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Introduction: Riparian habitats in the Western Ghats are vital semi-terrestrial

zones playing multi-functional roles in the conservation of freshwater species. In

dynamic ecosystems, we have scant knowledge on the interactive role of season

and local riparian habitat conditions in driving spatiotemporal habitat use of

sympatric semi-aquatic mustelids.

Methodology:We conducted seasonal monitoring of 169-196 riverine segments

(250 m) in 2020 and 2021 to measure the sign encounter rates of Asian small-

clawed otter (SCL) and smooth-coated otter (SCO) and recorded 29 riparian

habitat variables.

Results: Our self-organizing map algorithm characterized alarge multivariate

habitat data into six habitat clusters representing a gradient of riparian habitat

conditions. The random forest (RF) algorithm identified forest cover, water

quality, and substratum as influential factors in high quality habitat. The low-

quality habitat with low sign encounter rates or no evidence of otters had

anthropized stream buffers, with high proportion of agriculture, weed cover

and anthropogenic disturbance as influential factors predicted by the RF

algorithm. SCO distribution was restricted to the higher-order streams in close

proximity to hydro-power dams. SCL had a comparatively larger spatial

distribution in the lower-order streams. Our study shows that rainfall plays a

significant role in enhancing the hydrological flow in non-perennial streams and

also improves the water quality parameters and the riparian habitat conditions.

We found highly variable encounter rates of both species across seasons and

habitat quality gradients, however, overall, their mean encounter rates increased

with the habitat quality gradient.

Discussion:Our findings showed that relating otter sign encounter rates with fine-

scale riparian habitat quality was a useful and practical approach to monitor the

sensitivity of sympatric semi-aquatic mustelids towards habitat conditions and

simultaneously monitor the riparian ecosystem health, across seasons and years.

The long-term persistence of sympatric Asian otters in the Bhavani-Noyyal river

basin would depend on the availability of high-quality riparian habitat patches. Our
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findings emphasize the need to develop comprehensive riparian habitat

management plans in the southern Western Ghats which involves restoration of

fragmented riparian zones and maintenance of riparian habitat heterogeneity to

facilitate freshwater connectivity and movements of sympatric otters.
KEYWORDS

freshwater conservation, habitat characterization, random forest, self-organizing map,
sign encounter rate, semi-aquatic mammal, Mustelidae, seasonal monitoring
Introduction

Riparian habitats are linear landscape features along riverine

buffers, encompassing the transition zones from aquatic to

terrestrial ecosystems (Graziano et al., 2022). The riparian zone

plays crucial multi-functional roles through ecosystem stability,

maintaining the riverine flow, and also serving as seasonal

corridors for wildlife movement (Singh et al., 2021). Their linear

structure and proportionately less area coverage, when compared to

terrestrial forest ecosystems (Bendix, 1994; Herbert et al., 2010),

makes riparian habitat specialists more vulnerable to environmental

degradation (Pacini and Harper, 2007). Human activities through

the spread of agriculture and invasive weeds have resulted in the

degradation of riparian habitats (Nagaraja et al., 2014). Integrated

approaches that link habitat quality with species habitat use are

typically rare in small mammal ecological studies (Delciellos et al.,

2016; Hannibal et al., 2020), yet it is much needed when assessing

species-habitat relationships and for developing effective

conservation strategies for protection of intact riparian patches

(Regolin et al., 2021). The riparian vegetation and physiography

interact with the rivers and streams making these ecosystems highly

dynamic, therefore continuous monitoring requires ecologists to

identify stalwart species that serve as effective indicators of riparian

health (Sparrow et al., 2020), through the continuous monitoring of

small mammalian species that are dependent on such fluvial

ecosystems (Perinchery et al., 2011; Nawab and Hussain, 2012).

Understanding the fine-scale riparian habitat ecology of small

mammalian carnivores can be useful for quantifying and predicting

ecological changes (Lundy and Montgomery, 2010). Among them,

the semi-aquatic mustelids are recognized as sentinels of global

environmental change (Basu et al., 2007) due to their short gestation

periods and high reproductive rates (Ferguson and Lariviére, 2005).

Their linear home-ranges and site-fidelity along densely vegetative

riparian zones (Gorman et al., 2006) shows that they are important

ecological indicators of riparian habitat quality (Bedford, 2009).

Otter populations residing in low quality habitats are generally

exposed to environmental pollutants and contaminants that can

have demographic and physiological consequences (Huang et al.,

2018). Female adults are highly sensitive to riparian habitat

conditions during the breeding season (Tolrà et al., 2024) as they

avoid sites exposed to high human disturbance. At the population-
02
scale, otters distributed in forested landscapes are much more

sensitive to human activities (Kamjing et al., 2017) than

populations in human-modified landscapes (Khoo and Lee, 2020).

Thus, assessing the quality of riparian habitats through continuous

monitoring is essential to understand the long-term persistence of

otters (Holland et al., 2019), and its associations with habitat

compositional structure and functioning of riparian ecosystems,

especially when otters occupy unpredictable environmental

conditions (Okes and O'Riain, 2019). Otter sign encounter rates

derived from indirect evidence such as spraints, tracks or

communal latrine sites are generally linked to the habitat use and

resource availability (Perinchery et al., 2011; Basak et al., 2021).

Sprainting activity of otters is an important marking behavior

linked to the quantity and quality of local habitat features at the

marked sites (Medina-Vogel et al., 2003; Prigioni et al., 2005). Otter

spraint density may vary with the seasonal habitat use of individuals

or groups under prevailing habitat conditions and resource

availability (Hung et al., 2004). In some localities spraint density

peaked during the summer months (Reuther et al., 2000) than

spring and autumn (Hysaj et al., 2013; Almeida et al., 2013). Studies

linking otter habitat ecology with riparian habitat quality are

prominent in temperate river systems of Europe (Bedford, 2009;

Prenda et al., 2001; Tolrà et al., 2024), than tropical river systems in

the Global south (Cho et al., 2009; Basnet et al., 2020; Hong et al.,

2021). Such linkages are crucial in riverscape monitoring programs

where sympatric species of otters are distributed (Kruuk et al., 1994;

Raha and Hussain, 2016) as anthropogenic threats vary from large

to small rivers (Medina-Vogel et al., 2003; Marcelli and Fusillo,

2009). Thus, it is expected that otter species associated with large

and wide rivers would have differential responses to the riparian

habitat quality (Hwang and Larivière, 2005) than those associated

with smaller or narrower streams (Prakash et al., 2012).

The Western Ghats, a UNESCO World Heritage Site is a global

biodiversity hotspot that is becoming increasingly vulnerable to

urbanization, over-exploitation of natural resources, pollution, and

invasive species, leading to continued degradation of riparian

habitats and riverine ecosystems (Iyer, 2010; Kumar et al., 2010;

Molur et al., 2011). The riparian habitat heterogeneity along

freshwater ecosystems in the Western Ghats supports a rich

assemblage of small mammals (Molur and Singh, 2009; Kalle

et al., 2013; Wordley et al., 2017; Jelil et al., 2021). Riparian
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forests inside the Protected Areas (PA/s) of the Western Ghats have

better habitat integrity than those distributed outside the PA

networks (Prakash et al., 2012). Thus, conservation of riparian

forests both inside and outside PAs requires an inclusive approach

in landscape and habitat management plans (Broadmeadow and

Nisbet, 2004; Graziano et al., 2022). Although, the variation in the

habitat structure and physiography of riparian zones varies from

large to narrow streams (Merritt, 2021), evidence on their

functional roles in terms of habitat quality, both inside and

outside PAs can determine the habitat ecology of lesser-known

semi-aquatic mustelids (Prakash et al., 2012; Almasieh and

Cheraghi, 2022). The Asian small-clawed otter (Aonyx cinereus)

(SCL) and smooth-coated otter (Lutrogale perspicillata) (SCO) are

flagship riparian-obligates with a sympatric distribution range in

the Western Ghats (Shenoy et al., 2006; Raha and Hussain, 2016;

Krupa et al., 2017). Otters are vulnerable to poaching (Meena, 2002;

Trivadi and Patel, 2022), illegal trafficking for pelts and oil (Gomez

et al., 2016; Savage, 2022), and anthropogenic disturbance such as

trapping and snaring at active holts (Moun et al., 2024). Data from

WWF TRAFFIC study revealed 161 otter seizures, including 79

individuals of SCL and 31 of SCO (Gomez et al., 2016). Both species

are classified as “Vulnerable” according to the International Union

for Conservation of Nature (IUCN) Red List of Threatened Species

(Khoo et al., 2021; Wright et al., 2021). They are listed in Appendix

II of CITES and listed in “Schedule I” of the Indian Wildlife

(Protection) Act, 1972 (amended to date) (The Wildlife

(Protection) Amendment Act, 2022).

