSD
Q = 5.27, P < 0.001). However in selectively logged forests, den-
sities differed significantly between forest (N = 5) and stream
(N = 10) microhabitats (Tukey’s HSD Q = 4.65, P < 0.005).

SPECIES-WISE COMPARISON.—Among the 12 species encountered,
Micrixalus kodayari had the highest density (2.2 � 1.3/100 m2) in
unlogged forest and Raorchestes aff. graminirupes had the highest
density in selectively logged forest (2 � 0.3/100 m2). Further, in
unlogged forest, R. aff. graminirupes, Nyctibatrachus aliciae, and

FIGURE 1. Anuran densities (mean � SE) across microhabitats in selectively

logged and unlogged forests. Light gray bars indicate unlogged and black bars

indicate selectively logged.

Logging Impacts on Anurans 3



Rachophorus calcadensis were found in densities greater than one indi-
vidual/100 m2, while all other species had lower than one individ-
ual/100 m2. All species except R. aff. graminirupes were found in
densities lower than one individual/100 m2 in selectively logged
forest. However, pair wise comparison of densities for each species
between selectively logged and unlogged was not significantly dif-
ferent for any species (Fig. S2; Appendix S1 for densities of species
across microhabitats in unlogged and selectively logged forests).

EFFECT ON NICHE BREADTH.—Anurans were encountered in six
microhabitats and information on resource state was available for
a total of 235 anuran encounters across eight species. Overall, in
unlogged forest, the highest number of individuals were found in
the understory (N = 56) and the least on rocks adjacent to
streams (N = 9). In selectively logged forests, the highest number
of individuals were found in the understory (N = 39) and the
least in pools adjacent to streams (N = 2).

When only those species encountered more than five times
were considered, the highest number of individuals in unlogged
forest were found on leaf litter (N = 5), while the least individu-
als were found on stones in water and rocks adjacent to streams
(N = 1 each). However, in selectively logged forest, the highest
number of individuals was found in understory (N = 2) and no
frogs were found in pools adjacent to streams (N = 0). Niche
breadth index varied from 0 to 0.69 for seven species in un-
logged forests and from 0 to 0.95 for five species in selectively
logged forests (Fig. 2). In unlogged forests, niche breadth was
widest for Nyctibatrachus. aff. vasanthi; wide for N. aliciae and
R. aff. graminirupes; narrow for M. kodayari and narrowest for
Hylarana temporalis, R. agasthyaensis, and R. calcadensis. In contrast,
niche breadth of species in selectively logged forests was widest
for Ramanella montana; wide for Pseudophilautus aff. kani, N. aliciae,
M. kodayari, and R. aff. graminirupes; and was narrowest for R. cal-
cadensis. Further, comparison of niche breadth values between un-
logged and selectively logged forests showed that niche breadth
for M. kodayari, N. aliciae, and R. aff. graminirupes increased, but
that of R. calcadensis did not change with selective logging.

EFFECT ON NICHE OVERLAP.—Niche overlap values ranged from
0.0 (no overlap) to 1 (complete overlap). Overall, patterns in
which niches of arboreal, semi-aquatic, and aquatic species over-
lapped, changed only marginally with selective logging (Table 1).
In general, niche of aquatic and semi-aquatic species; arboreal
and semi-arboreal species; and semi-aquatic and terrestrial species
showed varying degree of overlaps in both selectively logged and
unlogged forests.

INFLUENCE OF HABITAT CHARACTERISTICS.—Ordination analysis did
not show distinct clustering of unlogged and selectively logged
quadrats, but selectively logged forests were nested within un-
logged forests. Among the variables measured to characterize
habitat, only air temperature (median: unlogged = 21.4°C; selec-
tively logged = 16.7°C; U = 58, N = 40, P < 0.001); relative
humidity (median: unlogged = 76.3%; selectively logged = 92.5%;
U = 72, N = 40, P < 0.001); and litter/water temperature

(median: unlogged = 19°C; selectively logged = 14.9°C;
U = 71.5, N = 40, P < 0.001) varied significantly between un-
logged and selectively logged forests, but not canopy cover (med-
ian: unlogged = selectively logged = 1.1; U = 180, N = 40,
P > 0.005) and litter thickness/water depth (median: un-
logged = 4.75 cm; selectively logged = 5 cm; U = 194, N = 40,
P > 0.005).

