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Overwintering is a unique phenomenon of delaying metamorphosis in amphibian larvae at 

low-temperature conditions prevailing at high elevation and latitude. This study is first of its 

kind in India to look at selected ecological aspects of overwintering tadpoles of Nanorana 

spp. in a Himalayan stream. I evaluated the temporal density of overwintering tadpoles in 

response to the temperature and disturbance gradient. Tadpole density was influenced by 

the time of the day, submerged leaf litter depth, canopy cover, cover item richness, and a 

cross-over effect of water temperature and canopy cover, as inferred from Generalized 

Linear Mixed Effect Modelling. Mean tadpole density at night time was higher in modified 

pools than natural pools during winter (W=1355.5, p<0.05), but there was no difference 

during daytime (W=943.5, p=0.46); the nocturnal pattern changed in the post-winter, where 

density was higher in natural pools (W=2019.5, p<0.05). Tadpole activity pattern varied 

significantly between pool types during post-winter, where modified pool population 

increased daytime activity and thus the activity overlap reduced from winter (90.8%) to post­

winter (64.5%). Further, I discuss the influence of temperature fluctuations on tadpole density 

and behavioral thermoregulation. I report the differences in relative tail length of tadpoles in 

modified and natural pools between seasons, where the modified pool population are larger 

in relative tail length compared to natural population during post-winter (t2i7=3.6, p<0.05, 

d=0.488). I propose two putative tadpole groups based on the morphometric measurements 

using PCA, and cluster analysis for further molecular identification. I present insights on the 

resource utilization pattern of overwintering tadpoles during winter and post-winter seasons 

using habitat availability and use analyses. Besides the understanding of poorly known larval 

ecology, the study provides some insights into the habitat simulation modelling with respect 

to habitat suitability criteria in the light of future altered stream flow.

Keywords: amphibian larva, metamorphosis, Western Himalaya, microhabitat use, 

temperature, adaptation, cold, development, life-history strategy, plasticity, stream, check 

dam, behavior
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Developmental Pattern

Diet Cycle

Graphics showing the temporal variation in mean tadpole densities across months and day-night 
sessions; Body size class variation across months as a proxy of the developmental pattern of tadpoles; 
diel cycle of tadpole counts between seasons and pool types; Larger relative tail length of modified pool 
populations (reduced body length); and the predictor variables that best explained the tadpole 
densities.

xviii



BACKGROUND



1 INTRODUCTION

Among vertebrates, amphibians have the most diverse life history strategies (Duellman, 

1989; M.S. Johnson et al., 2017; Alford & Harris, 1988; Smith-Gill & Berven, 1979). Diversity 

of such strategies reach maximum in tropics, and lineages in the temperate region are 

perhaps further specialized with enhanced cold tolerance, change in breeding phenology and 

behavioral mechanisms (Vo & Gridi-Papp, 2017) and delayed metamorphosis (Brown, 1990).

In the low-temperature conditions of high elevation and latitude where average temperatures 

are lower and the growing season shorter than at lower elevation and latitude, amphibians 

delay their metamorphosis, and this is called overwintering (Ultsch et al., 1999). This can be 

also simply defined as spending the winter season in the larval stage (Fellers et al., 2001). 

Several anurans have been found to overwinter as larvae in temperate regions of the world 

(e.g., Brown, 1990; Fominykh & Liapkov, 2011; Lai et al., 2002; Logares & Ubeda, 2006; Lu 

et al., 2016; Pentek et al., 2019). The factors behind the plasticity in such life-history events 

however, are poorly known (Bradford, 1984; Walsh et al., 2008, 2016). Some factors 

influencing overwintering are seasonal changes, elevation, latitude, temperature and 

resource availability (Berven et al., 1979; Macedo, 2019; Pintar, 2000).

Previous studies have been focused on the relationship of overwintering with elevational 

gradients (Ultsch et al., 1999), developmental stage (Walsh et al., 2016), duration (Emerson, 

1988) and temperature range (Collins, 1979; Lai et al., 2002) of overwintering events, and 

body size variation among overwintering tadpoles (Wilbur & Collins, 1973). In some 

populations, overwintering has been found to have critical role, where larger size at 

metamorphosis leads to greater adult fitness, survival and fecundity (Ficetola & De Bernardi, 

2006; Walston & Mullin, 2007), whereas not highly adaptive in others (Fellers et al., 2001). 

This local adaptation has been investigated comparing low and high-altitude populations of 

Rana temporaria and found that temperature parameters act as strong selective pressure of 

such phenotypic variations despite high gene-flow (Muir et al., 2014).
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In addition to the amphibian population, presence of overwintering tadpoles affects the 

aquatic community by influencing interspecific competition (Walston & Mullin, 2007), changes 

in predation patterns (Brodie & Formanowicz, 1983), and algal community structure (Collins, 

1979; Dickman, 1968). As several hypotheses points at various factors behind the 

phenomenon, and affects the community structure, increases susceptibility towards global 

warming (Garner et al., 2010) and Batrachochytrium dendrobatidis (Narayan et al., 2014), 

overwintering provides us a good framework to study these aspects in light of climate change 

and disease ecology (Fig. 1).

Fig. 1 Illustration showing various factors influencing overwintering tadpoles. Inset photographs are of 
overwintering tadpoles of Nanorana sp., Western Himalaya, India. Design by V. Jithin

Several field and lab-based studies have been done to understand the phenomena (Aguirre-

Becerra et al., 2018; Berven, 1982), even though the major questions are still unanswered.
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The intra-population variation in overwintering tadpoles (Brown, 1990), degree of influence of 

various intrinsic and extrinsic factors, phylogenetic, geographic and taxonomic relationships 

are some of these questions (Jithin & Das, 2020).

2.a  Global Scenario

While interpreting the published studies in amphibian larval overwintering, special attention 

needs to be taken due to the geopolitical bias in the research (Jithin & Das, 2020; Logares &

Ubeda, 2004). Even though most of the studies are from North American region, the 

phenomenon occurs in other regions as well including 11.54% from the Asian region (Jthin &

Das, 2020) (Fig. 2).
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Various aspects of overwintering have been documented including seasonal changes, 

elevation, latitude, temperature and resource availability (Macedo, 2019; Pintar, 2000; Smith- 

Gill & Berven, 1979). Relationship with elevational gradients (Ultsch et al., 1999), 

developmental stage (Walsh et al., 2016), duration (Emerson, 1988), temperature range of 

overwintering events (Collins, 1979; Lai et al., 2002), and body size variation among 

overwintering tadpoles (Wilbur & Collins, 1973), development of different age classes and 

morphological variations with overwintering have been reported (Brown, 1990).

Ecophysiology and reproductive and developmental biology are the other major aspects of 

previous studies (Fig. 3) despite the increased understanding of relationship of 

overwintering with disease ecology, ecotoxicology for example, in cases where overwintering 

tadpoles act as disease reservoirs (Narayan et al., 2014).

 Book Chapter  Research Article ■ Thesis

Fig. 3 Articles published on ovenwintering anuran larvae (/V=66) according to the aspect of studies 
and type of publication. Category ‘Research article’ also includes natural history notes, and 
correspondence articles. Modified from Jithin & Das (2020)

Collins & Lewis (1979) reported that 13 species under the genus Rana and Ascaphus truei 

are known to ovenwinter in the continental U. S. According to Hsu et al. (2012), 40 species 
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and 17 genera known to have overwintering tadpoles, but they did not provide any further 

details. In a global review, Jithin & Das (2020) found that at least 23 species of anurans are 

reported to have overwintering tadpoles (Fig. 4).

Rana sierrae 
Rana pretiosa 

Rana dalmatina 
Potypedates braueri 

Pelophylax ndibundus 
Pelophylax lessonae 

Pelobates fuscus 
Nanorana parked 

Ldhobates sphenocephalus 
Bulo buto 

Babina subaspera 
Alytes obstetricans

Rana sauteri 
Lithobates yavapaiensis 

Ascaphus 
Rana muscosa 

Lithobates septentrionalis 
Alsodes gargola 

Rana aurora 
Rana temporaria 

Ascaphus truei 
Lithobates clamitans 

Lithobates catesbeianus

No. of observations

Fig. 4 Charts showing (A) number of observations for different ovenwintering durations; (B) taxonomic 
composition of the observations (/V=95). Modified from Jithin & Das (2020)

Ranidae is one of the families mostly reported to be having overwintering tadpoles, but this 

can be an artefact of the bias in studies and (or) extensive studies done on these family in 

general which increased detection of overwintering in their tadpoles (Berven et al., 1979; 

Collins & Lewis, 1979; Hsu et al., 2012). Same reasons can be given for the high number of 

reports on the genera Rana and Lithobates (Frost, 2020; Hillis & Wilcox, 2005; Yuan et al., 

2016).

Phylogenetically, overwintering trait is present from the primitive anuran family Ascaphidae to 

the advanced Ranidae (Jithin & Das, 2020). The study called for a detailed analysis of an 
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extensive database of overwintering tadpoles in the light of changes in the ancient climate; 

‘equable climate problem’ (Huber & Caballero, 2011) of warm extratropical annual mean and 

winter temperatures above freezing point during the early Eocene; high latitude warming 

concurrent with the Antarctic ice sheet expansion (Billups & Schrag, 2003); Eocene- 

Oligocene climate transition (Liu et al., 2009); and heterogeneity in global vegetation and 

rapid global cooling (Pound & Salzmann, 2017).

Observations of overwintering tadpole from India have been reported by Jithin & Das (2020) 

and the study emphasized the need of more explorations and documentation from 

Neotropics, Oriental and Sino-Japanese regions for a clear understanding of the geo-climatic 

affinities of ovenwintering tadpoles (Fig. 5). The study also confirmed the latitudinal gradient 

effect, but not the elevational effect, which warrants further investigations on altitude 

accounting for distribution ranges of amphibians. The study also pointed out the need of 

revision of the concept of ‘early developmental stage overwintering’ as an adaptive strategy 

considering the idea of the vulnerability of ice-damage to hind limbs (Lai et al., 2002; Walsh 

et al., 2008, 2016). The study also suggested some potential variables to be tested in further 

explorations. This include commonness or rarity of the species in the reported regions, 

ecomorphological characters of the tadpoles, physiological and morphological adaptations, 

length of growing seasons, temperature range and associated breeding season variations, 

and species interactions are some of the variables (Boone et al., 2004; Collins & Lewis, 

1979; Hsu et al., 2012; Lai et al., 2002; Wallace & Diller, 1998; Walston & Mullin, 2007).
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Fig. 5 A Heatmap showing the recorded observations of overwintering tadpoles (A/=84) and their 
respective biogeographic realms from Jithin & Das (2020). The red dot indicates field-based data from 
India, and the location of the present study. Note the inset graphics to distinguish this observation from 
the Taiwan subtropical evergreen forest. From Jithin & Das (2020)

Aspects of physiological, behavioral and developmental biology of overwintering tadpoles 

remain poorly studied. Questions pertaining to adult and larval overwintering differences; 

advantages relating to the high tolerance of submergence hypoxia, energy expenditure of 

tadpoles during harsh winters (Bradford, 1983; Snodgrass et al., 2005; Tattersail & Ultsch, 

2008), and endocrinological changes during overwintering are some of the important ones.

Bimodal distribution in the developmental stage pattern in overwintering tadpoles have been 

reported (Pintar, 2000; Walsh et al., 2008) showing the plasticity in development. Lai et al., 

(2002) suggested that the reduction in development would be accompanied by a reallocation 

of investment into growth. Studies from the field confirm the bimodal pattern which separates 

overwintering tadpoles from the non-overwintering ones suggesting the early developmental 

arrest (Walsh et al., 2008). This is contested by lab experiments where overwintering 

8



occurred at a relatively late stage (ca. stage 38) when limbs are well developed and some 

individuals arrested development onset of the metamorphic climax (stage 41) (Walsh et al., 

2016).

Food resource availability has a significant influence on time to metamorphosis and thus 

overwintering. This has been shown by laboratory experiments in which low temperatures 

and limited food retarded both growth and development, resulting in overwintering; also 

showing the facultative nature of the strategy (Hsu et al., 2012). Lengths of the larval period 

have been found to be sensitive to changes in food level in lab experiments (Berven & 

Chadra, 1988). The diet influences the rate of growth and development, which essentially 

affects the timing of metamorphosis (Denver, 2019). Larval diet studies have shown the 

variability in the relative amounts of protein, carbohydrate and lipid in the natural diets which 

are essential for metamorphosis through influence on thyroid hormone function (Kupferberg, 

1997). In this review by Kupferberg, he also suggests the seasonal and spatial variation in 

resources of varying nutritional content could have a large effect on size and timing of 

metamorphosis.

The temporal and spatial distribution of tadpoles are influenced by temperature fluctuation 

and light intensity variation (Beiswenger, 1977; Brattstrom, 1962; de Andrade et al., 2014; 

Leao-Pires et al., 2017; Whiteman & Buschhaus, 2003; Wollmuth et al., 1987). Reduced 

feeding behavior at night has been reported (Beiswenger, 1977; Warkentin, 1992) and low 

water temperature in the night is attributed to this observation. Microhabitat choices of 

tadpoles have been studied across seasons considering its relationship with predation risk, 

food availability and temperature. Altered patterns of microhabitat use by tadpoles may 

indicate the existence of spatial and temporal selective pressures which are still not well 

understood (Eterovick et al., 2010).
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A more systematic, long-term monitoring framework for overwintering species will be helpful 

in understanding variations in breeding phenology, upslope shifts, and disease ecology in the 

light of climate change (Freeman et al., 2018; Garner et al., 2011).

2.b  Indian Scenario

To the best of my knowledge, there are no studies from the country on overwintering 

tadpoles. The gap in study and description of larval forms or developmental modes 

compared to their adult forms of amphibians in the country have been reported (Sircar, 

2010). Lack of tadpole behavioral ecology studies have also been highlighted considering 

the species richness, endemism, climatic variability and habitat heterogeneity in the country 

(Saidapur, 2001). Jithin & Das (2021) reported two overwintering tadpole populations of 

Nanorana sp. in Uttarakhand; Mussoorie Wildlife Sanctuary (Binog Mountain Quail WLS) and 

Dhanaulti. There is another population at Devalsari, Aglar valley of Tehri Garhwal district 

(30° 32’ 37.13" N, 78° 11' 5.56" E, 1200 - 3048 m. asl.; personal observation).