SCL and SCO populations along the Bhavani-Noyyal river in the

southern Western Ghats are under increasing pressure from climate

change, dams, and inter-basin water transfer for development

(Lannerstad, 2008; Apoorva et al., 2019). This river system is part of

the Cauvery river basin which is frequently exposed to fragmentation

of riparian zones due to the large hydropower projects, and habitat

degradation from agriculture expansion, cattle grazing,

industrialization and spread of invasive species (Nagaraja et al., 2014;

Palmeirim et al., 2014). Maintaining the riverscape connectivity in the

Bhavani-Noyyal riverscape for movement of otter populations from

upstream to downstream reaches is crucial for population persistence

in the southern Western Ghats. While the importance of riparian

habitat features at landscape and regional scales is well-documented

(Shenoy et al., 2006; Gupta et al., 2020; Basak et al., 2021), studies

demonstrating its relationship with seasonal habitat use patterns of

sympatric semi-aquatic mammalian predators is rare in the Western

Ghats (Raha and Hussain, 2016). Continuous monitoring of otter sign

evidences along fixed riverine routes across seasons, and

simultaneously recording fine-scale riparian habitat features aids in a

comprehensive understanding of otter habitat preferences, seasonal

movement patterns, and the effects of local environmental changes on

their distribution (Mason and Macdonald, 2004).

Characterizing fine-scale habitat features for the conservation of

threatened semi-aquatic mustelids is an important empirical

approach to monitor the ecological conditions and understand

linkages with patterns of species-specific spatiotemporal habitat

use (Hobohm et al., 2021) and riparian habitat quality (Cho et al.,

2009). Monitoring the spatiotemporal habitat use of otters within

the characterized habitats could indicate species sensitivity to
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riparian habitat quality. Various methods have been applied to

characterize riparian habitats using remote-sensing data,

vegetation, and topography (Gonçalves et al., 2008; Rood et al.,

2020; Boothroyd et al., 2021). A widely used technique is the self-

organizing map (SOM) (Kohonen, 2001), a heuristic model used to

visualize and explore linear and nonlinear relationships in high-

dimensional datasets in multiple fields as a data reduction

approach. SOM has been implemented in water quality research,

e.g., classifying biological and environmental data (Kim et al., 2016;

Tison et al., 2005), patterning long-term data (Kangur et al., 2013),

monitoring ecosystems (Walley et al., 2000; Aguilera et al., 2001;

Sanchez-Martos et al., 2002; Hong et al., 2021), and assessing

animal community patterns (Konan et al., 2006; Park et al.,

2014). Additionally, this approach was effective in characterizing

otter habitats in Asia (Cho et al., 2009; Hong et al., 2021), analyzing

anuran communities (Do et al., 2021), understanding biogeographic

patterns of freshwater fish communities (Konan et al., 2006), and

also examining the socioecological factors (Lyu et al., 2022).

This study applies SOM algorithms to characterize the riparian

habitat of sympatric Asian otters and then utilizes a random forest

approach to determine the most influential riparian environmental

variables that define distinct habitat quality gradients. During the

dry and wet seasons of 2020 and 2021, we monitored the

spatiotemporal habitat ecology at fine-scales through sign

encounter rates of two sympatric otter species, considering the

water quality parameters, riverine buffers with land use, river

topography, hydrological features and anthropogenic disturbance.

We hypothesize that sign encounter rates of SCL and SCO would be

strongly associated with habitat quality gradient and that both

species would avoid streams exposed to high anthropogenic

disturbance. We hypothesize that both species of otters would

show varying degrees of sensitivity towards habitat quality across

seasons, thereby showing spatiotemporal variation in encounter

rates along the Bhavani-Noyyal riverscape.
Materials and methods

Study area

The Coimbatore Reserve Forest (CRF) lies between latitude 10°

51’ and 11°27’ and longitude 76° 39’ and 77° 4’ in the southern part

of the Nilgiri Biosphere Reserve (Figure 1A). CRF has seven forest

ranges and 16 forest beats. Sirumugai and Mettupalayam range

adjoins the neighboring districts of Nilgiri and Erode and the

remaining five ranges; Karamadai, Perianayackapalayam,

Coimbatore Forest range, Boluvampatti, and Madukkarai are at

the boundary of Kerala and Tamil Nadu. The region receives

rainfall from both southwest (May to August) and the northeast

(September to November) monsoon (NEM). The minimum

temperature ranges between 17.3 and 24.4°C, and maximum

temperature is 29.1 to 36.6°C (Kinattinkara et al., 2022). CRF is

drained by two major freshwater rivers, Bhavani and Noyyal, along

with the Alaiyar river, and the Kousika river. The Bhavani river

originates in the Western Ghats and continues eastwards down till

the plains and joins the Cauvery at the Bhavani town. The Bhavani
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sub-basin is the fourth-largest sub-basin in the Cauvery river basin.

Noyyal river originates from the Vellingiri hills in the Western

Ghats of Coimbatore. The perennial tributaries of the Bhavani river

such as Coonoor river, Kallar pallam, Halurhalla, Thattapallam,

Kodungarai pallam, Thekkampatty pallam and Manthorai pallam

flows through the CRF (Figure 1B). CRF covers a total of 16 sub-

basins (14.2 – 210.7 km2) which are the catchment areas for

Bhavani and Noyyal river alongside multiple seasonal and

perennial streams that are tributaries of these rivers (Lehner et al.,

2008). The elevation ranges from 450 m to 1950 m. CRF in the last

century (1916-2015) showed an increasing trend in rainfall received

from NEM, including an increase in the number of rainy days

(Kokilavani et al., 2020; Sreelash et al., 2018). The riparian

ecosystems along the Bhavani river in CRF supports an extremely

rich diversity of flora (Manikandan and Balasubramanian, 2018)

and fauna (Manikandan and Balasubramanian, 2016; Ramesh et al.,

2020). Some of the most common riparian tree species along the

fringes of Bhavani and Noyyal rivers are Terminalia arjuna,

Mangifera indica, Madhuca longifolia, Diospyros peregrina,

Syzygium cumini, and Pongamia pinnata. The forests along the

riverine buffers are exposed to lopping, livestock grazing, firewood

collection, Non-timber Forest Product collections, and some sand-

quarrying, and fishing. Exotic weeds such as Lantana camara and

Chromolaena odorata form the shrub-stratum. In addition Cassia

tora, Amaranthus spinosus, Cyperus difformis, Datura innoxia, Sida

acuta, Prosopis juliflora, Eichhornia crassipes, Pistia stratosis,
Frontiers in Mammal Science 04
Solanum nigrum and reed grass such as Typha angustifolia, were

also recorded along the riverine buffers.
Field data collection on otters and riparian
habitat variables

We identified perennial and seasonal water bodies such as

rivers, streams, and other water channels along the Bhavani-

Noyyal river sub-basins in CRF. We overlaid 2 km x 2 km grids

as sampling units over the hydrology (Lehner et al., 2008) using

ArcMap 10.5 (ESRI, 2016; Figure 1A). We chose this as a standard

grid size for recording sign evidences of SCL and SCO as this grid

size closely matches the median of the home-range estimates of

radio-tagged SCO (males 2.1–6.6 km2 and females 2.1–2.7 km2)

(Hussain, 1993). We conducted extensive field sampling during dry

seasons (March–May 2020 hence forth called as “first dry season”

and March–May 2021 hence forth called as “second dry season”)

and wet seasons (August–November 2020 hence forth called as

“first wet season” and August–November 2021 called as “second

wet season”). A total of 47 grids were selected as intensive study

sites for further monitoring in both first and second dry and wet

seasons. Each grid had a 1 km riverine route, randomly selected and

then divided into three to four stream segments of 250 m each

(Raha and Hussain, 2016). Thus we sampled 169 stream segments

in the first dry season, 196 segments in the second dry season, 177
frontiersin.or
FIGURE 1

The study region showing the intensive sampling area for otter surveys along the Bhavani-Noyyal river basin in Coimbatore Reserve Forest, Tamil
Nadu, southern Western Ghats. (A) The intensive sampling sites showing the 47 2 km x 2 km grids over the land use and vegetation types
(reclassified from Roy et al., 2015). (B) The study site showing the river sub-basins from HydroBASINS spatial data (Lehner et al., 2008), stream orders
(Strahler, 1952) from HydroRIVERS spatial data and the perennial and non-perennial rivers of the Bhavani-Noyyal river basin.
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segments in the first wet season, and 187 segments in the second wet

season. We surveyed the segments in early mornings to record

indirect signs (mass-latrines, spraints, claw marks, and active holts)