The canonical correspondence ordination, using pooled data
of selectively logged and unlogged forests, significantly explained
95 percent of variance along the first three components (Fig. 3;
CCA permutation test, N = 40: P = 0.03). The first component
explained 56 percent (P < 0.05) of variation with strong contribu-
tion of litter thickness/water depth (71%); second component
explained 25 percent (P > 0.05) of variation with contributions of
both litter/water and air temperatures (46% and 38% respec-
tively) and third component explained 14 percent (P > 0.05) of
variation with contribution from relative humidity (25%).

Anurans found in first quadrant viz., M. kodayari, N. aliciae,
N. aff. vasanthi, and R. calcadensis, were positively influenced by lit-
ter thickness/water depth. Duttaphrynus beddomeii, R. montana, and
H. temporalis found in second quadrant were negatively influenced
by litter thickness/water depth and relative humidity;
R. aff. graminirupes and Indirana diplosticta found in third quadrant
were negatively influenced by canopy cover and P. aff. kani, R. a-
gasthyaensis, and M. aff. phyllophilus found in the fourth quadrant

FIGURE 2. Niche breadth (Shannon H0 index) comparison between unlogged

and selectively logged forests. Species encountered on more than five occasions

are used (0.0 indicates narrow niche breadth and 1 indicates wide niche breadth).

Light gray bars indicate unlogged and black bars indicate selectively logged.
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were negatively influenced by air temperature and litter/water
temperature (Fig. 3).

DISCUSSION

This study examined effects of selective logging activity on
anuran assemblages in wet evergreen forests of the Western
Ghats. Anuran assemblages—compared using species richness,
density, niche breadth, and overlap as measures of impact—dif-
fered considerably between selectively logged and unlogged for-
ests. These changes were evident even at the species level, where
niche breadth and overlap were affected in logged habitats, thus

indicating species-specific responses. Anuran assemblage of selec-
tively logged forest did not form a distinct cluster, but was nested
within patterns observed in unlogged forests. My findings suggest
that despite cessation of logging ca 40 yr ago, the effects of selec-
tive logging on anurans appear to have persisted. Air tempera-
ture, relative humidity, leaf litter thickness, water temperature, and
water depth—but not canopy cover—emerged as primary factors
explaining variation observed in assemblages.

Previous studies have documented negative impacts of such
logging activities on species composition and densities (e.g., Gard-
ner et al. 2007, Ofori-Boateng et al. 2012). Persistent impact of
selective logging has also been documented, and appears to

TABLE 1. Niche overlap values for different species encountered on more than five occasions.

Unlogged

Hylarana

temporalis

Micrixalus

kodayari

Nyctibatrachus

aliciae

Nyctibatrachus

aff. vasanthi

Raorchestes

agasthyaensis

Racophorous

calcadensis

Raorchestes

aff. graminirupes

Hylarana temporalis 1

Micrixalus kodayari 0 1

Nyctibatrachus aliciae 0 0.48 1

Nyctibatrachus aff. vasanthi 0 0.48 1 1

Raorchestes agasthyaensis 0 0 0 0 1

Racophorous calcadensis 0 0 0 0 1 1

Raorchestes aff. graminirupes 0 0.19 0 0 0.55 0.55 1

Selectively logged

Micrixalus

kodayari

Nyctibatrachus

aliciae

Racophorous

calcadensis

Ramanella

montana

Raorchestes

aff. graminirupes

Micrixalus kodayari 1

Nyctibatrachus aliciae 0.48 1

Racophorous calcadensis 0 0 1

Ramanella montana 0.13 0.4 0 1

Raorchestes aff. graminirupes 0.19 0 0.554 0.19 1

FIGURE 3. Ordination tri-plot of canonical correspondence analysis using environmental variables with abundance of each encountered species in respective