3 IMPORTANCE OF THIS STUDY

1. Larval overwintering is a survival strategy of the Himalayan stream breeding frogs that 

remains poorly understood.

2. Insights into the overwintering aspect will help us understand the crucial influence of 

temperature on tadpoles in the stream environment.

3. The complex microhabitat interacting with temperature fluctuations provides us the 

opportunity to determine the potential use of these tadpoles as model organisms for further 

studies.

4. Since one of the expected focal species (Nanorana minica) is listed in the vulnerable 

category of the IUCN Red List, conservation plans need to be in accordance with their larval 

overwintering habitats and seasons taking the modification of stream sections into 

consideration.
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4 FOCAL SPECIES AND SYSTEM

4.a  Focal Species

A. Nanorana minica (Dubois, 1975)

Small Paa Frog or Nepal Paa Frog is a dicroglossid frog distributed in Nepal, Uttarakhand 

and Himachal Pradesh at elevations of 1000 to over 2400 m elevation (Bhattarai et al., 2020; 

Frost, 2021; Ohler et al., 2004). It is listed as a vulnerable species in the IUCN Redlist since 

its area of occupancy is less than 2,000 km2, distribution is severely fragmented, and due to 

habitat degradation (Ohler et al., 2004). N. minica is found in montane subtropical forests 

and streams and breeding occur in streams. Larval ecology is poorly known and several 

larval descriptions of varying levels of completeness have been reported in Das & Dutta 

(2007). Reproductive ecology of the species is also not well understood. Major threat the 

species is facing are loss of habitat through forest clearance and waterway management 

(Ohler et al., 2004). Limb deformity in the species was reported by Banerjee et al. (2020) 

from Mussoorie WLS. A compilation of available larval description is given in the annexure. 

Three new batrachotrematid trematode species were discovered from N. minica (Rizvi et al., 

2012). Benerjee et al. (2020) reported N. minica tadpoles are mostly seen scraping algae on 

the vertical walls of the modified pools and they are generally found around leaf litter in run 

and riffle sections of the stream. N. minica has an Evolutionary Distinct and Globally 

Endangered (EDGE) score of 3.95 (EDGE, 2020; Isaac et al., 2007).

B. Nanorana vicina (Stoliczka, 1872)

Himalaya Paa Frog or Murree Frog is a dicroglossid frog distributed in the Himalayan front of 

India, north-central Pakistan from Kashmir, Himachal Pradesh to Punjab, and Uttarakhand. It 

is a high-altitude species (2000-3000 m. asl.) associated with montane streams, springs, 

fountains and other running water within open forest and grassland habitats (Frost, 2021; 

Ohler & Dutta, 2004). Banerjee et al. (2020) communicated N. vicina tadpoles feeding on 

Himalayan Toad (Duttaphrynus himalayanus) adult carrion. Gill et al., (2020b) described the 

external morphology, morphometry and oral disc (Gill et al., 2020a) of the tadpoles of N.
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vicina from Pakistan. Tail end of the tadpoles are rounded (Dutta, 1999; Gill et al., 2020b). 

Gill et al. (2020b) also reported the difference in the Labial Tooth Row Formulae (LTRF) 

between lower and advanced development stages. Khan (2015) reported the eggs are found 

in patches of 10-30 clutch size, attached on rocks. He also documented the habitat as side 

pools along torrents and lentic-lotic areas. Sircar (2010) found the approx. 700 eggs per 

clutch attached on rock surface and crevices. The same study also reports the presence of 

mixed size classes in the same pool and speculates the breeding season in post-winter 

when snow starts to melt. Interspecific amplexus between N. vicina and Duttaphrynus 

himalayanus (Bufonidae) have also been recorded in the month of March (Jithin et al., 2021). 

Dutta (1999) reported that the species is quite active in night time and breeds during June 

and July when the tadpoles are found in the streams, from a population at the Great 

Himalayan National Park, Himachal Pradesh. The EDGE score of N. vicina is 2.56 (EDGE, 

2020; Isaac et al., 2007).

Fig. 6 Photographs of adult (A) Nanorana minica (B) Nanorana vicina; Dorsal view of tadpoles with (C) 
round-ended tail tip and (D) point-end tail tip; and (E) lateral view of Nanorana sp. tadpole. 
Photographs of adult frogs by Abhijit Das, and tadpoles by V. Jithin. Except E, all images are not to 
scale.
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Saeed et al. (2021) studied the response of N. vicina tadpoles to different temperatures 

through metamorphosis, body size, deformities, fitness and survival. They found faster 

metamorphosis, reduction in body size, frequent developmental complications or deformities 

(edema and tail kinks), lower fitness and higher mortality at elevated temperatures using a 

combination of lab and field-based studies.

Natural History of the Nanorana spp. Tadpoles

Tadpoles of Nanorana spp. were found to be feeding on algae present on the walls of 

modified pools, bedrocks, boulders, cobbles, leaf litter surface, submerged log in pool; 

humus and carcass of Stone loach (Schistura rupecula) (personal observation). They are 

generally more active in night during winter, but the emergence pattern and activity varies 

with pool modification (Fig. 7) and both day and night during post-winter period. During 

winter, mostly they are not very active, and found resting on the pool substratum during both 

night and daytime. During day time, they are mostly found hiding under leaf litter, or inside 

rocky crevices. When disturbed with torch light in the night, most individuals quickly moved 

away from the point of light incidence, but some remains. I did not observe any predation 

events during the study period and tadpoles were generally co-occurring with water striders, 

odonate and damselfly larvae (personal observations).
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Fig. 7 Repeated photography showing the absence of tadpoles in (A) daytime and (B) presence in 
night during winter; Underwater photographs showing activity of tadpoles in the daytime in (C) natural 
pools, (D) modified pools during transition between winter to post-winter. Photographs by V. Jithin.

4.b  Focal System

The streams in the study area are source of drinking water for the Mussoorie area. For water 

extraction and recharge purposes, check dams are built at varying intervals of the stream 

and a pump house of the Garhwal Jal Sansthan is situated in the compartment eight of the 

sanctuary. Mussoorie area depends on such montane streams and springs for its water 

supply. Mussoorie, being a highly tourist attraction place, faces huge water availability crisis 

(7.67 Minimal Liquid Discharge [MLD] supply against demand of 14.5 MLD) especially during 

the high tourist influx during summer (Mishra, 2016; Mishra & Upadhyay, 2018). In the study 

area, regular renovation of check dams and cleaning of silt happens (Fig. 8)
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Fig. 8 Images showing renovation of modified pool in the focal stream during the study period. A) Pool 
during 2015 with full water and (B) during 2021 with dried streambed and renovation in progress. (C) 
Pool in 2015 showing the outflow of water (D) after renovation in 2021. Photographs by T. S. Rawat (A 
& C), V. Jithin (B &D)

The modified pools are very well used by the tadpoles, and this might be because of the 

highly nutrient rich humus substrate or the temperature gradient it provides. The algae that 

grow on the walls of check dam and logs inside the dammed portions are good feeding areas 

for tadpoles during post-winter (Fig. 9).

15



Fig. 9 Underwater photographs showing tadpoles feeding on the algal growth on (A) logs inside the 
check dams and (B) check dam walls

During maintenance works and renovation of these check dams, silt is removed, bottom is 

cleaned, pebbles and small boulders from other natural pools are deposited in the bed to 

facilitate the water filtration. This water directly goes to the pump for distribution via long 

pipes from each check dams through underground. During one such maintenance event 

during March 2021, the author quantified mortality of overwintering tadpoles. Thirty-two 

tadpoles found dead and 61 tadpoles left in the silt out of approx. 150 tadpoles in an area of 

2.5 m2. During the process, water is generally diverted from the natural flow way. The 

process takes at least two days to finish and by this time, tadpoles, fishes and crabs are 

either died or predated by birds (Fig. 10).
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Fig. 10 Tadpole mortality during check dam maintenance and renovation; the pool portion (A) prior to 
renovation when the water flow stopped and diverted and (B) after renovation.

5 AIM

The study was aimed to investigate the morphological diversity and habitat use of 

overwintering tadpoles of Nanorana spp. and their response to the temperature and 

disturbance gradient in the pool sections of the stream.

6 OBJECTIVES

1. Assessing ecological correlates of density of overwintering tadpoles across natural 

and modified pools.

2. Understanding the morphological diversity of overwintering tadpoles.

3. Evaluating the variation in habitat availability and use by overwintering tadpoles.
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7 HYPOTHESES

A. Multiple anuran larval species at early developmental stages (ca. Gosner 32-35) are 

overwintering in the study areas.

1. Preliminary morphological observations and distributional records from the study 

areas, suggests that tadpoles of sympatric species N. minica and N. vicina undergo 

overwintering (Banerjee et al., 2020; Jithin & Das, 2020).

2. It is predicted that overwintering in tadpoles should be occurring at an early 

developmental stage (Gosner 32-35) due to the vulnerability of ice-damage to hind 

limbs (Lai et al., 2002).

3. Field studies confirm the bimodal pattern which separates overwintering tadpoles 

from the non-overwintering ones suggesting the early developmental arrest (Walsh 

et al., 2008), which is contested by lab experiments where overwintering occurred at 

a relatively late stage (ca. stage 38) when limbs are well developed and some 

individuals arrested development onset of the metamorphic climax (stage 41) (Walsh 

et al., 2016).

B. Temporal and spatial microhabitat usage of overwintering tadpoles varies with the 

temperature gradient in natural and modified pools.

1. Temporal and spatial distribution of tadpoles are influenced by temperature 

fluctuation and light intensity variation (Beiswenger, 1977; Brattstrom, 1962; de 

Andrade et al., 2014; Leao-Pires et al., 2017; Whiteman & Buschhaus, 2003; 

Wollmuth et al., 1987).

2. Altered patterns of microhabitat use by tadpoles may indicate the existence of spatial 

and temporal selective pressures which are still not well understood (Eterovick et al., 

2010).
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3. Food resource availability has a significant influence on time to metamorphosis and 

thus overwintering. This has been shown by laboratory experiments in which low 

temperatures and limited food retarded both growth and development, resulting in 

overwintering; also showing the facultative nature of the strategy (Hsu et al., 2012).

4. Seasonal and spatial variation in resources of varying nutritional content could have 

a large effect on size and timing of metamorphosis (Kupferberg, 1997).

8 RESEARCH QUESTIONS

Objective I
A. Do density and behavior of tadpoles vary with season and modification of pools?

B. What are the best predictors of the temporal and spatial distribution patterns of the 

overwintering tadpoles?

Objective II
A. Which are the amphibian species overwintering in the study area? *

B. Are tadpoles of relatively lower developmental stages only overwintering?

Objective III
A. Whether the microhabitat use of overwintering tadpoles varies between natural 

and modified pools with the temperature gradient?

B. Whether diet composition and diet breadth of overwintering tadpoles varies across 

seasons?*

C. Is there a difference in microhabitat selection by overwintering tadpoles based on 

their size? **

*Even though samples have been collected, they were not processed due to logistical constraints 

imposed by COVID-19 lockdown. **Question not addressed.
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MATERIALS & METHODS

20



1 STUDY AREA

The focal study stream, Dhobhighat (Ringali Gad) is flowing through the Mussoorie Wildlife

Sanctuary (28° 60’ - 31°28’ N, 70°49’ - 80°60’ E) (formerly Binog Mountain Quail Wildlife

Sanctuary) situated in Mussoorie hills, spreading over an area of 1081.97 hectares with an 

elevation range between 1500 and 2330 m. asl (Fig. 11). The area occurs in the outermost 

ridges of Himalaya in the west-east direction (Kumar et al., 2012; Mohan & Sondhi, 2015).

The Binog hill lies to the north of the outer ridge, separated by the Ringali River. Banj oak 

forests, Chir Pine forests and Grasslands/ blanks are the major forest types in the sanctuary 

and classified as Himalayan moist temperate forest (Champion & Seth, 1968; Kumar et al.,

2012).

Fig. 11 Dhobhighat stream flowing through the (A) Mussoorie Wildlife Sanctuary; showing unmodified 
upstream; and (B) modified downstream sections. Photographs by V. Jithin
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Some portions of the stream are dammed, creating large pool habitats in the outside 

sanctuary area. The check dams were initially built during 1960s for extraction of water for 

the Mussoorie area. Research on movement ecology of Nanorana vicina in the study area by 

Wildlife Institute of India team made initial observation of overwintering tadpoles in the 

stream. Later, a preliminary survey conducted as part of this thesis work during December 

2019 confirmed the presence of overwintering tadpoles in the streams passing through the 

area. The area was chosen considering the presence of the overwintering tadpoles, 

accessibility and disturbance gradient in the stream.

The sanctuary comprises of eight forest blocks namely Bhadraj, Binog, Murrays Spring, 

Kandigaon, Municipal Garden, Bhilaru and Koti Kimoin. The study was conducted in the 

Dhobhighat stream portion flowing through the south of Binog block (338.74 Ha), a main 

drinking water source for the wild animals and source for the Mussoorie area. Mussoorie, the 

well-known tourist place forms the north-west boundary of the sanctuary. The sanctuary 

forms the catchment of Aglar river, a tributary of the Yamuna River. Dhobhighat is also the 

origin of the famous tourist destination Kempty falls in Mussoorie (Management Plan, 2010).

l.a  Geology, Terrain and Climate

The youngest and tectonically active middle Himalayan eco-system is ecologically diverse, 

unique and fragile, which underlines the importance of the ecological understanding of this 

area (Dewan, 1990; Joshi & Joshi, 2011; Munsi et al., 2010). The underlying rocks generally 

have a dip of -30”-40” towards the north-east and belong to the ‘Purana’ group. Limestones 

in various forms is the principal rock. In folds and favorable aspects, deep and moist soil can 

be seen. The hilly terrain has all the aspects represented, though northern aspect is most 

common. The Binog hill, an isolated hill in the north side of the outer ridge of Himalaya is 

separated by the Dhobhighat, a perennial water source (Management Plan, 2010).
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The area is in the upper Gangetic plains moist deciduous forests terrestrial ecoregion (Olson 

et al., 2001) and temperate, dry winter, hot summer (Cwa) climate class (Kottek et al., 2006). 