of SCL and SCO along rocky, sandy, or vegetated banks (Kruuk

et al., 1989; Basak et al., 2021). We recorded all sign evidences of

otters using a handheld GARMIN 20x GPS (Garmin Ltd. 2011,

Olathe, Kansas, USA) and Locus mobile mapping app (Asamm

software, Krhanická, Czech Republic). For species-specific

identification, tracks of the SCL were distinguished from SCO by

the absence of claw marks and reduced webbing (Mohapatra et al.,

2014; Raha and Hussain, 2016). We identified fresh spraints based

on shape, diameter, and length (Khan et al., 2014), and their age as

fresh (<2 days) or old (>2 days) based on texture, condition,

moisture, and odor (Supplementary Figure 1). We considered

only fresh sign evidences along 1 km routes to measure species-

specific sign encounter rates (number of otter signs/km). Along the

same routes, every 250 m, we recorded important fine-scale

environmental data on riparian vegetation, water quality, river

topography, land cover (100 m and 500 m buffers from the river

edge) and anthropogenic disturbance. Details of the field and spatial

measurements on 29 riparian habitat variables are shown in

Supplementary Table 1.
Data analysis

We applied SOM, an unsupervised learning algorithm used in

artificial neural networks also frequently referred to as the Kohonen

network (Chon et al., 1996; Kohonen, 1982), to characterize the

riparian habitat conditions. SOMs are valuable for exploratory data

analysis and widely used for classification, patterning, and

visualization (Park et al., 2003; Chon, 2011). The SOM comprises

input and output layers with the input layer operating as a flow-

through layer for input vectors, and the output layer consisting of a

two-dimensional network of neurons arranged in a hexagonal

lattice. The 29 habitat variables recorded along 169, 196, 177, and

187 stream segments corresponding to the first dry season, second

dry season, first wet season, and second wet season, respectively,

were subject to independent SOM learning processes for each

season. We tested for multi-collinearity among 29 riparian

environmental variables using the Pearson’ correlation tests that

showed a lack of significant correlation (r < 0.40). During the

learning process of the SOM, we log-transformed all the habitat

variables and assigned to the input layer. Details on the learning

process for training the data and developing the U matrix is

available in the Supplementary Method and Supplementary

Figures 2–5. We used the “kohonen” package for developing the

SOM (Wehrens and Kruisselbrink, 2018). SOM maps were initially

developed using the 5√ formula resulting in a significant number of

empty neurons. Following the unsupervised learning algorithm of

the SOM, neurons were classified based on their similarity. A

unified distance matrix algorithm and hierarchical cluster analysis

using Ward’s linkage method, based on Euclidean distance, was

applied to the weights of the neurons in the SOM for further

clustering of the SOM units (Jain and Dubes, 1988; Park et al.,
Frontiers in Mammal Science 05
2003). Subsequently, multi-response permutation procedures

(MRPP) were conducted to assess whether significant differences

existed among the habitat groups referred as “clusters”, which

represent ecologically distinct habitats that capture spatial and

environmental heterogeneity within the riverine system.

We then applied the random forest model using the

“randomForest” package (Liaw and Wiener, 2002) to assess the

importance of riparian habitat variables within each cluster of the

SOM. Each stream segment with a cluster was represented as binary

data (0 or 1), and the significance of each riparian habitat variable was

evaluated through the random forest model, which determines the

relationship between various environmental factors and the binary

data. Importance was measured by the mean decrease in accuracy

(MDA) andmean decrease in Gini (MDG). MDA gauges the variable

importance based on accuracy, while MDG quantifies the decrease in

impurity of a selected variable as decision trees branch out in the

random forest model. Higher MDG values indicate more successful

classification within the same category. To validate the model, 70% of

the data was randomly selected and applied, while the remaining 30%

was used for model accuracy verification (Efron and Tibshirani,

1993). Model accuracy was assessed using the area under the curve

(AUC), ranging from 0 to 1. An AUC of 0.5 indicates performance

equivalent to random sampling, while 1.0 signifies perfect

classification. We tested the differences in riparian habitat

parameters among clusters by applying Kruskal-Wallis tests using

the “dplyr” package (Wickham and Francois, 2015), followed by

pairwise Dunn’s tests with Bonferroni’s correction using the

dunnTest() function in the “FSA” package (Neyman and

Pearson, 1928).
Results

Clusters of characterized riparian habitats

The SOM learning processes for each season resulted in six

distinct clusters (Figures 2A–D). Variables with higher MDA and

MDG values were deemed as influential in explaining the cluster

(Supplementary Tables 2–5). The MRPP test revealed significant

compositional differences among the six clusters across all seasons

(first dry season A = 0.137, P = 0.001; second dry season 2021, A =

0.2295, P = 0.001; first wet season A = 0.2722, P = 0.001; second wet

season A = 0.1892, P = 0.001).

During the first dry season, cluster 3 comprised of the highest

number of stream segments (65), followed by cluster 4 (54). Cluster

1 and 6 comprised of 14 and 26 segments, respectively, while cluster

2 and 5 comprised of the least number of segments, 6 and 5,

respectively (Figure 2A). In the second dry season, cluster 3

constituted the highest number of segments (69), followed by

cluster 5 (34). Clusters 1, 2, 4, and 6 had relatively less stream

segments with 23, 24, 20, and 26, respectively (Figure 2B).

In the first wet season, cluster 1 comprised a high number of

stream segments (91), while clusters 2, 3, 4, and 5 had relatively

fewer segments with 22, 15, 20, and 19, respectively. Cluster 6

contained 10 stream segments (Figure 2C). The second wet season
frontiersin.org
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had cluster 1 with the maximum number of segments (59) followed

by cluster 4 and 5 with 34 and 27 segments, respectively. Cluster 2,

3, and 6 had 24, 21, and 22 segments, respectively (Figure 2D).
Influential riparian habitat variables
explaining the clusters and geographic
distribution of the clusters

Based on the methodology of SOM described previously, 7

nodes were used for the horizontal direction and 6 nodes for the
Frontiers in Mammal Science 06
vertical direction for pattern classification of the standardized data.

The U-matrix and the variable plains for the input data are shown

in Supplementary Figures 2–5. All the influential habitat variables

identified in random forest models showed significant differences

among the six SOM clusters (Kruskal-Wallis test, P < 0.05) in all

seasons (Tables 1–4). The results confirmed the significance of

riparian environmental parameters and exhibited the random forest

model’s high accuracy with AUC < 0.9 for each of the six clusters in

both seasons.

In the first dry season, cluster 1 had total dissolved solids (TDS),

stream and ground substrate, stream type and evergreen forest
FIGURE 2

The cluster dendrogram and U matrix of stream segments classified into six clusters through the training process of self-organizing map (SOM).
(A) First dry season. (B) Second dry season. (C) First wet season (D) Second wet season.
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cover as influential factors (Table 1; Supplementary Figure 6A).

This cluster had 3rd order streams of Mulli and Kolikurrai, and 2nd

order streams of Kallar and Kuttralam. In the first dry season, as

these streams moved away from their origins, cluster 1 was replaced

by cluster 5 in the Kuttralam stream, cluster 2 in the Mulli stream,

and cluster 3 in the Kolikurrai stream. A similar trend was observed

in subsequent seasons, with a specific cluster accounting for all

lower-order streams near their points of origin and shifting as each

stream progressed (Figures 3A–D). During the first wet season,

cluster 6 shared these factors and geographical locations (Table 3),
Frontiers in Mammal Science 07
while cluster 5 exhibited these variables consistently across both

second dry and wet seasons (Supplementary Figures 6B, D).

Influential habitat factors for cluster 4 in both dry seasons and

cluster 2 in both wet seasons included canopy cover, stream type,

ground and stream substrate, and forest cover. These clusters

represented the Bhavani river backwaters. Cluster 4 in both dry

seasons and cluster 2 in both wet seasons represented the

backwaters of Bhavani Sagar and Pillur Dam. Clusters 3 and 4

had sampling segments along the Bhavani river and the 2nd order

Kondugarapallam river during the second wet season.
TABLE 1 Variation in continuous habitat factors (excluding categorical variables) across the six clusters in the first dry season delineated by SOM.

Variable
group

Variable K-W value Cluster 1 Cluster 2 Cluster 3 Cluster 4 Cluster 5 Cluster 6

Hydrology River ratio2 0.0001 31.6
(14.7 -46.7)

151 (121-172) 74.8 (14-66) 54.2
(24.7-87.7)

9.54 (7.29-11) 41.6
(23.2-44.1)

Vegetation and
land cover

Area of evergreen
forest (500 m
buffer) 1

2.10E-09 2.14 (0-4) – – 0.32 – –

Area of degraded
forest (500 m
buffer) 2

8.42E-06 – 21.7
(22.4-27.0)

4.14 (0-2.30) 11.5 (0-25.7) – –

Area of agriculture
(500 m buffer) 3,6

2.20E-16 7.24 (0-5.87) – 2.59 (0-0.884) 13.2
(1.22-13.7)

9.56
(7.54-9.58)

50.5
(36.5-68.1)

Area of moist
deciduous forest
(500 m buffer) 3,4

2.20E-16 38.2
(31.1-45.6)

29.3
(32.9-36.1)

41.2
(26.8-53.5)

11.5 (0-21.6) 14.2
(11.3-15.9)

4.02 (0-6.45)

Area of forest
plantation (500 m
buffer) 3

1.52E-08 – 4.20
(2.80-3.47)

3.36 (0-4.98) 1.05 (0-0.54) – –

Number of
riparian trees
GBH <100cm3,5

2.20E-16 4.14 (2.25-5) 4.33 (2-5.5) 5.97 (3-8) 1.94 (0-2) 9.75
(9.25-10.5)

0.231

Riparian
canopy cover4

2.20E-16 56.8
(43.8-68.8)

57.5
(43.8-72.5)

54.9 (45-70) 16.0 (0-30) 51.2
(47.5-63.8)

0.769 (0)

Area of semi-
evergreen forest
(500 m buffer) 5

1.67E-15 6.33 (0-0.936) 0 0.0227 (0) 0 4.47
(4.32-4.99)