sampling quadrats. Closed circles indicate species; closed box indicates unlogged forests and open box indicate selectively logged forests and; Dark lines originating

from center indicate environmental variables. Roman numerals I–IV indicates quadrants.
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depend on both the nature and extent of logging (e.g., primates:
Chapman et al. 2000, birds: Robinson & Robinson 2001, forest
vegetation: Brown & Gurevitch 2004, Butterflies: Devy & Davi-
dar 2001, and trees: Ganesan & Davidar 2003). The findings
reported here suggest that effects of moderate selective logging
are negative and persist even ca 40 yr post-logging. The marked
difference of anuran densities in selectively logged forests could
be due to several factors, including alteration of microclimate,
changes in availability of moisture, increased sedimentation result-
ing in turbid streams, and the reduction in leaf litter. It could also
be due to the reduction of canopy cover creating increased inso-
lation rates and fluctuations in local temperature leading to desic-
cation, as suggested by Fredericksen and Fredericksen (2004).
The marginally lower species richness in selectively logged forest
compared to unlogged, however, could be due to re-colonization
events owing to proximity of unlogged forest (e.g., Schulze et al.
2004). Higher anuran density in stream and riparian zones, even
in selectively logged forests, suggest that riparian areas serve as
important refugia and sustain amphibian assemblages by maintain-
ing atmospheric moisture, especially in extreme cold or dry
weather.

EFFECTS ON NICHE BREADTH AND OVERLAP.—Species with narrow
niche breadths occurred in both unlogged and selectively logged
forests. For some species, niche breadth appeared to expand
while for some it reduced. The niche breadth of only one species
(R. calcadensis), remained neutral to selective logging. Expansion
of niche breadth (R. aff. graminirupes) and neutrality in (R. calcaden-
sis) is possibly due to increased availability of understory vegeta-
tion in selectively logged forests (Ganesan & Davidar 2003). It
appears that selectively logging trees could facilitate ‘ecological
release’ (Bolnick et al. 2010) and increase the persistence of gen-
eralist species. Rachophorus calcadensis is an arboreal frog that needs
slow flowing water pools for tadpoles to drop from overhanging
foam nests and metamorphose. Aquatic and semi- aquatic frogs
such as M. kodayari and N. aliciae were found in lower densities
compared to unlogged forests, but had a wider niche breadth.
Species with wider niche breadths are often considered to be
resilient to habitat alterations (Swihart et al. 2003). In this study,
niche breadth of a few species increased (e.g., M. kodayari, N. ali-
ciae, R. aff. graminirupes, R. montana) in selectively logged forests,
whereas a few species were completely absent (e.g., R. agasthyaensis,
N. aff. vasanthi). The species absent in selectively logged forests
may have been specialists that were negatively affected; it could
also be assumed that the niches of all species were detrimentally
affected immediately following selective logging activity and have
since then recovered.

Four species had a high niche overlap (>40%), and two pairs
of species had complete overlap in unlogged forest. In contrast,
in selectively logged forests only three species had a high overlap
(>40%) and none of the species had a complete niche overlap of
their niches. This could be due to two untested possibilities. First,
niches overlapped to a high degree in unlogged forests because
of high anuran density. Second, it is possible that there were
enough resources in unlogged forests to support a high density

of anurans, such that they could therefore afford to have overlap-
ping niches. In contrast, in selectively logged forests, none of the
species had high degree of overlap perhaps because resources
were limited and anuran density was lower. Observational and
experimental data could help resolve among these hypotheses.