The climate has well marked seasons. Winter (December-February) is characterized by 

snowfalls during January-February. A rapid transition from winter to summer happens 

through March and April, but occasional snowfalls may happen up to March. May and June 

are comparably warm with a maximum temperature up to 35°C. But this varies according to 

the elevation, and higher elevations are comparably cooler. During May end and June, 

thunder storms occur, but with a slighter rainfall. In northern aspects this ranges from 

1800mm to 3000mm, but snow lies for a longer period compared to the more exposed 

southern slopes. According to the Management Plan (2010) of the sanctuary, the minimum 

temperature recorded during 2000-2010 indicates a range of 2.9°C-9°C, and maximum 

range 26.8°C-32.9°C; but generally, 0°C-5°C in winter and 20°C-30°C during summer. The 

monsoon sets in by July and it may last till September to October. During this time, moist 

atmosphere, less sunshine due to heavy clouds and mists can be observed. The autumn 

lasts from middle of September to December with clear atmosphere, and then slowly 

transform to winter with fall in temperature. During May and June, wind storms with hail 

storms are quite common in this area

l.b  Flora

A total of 300 species of angiosperms, 31 species of Pteridophytes and 4 species of 

Gymnosperms are present in the sanctuary (Kumar et al., 2012). Dominant families among 

angiosperms were Asteraceae, Papilionaceae, Lamiaceae, Rosaceae, Poaceae, 

Ranunculaceae, Lauraceae, Polygonaceae, Urticaceae, and Rubiaceae. Among 

Gymnosperms, Coniferae and Cupressaceae families are present. Family Polypodiaceae 

was dominant among pteridophytes (Kumar et al., 2012). Some major canopy cover 

providing tree species includes Quercus oblongata, Toona ciliata, Rhododendron arboreum, 

Cornus macrophylla and Pinus roxburghii. Major shrubs and ferns include Cirsium wallichii, 

Deutzia staminea, Hypericum oblongifolium, Araiostegia pseudocystopteris, Cyrtomium 
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macrophyllum, Thelypteris erubescens, Lepisorus nudus, Polystichum discretum and 

Polystichum obliquum. The Ringal Gad stream got its name from the Ringal bamboo 

(Drepanostachyum falcatum). Some major riparian vegetation elements include 

Daphniphyllum himalense, Mahonia napaulensis, Sarcococca pruniformis, Daphne 

papyracea, Pteris cretica, and Dryopteris wallichiana.

l.c  Fauna

The sanctuary is designated as an Important Bird Area (IBA) (Mohan & Sondhi, 2015; 

Rahmani & Islam, 2004). Some common birds in the study area are Black-headed Jay 

(Garrulus lanceolatus), Great Barbet (Psilopogon virens), and White-throated Laughingthrush 

(Lanthocincla albogularis). The critically endangered Himalayan Quail (Ophrysia 

superciliosa) was last sighted in this area and is feared extinct. Kalij Pheasant (Lophura 

leucomelanos), Himalayan Griffon (Gyps himalayensis), White-capped Redstart 

(Phoenicurus leucocephalus), Spotted Forktail (Enicurus maculatus), Gray Treepie 

(Dendrocitta formosae), Blue Whistling-Thrush (Myophonus caeruleus), Blue-fronted 

Redstart (Phoenicurus frontalis), Plum-headed Parakeet (Psittacula cyanocephala), Slaty­

headed Parakeet (Psittacula himalayana), Plumbeous Redstart (Phoenicurus fuliginosus), 

Himalayan Bluetail (Tarsiger rufilatus), Long-tailed Broadbill (Psarisomus dalhousiae), 

Eurasian Jay (Garrulus glandarius), Greater Yellownape (Chrysophlegma flavinucha), Lesser 

Yellownape (Picus chlorolophus), Collared Owlet (Glaucidium brodiei), Mountain Scops-Owl 

(Otus spilocephalus), Brown Fish-Owl (Ketupa zeylonensis), and Red-billed Blue-Magpie 

(Urocissa erythroryncha) are some of the bird species frequently encountered near the 

stream area.

The herpetofaunal community of the area include amphibians Nanorana minica (Small Paa 

Frog or Nepal Paa Frog), Nanorana vicina (Murree Hill Frog or Himalayan Paa Frog), 

Duttaphrynus himalayanus (Himalayan Toad), Amolops formosus (Beautiful Stream Frog), 

Amolops jaunsari (Jaunsar Stream Frog); and reptiles Boiga multifasciata (Many Banded 
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Tree Snake), Herpetoreas platyceps (Himalayan Keelback), Gloydius himalayanus 

(Himalayan Pitviper), Lycodon mackinnoni (Mackinnon's Wolf Snake), Oligodon arnensis 

(Common kukri snake), Ptyas mucosa (Oriental Ratsnake), Sibynophis collaris (Common 

Many-tooth Snake), Asymblepharus himalayanus (Himalaya Ground Skink), Eurylepis cf. 

taeniolata (Ribbon sided skink), Japalura kumaonensis (Kumaon Mountain Lizard or Kumaon 

forest agama), and Laudakia tuberculata (Tuberculated Agama or Kashmir Rock Agama) 

(Nawani et al., 2021).

Himalayan Goral (Naemorhedus goral) is the flagship species of the area. Other mammals 

include Leopard (Panthera pardus), Nepal Gray Langur (Semnopithecus schistaceus), 

Barking Deer (Muntiacus muntjak), Indian Crested Porcupine (Hystrix indica), and Asian 

Black Bear (Ursus thibetanus) (Management Plan, 2010).

Butterflies include Common map (Cyrestis thyodamas), Six-bar Swordtail (Graphium 

euroUS'), Walnut Blue (Chaetoprocta odata), Garhwal Ace (Thoressa aina), Mussoorie Bush 

Bob (Pedesta masuriensis), Pale Green Sailer (Neptis zaida), Himalayan Blackvein (Aporia 

leucodice), Spotless Grass Yellow (Eurema laeta), Indian Oakblue (Arhopala atrax), Tailed 

Punch (Dodona eugenes), Common Forester (Lethe insana), Himalayan Fivering (Ypthima 

nikaea), Peacock Pansy (Junonia almana), Blue Admiral (Kaniska canace), Himalayan 

Spotted Flat (Celaenorrhinus munda), Common Bluebottle (Graphium sarpedon), Large 

Cabbage White (Pieris brassicae), Indian Tortoiseshell (Aglais caschmirensis) (Boruah et al., 

2020; Singh & Sondhi, 2016).

The major fish species reported in this region are Schizothorax richardsonii (Snow trout), and 

Schistura sp. (Stone loach) as mentioned in the Management Plan (2010).
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l.d Management

Even though there is no human settlement inside the protected area, there are villages and 

private estates present outside the sanctuary, within 5km radius of boundary and the steam 

bank. Main source of incomes includes agriculture and livestock rearing. Livestock grazing is 

very common feature even inside the sanctuary. People are dependent on the natural forest 

resources. A pump house of the Garhwal Jal Sansthan is situated in the forest block Binog in 

compartment eight and the Jwala Devi temple in compartment four. Active soil and water 

conservation works recommended in the Management Plan (2010-2020) and are being 

carried out by the forest department. The portions of the stream outside the PA are heavily 

modified since it is flowing through private resorts, agricultural fields, and human habitations. 

Threats the area facing include denudation of forest, mining, watershed development, water 

extraction and stream modifications, fire incidents, unscientific land-use practice, and 

developmental activities.

2 SAMPLING METHODS

2.a  Distribution and Microhabitat of Tadpoles

Portion of the Dhobhighat stream was selected as the intensive study area along the 

sanctuary. Four natural and four modified pool habitats were randomly chosen from a 0.5km 

stretch of this second order stream (Fig. 12). Concrete walls are present with wider broad- 

crested weirs (Davis, 1938) in the modified pools at both ends (M2) or in one end (Fig. 13). 

From the selected pool sections, six were delineated for intensive sampling. This included 

three natural pools (N1-N3, Fig. 14) and three modified pools (M1-M3, Fig. 15). Modified 

pools in the study area are majorly check-dams created for water extraction, recharge and 

soil erosion prevention. Details of all the intensive study sites are given in Table 1. The 

remaining two pools (Bl and B2) were used for behavioral sampling of tadpoles. Details of 

these pools are given in the respective section.

26



78°r30*E

78°ll30*E

78°i;48-E

78’1I48'E

LEGEND
Checkcam Study Pools

Dhobhighai Stream ▲ Modified 
Sanctuary Boundary • Natural

Fig. 12 Map showing the study area with study pools and check dam locations. Inset pictures shows 
overwintering tadpoles in the streambed. Photographs by V. Jithin

27



Table 1 Details of the intensive study sites (pool sections of the stream); CS- Cross Sections

Name
Pool

Type

Slope

(°)
GPS (N) GPS (E)

Altitude

(m. asl.)

Flow

Direction

Actual

Length

(m)

No. of

CS*

N1 Natural 5 30.46751 78.02444 1680 89 E 7.5 4

N2 Natural 1 30.46719 78.02699 1666 30 NE 14 7

N3 Natural 5 30.46734 78.02879 1642 130 E 9.5 5

Ml Modified 0 30.46698 78.02636 1648 60 NE 23.5 12

M2 Modified 0.5 30.4674 78.02738 1682 180 SE 25.8 13

M3 Modified 0.5 30.46781 78.02983 1648 90 E 27 14

Bl Natural 0 30.46724 78.02922 1645 50 NE 6.5 6

B2 Modified 0 30.46731 78.03011 1641 4N 2.3 3

At each pool, detailed habitat inventory was carried out using multiple transects placed 

across 2m intervals along the stream. Depth (cm), velocity (m/s), wetted width (m) and 

substrate composition (bedrock, boulder, small boulder, cobble, gravel, sand, humus, leaf 

litter, algae, and other substrates) were recorded at every lm interval (Grant et al., 1990; J. 

A. Johnson et al., 2020) in these transects.
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Fig. 13 Check dam structure of Pool Ml showing the concrete wall with wider broad-crested weirs

Habitat-forming structures or cover items (bedrock undercut, boulder undercut, logwood, root 

undercut, submerged and overhanging vegetation) were quantified visually. Canopy cover 

was measured at three different points at each pool using a Spherical Densiometer (James

C. Doster, Forest Densiometers, FL, Model A). To get accurate results, at each of these 

points, measurements were taken for four cardinal directions and averaged. For comparison 

across the pools, the average canopy cover value of all three points was used.
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Fig. 14 Natural pools surveyed during the study showing the habitat. (A-Nl, B-N2, C-N3)

All the habitat inventories were done post-density and behavioral sampling in the pools to 

avoid potential disturbance to the tadpole distribution. Except for Ml and M2, all pools were 

sampled by one observer wearing a wader (Magreel Chest Waders, USA) walking through 

the stream and recording the flow, depth and substrate at each point. Depth was recorded 

using a steel tape attached to a plastic pipe, and flow was measured using a digital 

flowmeter (MFP126-S Advanced Stream Flow Meter, GeoPacks). Substrate type was 

recorded at each of these points. In Ml and M2, where depth and humus accumulation does 

not allow the observer to walk through, an inflatable boat (Intex Explorer 200) was used for 

sampling. A Portable Depth Finder (DepthTrax(R) 1H - HawkEye(C), (DT1H), Norcross 

Marine Products, Inc.) was used to measure deeper areas (>80cm). Surface area of pools 

were calculated as length x mean width (m2); and volume as length x mean width x mean 

depth (m3). Habitat variables, their attributes and score category values applied in the study 

(adopted from Mercado-Silva et al. 2012) are given in Table 2.
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b Water Quality Analyses

Table 2 Habitat variables for pools in the study area. (Modified from Mercado-Silva et al., 2012)

Variable Score Attributes and variable units

Depth

1 Maximum depth <0.5 m

2 Maximum depth 0.5 -1 m

3 Maximum depth > 1 m

Water Velocity

1 Maximum velocity <0.05 m/s

2 Maximum velocity 0.05-0.5 m/s

3 Maximum velocity > 0.5 m/s

Substrate Diversity

1 Soft sediments and leaf litter covering > 75% of the pool.

2 Rocky substrates covering > 75% of the pool

3 A mixture of 7 or more substrate types.

4 A mixture of 6 or fewer substrate types.

Cover Availability

1 No. of cover items per volume 0-1

2 No. of cover items per volume 2-5

3 No. of cover items per volume >5

Three water samples from each of the pools collected during day and night. Water 

temperature, pH, Total Dissolved Solids (TDS), Electrical Conductivity (EC) were measured 

using a portable pH meter (Aquasole Digital Pen Type Meter, AM-P-PH, 0-14 Range, 2% 

Accuracy, 0.1 Resolution) and a portable EC/TDS meter (Aquasole Digital Pen Type Meter, 

AM-P-EC, 0-9990 ppm, 0-9990 us/cm Range; 0.5 NaCI Factor, 2% Accuracy, Ippm 

Resolution) with in-built temperature sensor.
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Fig. 15 Modified pools surveyed during the study showing the habitat. (A-Ml, B-M2, C-M3)

For measuring Dissolved Oxygen (DO), three replicates of surface water samples (5 cm 

depth) were carefully collected in narrow-mouth BOD bottles (35 ml). To this, 0.5 ml of 

Manganous Sulfate (MnSO4) solution, and 0.5 ml alkali-iodide (KI+KOH) solution were added 

and mixed thoroughly. These bottles were then carried to the field station for estimating 

dissolved oxygen in the sample using the modified iodometric (Winkler) method (Baird et al., 

2017). The stored samples were protected from strong sunlight, and titration was carried out 

as soon as possible. For titration, a few drops of H2SO4 added to the fixed sample and 

allowed to dissolve the precipitate thoroughly. 5 ml of dissolved solution was pipetted and 

titration was carried out with standard Sodium Thiosulfate solution in the presence of starch 

as an indicator. Titration was continued till getting concordant values.