0

Riparian
tree density6

7.99E-08 5.64 (3-7.75) 5.17 (2.5-6) 7.38 (5-9) 5.61
(1.25-8.75)

10.8 (10-11.2) 1.65 (0-1.5)

River
physiochemistry

Chloride5 1.81E-05 0.142
(0.12-0.16)

0.153
(0.14-0.14)

0.283
(0.15-0.35)

0.302
(0.14-0.575)

0.04
(0.04-0.04)

0.177
(0.0625-0.248)

TDS1,2,4,5 1.27E-05 82.1 (71.5 -94) 90.2
(84.1 -85.9)

158 (90.5-202) 176 (82.5-325) 22.9
(21.8 -23.6)

106 (42.6-147)

Ammonia3 1.83E-07 0.246
(0.1-0.32)

0.151
(0.152-0.165)

0.197
(0.1-0.26)

0.342
(0.202-0.418)

0.3
(0.275-0.325)

0.378
(0.228-0.508)

pH4,5 6.92E-10 6.57
(7.29-7.90)

7.86
(7.74-8.06)

7.86
(7.82-8.26)

8.12
(7.65-8.55)

6.90
(6.86-6.93)

7.21
(7.24-7.71)

Nitrate4 9.00E-04 0.280
(0.202-0.335)

0.244
(0.272-0.272)

0.294
(0.203-0.435)

0.398
(0.284-0.475)

0.4
(0.395-0.405)

0.262
(0.186-0.369)

Disturbance Anthropogenic
disturbance6

7.66E-15 0.0714 (0) 3.17 (3.25-4) 1.08 (0-3) 1.83 (0-3) 1.25 (0.75-1.5) 5.73 (5-7)

QBR6 3.18E-15 97.5 (96.2-100) 91.7 (91.2-95) 91.9 (95-100) 62.2 (25-100) 85 (75-100) 9.81 (5-10)
Values within each cluster denote the means (1st-3rd quartile). Superscript numbers preceding individual variables denotes the significance of specific variables within the clusters identified by
random forest algorithm on the basis of MDA and MDG values. This table excludes non-influential variables in the random forest model.
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TABLE 2 Variation in continuous habitat factors (excluding categorical variables) across the six clusters in the second dry season delineated by SOM.

Variable
group

Variable K-W value Cluster 1 Cluster 2 Cluster 3 Cluster 4 Cluster 5 Cluster 6

Vegetation and
land cover

Area of barren
land (500 m
buffer) 1

2.20E-16 10.65
(3.06-19.97)

0.51 (0-0) 0.61 (0) 0.29 (0) 0.57 (0) –

Area of degraded
forest (500 m
buffer) 1,2

2.20E-16 26.99
(21.49-34.08)

5.42
(0.36-5.90)

2.89
(0.00-0.26)

– 3.89 –

Area of forest
plantation (500 m
buffer) 2

2.00E-16 2.93 (0-4.30) 5.51
(3.98-6.24)

1.18 – 0.98 (0-0.35) –

Area of forest
plantation (100 m
buffer) 2

7.54E-06 0.01 (0-0) 0.36 (0-0.43) 0.01 – – –

Area of moist
deciduous forest
(500 m buffer) 2,3,4

2.20E-16 18.12
(9.04-23.43)

48.74
(39.37-55.64)

27.33
(13.29-33.38)

0 (0-0) 47.2
(36.31-52.75)

8.25 (0-6.66)

Area of high
altitude grassland
cover (500 m
buffer) 2

1.05E-08 0.55 (0-0.33) 5.39
(0.87-9.38)

0.82 (0-0.41) 0.99 (0-1.61) 7.72 (0-13.44) 1.7 (0-0.74)

Area of dry
deciduous forest
(500 m buffer) 3

1.60E-13 5 (0-7.68) 10.52
(4.31-16.71)

33.12
(14.93-49.58)

17.52
(3.26-24.42)

9.6
(0.93-14.54)

15.86
(3.31-21.16)

Number of
riparian trees GBH
<100 cm3

2.20E-16 0.7 (0-1) 4.92 (2.75-7) 5.94 (3-8) 0.65 5.12 (3-8) 0.92

Leaf litter4 9.11E-12 17.91 (4-22.5) 18.96 (5-25) 23.78 (5-40) 0.25 21.5 (5-40) 6.31 (2-5)

Area of evergreen
forest (500 m
buffer) 5

3.37E-16 – – 0.04 – 3.44 (0-3.7) –

Area of agriculture
(500 m buffer) 6

2.20E-16 9.58
(0.25-11.78)

0.99 (0-0) 5.08 (0-7.37) 30.15
(11.99-52.36)

0.83 (0-0.6) 46.48
(27.4-67.36)

Grass
(Invasive reed)6

2.01E-14 18.22 (0-32.5) 16.79
(3.75-21.25)

6.03 (0-5) 7.75 (0-0) 3.5 (0-0) 55.19
(30-78.75)

River
physiochemistry

Chloride1,2,5 2.20E-16 0.56
(0.54-0.60)

0.36
(0.33-0.42)

0.23
(0.13-0.25)

0.13
(0.13-0.140

0.15
(0.13-0.14)

0.20
(0.07-0.28)

Nitrate1 1.14E-07 0.52
(0.37-0.48)

0.35
(0.21-0.50)

0.28
(0.18-0.40)

0.39
(0.31-0.56)

0.35
(0.27-0.44)

0.26
(0.18-0.37)

pH1 4.27E-12 8.53
(8.45-8.60)

7.69
(7.47-7.80)

7.67
(7.49-7.87)

7.85
(7.47-8.27)

7.74
(7.52-7.91)

7.53
(7.31-7.73)

TDS1,2,5 2.20E-16 322.37
(303.5-367)

207
(190.6-221.88)

121.59
(71.50-144.00)

81.03
(74.50-88.63)

79.82
(73.00-85.88)

113.67
(47.50-146.63)

Dissolved
oxygen2,3,6

7.25E-13 72.66
(67.94-77.09)

84.94
(70.17-105.20)

98.09
(96.21-102.99)

104.03
(95.54-114.17)

102.17
(95.03-114.40)

76.43
(60.65-92.36)

Ammonia3 1.56E-11 0.46
(0.41-0.55)

0.24
(0.17-0.31)

0.2 (0.1-0.24) 0.31 (0.3-0.32) 0.25 (0.15-0.3) 0.41
(0.26-0.52)

Disturbance Anthropogenic
disturbance6

3.69E-14 2.35 (1-3) 0.75 (0-1.25) 1.29 (0-3) 1.9 (0-4) 0.74 (0-0) 5.58 (5-7)

QBR6 8.83E-14 49.13 (25-67.5) 93.33 (85-100) 86.67 (85-100) 53.5 (5-100) 75.15
(82.5-100)

12.5 (5-10)
F
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Values within each cluster denote the means (1st-3rd quartile). Superscript numbers preceding individual variables denotes the significance of specific variables within the clusters identified by
random forest algorithm on the basis of MDA and MDG values. This table excludes non-influential variables in the random forest model.
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Clusters 5 during first dry and wet seasons, cluster 2 in the

second dry season, and cluster 4 in the second wet season had high-

altitude grasslands, moist and dry deciduous forest, semi-evergreen

forest, TDS and chloride as influential variables (Supplementary

Figures 6A–D). Agriculture emerged as influential in these clusters

which represented the lower-order streams of Kondugarapallam,

Mulli, Neeradi, Kolikurrai and Kuttralam.

Cluster 6 represented sections of the Kuttralam and Coonoor

streams during the first wet season (Figures 3A–D). Cluster 1

represented all other seasonal streams, including the Kallar,

Neeradi, Mulli, and Vaidehi streams. Cluster 5 primarily

explained sampling sites in close proximity to the origin point

during the second dry season and wet seasons, except for the

Kolikurrai stream during the second wet season, where Cluster 4

accounted for these points. Cluster 1 during the second wet season
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and cluster 3 in the second dry season, represented the lower-order

streams as they flowed from their points of origin to the confluence

with the Bhavani river, the principal major river (Figures 3B,

D, respectively).

Cluster 6 in both the dry seasons and second wet season, along

with cluster 4 in the first wet season, had human disturbance, QBR

score, riparian tree density, dissolved oxygen, agriculture, and invasive

reed grass as influential factors (Tables 1–4; Supplementary Tables 2–

5). These clusters represented segments along the 4th stream order of

Bhavani river which were the low-quality habitats.

Cluster 3 in both dry seasons and cluster 1 in both wet seasons

had proportion of agriculture, dry and moist deciduous forest cover,

ground substrate, water quality and stream type as influential

factors (Supplementary Figures 6A–D). The segments in these

clusters cover a significant portion of the Bhavani river, from its
TABLE 3 Variation in continuous habitat factors (excluding categorical variables) across the six clusters in the first wet season delineated by SOM.