INFLUENCE OF HABITAT CHARACTERISTICS.—Among the factors
investigated, the thickness/quantity of leaf litter in the case of
semi-aquatic or terrestrial species, and water depth in the case of
aquatic species, significantly influenced anuran densities in both
unlogged and selectively logged forests. The quantity of leaf litter
is hypothesized to be an important factor influencing anuran
assemblages (Scott 1976, Whitfield et al. 2007, Hillers et al. 2008).
The amount of litter could influence food resource availability, as
anurans are primarily arthropodivorous. It might also directly
affect some fossorial species. Reduced litter fall rates have been
documented in recently selectively logged forests by Villela et al.
(2006), but the present study documents the absence of any such
changes in leaf litter between selectively logged and unlogged
forests.

Litter thickness/water depth emerged as an important variable
explaining a large proportion of observed variance in this study,
even at a species level. For instance, aquatic/semi-aquatic species
such as M. kodayari require torrential streams, whereas R. calcaden-
sis, N. aliciae, and N. aff. vasanthi require shallow, slow flowing nat-
ural pools in streams for breeding. The terrestrial species
R. montana, H. temporalis M. aff. phyllophilus, and D. beddomeii are
dependent on litter thickness/water depth, relative humidity, and
air temperature, and Micrixalus aff. phyllophilus—a small
semi-terrestrial species—dwells in swampy areas. Increased tem-
peratures resulting from loss of canopy cover could lead to desicca-
tion of swamps, which might negatively influence on their densities.

Nevertheless, other environmental factors also have species-
specific effects. Arboreal species (e.g., R. agasthyaensis, P. aff. Kani)
were influenced by litter and air temperature; alterations in air
temperature could influence anuran vocalization and subsequently
breeding success. Finally, two species were influenced by canopy
cover: R. aff. graminirupes and I. diplosticta. While the former is an
arboreal species, the latter dwells in leaf litter. Canopy cover may
increase with increasing shrub density and understory growth fol-
lowing logging, and increased litter fall may be positively influenc-
ing these species. However, in a pan-tropical comparison that
included data from stream and riparian areas of this study site,
Vasudevan et al. (2008) rejected the role of litter on anuran
assemblages. Instead, they proposed a relationship with the avail-
ability of moisture in streams and riparian areas. Moisture avail-
ability is critical to amphibians, as they are biphasic and critically
depend on availability of moisture for breeding and development
(Crump 2010). Selective logging can lead to increased rate of dry-
ing in water sources and is known to increase the content of
ammonia in water and such fluctuations could result in a cascad-
ing effect on amphibian food resources (Fredericksen & Freder-
icksen 2004). In this study, the highest density of anurans was in
streams, which are serving as refugia and therefore important for
conservation.
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CAVEATS.—The findings discussed here should be treated with
caution owing to the proximity of selectively logged with un-
logged forests and the longtime period since logging ceased.
Furthermore, the study itself was carried out over a short per-
iod at the end of the rainy season. In understanding the influ-
ence of habitat characteristics on anurans, it has to be noted
that there may have been several other physicochemical factors
I did not measure that could have played a role, as well as road
and edge effects that could influence the anuran assemblages in
selectively logged forests. Monitoring of the physicochemical
parameters in relation to anuran assemblages is necessary to
better understanding of their influence, as are studies conducted
over longer periods—particularly sampling coinciding with the
monsoon season, when amphibians tend to be most active.
Finally, rigorous investigations on the niche requirements that
consider resources used at a finer scale could further elucidate
my findings.

CONSERVATION IMPLICATIONS.—The recovery of human altered for-
ests, especially in the tropics, can be a slow process (e.g., Ter-
borgh 1992, Guariguata & Ostertag 2001, Chazdon 2003). In
spite of drastic changes in vegetation, however, modified habitats
can be important for sustaining biodiversity (Chazdon et al. 2009,
Woods & DeWalt 2013). The findings reported here provide the
first evidence from the Western Ghats that anuran assemblages
in selectively logged areas, which are largely dependent on habitat,
do not show convergence with those in unlogged forests, despite
40 yrs since logging ceased and forests were protected. These
findings emphasize the importance of logged forests in harboring
anuran assemblages, and also suggest that microhabitats such as
riparian regions are important for the conservation of several
endemic anuran species.
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