32



The following formula was used to calculate the dissolved oxygen level:

DO(mg/L]= 7^x8x1000
v4|v2-v3/v2|

Where, Vi = volume of titrant (ml); N = normality of titrant (0.025); V2 = volume of sampling 

bottle (mL); V3 = volume of manganous sulphate + alkali iodide solutions added (ml); and V4 

= volume of fraction used for titration (mL). The equivalent weight of oxygen = 8.

c Tadpole Density Survey

Tadpole densities during the day and night at each pool were calculated visually using a 

0.5m2 quadrat sampling at random locations. Nighttime observations were done with a 

headtorch (Trek 500, 25-200 lumens, Forclaz, Decathlon) (for a discussion on usage of 

artificial light for assessing nocturnal tadpole density, see Heath, 1975 and Leao-Pires et al., 

2017). In pools Ml and M2, where large area and terrain do not allow the observer to sample 

the complete area, an inflatable boat was used for sampling (Fig. 16). Based on our 

observation that the tadpoles are not disturbed to a large extent by the boat movement, but 

by the light; the boat was moved gently without flashing the light towards the water. At each 

sampling location, the boat was gently stopped and all lights were turned off for 60 seconds. 

Sampling was done after this, by quickly turning on the light and counting the tadpoles. To 

avoid errors due to tadpole movement, the quadrats were placed with a minimum distance of 

2m. The density of tadpoles was calculated from this using the formula:

Density=
Number of tadpoles 

Grid area

During the tadpole density estimation, the following microhabitat features were recorded: 

mean depth (cm), substrate and cover types present, water and air temperatures (°C), 
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relative humidity (%), velocity (m/s), leaf litter and humus depth (cm), presence of floating/ 

submerged algae, fish, and invertebrates (surface or benthic invertebrates). Water surface 

radiant temperature was measured using Extech RH401 digital psychrometer with built-in IR 

thermometer (FLIR Systems, U.S.). Water temperature at 5cm below water surface was also 

measured occasionally using mercury thermometer and an automatic sensor in AM-P-EC 

digital pen type EC/TDS meter (Aquasole Digital, Rakiro Biotech Systems, India) to compare 

the difference in water temperature measured by different instruments.

Fig. 16 Tadpole density survey and habitat measurements in the field; (A) grid-based visual counting 
of tadpoles, (B) Night survey using inflatable boat in modified pools, (C) water depth measurement in 
transect point.

d Morphometry

To see the change in morphological features, morphological data collected from the live 

specimens in the field was used (A/=388). The observer randomly caught at least ten 

individuals (five each during day and night) from each pool using a hand net and carefully 

placed them on a white plate with a scale (in mm) and photographed using a Nikon D5300 
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DSLR camera (Nikon Corporation, Tokyo, Japan). To calibrate these images, initial samples 

(/V=75) were measured using vernier calipers (Mitutoyo Digimatic Caliper 500-151-30). 

Substrate type, depth (cm), body weight (g), surface water Temperature (°C), air 

temperature (°C) and relative humidity (%) were also recorded. The photographs were later 

matched to unique individual IDs based on the metadata using EXIFTool (v.11.88). After 

manual verification, the images were used to measure Body Length (BL), Tail Length (TL), 

Total Length (TL), Max. Tail Height (MTH) with ImageJ (v.l.53e) (Schneider et al., 2012). 

This post-processed data was tested for accuracy using the field-based data. This data was 

used for the temporal size-class distribution analysis.

e Behavioral Sampling

Two pools (Bl & B2) apart from the regular sampling pools were monitored weekly for focal 

pool observations. These pools were inventoried and used for scan sampling of tadpoles 

(Table 1). Scans were done during eight-time windows (06:00-07:00; 09:00-10:00; 12:00- 

13:00; 15:00-16:00; 18:00-19:00; 21:00-22:00; 24:00-01:00; 03:00-04:00) in a day. The 

observer reached the pools in the first 30 minutes of the time window and scanned the pool 

for a maximum of 10 minutes. All visually detectable tadpoles were counted without 

disturbing the tadpoles, by gently walking along the bank of the pool. During the night, a 

headtorch (Trek 500, Forclaz, 25-200 lumens, Decathlon) was used to detect the tadpoles. 

Red Light was used while approaching the pool prior to sampling to avoid light disturbance. 

Generally, both the pool bottoms were characterized by sand, leaf litter and humus. Natural 

pool (Bl) had bedrocks, boulders, cobbles and gravels with sparse aquatic vegetation on 

rocks. The modified (82) pool was devoid of these, and in one side it had concrete wall (Fig. 

17).

35



Fig. 17 Behavior study pools; (A) natural pool-Bl, (B) modified pool-B2

Tadpole counts in each session were converted to the percentage of the maximum number 

of tadpoles recorded that day from the pool. After each sampling, water temperature 

(psychrometer), air temperature, and relative humidity were recorded using an IR 

thermometer (Extech RH401 Digital Psychrometer with Built-in IR thermometer, FLIR 

Systems, U.S.) at a fixed point in the pool. Each tadpole was classified into a pre-defined 

activity state (Table 3) based on (Marian et al., 1980; Stynoski & Noble, 2012). Moon 

illumination data were acquired using 'lunar' (Lazaridis, 2014) package in R (R Core Team, 

2021).

Table 3 Ethogram used in the scan sampling modified from Stynoski & Virginia (2012) and Marian et 
al. (1980).

Activity Description

Stationary Tadpoles are stationary (not moving) at the streambed.

Feeding
Tadpoles scraping on detritus in stream sediment, leaf litter, rocks and concrete wall 

with slow movements and leaving scrape marks.

Moving Tadpoles are moving with flexible tail movements (swimming).

Surfacing Tadpole moving up and breaking the surface with the snout.
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f Morphometric Analysis

Tadpole specimens (/V=49) collected during December 2019 and October 2020 and 

preserved in 10% formalin. Staging after Gosner (1960) and morphological measurements 

were done using Olympus SZX10 Microscope and Digital Calipers (Mitutoyo Digimatic 

Caliper 500-151-30, 0-150mm range, ±0.02mm accuracy). Measurements involving the 

nares, eyes, and spiracle as landmarks were taken from the centers of the structures, and 

body terminus is the point where the axis of the tail myotomes contacts the body wall (Altig, 

2007). For morphological measurements, I followed a modified version of the proposed 

standard tadpole body measurements of Haas & Das (2011) developed from Altig & 

McDiarmid (1999) (Fig. 18; Table 4). Selected measurements from Haas & Das (2011) were 

taken. In addition to this, vent tube length was also measured (Fabrezi et al., 2009).

Fig. 18 Illustration showing the standard tadpole body measurements taken. Original illustration by 

K.M. Adila Farisa
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Labial Tooth Row Formulae (LTRF) were generated as mentioned in Altig (2007) where the 

number of tooth rows per labium is shown in a fractional format in which the numerator 

depicts the number of upper tooth rows and denominator indicates the lower tooth rows. The 

tooth rows are numbered serially from the upper disc margin toward the mouth on the upper 

(anterior-A) labium and from the mouth toward the lower margin on the lower labium 

(posterior-P). Natural gaps among rows are noted in parentheses. Relative tail length (TaL%) 

as percentage of total length was calculated (see Merila et al. 2004 for a discussion).

Table 4 Table showing the morphometric variables, their codes and definitions

SI.

No.
Code Measurement

1 BL Body length from snout to the point where the axis of the tail myotomes meets the 
body wall

2 TaL Tail length (=TL-BL)

3 TL Total length

4 TMH Tail muscle height at the body-tail junction, where ventral line of musculature meets 
trunk contour

5 TMW Tail muscle width at the same level as TMH

6 MTH Maximum tail height

7 IND Internarial distance

8 IOD Interorbital distance

9 BW Maximum body width

10 ODW Oral disc width

11 VTL Vent tube length

3 ANALYTICAL METHODS

All datasets in which atmospheric temperature (°C), water temperature (°C), and relative 

humidity (%) values included were combined to get the overall weather pattern. Based on the 

temperature pattern, the study period was divided into winter (January-February) and post­

winter (March-April) seasons for comparisons in further analyses (Fig. 47, Table 9). The 

diurnal patterns of water temperature and relative humidity (RH) patterns across months are 
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given in (Fig. 48-49). To assess difference in temperature between pools, Kruskal-Wallis test 

was used and Dunn test for pairwise comparisons with effect size calculation q2- Wilcoxon 

rank sum test with continuity correction were used to see the difference in mean values with 

effect size r when data was non normally distributed. Paired t-tests with Cohen’s d values 

were used when data was normally distributed to compare difference in mean values. To 

asses variation in mean tadpole density, one-way repeated measure ANOVA was used on 

log transformed data with r|p2 as effect size. Pearson's product-moment correlations were 

utilized for assessing linear correlations between variables. Due to lack of sufficient data 

points during winter daytime to check the effect of diurnally and pool type on the mean 

tadpole density, pooled data was used for analysis. Effect sizes are reported in the results 

wherever necessary (Fritz et al„ 2012; Tomczak & Tomczak, 2014).

To see how two independent variables in combination, affect the dependent variable, two- 

way mixed ANOVA were used with pair-wise post-hoc tests and effect size r|p2. Adjusted p- 

values were used for interpretations. When outliers were present, two-way between-within 

subjects ANOVA on the trimmed means was performed using ‘WRS2’ package (Mair & 

Wilcox, 2020). The outliers were not removed since the observations were resulted from the 

high algal accumulation due to blockage of the dam opening during the study period.

Since different equipment was used to measure water temperature in different datasets 

considering logistical reasons and requirements, to understand the limitations in using 

temperature measurements from various instruments, a comparison of paired measurements 

datasets was carried out. Correlation and differences among the measurements were 

assessed. Since we found significant differences, usage of any of these sub-datasets in 

further detailed analyses (e.g., microhabitat modelling) required special attention. 

Considering the availability of point-data, IR (psychrometer) measurements were considered 

for further use. Values from the automatic sensor were used to calculate mean water 

temperature of pools in further analysis.
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In the behavior dataset, at each time sampling session (8 sampling sessions a day), the total 

number of tadpoles detected was converted to the proportion of the total number of tadpoles 

detected that day. Hourly variation in mean proportional tadpole count between pool types 

and seasons was visualized as circular plots (rose diagrams) with segments in package 

season (Barnett et al., 2020) and daily activity pattern of tadpoles using ‘overlap’ package 

(Ridout & Linkie, 2009) in R. Activity overlaps were estimated using Dhat4 estimator. 

Difference between proportions of tadpoles engaged in various activities across time of the 

day was assessed using equality of proportions tests with continuity correction. To assess 

the homogeneity of means of the circular distributions of tadpole counts between seasons 

and pool types, I used Watson-Williams test after assessing the von Mises distribution of 

data using Watson’s test (Pewsey et al., 2013) available in the package ‘circular’ (Agostinelli 

& Lund, 2017).

Based on the Pearson correlation values, redundant variables were removed. Principal 

component analysis (PCA) was used to see the difference between individual pools and their 

common characters with respect to modification. Generalized Linear Mixed Models (GLMMs) 

were developed and tested on the data to identify a suitable model explaining the density of 

tadpoles explained by the habitat variables. Before finalizing the explanatory variables, a 

correlation matrix was created and multicollinear variables were removed. Since the 

response variable was grid-based, more appropriate variables (mean depth and velocity of 

grids) were chosen instead of depth and velocity indices of the pools. Since we did not 

observe any predatory events/ tadpole mortality during the course of this study, and no 

information available on the actual predators of the tadpoles, presence of invertebrates was 

removed from the list. GLMM was used considering the nature of the dataset containing 

repeated measurements from the same pools. The response variable was count data 

(tadpole density) and thus, zero inflation and over dispersion was assessed prior to 

modelling. Developing two separate models for natural and modified pools was not possible 

because of the reduced levels of the blocking variable, i.e., the pool number (less than five).
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Thus, density of tadpoles was modelled using habitat variables and pool modification as a 

fixed effect, and pool identity as random effect.

The following explanatory variables were used to build the models:

1. Mean canopy cover % (Continuous)

2. Habitat-forming structure / Cover item richness (Categorical)

3. Mean depth (Continuous)

4. Humus depth (Continuous)

5. Leaf litter depth (Continuous)

6. Mean DO level (Continuous)

7. Water temperature (Continuous)

8. Presence of check dam/ Modification of pool (Presence-Absence)

9. Time of the day (Day/Night)

10. Season (Winter/Post-winter)

11. Substrate item richness (Categorical)

12. Mean water velocity (Continuous)

Tadpole density (count data) per grid was related to habitat variables using negative binomial 

logit-linked mixed-effect GLMMs (Zuur et al., 2009). An optimized random effect structure 

was chosen (1+Winter | Pool), indicating that the effect of the season will vary between 

pools; random intercepts for season and random slopes for pools influenced by the season. 

This term was added to account for the variability among pools influenced by the season. To 

account for zero inflation, an interaction of time of the day with the season was added as a 

zero-inflation formula in the model. The GLMMs were evaluated using the glmmTMB 

package (Brooks et al., 2017) in R.

Instead of considering all subset models (dredging) from a saturated model, a set of models 

were built based on the literature review on habitat ecology of tadpoles and hypotheses 

formulated in the field. All candidate models were diagnosed in a simulation-based approach
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using qq-plot to detect overall deviations from the expected distribution, tests for correct 

distribution, dispersion, zero-inflation and outliers, and residuals against predicted values plot 

for assessing heteroscedasticity using the package DHARMa (Hartig, 2021) in R. In addition 

to this, models with gigantic confidence intervals around parameter estimates were also 

removed (Bolker et al., 2009). The models with no misspecification problems were 

considered for ranking (Table 14). The ranking was done based on Akaike information 

criterion (AIC) (Burnham & Anderson 2002) using the MuMln package (Barton, 2020). The 

models with AAIC < 2 were considered to have enough support. Since only the top model 

had an AAIC < 2, no model averaging was done. Only the top model was used for 

interpretation, and predictions were done only for significant variables (p<0.05). Positive or 

negative associations are indicated by the sign of regression coefficients. Nakagawa's R2 (P. 