Variable
group

Variable K-W value Cluster 1 Cluster 2 Cluster 3 Cluster 4 Cluster 5 Cluster 6

Hydrology River ratio6 8.42E-13 26.27 (8-26.35) 84.22
(43.56-106)

11.08 (7-13) 34.55
(21.25-45.12)

9.95 (5-13) 4.1 (3.5-4.63)

Vegetation and
land cover

Area of dry
deciduous forest
(500 m buffer) 1

3.31E-07 26.88
(7.87-45.36)

15.65
(1.18-28.07)

5.53 (0-2.86) 9.16
(2.58-12.69)

12.62
(0.07-19.45)

7.45
(2.08-12.22)

Area of moist
deciduous forest
cover (500 m
buffer) 2

2.20E-16 33.74
(20.13-48.62)

1.63 (0-0) 25.51
(9.25-38.35)

5.43 (0-6.36) 44.85
(42.13-49.79)

47.88
(35.45-66.93)

Area of barren
land (500 m
buffer) 3

7.23E-11 0.64 (0-0.19) 0.27 (0-0) 7.70
(3.27-10.77)

– – –

Area of agriculture
(500 mbuffer)4,5

2.20E-16 2.79 (0-4.26) 20.63
(10.15-15.66)

12.98
(0.19-20.98)

57.79
(50.35-69.17)

1.27 (0-0) 7.83
(0.90-3.04)

Grass
(Invasive reed)4

2.56E-16 5.54 (0-5) 0.91 (0-0) 17.60
(7.50-22.50)

68.25 (45-95) 15.11 (0-20) 2.70 (0-1.50)

Area of high-
altitude grassland
(500 m buffer) 4

6.66E-08 1.75 (0-1.66) 0.99 (0-1.53) 0.77 0.28 (0-0.73) 12.2
(1.05-23.57)

1.57 (0-0)

Area of evergreen
forest (500 m
buffer) 5

2.20E-12 0.45 – – – 0.51 13.63
(0.68-25.66)

River
physiochemistry

Chloride1,3,5 8.46E-14 0.32
(0.22-0.37)

0.42
(0.40-0.44)

1.13
(0.83-1.35)

0.46
(0.22-0.68)

0.82
(0.39-0.86)

0.21
(0.05-0.35)

Dissolved
oxygen1,4

8.48E-11 67.065
(56.29-80)

53.44
(43.6-62.39)

58.61
(57.23-59.49)

23.53
(13.96-31.65)

56.22
(55.45-60.35)

63.44
(46.95-74.1)

TDS1,3 1.93E-13 60.98 (42-74) 83.34
(81.75-91)

198.53
(146-246.5)

89.25
(40.75-130.5)

133.79
(75.25-161)

45.2 (12-72.63)

Ammonia3 1.83E-07 0.15
(0.06-0.19)

0.23
(0.12-0.34)

0.44
(0.32-0.43)

0.25
(0.03-0.43)

0.26
(0.18-0.34)

0.15
(0.04-0.28)

Disturbance Anthropogenic
disturbance4

1.68E-15 1.19 (0-2) 1.41 (0-2) 3.47 (2-5) 6.25 (5-7) 2.16 (0-5) –

QBR4 6.02E-12 84.79
(80-100)

65.23
(10-100)

50.67 (25-70) 5 (5-5) 96.05
(92.5-100)

67
(23.75-100)
Values within each cluster denote the means (1st-3rd quartile). Superscript numbers preceding individual variables denotes the significance of specific variables within the clusters identified by
random forest algorithm on the basis of MDA and MDG values. This table excludes non-influential variables in the random forest model.
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confluence with the Siruvani and Kondugarapallam rivers in

Kotathura town till the junction and then flows through human

settlements and agricultural land in Nellithurai village near

Mettupalayam town.

In both the dry season clusters 1, 2, whereas cluster 3 in both the

wet seasons, displayed degraded forest and barren land in the
Frontiers in Mammal Science 10
riverine buffer zones as influential variables. These clusters also

exhibited a notable influence of water quality parameters

specifically ammonia and chloride in addition to dry deciduous

forest cover. These clusters also represented lower-order streams

especially a large section of Kondugarapallam river passing through

the human settlements and Anaikatti town.
TABLE 4 Variation in continuous habitat factors (excluding categorical variables) across the six clusters in the second wet season delineated by SOM.

Variable
group

Variable K-W value Cluster 1 Cluster 2 Cluster 3 Cluster 4 Cluster 5 Cluster 6

Hydrology River ratio4 7.81E-16 44.31
(18.45-43.33)

188.22
(56.94-122.02)

28.4 (7.5-22) 9.34 (4-14.75) 13.44
(4.33-17.5)

28.72
(15.37-35.38)

Vegetation and
land cover

Riparian
canopy cover1,2

2.20E-16 64.44 (50-85) – 42.38 (30-65) 63.32 (60-80) 60.74 (45-72.5) 3.05 (0-5)

Area of dry
deciduous forest
(500 m buffer)1,3

3.61E-10 31.95
(10.4-52.2)

19.22
(1.24-37.18)

2.44 (0-1.77) 11.23
(2.54-18.42)

20.38
(4.17-34.86)

10.27
(2.84-14.83)

Leaf litter2 5.89E-14 6.2 (2-5.5) 0.13 6.76 (0-10) 15.5 (5-23.75) 10.93 (3-15) 2.59 (2-3)

Area of moist
deciduous forest
(500 m buffer)2

2.20E-16 28.46
(14.57-35.48)

2.56 23.1
(13.04-31.87)

48.15
(40.92-54.64)

41.1
(27.85-50.28)

1.75 (0-1.13)

Area of barren
land
(500 m buffer)3

2.20E-16 1.02 (0-1.81) 0.24 6.11
(1.57-9.15)

0.18 – –

Area of degraded
forest
(500 m buffer)3

2.20E-16 6.39 (0-9.87) – 27.77
(20.99-36.57)

1.61 (0-1.43) 0.35 (0-0) –

Area of forest
plantation
(500 m buffer)3

9.21E-15 1.02 (0-0.12) – 4.86
(1.04-7.62)

3.48 (0-5.92) 0.74 –

Area of high-
altitude grassland
(500 m buffer)3

6.11E-07 0.93 (0-0.43) 0.75 (0-1.46) 1.12 (0-0.7) 8.66
(0.43-13.8)

2.03 (0-0.26) 2.08 (0-1.04)

Area of high-
altitude grassland
(100 m buffer)4

2.23E-05 0.06 0.03 0.02 0.46 (0-0.55) 0.02 0.15 (0-0.06)

Shrub cover5 5.32E-09 4.24 (0-5) 0.83 11.43 (5-20) 10 (1.25-15) 13.93 (0-25) 2.36

Area of agriculture
(500 m buffer)6

2.20E-16 3.56 (0-5.86) 18.12
(9.29-14.9)

9.09 (0-16.95) 3.59 (0-0.66) 1.29 (0-2.58) 58.12
(51.03-68.02)

Area of agriculture
(100 m buffer)6

2.20E-16 0.24 (0-0.09) 0.8 (0-1.62) 0.17 (0-0.02) 0.1 0.04 2.25 (1.25-3.1)

Grass cover
(Invasive Reed)6

2.20E-16 3.42 (0-5) 1.25 (0-0) 14.76 (5-30) 19.62 (0-20) 13.04 (0-20) 67.27
(45-93.75)

River
physiochemistry

Ammonia1 1.25E-08 0.1 (0.04-0.15) 0.22
(0.15-0.34)

0.29
(0.15-0.34)

0.2 (0.13-0.34) 0.2 (0.14-0.24) 0.29 (0.1-0.42)

Chloride1,5 1.33E-08 0.27
(0.22-0.22)

0.5 (0.22-0.55) 0.65
(0.28-0.77)

0.63
(0.33-0.63)

0.42
(0.31-0.55)

0.47
(0.25-0.55)

TDS1 5.70E-08 43.44 (19.5-43) 77.38
(48.5-101.25)

110 (44-139) 99.18 (42-112) 68.22 (49-88.5) 89.73
(48.75-105.75)

Dissolved oxygen6 2.36E-09 79.08
(60.2-97.3)

74.83
(59.05-81.1)

69.81
(61.4-77.2)

71.13
(57.23-80)

82.62
(75.65-89.65)

36.13
(23.83-55.15)

Disturbance QBR6 1.40E-12 88.56 (90-100) 73.96
(36.25-100)

55.95 (25-80) 77.06 (80-100) 70.19 (15-100) 5.68 (5-5)
Values within each cluster denote the means (1st-3rd quartile). Superscript numbers preceding individual variables denotes the significance of specific variables within the clusters identified by
random forest algorithm on the basis of MDA and MDG values. This table excludes non-influential variables in the random forest model.
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Seasonal otter encounter rates along the
riparian habitat quality gradient

In both dry seasons, we recorded 31 SCO evidences, covering

14% of the 169 and 197 surveyed segments in the first and second

dry seasons, respectively. During these same seasons, 19% of

surveyed segments showed SCL presence, with 50 evidences in

the first dry season and 57 in the second. In the first wet season, we

found 42 SCO evidences, making 20.9% of the 177 segments

positive. However, this significantly decreased in the second wet

season, with 31 SCO evidences covering 11.23% of the 187 surveyed

segments. In contrast, SCL presence increased from 19.77% in the

first wet season to 26.74% in the second, with 74 evidences recorded

in the first season and 105 in the second.