C. Johnson, 2014) was used to assess the model. Using the model, tadpole densities were 

predicted based on different variables across seasons, pool types and time of the day.

The morphology dataset was created from the pre-field work time (2019 December and 2020 

October), since the collected samples during the field work was not processed due to 

logistical reasons at the time of COVID-19 lockdown. Putative species classification of the 

samples was carried out using Labial Tooth Row Formula (LTRF) from Sircar (2010) and Gill 

et al., (2020) based on a literature summary (Table 11). A note regarding this process is 

given in the annexure. Based on all the morphometric measurements, a hierarchical cluster 

analysis using Unweighted Pair Group Method with Arithmetic mean (UPGMA) was carried 

out. Based on the clusters obtained, putative species status was assigned and this 

classification was subjected to PCA to see the separation between the groups based on the 

morphometric variables.

Morphological measurements (mm) taken in the field (or post-processed from digital images) 

were used to see the size-class patterns, variation in percentage tail length and growth of 

tadpoles across time. Before analysis, we removed all observations with uncertainties 

(missing habitat variable data, damaged tadpoles etc.). After removing this data (15.8 %), we 
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analyzed measurements for 363 individuate rw. ,oDJ individuals. Data from tadpole individuals whose Body 

Length (BL), Total Length (TL) and Maximum Tail Length (MTH) were measured using both 

® Vernier callipers in the field and (II) Imaged software (Ferreira & Rasband. 2012) were 

used to see the reliability of the data from image post-processing for further analysis.

To see the size class pattern and asses multimodality, I used density plots in combination 

with histograms and Hartigan's dip test statistic for unimodality (Hartigan & Hartigan, 1985) 

using package ‘diptest’ (Maechler, 2021). Since it was not possible to do the staging of 

tadpoles in the field due to logistical reasons, size-class of Body Length (BL) and Total 

Length (TL) were taken as substitutes for the development stage in this analysis (Brown, 

1990).

The habitat availability and use data measured through cross-sections, visual assessment 

and grid sampling were categorized into classes. A classification of 12 categories each for 

depth (0, 0.01-0.1, 0.11-0.3, 0.31-0.6, 0.61-1.0, 1.01-1.2, 1.21-1.5, 1.51-1.8, 1.81-2.0, 

>2.0 m), and velocity (0, 0.01-0.1, 0.11-0.2, 0.21-0.3, 0.31-0.4, 0.41-0.5, 0.51-0.6, 0.61- 

0.9, 0.91-1.2, >1.2 m/s) was done (J.A. Johnson et al., 2017; J.A. Johnson et al., 2021). 

Cover items and substrate items were classified as earlier mentioned. Temporal replicates 

were pooled across seasons for further analysis.

Using the same data, I generated habitat suitability criteria (HSC) curves for overwintering 

tadpoles based on the habitat availability and use. For this, frequencies of observed 

available habitat and use by the tadpoles were generated at each class intervals of depth, 

velocity, cover item and substrate item. From the estimated relative frequencies of utilization 

and availability, preference of tadpoles for each class interval of the variables using the 

following formula (Bovee, 1982):

P,= U,/A(
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where P, is the relative preference value. U, is the use proportion, and A, is the available 

proportion for particular class intend of the measured variable. The calculated preference 

values were normalized to the scale of 0-1 using the formula:

P^PJP^

where P„ is the normalized preference index at each class interval of the variable and P„„ is 

the maximum index of preference for the range of a variable P„ Using P„, HSCs were 

generated and visualized.

I used Ivlev's electivity index, E, (Ivlev, 1961) to measure the use of a resource (Pi) compared 

to its availability (q,). The index ranges from -1 to 1, where positive values indicate active 

selection, negative values for avoidance or inaccessibility and zero showing random 

selection.

P-Qi
Pi+Qi

All datasets were cleaned and analyzed using different packages available in R (v.v.4.1.0) (R 

Core Team, 2021). Other packages which are not mentioned above include ‘lubridate’ 

(Grolemund & Wickham, 2011), 'ggplot2' (Wickham, 2016), ‘ggpubr’ (Kassambara, 2020), 

‘ggridges’ (Wilke, 2021), ‘dplyr’ (Wickham et al., 2021), ‘rstatix’ (Kassambara, 2021), 

'dunn.test' (Dinno, 2017), ‘GGally’ (Schloerke et al., 2021), ‘ cluster' (Maechler et al., 2021), 

'factoextra' (Kassambara & Mundt, 2020), 'tidyr' (Wickham, 2021), ‘corrplot’ (Wei & Simko, 

2021), 'sjPlot' (Ludecke, 2021), 'ggeffects' (Ludecke, 2018), ‘Ime4’ (Bates et al., 2015), and 

'performance' (Ludecke et al., 2021).
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RESULTS
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1 TEMPERATURE VARIATION IN STUDY POOLS

l.a Major Study Pools

Means of water temperatures across the major study pools varied significantly during both 

day and night sessions across the seasons. For daytime mean water temperature during 

winter (Kruskal-Wallis X2(5)=13.39, p=0.02, r|2=0.05), pairwise comparison using Dunn’s test 

revealed that the water temperature was significantly higher in pool M3 compared to pool N2 

(Padj=O.Ol). Other pools did not show significant differences in the post-hoc test. During post­

winter, daytime water temperature significantly varied across pools (X2(5)=12.08, p=0.03, 

q2=0.03), but no painwise differences were found in the post-hoc test.

In the case of nighttime during winter (X2(5)=19.64, p=0.001, q2=0.08), pairwise post-hoc 

tests showed that pool M3 had significant higher mean water temperature compared to pools 

Ml (padj—O.Ol), M2 (padj=O.OOl), N2 (padj=0.03), and N3 (padj=0.02). During post-winter 

(X2(5)=17.87, p= 0.003, q2=0.05), M3 showed higher mean water temperature in nighttime 

compared to Ml (padj=0.004), M2 (padj=0.02), N1 (padj=0.03), and N3 (padj=0.02) (Fig. 19).

Session $ Day r”! Night Pool Type $ Modified $ Natural

Fig. 19 Water temperature across study pools during the study period 
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When pools were combined based on their types (natural and modified), mean water 

temperatures during nighttime did not vary significantly across pool types in both winter 

(Wilcoxon rank sum test with continuity correction, W=4893.5, p=0.44, r=0.06) and post­

winter (W-10567, p-0.16, r=0.08). Even though the daytime mean water temperature 

showed no significant difference across pool types during winter (W=4812.5, p=0.18, r=0.08), 

mean water temperature in modified pools was higher during daytime (mean±CI=14.7±0.63) 

than natural pools (mean±CI=13.9+0.73) during post-winter (W=10124, p=0.001, r=0.08) 

(Fig. 20).

Fig. 20 Diurnal water temperature variation across major study pools
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l.b Behavior Study Pools

During winter, there were significant differences in water temperatures in the nighttime 

(t(17)=-8.42, p<0.001, d=-1.98) and daytime (t(13)=-9.91, p<0.001, d=-2.65) in a paired t- 

tests between pool types. Even though air temperature did not significantly vary in daytime 

(t(13)-1.52, p-0,15, d=-0.41) during winter, a significant difference was found in nighttime 

(t(17)=3.12, p=0.006, d=0.74).

During post-winter, air temperature did not vary significantly in nighttime (t(19)=-0.99, p=0.33, 

d=-0.22) and daytime (t(21)=1.14, p=0.28, d=0.24), but the water temperature showed 

significant difference in nighttime (t(19)=-3.99, p<0.001, d=-0.89) contrasting to the 

insignificant difference in daytime (t(21)=-0.08, p= 0.94, d=-0.02) (Fig. 21).

Session $ Day E-J Night Pool Type O Modified $ Natural

Fig. 21 Water and air temperature profiles of the behavior study pools
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2 WATER QUALITY PARAMETERS

A summary of the water quality parameters is given in the Table 5

Table 5 Summary of water quality parameters measured during the study period (2021 January 
April), values in 95% confidence interval.

Parameter Month Mean N Min. Max.

DO (mg/L)

January 8.22 ± 0.53 12 6.99 9.52

February 9.04 ± 0.55 18 7.38 11.5

March 7.89 ± 0.46 24 5.41 10.15

April 6.87 ± 0.69 24 4.96 12.4

EC (pS/cm)

January 436.42 ± 9.48 12 419 470.67

February 425.4 ± 3.37 24 412 442.67

March 423.75 ± 6.82 30 342 453.5

April 433.25 ± 8.97 24 352 463.67

pH

January 8.54 ± 0.13 12 8.2 8.8

February 8.53 ± 0.05 24 8.3 8.77

March 8.42 ± 0.07 30 7.95 8.87

April 8.44 ± 0.12 24 8.07 9.23

TDS (ppm)

January 218.17 ±4.76 12 209.33 235.33

February 214.07 ± 3.04 24 206 242

March 211.6 ± 3.4 30 171 226.5

April 216.28 ± 4.48 24 175.67 231.67
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Details regarding the instrument comparison are given in the annexure (Note 1).

2.a  Dissolved Oxygen (DO)

Mean DO levels did not vary between day and night time but with a negligible effect size 

(paired t-test, t(23)=0.33, p=0.74, d=-0.07). Mean DO level significantly varied across months 

(Pus,17.53=14.68, p<0.001, r|p2=0.6), but not between natural and modified pools (Fi.i0=0.25, 

p=0.63, r|p2=0.02), and there were no significant two-way interactions between pool types 

and months (Fi,75.i7.53=1.2, p=0.32, qp2=0.11) (Fig. 22).

A

O1
E

co
CD

Session Day Night
Pool Type r^~l Modified EjS Natural

Fig. 22 Variation in Dissolved Oxygen levels (A) monthly diurnal pattern; (B) across pools 
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A pair-wise comparison showed that there was significant difference in mean DO level 

between February and March (p«,<0.001). and all months with April (Januaiy:p.,=0.021; 

February:padj=0.003; March:padj=0.037).

2.b pH

Mean pH levels did not vary between day and night time with a negligible effect size (paired 

t-test, t(23) 0.17, p=0.87, d=-0.04). Mean pH levels varied significantly across months 

(F3.3.5437=10.62, p=0.03), but not across pool types (Fi,4.1201=6.64, p=0.06), and did not have 

any significant two-way interaction between pool type and month ^3.3.5437=0.3, p=0.82) (Fig. 

23).

Session $ Day O Night Pool Type l~^~l Modified Fy~l Natural

Fig. 23 Variation in pH levels (A) monthly diurnal pattern; (B) across pools
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2,c Total Dissolved Solids (TDS)

Mean TDS levels were significantly higher during night than day time with a moderate effect 

size (paired t-test, t(23)=-2.88, p=0.009, d=-0.59). Mean TDS levels varied significantly 

across months (F3.4.4033=11.6, p=0.02), but not across pool types (Fi.4.264i=1.05, p=0.36), and 

did not have any significant two-way interaction between pool type and month ^3.4.4033=0.03, 

p=0.99). (Fig. 24).

Session E^3 Day O N'ght Pool Type Modified F7-I Natural

Fig. 24 Variation in TDS levels (A) monthly diurnal pattern; (B) across pools

2.d Electrical Conductivity (EC)

Mean EC levels were significantly higher during night than day time with a moderate effect 

size (paired t-test, t(23)=-2.5, p= 0.02, d=-0.51), a pattern similar to TDS as expected. Mean 

EC levels varied significantly across months (F^ll-S, P=0.02), but not across pool types 

(Fi.4.io24=1.22, p=0.33), and did not have any significant two-way interaction between pool 
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type and month (F3,4.3891-0.003, p=l). (Fig. 50).

TDS and DO were negatively correlated (r=-0.45, t(76) = -4.42, p<0.001); pH and DO were 

positively correlated ((=0.58, t(76)=6.13, p<0.001); and there was a strong positive 

correlation between EC and TDS (r=0.92, t(88)=21.93, p<0.001) (Fig. 51).

3 POOL HABITAT

Canopy cover (%) was significantly high for natural pools compared to modified pools 

(Wilcoxon signed rank test with continuity correction; V=35, p<0.001, r=0.8). A deviation from 

this pattern is pool M3.

Natural pools had a high proportion of boulder and bedrock under cuttings compared to other 

covers. In the case of modified pools, except log and root undercuts, other covers are in 

similar proportions. Humus is the major substrate of modified pools followed by leaf litter and 

gravel. In natural pools, major proportions of the substrate are occupied by gravels, 

bedrocks, and leaf litter. An increase in green algae in the post-winter period, and thus 

reduction in humus covered area was clear. Slight changes in water velocity were noted in 

natural pools as expected. Modified pools were almost devoid of any detectable flow. 

Compared to natural pools, modified pools have high proportions of deeper areas. 

Proportional charts showing variation of depth, velocity, substrate and cover items across 

individual pools, pool types and seasons are given in annexure (Fig. 53-56). A summary of 

the habitat variables collected during the study period are given in Table 6.
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Table 6 Summaiy of habitat variables of pools averaged for modified and natural pools (A/=42) during 
the study period (2021 January - April), values in 95% confidence interval. ' ' 9

Variable Pool Type Mean Min. Max. SD

Mean Canopy Cover (%) Modified 82.31 ± 3.11 67.5 100 9.98

Natural 92.05 ± 0.97 86.74 96.53 3.11

Cover Index Modified 2.43 ± 0.16 2 3 0.5

Natural 3±0 3 3 0

Depth Index Modified 2.33 ± 0.26 1 3 0.85

Natural 1.95 ± 0.23 1 3 0.73

Velocity Index Modified 1.48 ± 0.23 1 3 0.74

Natural 2 ±0.1 1 3 0.31

Substrate Index Modified 2.67 ± 0.26 1 4 0.85

Natural 2.57 ± 0.23 2 4 0.74

Habitat Area (m2) Modified 158.9 ± 10.94 108 200.6 35.12

Natural 36.78 ± 3.22 24.03 53.57 10.33

Habitat Volume (m3) Modified 75.44 ± 12.99 20.25 128.02 41.68

Natural 10.93 ± 1.45 5.46 19.35 4.66

Mean Depth (m) Modified 0.45 ± 0.07 0.18 0.77 0.23

Natural 0.31 ± 0.04 0.12 0.54 0.14

Mean Velocity (m/s) Modified 0±0 0 0.02 0.01

Natural 0.02 ± 0 0 0.05 0.01

PCA showed that mean dissolved oxygen level, and cover index were the important 

variables shaping the natural pools. At the same time, modified pool habitats are different 

from the natural habitats by the depth index, pool volume, and mean water temperature (Fig.
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57a). Even though pool M3 was not matching with the modified pool broad characteristics 

(confirming the field experience of a check dam structure at the outflow, but mostly 

resembling a natural pool), I did not remove or reclassify the pool (Fig. 57b)

4 DEVELOPMENTAL PATTERN, MORPHOLOGY AND BEHAVIOUR OF THE 
TADPOLES imvfvunur inc

4.a Body Size Class Variation in Tadpoles

Shifts in distribution from lower to higher size classes was observed in the tadpole population 

across seasons, but no significant deviation from unimodality (January: Hartigan's D=0.05, 

p=0.39; February: D=0.02, p=0.96; March: D=0.03, p=0.79; April: D=0.03, p=0.83). Presence 

of tadpoles from wide range of size classes was observed across all months (e.g., TL in 

January: 19.6 - 65.6 mm) was also observed (Fig. 25, Table 7).

pig. 25 Size-class distribution of tadpoles across months based on the Body Length (BL), dashed lines 

indicate the mean value of total length for all individuals

Total body length also showed the pattern (Fig. Sil). Extreme variation in size-classes at 

different time points was confirmed.
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Table 7 Summary of the Total Length (mm) class distribution across months.

Month N Total Length Min. Max. SD

January 62 39.9 ± 3.2 19.6 65.6 12.6

February 118 45.3 ± 2.1 21.9 68.8 11.4

March 128 48.6 ± 1.7 27.3 69.1 10

April 121 54.4 ± 2 30.5 75.4 11.1

4.b Body Size and Relative Tail Length Variation

As expected, a general increasing trend in the body size was detected from winter to post­

winter (Fig. 59-60). In both winter and post-winter seasons, mean total length of tadpoles 

seems to be lower in natural pools compared to modified pools. During winter, the mean total 

body length of the natural pool population was significantly lower than the modified pool 

population (t(142)=2.4, p=0.02, d=0.4). The same trend appears in the post-winter period 

(t(217)=4.71, p<0.001, d=0.64) (Fig. 58).

The relative tail lengths of tadpole populations were not significantly different between 

natural and modified pools during winter (t(141)=1.82, p=0.07, d=0.31). Contrasting to this, 

the mean relative tail length of tadpoles in the natural pool population was significantly lower 

than the modified pool population during post-winter (t(217)=3.6, p<0.001, d=0.49) (Fig. 26).
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Fig. 26 Variation in relative tail length across seasons and pool types. Error bars indicating 95% 
confidence intervals.

4.c Designation of Putative Tadpole Groups

A summary of all morphometric measurements for three putative groups are given in the 

Table 13 in annexure. There was significant difference of body length across tadpole groups 

(Kruskal-Wallis X2(2)=30.46, p<0.001, n2=0.62). Nanorana minica group was the larger- 

bodied group followed by Nanorana vicina and the unidentified group (Fig. 27, Table 12, 

Note 2). All groups had significant pairwise difference between them (A/, minica and N. 

vicina: padj=0.002, N. minica and Unidentified: padj<0.001, N. vicina and Unidentified: 

Padj=O.Ol).
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Fig. 27 Body Length (BL) variation across three putative tadpole groups

The hierarchical cluster analysis indicated the possibility of two major groups, (i) N. vicina+ 

unidentified, and (ii) N. minica with a few N. vicina individuals (Fig. 28).

Fig. 28 Hierarchical cluster plot based on all morphological measurements Node end indicates 
specimen ID and colour bars indicating pre-species identification based on ta.l shape, and whether

stage is lower than 26 (Gosner, 1960).
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PCA of the morphometric measurements for all three groups also showed similar results 

(Fig. 29). First and second principal component axis showed 86.6% and 7.8% of variance 

respectively.

Fig. 29 2D Principal component analysis plot showing overlap between three putative species based 
on the morphometric measurements. Note that all points of group ‘unidentified’ are overlapping with N. 
vicina group. Illustration by K.M. Adila Farisa

FiQ- 61 depicts the variance explained and contribution of variables to different axes. All 

variables except relative tail length and internarial distance contributed more than 7.5% 

variance each to the first principal component. Relative tail length contributed more than 80% 

contribution to the second axis, while other measurement remained below 10%. Individuals 

with ID 28, 30, 32 and 35 are clustered in the group ii, which can be due to mis-identification 

of tail-end shape, or lower stage. This might also have an influence on the overlap in the 

PCA.

59



4.d Behavior of Tadpoles

A Watson-Williams test of homogeneity of means on the activity pattern distributions showed 

significant difference between natural and modified pools in the post-winter (W=121.43, df=2 

p<0.001), but not in winter (W=4.25, df=2, p=0.1196). The activity pattern overlap between 

natural and modified pool populations decreased from winter (90.8%) to post-winter (64.5%) 

(Fig. 30).

Fig. 30 Variation in mean proportional tadpole count in the natural (green) and modified (grey) pools 
across (A) winter and (B) post-winter seasons in relation to time (24:00=midnight, 12:00=noon 1ST). 
The plots below showing overlap between activity of modified (dashed line) and natural pool 
(continuous line) populations.

Natural pool population restricted their activity (coming out of cover/ hiding places) to the 

night time (21:00-03:00) in the post-winter period, whereas the modified pool population 

increased the proportion of tadpoles active in daytime (06:00-15:00). Circular plots showing 

the full transition across sampling sets are given in Fig. 62. While the natural pool population 
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completely avoided daytime (09:00-15:00), a small proportion of the modified pool population 

was still active in the post-winter. During winter, small proportions of natural pool population 

was active during the transition between night and day time (06:00-09:00), and transition 

between day and night time (18.00-21:00). Proportions of tadpole counts were not linearly 

correlated to the moon illumination (r=0.06, t(168)=0.72, p=0.48) and water temperature did 

not have a strong correlation (r=-0.24, t(168)=-3.23, p=0.002).

A clear difference in the counts and activity pattern of tadpoles across months can be 

inferred from Fig. 31 depicting the proportion of tadpoles engaged in various activities 

(stationary, moving, feeding and surfacing).

Modified
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Fig. 31 Proportions of tadpoles in various behavior states in natural and modified pools with diurnal 
and monthly variation

There were no tadpoles engaged in moving, surfacing and feeding during winter. The 

Proportion of these activities increased in the post-winter period. An equality of proportions 

test with continuity correction showed significant difference between proportions of stationary 

tadpoles (X2(l)=12.49, p<0.001), feeding tadpoles (X2(l)=7.21,p=0.007), and moving 

tadpoles (X2(l)=8.36,p=0.004); but not in the case of surfacing tadpoles (X (l)-0.13, 
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p=0.72) between night (N=4607) and day (N=1588) time. The hourly pattern of activity and 

count in modified and natural pools shows feeding and moving activities are not restricted to 

peak activity time (21:00-03:00), at least in the case of modified pool population.

5 DENSITY OF TADPOLES

5.a  Temporal Variation

There were clear differences in the mean tadpole density patterns across the major study 

pools during both day and night sessions across the seasons (Fig. 32).

Fig. 32 Density plots showing the seasonal and diurnal pattern of mean tadpole densities in major 
study pools.

A clear diurnal variation in mean tadpole density was evident and the degree of this variation 

was different between winter and post-winter seasons (Fig. 33, Fig. 63-64). The mean 

tadpole density pooled across sessions did not vary significantly across months (FW2. 

15.7=3.52, p=0.067, qp2=0.243).
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Fig. 33 Monthly and diurnal variation in mean tadpole density averaged across sampling sessions.

When the diurnal variation analyzed separately for two different pool types, night density in 

modified pools varied significantly across months (Kruskal-Wallis X2(3)=11.76, p=0.008, 

r]2=0.06), but not in natural pools (X2(3)=4.43, p=0.22, q2=0.62). A pair-wise comparison 

showed no significant difference between any months in the night density of modified pools. 

Density during day time varied significantly in both natural (X2(3)=18.57, pcO.OOl, q2=0.147) 

and modified pools (X2(3)=19.7, p<0.001, q2=0.13). Pair-wise post-hoc tests showed 

significant difference between April and February (padj=0.008); April and January (padj=0.002); 

January and March (padj=0.017) in natural pools, and April and February (padj=0.011); and 

April and January (padj<0.001) in modified pools.

The pooled data using the mean densities in both seasons and sessions showed mean 

tadpole density at nighttime was significantly higher in the modified pools 

(mean±CI=25.9±7.01) than natural pools (mean±CI=15.8±5.67) (Wilcoxon rank sum test with 

continuity correction, W=1355.5, p=0.02, r=0.25) during winter. But there was no significant 

difference during daytime (W=943.5, p=0.46, r=0.08). The diurnal variation in density of 

tadpoles across months is given in Table 13 in the annexure.
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During post-winter, nighttime mean density was significantly higher in natural pools 

(mean±CI=19.7±3.68) than modified pools (mean±CI=12.3±2.59) (W=2019.5, p=0.001, 

r=0.26). There was no significant difference in mean density of natural and modified pools in 

the daytime (W=2543, p=0.15, r=0.12).

5.b  Temperature, Depth and Tadpole Density

Mean water temperature and mean tadpole density was positively correlated significantly in 

natural pools during daytime (r=0.45, p=0.041). A decreasing trend in modified pools during 

nighttime was observed, but the relationship was not statistically significant (r=-0.37, 

p=0.098) (Fig. 34).

Pig. 34 Relationship between mean tadpole density and mean water temperature across pool types 

between day and night time

Mean water depth had a statistically significant positive influence on mean tadpole density in 

natural pool during both day and night time (day: r=0.69, p<0.001; night. r=0.63, p-0.002). 

Similar positive relationship was observed in modified pools during night time, but this was

not statistically significant (Fig. 35).

64



Modified

Fig. 35 Relationship between mean tadpole density and mean water depth across pool types between 
day and night time.

5.c  Best Predictors of Tadpole Density

Strong multicollinearity (r>60%) was detected between EC and TDS, (r=91.16%), mean pool 

volume and depth index (r=67.34%), air and water temperature (r=78.87%), modification and 

pool volume (r=71.98%), and canopy cover percentage and pool volume (r=-84.27%) (Fig. 

65). There were no outliers in the data, but large number of zeros were detected (37.4%, 

Fig.66). In the comparison of generalized linear mixed models, tadpole density was best 

predicted by the time of the day, interaction of mean canopy cover with water temperature 

(positive influence), richness of cover items, mean canopy cover percentage, water 

temperature, leaf litter depth, velocity and an interaction of day of the time with pool 

modification (negative influence) (Table 8, Fig. 36). Detailed summary of the best model is 

given in the annexure (Table 10).
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Fig. 36 Forest-plot depicting incidence rate ratios of various predictor variables in the top model. Red 
colour indicates negative influence and blue indicates positive influence. Significance codes: *p<0.05; 
**p<0.01; ***p<0.001. Abbreviations: Water Temperature (Wt), Cover Item Richness (Cr), Mean 
Velocity (Mv), Leaf Litter Depth (Ld), Modification - Check Dam (Md), Mean Canopy Cover.

Table 8 Table showing all supported models (AAICc<10). All models include a random effect of (1 + 
Winter | Pool) and the zero-infiation formula. Bolded terms are significant predictor variables (p<0.05) in 
the model. Abbreviations: Water Temperature (Wt), Cover Item Richness (Cr), Mean Velocity (Mv), 
Leaf Litter Depth (Ld), Mean DO Level (Do), Modification - Check Dam (Md), Mean Canopy Cover 
Percentage (Cc), Night (Nt).

Model df logLik AICc AAlCc Weight

Ld + Mv + Cc x Wt + Md x Nt + Wt + Cr 18 -1450.24 2937.93 0 0.74

Ld + Cc x Wt + Md x Nt + Wt x Nt + Cr + Do + Mv 20 -1449.56 2940.89 2.96 0.17

Ld + Mv + Cc x Wt + Md + Nt + Cr 17 -1454.47 2944.23 6.3 0.03

Ld + Mv + Cc x Wt + Md + Wt x Nt + Cr 18 -1453.84 2945.13 7.2 0.02

Ld + Mv + Do + Cc x Wt + Md + Wt x Nt + Cr 19 -1453.38 2946.37 8.44 0.01

Ld + Mv + Do x Nt + Cc x Wt + Md + Wt x Nt + Cr 20 -1452.78 2947.34 9.4 0.01

Ld + Mv + Do x Nt + Cc + Md + Wt + Nt + Cr 18 -1455.04 2947.53 9.6 0.01
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predicted (estimated marginal means) tadpole density across various velocity and water 

temperature classes during day and night time in natural and modified pools are given in Fig. 

37. Predicted tadpole densities for day and night times are given in Fig. 38. Predictions 

based on cover item, and leaf litter depths are given in the annexure (Fig. 68-69)

Pool Type - - Natural - - Modified

Fig. 37 Predicted tadpole density along (A) water velocity and (B) water temperature ranges in 
modified and natural pools during day and night time (95% Cl).