In the first dry season, SCL and SCO co-occurred in clusters 1,

3, and 4, however clusters 1 and 3 had higher SCL encounter rates

(mean = 3.14/km & 2.09/km, respectively) than SCO (mean = 0.57/

km & 0.86/km, respectively). In contrast, cluster 4 had minimal SCL

encounter rate (mean = 0.14/km) but higher SCO encounter rate

(mean = 1.11/km). Stream segments representing cluster 6 had no

evidence of otters. Clusters 2 and 5 exclusively harbored SCL (mean

= 0.67/km & 2/km, respectively), with few signs of SCO (Figure 4A).

In the first dry season SCO mean encounter rate increased with the

habitat quality gradient, however SCL was not recorded

in low quality habitats and its encounter rate was higher in

clusters representing moderate habitat quality than high quality

clusters (Table 5).
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In the second dry season, both otter species were distributed in

cluster 2 (SCO mean = 0.33/km, SCL mean = 1.16/km) and 3 (SCO

mean = 1.04/km, SCL mean = 0.81/km). Cluster 5 (mean = 3.41/

km) and 6 (mean = 1.08/km) exclusively had SCL, whereas cluster 4

had only SCO (mean = 2.2/km). Cluster 1 had no evidence of otters

(Figure 4B). In the second dry season SCL mean encounter rate

increased from low to high quality clusters. In the second dry season

and first wet season, SCO was absent in low quality clusters and had

higher mean encounter rate in moderate quality clusters than high

quality clusters (Table 5).

In the first wet season, SCL and SCO co-occurred along stream

segments representing cluster 1 (SCO mean = 1.31/km & SCL 1.58/

km). Cluster 2 exclusively had SCO (mean = 2.18/km), while

clusters 5 and 6 exclusively had SCL with high encounter rates in

both clusters (mean = 5.26/km & 5.2/km). Stream segments

classified as low-quality clusters (3 and 4) had no evidence of

otters (Figure 4C; Table 5).

During the second wet season, SCL and SCO co-occurred in

cluster 1 (SCO mean = 1.22/km & SCL mean = 1.56/km) and 4

(SCO mean = 0.24/km & SCL mean = 5.06/km). Clusters 2 and 3

exclusively had SCO (mean = 1.67/km & 0.24/km, respectively),

while cluster 5 exclusively had SCL with high encounter rate (mean

= 5.78/km). Cluster 6 had no evidence of otters (Figure 4D). In the

first and second wet season SCL was not recorded in low quality

clusters and there was no difference in mean encounter rates

between moderate and high quality clusters. In the second wet

season SCO had lowest encounter rate in low quality habitats while
FIGURE 3

The geographical distribution of six clusters from the characterised stream segments with the sign encounter rates of SCO and SCL along the
Bhavani-Noyyal river basin. (A) First dry season (B) Second dry season (C) First wet season (D) Second wet season.
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mean encounter rates between moderate and high-quality clusters

did not vary much (Table 5).
Discussion

Our study demonstrates the usefulness of machine learning

algorithms to characterize otter habitats using a wide range of

environmental parameters. Studies in other aquatic systems have

shown that the combination of both land use data and local habitat

features including physiochemical water parameters are useful

indirect measures of resource availability, and provides a

complete assessment of local habitat quality to monitor the

drivers of spatiotemporal habitat use of otters (Prenda et al.,

2001; Bedford, 2009). The SOM approach of characterization was

followed by the identification of influential riparian variables

explaining the habitat clusters using the random forest models.

This step-wise approach allowed the examination of intricate

relationships between the land use patterns at the riverine buffer

and in-stream water quality parameters for comparative assessment

of riparian habitat quality, inside and outside CRF. Based on our

hypothesis we found that the sign evidences of SCO and SCL were

absent along stream segments exposed to high anthropogenic

disturbance in the Southern Western Ghats. Both species showed

differential patterns of sensitivity to riparian habitat quality. There

were significant changes in water quality parameters among

seasons. SCL encounter rates significantly increased in both wet

seasons than dry season. The co-occurrence patterns of SCL and
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SCO are explained by their variable encounter rates within

habitat clusters.
Importance of fine-scale riparian habitat
characteristics in otter ecology

Our SOM approach effectively differentiated habitat clusters at a

fine-scale thereby showing the spatiotemporal variation in SCL and

SCO distributions and encounter rates. Similar approach has been

applied to characterize habitats for Eurasian otter Lutra lutra

habitat into three clusters and otter habitat preference was

monitored on a monthly basis for multiple years (Cho et al.,

2009). In another study on the same species in South Korea,

Hong et al. (2021) applied SOM across four years, demonstrating

long-term monitoring of spraint densities and its relationships with

population dispersal patterns.

In our study, SCO was restricted to the 4th order streams of the

Bhavani river whereas SCL frequently used the 2nd and 3rd.order

streams. Their preference for stream order is similar to those

reported in earlier surveys in southern India (Perinchery et al.,

2011; Prakash et al., 2012; Raha and Hussain, 2016; Moun et al.,

2024). SCO preferred streams with non-turbulent flow conditions

i.e. slow-flowing streams and pools with stream and ground

substrate from boulder to silt and sand. We recorded significant

encounter rates of SCO in the Pillur and Bhavani Sagar backwaters

along the Bhavani river. These river segments had high habitat

quality marked by the water quality, large sandbanks, moderate
FIGURE 4

Violin lots showing the variation in SCO and SCL sign encounter rates across the six SOM clusters representing the habitat quality gradient. (A) First
dry season. No otter evidence in cluster 6 (B) Second dry season. No otter evidence in cluster 1 (C) First wet season. No otter evidence in cluster 3
and 4. (D) Second wet season. No otter evidence in cluster 6.
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forest cover and very wide river channels with non-turbulent water

flow. Earlier studies reported similar preference for undisturbed

backwaters and lakes (Anoop and Hussain, 2004; Utthamapandian

et al., 2023). Despite the comparatively less proportion of forest and

canopy cover along the riverine buffer these clusters have

characteristic pools and loose sand substrate that are preferred by

SCO (Moun et al., 2024; Basak et al., 2021). The high SCO

encounter rates along sand banks in backwater areas could

indicate that these habitats are also important grooming sites,

aiding in temperature regulation, fur maintenance, and social

bonding among group members. Basak et al. (2021) and Hussain

(2013) also recorded extensive use of sand banks by otters for

marking and grooming.

SCL was more commonly found along rivers with cascade water

flow and boulder strewn banks along the lower-order streams,

particularly in the upper reaches and origin points of Kolikurrai,

Mulli, Kondugarapallam, Coonoor, Kallar, and Neeradi rivers. SCL

habitat preference in our study is comparable with other studies from

India (Prakash et al., 2012; Palei et al., 2023) and Southeast Asia

where they showed a strong preference for mountain streams,

particularly the upper reaches of swiftly flowing streams (Kruuk

et al., 1994; Melisch et al., 1994). Similarly, in CRF, clusters with high

SCL encounter rates were associated with these streams having
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significant proportion of evergreen forest, high-altitude grasslands,

mature woody trees in the riparian areas and low levels of TDS,

chloride, and ammonia, as well as minimal agricultural activity in the

riparian zones. River stretches with mature and woody trees were

preferred over herb and grass cover along the riverine buffer which is

consistent with findings from other studies (Mason, 1995; Prenda and

Granado-Lorencio, 1996). For instance, Perinchery et al. (2011)

reported that SCL extensively utilized pools over cascades and

riffles, with a preference for 2nd and 3rd order streams over 1st

order streams. In our study we had records of SCL in camera-traps

placed at elevations < 400 m, which contradicts earlier studies that

reported the species presence in high-elevation small order streams >

950 m in the Western Ghats (Perinchery et al., 2011; Raha and

Hussain, 2016). Camera-traps captured multiple SCL groups,

including young pups, in various streams, indicating the existence

of resident breeding populations in CRF.
Effects of riparian habitat quality on
spatiotemporal habitat use of otter

Habitat quality refers to the environment’s ability to provide

sufficient resources and conditions necessary for the survival of

individuals and the persistence of populations (Regolin et al., 2021).

SOM based clusters with high riparian habitat quality were marked

by minimal proportion of agriculture fields in the riverine buffer, a

high proportion of forest cover, and low levels of pollutants such as

TDS, ammonia, nitrate, and chloride. Clusters of moderate riparian

habitat quality were characterized by banks dominated by invasive

reed grass, low to medium agricultural activities, elevated levels of

ammonia, nitrate, and TDS, but lower riparian tree density, and lower

QBR scores, which were associated with low encounter rates. Clusters

of low habitat quality were marked by high anthropogenic

disturbance, a high proportion of agricultural land, extensive

grazing areas, and significant invasive reed cover. Our data showed

strong relationships between land-use patterns along the riverine

buffer and the riparian habitat characteristics, in both structure and

hydrology where the low habitat quality clusters have significant

proportion of degraded forest, agriculture, barren land, grass cover,

anthropogenic disturbance, and high TDS, chloride and nitrate levels.