P>S. 38 Predicted tadpole density during night and daytime in modified and natural pools (95% Cl).
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6 HABITAT OF TADPOLES

6.a  Habitat Availability, Use & Suitability Curves

Tadpoles were largely using moderate depth areas compared to shallow and deep areas 

irrespective of pool type and season. Tadpoles were mostly using a range of 0.01-0.2m 

depth (Fig. 39). Proportional use of such areas often exceeded the available proportion.

o- o- cv

Depth (m)

Availability Use Depth (m)

pig- 39 (A) Relative frequency of different classes of depth available and use and (B) depth habitat 

suitability criteria (HSC) curves of the overwintering tadpoles.

During both winter and post-winter, tadpoles mostly used stagnant areas (0 m/s) of natural 

and modified pools (Fig. 40).
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Fig. 40 (A) Relative frequency of different classes of velocity available and use and (B) velocity 
habitat suitability criteria (HSC) curves of the overwintering tadpoles.

»

Substrate use by tadpoles varied across pool types and seasons (Fig. 41). During winter, the 

modified pool population used leaf litter, algae and sand proportion greater than their 

availability. Algae, leaf litter, humus, and sand were the preferred items in natural pools in 

winter. During post-winter, modified pool population used sand greater than their availability. 

Generally, tadpoles used substrates according to their availability. Natural pool population 

showed preference towards sand, cobble and algae during post-winter. In general, the 

mostly used in modified pools are humus and leaf litter.
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Fig. 41 (A) Relative frequency of different classes of substrate available and use and (B) substrate 
habitat suitability criteria (HSC) curves of the overwintering tadpoles.

Cover item use in natural pool by tadpoles remained the same in both winter and post-winter 

(Fig. 42). Tadpole used bedrock, submerged vegetation, and overhanging vegetation greater 

than their available proportions. In case of modified pools, high proportional use of 

submerged and overhanging vegetation was found during post-winter compared to winter. 

Proportional use of root and log undercuts was high during winter compared to post-winter in 

modified pools.
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Fig. 42 (X) Relative frequency of different classes of cover items available and use and (B) cover

habitat suitability criteria (HSC) curves of the overwintering tadpoles.

6.b  Resource Electivity by Tadpoles
Overwintering tadpoles generally avoided both shallow and deeper areas of the pools across 

seasons and pool types (Fig. 43).

43 Avoidance and preference of different classes of water depth by the overwintering tadpoles 

ross seasons and pool types.
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Tadpoles preferred low-velocity areas (0-0.05 m/s) in both modified and natural pools (Fig.

44) while avoiding the other areas.

Velocity (m/s)

Fig. 44 Avoidance and preference of different classes of water velocity by the overwintering tadpoles 

across seasons and pool types

Tadpoles preferred algae, leaf litter, sand, and small boulder as substrate in modified pools 

during winter (Fig. 45). But in post-winter, highly preferred item was sand. Avoidance of other 

substrates (e.g., concrete wall) was clear in both seasons. In natural pools, preferred items in 

winter were algae, humus, sand, leaf litter, and small boulders. Gravel, cobbles, boulders 

and bedrocks were avoided in winter. In post-winter, cobble was preferred and humus was 

avoided as contrasting to winter.
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Substrate Item

Modified

Fig. 45 Avoidance and preference of different types of substrate items by the overwintering tadpoles 
across seasons and pool types.

In natural pools, cover item preference and avoidance were consistent across seasons (Fig. 

46). Preferred items were bedrock undercuts, overhanging and submerged vegetations. 

Boulder, log and root undercuts were avoided by the tadpoles in natural pools. While 

tadpoles in the modified pools preferred submerged vegetation, root, and log undercuts 

during winter, they avoided root and log undercuts during post-winter and preferred 

submerged and overhanging vegetation during post-winter. Bedrock and boulder undercuts 

were avoided by the modified pool population in both the seasons.
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Fig. 46 Avoidance and preference of different types of cover items by the overwintering tadpoles 
across seasons and pool types.
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DISCUSSION
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Different aspects of evolution of adaptive intrinsic growth rates have been proposed among 

different taxa. This includes slow growth as an adaptive strategy to deal with nutrient stress, 

rapid growth requirement for reaching the minimum size quickly, limitation of growth in 

species that require early life maturation by the tradeoff between growth rate and 

development, and rapid growth as a compensation for slow growth due to environmental 

conditions (Arendt, 1997). In anurans, larval growth has been shown to be influenced by both 

temperature and food availability (Alvarez & Nicieza, 2002; Burraco et al., 2021; Hsu et al., 

2012; Liess et al., 2013). Environmental conditions such as low temperature and short 

growing seasons in the high elevation areas forces amphibian populations to have long larval 

periods (Brown, 1990; Walsh et al., 2008) which is called as overwintering. Overwintering 

tadpoles are found to be exhibiting seasonal differences in their energetic physiology by 

changes in membrane composition, metabolic enzyme activities and locomotor performance 

(Gray et al., 2016).

Bimodal distribution of developmental stages with individuals that remain in relatively lower 

developmental stages throughout the seasons have been documented in several species 

including Rana temporaria (Walsh et al., 2008). Walsh et al., (2008) also suggested that the 

decision to overwinter as larvae or not seems to be made relatively early in the season. A 

later experimental study showed that tadpoles did not arrested their larval development early 

in the season contrary to the field observations (Walsh et al., 2016). Overwintering tadpoles 

have been reported from various parts of the globe, but regional biases are existing in the 

literature due to non-documentation of the phenomena or lack of explorations (Jithin & Das, 

2020). Despite the amazing opportunity tadpoles provide to learn many complex biological 

phenomena and evolutionary aspects, studies on tadpoles are still in the developmental 

stage in India (Hebbar et al., 2019; Saidapur, 2001; Sircar, 2010).

The present study results showing high temporal variation in water temperature and tadpole 

emergence in diurnal, and seasonal scales underlines the importance of taking temperature 
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fluctuations rather than mean temperature when studying changing climate and performance 

of organisms (Dillon et al., 2016; Ma et al., 2015). Energy fluxes across the stream zones are 

integrated by water temperature, and they are influenced by the physical characteristics and 

anthropogenic disturbances of the stream and atmospheric conditions, and the biology of the 

stream (Kurylyk et al., 2015; MacKenzie, 2008; Strauch et al., 2017; Tague et al., 2007).

Even though I did not find any difference in daytime water temperature between pool types in 

winter, the temperature was high in modified pools during post-winter. One possible reason 

behind the heating up of modified pool water during daytime is the reduced canopy cover or 

openness of such pools. This is supported by the fact that the temperature was not high in 

one modified pool (M3), which resembled a natural pool in terms of canopy cover and 

riparian vegetation. Canopy cover acts as a resource gradient for tadpoles through its effect 

on water temperature, dissolved oxygen, and abundance and composition of periphyton 

(Halverson et al., 2003; Schiesari, 2004; Skelly et al., 2002). The diel patterns of dissolved 

oxygen and water temperature are also influenced by canopy cover gradient (Broadmeadow 

et al., 2011; Werner & Glennemeier, 1999). The night time water temperature did not vary 

between pool types and the seasons and this may be one of the reasons why tadpoles are 

more active in the night time during both the seasons and pool types.

In the pools where behavioral observations were carried out, air temperature was not 

different in the daytime, but comparatively high temperature in natural pool during winter. 

This might be due to the heat trapped in the atmosphere for long duration due to high canopy 

cover in the modified pool. In post-winter, there was no difference between the pool air 

temperatures. In winter, both day and night time water temperature was high in modified pool 

compared to the natural pool. Modified pool showed high water temperature in the nigh time 

during post-winter. The increased water temperature in modified pool can be explained by 

two reasons. One is the effect of canopy cover and other being the high microbial respiration 

from the humus and leaf litter deposition (Gbkbulak, 2002) in the substrate in these pools.
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In the case of dissolved oxygen levels, it reduced from winter to post-winter without any 

diurnal or pool type variations. Total dissolved solids levels (or conductivity) varied across 

months, but not pool types. High levels of TDS during night, except in January, the peak 

winter time was observed. Diurnal and seasonal fluctuations in stream water flow, 

biogeochemical processes, water temperature, and the biological uptake by biofilm 

communities are some of the reasons behind these variations (Gribovszki et al., 2010; 

Loperfido et al., 2010; Nimick et al., 2011). Negative correlation between DO and TDS, and 

positive correlations of pH with DO and EC with TDS were detected. Correlation between EC 

and TDS in natural waters is very well known (Rusydi, 2018; Thirumalini & Joseph, 2009). 

Mean canopy cover, cover item index, substrate index, and velocity index were higher for 

natural pools as expected. In contrast to this, excluding M3, all modified pools were of high 

surface area, volume, and depth index. The variation in characters of modified pools have 

been assessed by earlier studies. It is shown that the dammed pools show lower velocity, 

finer substrate, higher water temperature, lower dissolved oxygen, and worse biological 

indices of water quality compared to the main stream channel (Kang & Kazama, 2012). 

Check dam construction often strongly modify the morphology of active stream channel by 

retaining high amount of sediment in the upstream and subsequently affect the downstream 

bank stability (Boix-Fayos et al., 2007; Fortugno et al., 2017; Korpak & Lenar-Matyas, 2019).

The study showed that body size class distribution varies from winter to post-winter period 

with a shift to larger size classes where extreme variation in size classes can be observed. 

This confirms our field observations of tadpoles of varying developmental stages during all 

the seasons. The presence of a wide range of size classes (19-80 mm) varying across time 

strengthens the idea of overwintering cohorts. Even though we have confirmed the presence 

of different age class cohorts in the study population based on the body length (and total 

length) frequencies, and observations of diverse stage classes at the same time, more 

detailed analysis of the age-size classes considering multi-season coverage, development 

duration tracking using individual tagging, body weight, species identity, and limb 

differentiation (Brown, 1990).
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The variation in relative tail length in response to increasing level of environmental stress 

(low temperature and limited food availability) have been found in Rana temporaria tadpoles 

(Merila et al., 2004) in a latitudinal gradient. Increasing relative tail length, or the change in 

body growth can be an indication of the thermal and food stress tadpoles facing in the 

modified pools in the post-winter. Even though my study design was not capable to tease out 

the effect of species identity, and the developmental stage on this aspect, the variation in the 

tail length gives a good framework for further investigation. Tadpole growth is found to be 

reduced due to Daily Thermal Fluctuations (DTFs), and species which cannot compensate 

the variation in temperature by adjusting growth and development will be the most affected 

by this (Kern et al., 2015).

I propose two different putative tadpole groups based on morphometric measurements and 

LTRF formulae, which can be further confirmed using molecular identification. But, 

considering the change in LTRF across developmental stages, as reported by other studies 

(e.g., Gill et al., 2020), especially in this case where both the species might have overlapping 

formulae across stages, it is not recommended to rely on the LTRF to confirm species 

identity. Even if both the species have stable and non-overlapping LTRF, without clearly 

defined morphological distinction, species identification in the field will be problematic 

considering the variability observed in tail end shape, a character assumed to be different 

between the potential groups. The ‘unidentified group’, I proposed prior to the analyses can 

be the lower stage tadpoles of N. vicina (Gill et al., 2020), as suggested by the cluster 

analysis. When comparing the group and stage-wise cluster plots, it can be seen that the N. 

vicina classified in the second cluster are most probably the advanced stages (above 30) 

except one (stage 27).

Seasonal difference in the diurnal emergence or activity pattern of tadpoles in natural and 

modified pools were found in the study. During post-winter, natural population restricted their 

major activity to night, but the modified pool population increased daytime activity while 
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keeping the peak activity time in the night. In winter, natural population showed slight activity 

during the transition periods (06:00-09:00,18:00-21:00) between day and night in contrast to 

the post-winter time. The overlap between activity times between natural and modified pool 

populations reduced from winter to post-winter and activities such as feeding, moving and 

surfacing increased in post-winter. Diel cycle of distribution and activity of tadpoles have 

been studied previously in Bufo americanus on the basis of temperature and light availability 

(Beiswenger, 1977). The study found that tadpoles were scattered all the parts of the pond, 

but cooler shallowest part during night. The activity (feeding, swimming) increased according 

to light intensity and tadpoles moved to shallow areas when the area begin to warm. The 

close correlation between diel cycle and light intensity, light-triggered increase in activity, 

inactivity during low-light conditions were reported. In our study, we did not categorize the 

tadpoles according to their body size and depth of pool area they occupied. This was due to 

the uniform depth of the modified pool compared to the depth gradient present in the natural 

pool.

The ability of tadpoles to identify and occupy warm microhabitats is considered as an 

adaptive strategy considering the positive relationship between rate of development and 

temperature (Beiswenger, 1978). Study on Polypedates megacephalus tadpoles reared in 

container habitats has shown that tadpoles use both behavioral thermoregulation and 

metabolic compensation for dealing cope up with the thermal fluctuations in the environment 

due to the thermal heterogeneity in the habitat (Wu et al., 2007). The same study also found 

that the tadpoles evolved metabolic compensation to maintain physiological homeostasis 

under different thermal regimes over the larval period in the man-made water bodies or 

during seasonal variations in temperature where they do not experience daily thermal 

gradient. Diel activity pattern during early and late winter have been studied in Atlantic 

salmon (Salmo salar) juveniles using radiotelemetry and reduced activity in daytime have 

been documented compared to night time (Hiscock et al., 2002). Transition from uniform diel 

cycle activity to nocturnal behavior during winter in salmonids have been documented 

thoroughly (for a discussion, see Hiscock et al., 2002) and this behavior has been attributed 
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to the avoidance of diurnal endothermic predators, increased feeding efficiency in relation to 

the cost of energy intake (Gries et al., 1997).

I found clear diurnal variations across months in the mean tadpole density in the major study 

pools, but no variation when day and night densities pooled. Thus, the season and time of 

sampling would have an effect on the tadpole density estimates if these variations are not 

taken into account. The low counts of tadpoles during daytime can be due to hiding of 

tadpoles under suitable cover items. Hiding in refugia during daytime and becoming 

increasingly nocturnal and emergence for feeding in night during winter by salmonids have 

been documented before (Fraser et al., 1995). Both experimental and field study showed this 

‘switch’ happens in other seasons as well if the temperature is low, and there is no 

underlying inherent annual rhythm or photoperiodic influence (Fraser et al., 1993, 1995). 