The moderate and high quality clusters had canopy cover, deciduous

and evergreen forest, and low TDS and high river ratio. Most

importantly we recorded holts of both species in both moderate

and high habitat quality clusters and no holts were found in low

habitat quality clusters in all seasons. The low quality habitat was

avoided by both species where in some seasons we recorded very low

encounter rates or no otter sign evidences. Earlier studies also

reported that riparian habitat quality, vegetation cover, structure,

and river channel alteration, were positively associated with otter

encounter rates (Munné et al., 2003; Prakash et al., 2012; Theng and

Sivasothi, 2016) and SCL preferred intact riparian vegetation, even in

highly altered riverscapes in Southeast Asia (Pianzin et al., 2021).

Although in some areas otters show plasticity in their habitat use, it is

mostly attributed to the resident populations in forested habitats,

otherwise otters can thrive in human-modified landscapes
TABLE 5 SCO and SCL sign encounter rates as the mean number of
signs per km ± SD (CV) across the habitat quality gradient in the dry and
wet seasons of 2020 and 2021.

Habitat quality
First dry season (2020)

SCO SCL

Low (Cluster 2 & 6) 0.13 ± 0.71 (5.66) 0

Moderate (Cluster 4 & 5) 0.28 ± 1.02 (3.71) 1.03 ± 2.19 (2.12)

High (Cluster 1 & 3) 2.28 ± 3.83 (1.68) 0.81 ± 2.25 (2.78)

Second dry season (2021)

SCO SCL

Low (Cluster 1 & 6) 0 0.57 ± 2.31 (4.04)

Moderate (Cluster 2 & 4) 1.18 ± 1.85 (1.56) 0.64 ± 1.48 (2.33)

High (Cluster 3 & 5) 0.7 ± 1.97 (2.82) 1.67 ± 3.19 (1.91)

First wet season (2020)

SCO SCL

Low (Cluster 3 & 4) 0 0

Moderate (Cluster 2 & 5) 2.44 ± 5.05 (2.07) 1.17 ± 2.05 (1.75)

High (Cluster 1 & 6) 1.94 ± 3.98 (2.05) 1.19 ± 2.37 (1.99)

Second wet season (2021)

SCO SCL

Low (Cluster 3 & 6) 0.09 ± 0.61 (6.56) 0

Moderate (Cluster 2 & 4) 0.83 ± 2.09 (2.52) 2.97 ± 5.0 (1.69)

High (Cluster 1 & 5) 0.84 ± 2.61 (3.12) 2.88 ± 4.58 (1.59)
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(Romanowski et al., 2013; Prakash et al., 2012; Dias et al., 2022). Our

camera trap data during the study showed that SCO groups consisted

of only an adult male, adult female, and 1-2 offsprings per breeding

season, indicating probably a lower population density of the species

in the CRF compared to other regions where SCO groups are known

to be significantly larger (Hussain, 1996; Nawab and Hussain, 2012;

Shivram et al., 2023; Moun et al., 2024).

Human-induced alterations in the water quality and riparian

habitat structure are major challenges for the persistence of otter

populations, emphasizing the critical need to safeguard natural

habitat patches and mitigate anthropogenic disturbances in otter

habitats. Deterioration in water quality can negatively impact otter

distribution by reducing food resources (Prenda et al., 2001; Tüzün

and Albayrak, 2005; Bedford, 2009). TDS values were significantly

higher in the second dry season and drastically decreased in the

second wet season. Moreover, an increase in TDS can result in

elevated salinity and conductivity, leading to overall poor water

quality, often stemming from human disturbances such as

agriculture effluents. Chloride levels increased in the wet season

than dry season. Variations in nitrate, ammonia, and chloride

among clusters likely stem from sewage and agricultural runoff.

Ammonia and nitrate concentrations are often higher in the dry

season than in the wet season due to reduced river flow, which

limits dilution of pollutants, and increased decomposition rates

under higher temperatures, releasing more nitrogen compounds

into the water. Additionally, agricultural runoff during the dry

season can contribute to significant amounts of these effluents

into rivers (Ravi et al., 2021). These factors collectively lead to

higher concentrations of ammonia and nitrates during the dry

season compared to the wet season. Therefore, monitoring water

quality is vital for preserving the integrity of riverine ecosystems,

necessitating measures to control water pollution and

eutrophication to ensure the viability of otter populations across

their range (de Almeida and Pereira, 2017). River ratio was a

distinct influential factor in both wet seasons mainly due to the

increase in river depth compared to the dry season. In the first wet

season, SCO encounter rates were considerably higher in streams

with moderate agriculture cover and higher river ratio. The second

wet season was marked with higher rainfall with subsequent

increase in river flow not only along the main Bhavani river but

also along the 2nd and 3rd lower-order streams of Kondugarapallam,

Mulli, Neeradi, Kolikurrai and Kuttralam. Particularly, in the

second wet season, the sudden rise in the river depth along the

Bhavani river would have probably been unsuitable for SCO which

is explained by their lowest mean encounter rate. Unpolluted and

unregulated rivers with well-preserved riparian vegetation along the

banks offering various refuge sites are considered to be optimal otter

habitats (Romanowski et al., 2013). The rising human populations

and decreasing riparian forest cover have led to isolated populations

of otters, forcing them to seek refuge in small, often fragmented

riparian patches (Pagacz, 2016; Sepúlveda et al., 2007). SCO may

alter their behavior and occupy suboptimal habitats when their

natural habitats are disturbed (Moun et al., 2024; Romanowski

et al., 2013). When we compare precipitation and rainfall data from

the catchments areas of Bhavani-Noyyal rivers between the wet
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seasons of 2020 and 2021, we found that in 2021, there was

significantly higher rainfall in both the NEM and SWM

monsoons (Indian Meteorological Department, 2024). Although

we found that the riparian habitat quality plays a strong role in

driving spatiotemporal encounter rates of both otter species, and

the increase in SCL habitat use patterns in the wet season could

explain seasonally-associated niche expansion in response to the

fluvial hydrological system in the non-perennial lower-

order streams.
Spatiotemporal patterns of sign encounter
rates in sympatric species of otters

Within a cluster we found that SCL had higher encounter rates

than SCO and patterns were vice versa in some other clusters where

SCO encounter rates were higher than SCL. Sympatric distributions

of both species with spatio-temporal niche separation to avoid

direct competition has been recorded in Western Ghats (Raha and

Hussain, 2016; Krupa et al., 2017; Narasimmarajan et al., 2023).

Streams nestled in non-forested landscapes outside CRF boundary

that lacked evidence of both species of otters in both seasons, had

low riparian habitat quality and some riverine buffers had only

agriculture cover marked with high anthropogenic pressure,

livestock grazing, and invasive weeds. Their sensitivity to

anthropogenic pressure has been reported in previous studies

(Macdonald and Mason, 1983; Prakash et al., 2012). In India SCO

sign encounter rates vary from as low as 0.55/km to 7.67/km

(Nawab and Hussain, 2012; Basak et al., 2021; Moun et al., 2024)

while another study reported SCL sign encounter rates ranging

from 2-3.7/500 m (Prakash et al., 2012) and 2-4/km (Perinchery

et al., 2011). Due to the few published studies on sign encounter

rates of both species, comparisons of encounter rates with existing

studies becomes difficult. Nevertheless, their sympatric behavior

and habitat use patterns with fine-scale habitat features

are comparable.

We found interesting patterns within-season and within-habitat

quality clusters where both species had variable encounter rates.

The encounter rate of SCO was highest in the first wet season while

SCL encounter rates increased drastically in the second wet season.

In both wet seasons, we found that moderate and high habitat

quality clusters were equally used by SCL while SCO used moderate

habitat quality clusters more than high habitat quality clusters in the

first wet season. In contrast we found significant variation in

encounter rates between moderate and high habitat quality

clusters in the dry season for both species. While in the wet

season SCL equally used both moderate and high quality clusters.

Overall, SCL appeared to show wider spatiotemporal shifts in

encounter rates than SCO. These spatiotemporal patterns not

only explain strategies of co-occurrence patterns in sympatric

otter species but also explain the interactive roles of precipitation,

rainfall and hydrology in driving dynamic changes in water quality

in mountain rivers of Western Ghats. Although it is certain that the

variation in riparian habitat heterogeneity drives coexistence

patterns in both otter species, the habitat quality of the fluvial
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system is seasonally driven by local environmental changes. Prey

resources for semi-aquatic mustelids are probably clumped in the

dry season providing less opportunities for co-occurrence of

sympatric species within-similar habitat quality gradients. The

variation in otter encounter rates could also indicate

spatiotemporal dispersal patterns from low to high habitat quality

clusters thereby supporting the isoleg theory by Pimm and

Rosenzweig (1981). Several studies have found strong

relationships between otter spraint abundance and otter densities

(Kofler et al., 2018), hence the low and high encounter rates

measured seasonally and along the habitat quality gradient does

indirectly suggests the spatiotemporal shifts in otter activity centres

(Sittenthaler et al., 2020).

Holts are essential for otter survival, influencing their access to

food, preferred foraging spots, breeding success, and protection

from predators (Kruuk et al., 1989). In southern India, SCO tend to

avoid areas lacking vegetation and prefer holt sites with well-

vegetative river banks (Anoop and Hussain, 2004). A total of four

SCO holts were identified in the study area over the course of all

four seasons. Two of these holts were active, while the other two

were destroyed by fishermen retaliating against the damage otters

caused to their fishing nets. Three holts were located in rock

crevices, and one was dug by otters under the roots of Terminalia

arjuna. In the case of SCL, eight holts were found, all of which were

active during the sampling period. Six SCL holts were in rocky

crevices, one was under fallen logs and debris brought by floods and

settled on the stream side, and one was under Lantana camara

thickets. All holt sites of both species were found in high quality

habitat clusters suggesting the importance of rocky substratum and

densely vegetative river banks, however human activity could be a

potential threat to their breeding sites (Supplementary Figure 1).
Conservation importance of riparian
habitats and the impact of dams and
reservoirs on otters in southern
Western Ghats

Our study showed that structural and compositional

heterogeneity in microhabitats within riparian zones are crucial

for long-term persistence of otter populations. SCL and SCO exhibit

distinct habitat preferences which includes not only preference for

stream orders but also preference for riverine-edge forest types

where SCL used high elevation forest types and SCO used the low to

moderate elevation forested buffers. Yet, overall, we found that

moderate to high encounter rates were linked with the riparian

habitat quality.

The spatial distribution pattern of SCO based on sign evidences,

particularly clusters with high sign encounter rates had close

proximity to the major reservoirs which are the Bhavani reservoir

and Pillur dam. A striking observation in these patterns shows that

there is no major spatiotemporal shift in SCO signs across seasons.

Large hydropower projects are generally constructed along 4th order

streams in the Western Ghats river basins (www.india-

wris.nrsc.gov.in). Surveys involving sign detection and camera
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trapping in the study area indicated the absence of SCO in the

Bhavani river below the Pillur dam, despite repeated surveys in all

seasons. This indicates that large hydropower projects could be

potential barriers to SCO movements. This led to an intriguing

trend where the distribution of SCL increased in that particular area

with each seasonal sampling (Figures 3A-D). While both otter

species coexist in the same habitats, larger species typically

dominate the resources within those habitats (Jones and Barmuta,

1998). The smaller, inferior species tend to avoid direct competition

and negative interactions with the dominant species (Odden et al.,

2010). However, in cases where the dominant species becomes

absent from certain areas, the inferior species may occupy and

utilize those unoccupied spaces (Crooks and Soulé, 1999). SCL

encounter rates also increased along the 2nd order streams in the

second wet season and also showed an increase in the spatial

distribution of SCL evidences. This indicates that SCL

distribution patterns are dynamic and probably dependent on

increased stream flow in the second wet season.

Riparian vegetation not only serves as critical habitat for

numerous small mammalian species but also fulfills vital

ecological functions such as agricultural chemical filtration,

erosion prevention, and provision of foraging zones for migratory

individuals (Weinberger et al., 2019). The absence of riparian

vegetation in Mettupalayam and Sirumugai areas, coupled with

the lack of otter evidence in corresponding clusters, underscores the

importance of maintaining riparian vegetation. It not only poses a

significant threat to riverine health but also jeopardizes otter

connectivity with the neigbouring river basins. The 4th stream

order of the Bhavani river passing through Sirumugai and

Mettupalayam serves as a critical hydrological link connecting

otter populations with the Moyar river of the Moyar basin,

facilitating movement and dispersal of otter territories. Riparian

vegetation stands as one of the last remaining refuges for riparian-

obligatory small mammals in disturbed patches, serving as corridors

for dispersal and movement in the Western Ghats. The loss of

riparian vegetation, coupled with increasing human activities, poses

a grave threat to wildlife survival in these habitats, with suitable site

availability emerging as a potential limiting factor for otter

occurrence (Weinberger et al., 2019). This insight may assist

in regulating or conserving these factors to enhance otter

connectivity, mitigate pollution and disturbance levels, and

prevent local extinctions.

In general, high quality riparian habitat patches along the banks

offering various refuge sites are considered to be optimal otter

habitats and this was evident from the holts recorded along the

Bhavani-Noyyal river basin. While on the other hand, the

streams categorized as low and moderate habitat quality could

become suboptimal habitats (i.e., significantly transformed by

anthropogenic pressure) within the network of high quality

habitats. Therefore, identification of several such low to high

quality habitats through large-scale characterization provides an

essential framework to identify potential corridors for otter

movement patterns within and between river basins (Cianfrani

et al., 2013). Such long-term evidence-based knowledge concerning

habitat requirements of sympatric South Asian otters in tropical
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streams of the southern Western Ghats and habitat characteristics

driving their spatiotemporal variability is crucial for developing

effective conservation plans for otters in the region. Our integrated

approach enables framing effective conservation strategies to

protect and restore critical riparian habitats, ensuring the long-

term survival of otter populations in the southern Western Ghats by

enhancing riparian habitat connectivity with simultaneous

improvements in riverine water quality.
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SUPPLEMENTARY FIGURE 1

Spraints, tracks, holts and camera-trapped images of SCO and SCL along the

Bhavani-Noyyal river basin, southern Western Ghats.

SUPPLEMENTARY FIGURE 2

SOM visualization of the distribution of riparian habitat characteristics along
stream segments in the first dry season. The U-matrix represents the SOM

and is used to visualize the distances between neurons and to identify the
cluster structure of the map. Each component plane displays the Z

transformed values of one variable along a colour gradient from lowest

(red) to the highest values (white) in each map unit.
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SUPPLEMENTARY FIGURE 3

SOM visualization of the distribution of riparian habitat characteristics along
stream segments in the second dry season. The U-matrix represents the SOM

and is used to visualize the distances between neurons and to identify the

cluster structure of the map. Each component plane displays the Z
transformed values of one variable along a colour gradient from lowest

(red) to the highest values (white) in each map unit.

SUPPLEMENTARY FIGURE 4

SOM visualization of the distribution of riparian habitat characteristics along
stream segments in the first wet season. The U-matrix represents the SOM

and is used to visualize the distances between neurons and to identify the
cluster structure of the map. Each component plane displays the Z

transformed values of one variable along a colour gradient from lowest
(red) to the highest values (white) in each map unit.

SUPPLEMENTARY FIGURE 5

SOM visualization of the distribution of f riparian habitat characteristics along

stream segments in the second wet season. The U-matrix represents the

SOM and is used to visualize the distances between neurons and to identify
the cluster structure of the map. Each component plane displays the Z

transformed values of one variable along a colour gradient from lowest
(red) to the highest values (white) in each map unit.

SUPPLEMENTARY FIGURE 6

Partial dependence plots of the influential riparian habitat variables in the random

forest model explaining the six habitat clusters across seasons. (A) First dry season
(B) Second dry season (C) First wet season (D) Second wet season.

SUPPLEMENTARY TABLE 1

Riparian habitat variables recorded along 250 m stream segments with their
range of values or categories in the dry and wet seasons for otter

habitat characterization.
Frontiers in Mammal Science 17
SUPPLEMENTARY TABLE 2

Variable importance in the random forest model. Mean Decrease Accuracy
(MDA) and Mean Decrease Gini (MDG) of the riparian habitat variables as

assigned by the random forest model among the six different clusters defined

by the self-organizing map in the first dry season. MDA and MDG depends on
how well the model was predicted and the overall goodness of

fit, respectively.

SUPPLEMENTARY TABLE 3

Variable importance in the random forest model. Mean Decrease Accuracy

(MDA) and Mean Decrease Gini (MDG) of the riparian habitat variables as

assigned by the random forest model among the six different clusters defined
by the self-organizing map in the second dry season. MDA and MDG depend

upon how well the model predicted and the overall goodness of
fit, respectively.

SUPPLEMENTARY TABLE 4

Variable importance in the random forest model. Mean Decrease Accuracy

(MDA) and Mean Decrease Gini (MDG) of the riparian habitat variables as
assigned by the random forest model among the six different clusters defined

by the self-organizing map in the first wet season. MDA and MDG depend
upon how well the model predicted and the overall goodness of

fit, respectively.

SUPPLEMENTARY TABLE 5

Variable importance in the random forest model. Mean Decrease Accuracy
(MDA) and Mean Decrease Gini (MDG) of the riparian habitat variables as

assigned by the random forest model among the six different clusters defined
by the self-organizing map in the second wet season. MDA and MDG depend

upon how well the model predicted and the overall goodness of
fit, respectively.

SUPPLEMENTARY METHOD

Training the riparian habitat variables using SOM.
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Ferguson, S., and Lariviére, S. (2005). “Is mustelid life history different?,” in Martens
and Fishers (Martes) in Human-Altered Environments. Eds. D. J. Harrison, A. K. Fuller
and G. Proulx (Springer, Boston, MA), 3–20.

Gomez, L., Leupen, B. T. C., Theng, M., Fernandez, K., and Savage, M. (2016). Illegal
Otter Trade: An analysis of seizures in selected Asian countries, (1980–2015) (Petaling
Jaya, Selangor, Malaysia: TRAFFIC). Available at: https://www.traffic.org/publications/
reports/illegal-otter-trade/.
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