Behavior of taking shelter under leaf litter or humus during daytime and becoming exposed 

on the stream bottom during the night time is known for non-ovenwintering tadpoles such as 

Leptodactylus pentadactylus and this is attributed primarily to avoid leaf-scrapers, a predator 

(Silva & Giaretta, 2008). It is to be noted here that surfacing was a very rare activity in the 

study population during the study period. Behavioral thermoregulation of tadpoles by using 

suitable microhabitats may be limited by the unavailability of such areas, especially in 

modified habitats of low richness and abundance of cover items or thermal variability 

(Balogova & Gvozdik, 2015; Hutchison & Dupre, 1992).

The slightly increasing tadpole emergence or density during daytime in both pool types 

across months can be an indication of the beginning of metamorphosis, with high feeding 

activity on the periphytons growing on the walls of the modified pools and rocky substrates in 

the natural pools, and generally on the leaf litter. High algal growth observed in the modified 

pools during the post-winter, compared to the natural pools might be the reason behind the 

slow shift of tadpole density from night time to day time in the modified pools. The daytime 

density of tadpole in both natural and modified pools was almost similar in contrast to the 

night time pattern. In night, tadpole density was high in the modified pools compared to the 
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natural pools across seasons. This can be an indication of high relative abundance of 

tadpoles in the modified pools as observed in the study area. Diurnal and annual shift in 

Rana, catesbeiana tadpole distribution patterns in human made ponds have been studied by 

(Nie et al., 1999) Nie et al. (1999) and concluded that the shifts are most likely related to 

temperature patterns and not predator presence. Avoidance of large, overwintering tadpoles 

as prey by predators have been also documented previously (Brodie & Formanowicz, 1983) 

which needs to be tested in the Nanorana spp. tadpoles.

An assessment of the depth-temperature-density relationships across pools showed varying 

patterns. Water temperature was positively correlated to tadpole density in natural pools 

during daytime. But I did not find any relationship in other scenarios, i.e., Nighttime in natural 

pool, and both day and night in modified pools. Positive relationship with depth and density 

was found in natural pools both during night and day time. Night time distribution of tadpoles 

in the deep areas can be explained by the warmth available in such areas (Beiswenger, 

1978). The same pattern in the daytime might be an artefact of the availability of more food 

items in the deeper areas, or a general tendency of the tadpoles to remain in the low-light 

areas similar to fishes like Danio rerio (Currie et al., 2016; Serra et al., 1999). Experiments 

conducted on Rana temporaria have shown that critical life history decisions may not be 

strongly influenced by photoperiodic cues, with differences between populations, a pattern 

contrasting to several insect species (Laurila et al., 2001). They also suggested the 

possibility of influence of other environmental factors on photoperiodic cues based on the 

interactive effect of temperature and photoperiod on several traits.

Considering the potential interactive effect of several factors (i.e., light intensity, temperature, 

food availability, and predator avoidance), simplicity of the current study design and very few 

published studies on tadpoles in this regard, no conclusions are being drawn at this stage. 

There was no relationship between tadpole density and depth in modified pools, and this was 

expected due to the almost negligible depth gradient in modified pools except M2. Seasonal
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variation in these patterns needs to be studied and this might throw more light on the depth­

temperature-density relationships of overwintering tadpoles.

The best predictors of tadpole densities were time of the day, interaction of mean canopy 

cover with water temperature (negative influence); richness of cover items, mean canopy 

cover percentage, water temperature, leaf litter depth, velocity and an interaction of day of 

the time with pool modification (positive influence). Ovenwintering tadpoles in the study pools 

preferred moderately deep areas in both pool types across seasons and avoided shallow 

and deep areas of the pools. The tadpoles used flow refuge and zero flow areas in both pool 

types across seasons. The modified pool population showed preference towards algae, leaf 

litter, sand, and small boulder as substrate in modified pools during winter, but this was 

changed to sand as highly preferred substrate in post-winter. Avoidance of other substrates 

(e.g., concrete wall) in the modified pools was clear in both the seasons.

In natural pools, tadpoles preferred algae, humus, sand, leaf litter, and small boulders in 

winter and avoided gravel, cobbles, boulders and bedrocks. In post-winter, cobble was 

preferred and humus was avoided. While tadpoles in the modified pools preferred 

submerged vegetation, root, and log undercuts during winter, they avoided root and log 

undercuts during post-winter and preferred submerged and overhanging vegetation during 

post-winter. Bedrock and boulder undercuts were avoided by the modified pool population in 

both the seasons. Contrastingly, cover item preference and avoidance were consistent 

across seasons in natural pools. Preferred items were bedrock undercuts, overhanging and 

submerged vegetations while avoided items included boulder, log and root undercuts. This 

seasonal patterns in substrate and cover item preference and avoidance points out the 

relative advantages and disadvantages of these items in varying environmental conditions in 

terms of refugia from predation, temperature, flow, light and availability of food resource.

Occurrence of Nyctibatrachus major tadpoles was found to be influenced by the presence of 

leaf litter, high relative humidity, and canopy cover over the stream in the Western Ghats 
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(Girish & Krishnamurthy, 2009). Occurrence of these tadpoles was negatively influenced by 

the reduced canopy cover and the authors suggested that the increased light level and 

elevated water and air temperature might be the reasons behind this. Influence of canopy 

cover on stream water temperature, especially daily fluctuations have been established by 

multiple studies (St-Hilaire et al., 2000; Studinski et al., 2012; Warren et al., 2013).

Similarly, density variation of Ascaphus truei tadpoles within stream have been found to be 

associated with the substrate size, embeddedness and water velocity (Hawkins et al., 1988). 

Influence of water velocity on habitat selection have been studied in tadpoles in rainforest 

stream (Richards, 2002) and adaptation to water flow by means of morphological and 

behavioral attributes are documented in species living in rapidly flowing and turbulent 

habitats, but not in others from a little or no water flow (Altig & Johnston, 1989). Even though 

Nanorana spp. in the study area are present in run and riffle sections of the stream in 

relatively less abundance, generally they are observed not swimming frequently, or moving 

slowly in the substrate or swimming away from point of disturbance. Oral disc of N. vicina 

and N. minica are characterized by suctorial, many small, closely spaced marginal papillae 

with LTRF formulae larger than 2/3 (Type ‘D’) (Altig & Johnston, 1989; Gill et al., 2020; Ray, 

1999; Sircar, 2010; This study). N. vicina is reported to be adapted for the lotic habitat and 

tadpoles are often seen clinging on to the rocky surfaces in slow water flowing areas (Gill et 

al., 2020; Sircar, 2010).

It has been found that individuals of different sizes and developmental stages within species 

use habitat differently (Alford, 1986; Wollmuth & Crawshaw, 1988). Tadpoles use 

microhabitats electively and diverse microhabitat choice patterns can be found across 

different anuran species (de Melo et al., 2018; Eterovick & Barata, 2006; Hiragond & 

Saidapur, 2001; Sun et al., 2021). Even though seasonal variation in microhabitat usage 

patterns have been documented, the selective pressures behind this plasticity, which might 

be varying through space and time are not well understood (Eterovick et al., 2010). The 

substrate preference of tadpole might be based on the camouflaging potential or the thermal 
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advantage (Eterovick et al., 2018). Habitat selection is regarded as a complex process in 

tadpoles which varies temporally and spatially based on multiple cues (Nie et al., 1999; 

O Hara, 1981). However, it is important to note that experimental studies have shown the 

habitat preference of overwintering tadpoles of Rana catesbiana varies according to their 

age, and change in size might be an influential factor for this change (Smith, 1999).

Apart from fish and benthic invertebrates, Habitat Suitability Curves (HSCs) have been 

previously developed for tadpoles of Rana boylii and Rana sierrae in California for 

generating Habitat Suitability Index (HSI) for use in flow recommendations for hydropower 

relicensing (Bondi et al., 2013; Yarnell et al., 2012, 2019). The present study is the first one 

to develop HSCs for tadpoles in India, apart from the studies on fishes and Black Necked 

Crane (J.A. Johnson et al., 2017; J.A. Johnson et al., 2021; Nale et al., 2017). HSCs 

generated in this study can be used in Physical Habitat Simulation modelling (PHABSIM) 

which can predict the effects of altered or reduced flow on stream biology (Bovee et al., 

1998; Jowett et al., 2008). Thus, this study can be useful in preparing conservation plans for 

Himayalan streams, where large scale hydrological alterations are taking place (Gergan, 

2020; Grumbine & Pandit, 2013; Pandit & Grumbine, 2012).

Evidence for direct consequences of climate change on phonological shifts are growing 

(Cohen et al., 2018) and such phenological delays and advancement have been very well 

documented in amphibians (Arietta et al., 2020; Klaus & Lougheed, 2013). Larger size and 

prolonged larval period have been attributed to the phenotypic expressions due to the 

changes in environmental temperature (Berven et al., 1979). Experimental studies on some 

of the overwintering and non-overwintering tadpoles of temperate areas assessing the 

tolerance limits and locomotory sensitivity towards temperature fluctuations at local scales 

(Bonino et al., 2020) found that the tadpoles are adapted to low temperature and none of 

them were under thermal stress which might affect their survival in the present time or under 

a moderate climate change scenario. It is hypothesized that combined or individual effect of 

abiotic factors correlated with climatic variation, biotic factors, and changes in timing, 

85



duration, and number of annual breeding periods are responsible for overwintering larval frog 

populations (Collins, 1979).

Species such as the Nanorana minica with restricted distribution may be more susceptible to 

climate change and vulnerable to local extinctions (Perotti et al., 2018). Appropriate 

conservation actions are needed in accordance with the unique life history pattern of these 

amphibians, especially since the Himalayan region is predicted to be warming at higher rate 

than the global average (Christensen et al., 2007; Dimri et al., 2018). A recent global review 

has also suggested that tadpoles of narrowly distributed species which develop on lotic 

habitat or on land are most sensitive to modification in their habitat (Nowakowski et al., 

2017). This study shows that montane stream-dwelling amphibians such as Nanorana spp. 

with overwintering tadpoles have high potential to act as good models for assessing 

influence of temperature fluctuation on larval period, breeding phenology, and survival 

probability as they are well adapted to seasonally dynamic environment and modified 

habitats (Wheeler et al., 2015).
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CONCLUSIONS
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The present study confirms overwintering tadpoles in the study area using body size class 

distribution and shows the notable temporal variation in water temperature, water quality 

parameters and tadpole densities in diurnal, and seasonal scales. Considering the clear 

difference in tadpole diurnal activity pattern, I recommend further sampling of these 

overwintering tadpoles to be carried out in fixed time intervals during both day and night time. 

To enumerate tadpoles in a pool, more active tadpole catching techniques such as minnow 

trapping can be employed. But considering the depth, substrate nature, difficulty in wading, 

disturbance to the tadpoles, and complexity of cover items in the study area, passive 

sampling employed in this study can be an alternative and give good indicator of tadpole 

density, assuming no tadpoles are hiding under refugia during both day and night.

The hypothesis of overwintering of only lower developmental stages does not seem to be 

true for the study population. I present the details of the tadpole behavior in the study 

population including hiding in refugia during daytime, becoming increasingly nocturnal and 

emerge in night during winter which is earlier reported in some fish species. A preliminary 

assessment of the depth-temperature-density relationships across pools showed varying 

patterns and I suggest the need of detailed seasonal analysis of this aspect. This confirms 

that modification of the stream habitat influences tadpole temporal distribution patterns and 

behavior.

I report the variation in the patterns of tadpole emergence or density and related variables 

between the natural and modified pools (check dams) and discuss potential effects of 

modification of the stream habitat on the daily thermal fluctuations, tadpole habitat selection, 

stress, and behavioral thermoregulation. I found preliminary evidence for variation in relative 

tail length, where modified pool population had higher relative tail length than natural pool 

population suggesting increasing level of environmental stress in such areas. Through 

analyzing the activity patterns, I report the seasonal and diurnal difference in tadpole 

behavior between natural and modified pool populations and potential causes behind this.
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Using morphometric measurements and LTRF formulae, I propose two different putative 

tadpole groups which can be further confirmed using molecular identification, and discuss 

potential issues with field identification of tadpole species.

The overwintering tadpole density was best predicted by time of the day, interaction of mean 

canopy cover with water temperature (negative influence); richness of cover items, mean 

canopy cover percentage, water temperature, leaf litter depth, velocity and an interaction of 

day of the time with pool modification (positive influence). I discuss the preference and 

avoidance of different habitat variables between natural and modified pools across seasons 

and developed Habitat Suitability Curves (HSCs) for the tadpoles.

Overwintering tadpoles in the study pools preferred moderately deep areas in both pool 

types across seasons and avoided shallow and deep areas of the pools. The tadpoles used 

relatively no flow areas in both pool types across seasons. Substrate and cover item 

preference varied across pool types and seasons, and I discuss the potential reasons behind 

these patterns.

The HSCs developed in this study can be used for understanding the effects of altered or 

reduced flow on the tadpoles and the stream biology in general. This will be useful in stream 

restoration activities and developing conservation plan in light of the modifications which can 

happen in future due to high demand of water in the area.

The overwintering tadpoles can act as good models for assessing the effect of climate 

change in the Himalayan region. Long-term research on the species breeding biology and 

larval response towards temperature fluctuations can contribute to the increasing knowledge 

on the influence of global warming on amphibians.

This study strengthens the assumption that there are factors beyond temperature and food 
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availability which are behind overwintering in addition to several other contributions to the 

larval ecology of the focal species, and natural history. This preliminary study will also act as 

a starting point for such long-term monitoring and research for the benefit of conservation of 

the local species and similar amphibians elsewhere in the country.

Conservation Implications

1. From the present findings, I found that the depth suitability of overwintering tadpoles 

is 30-60cm. Thus, the pool habitats should be maintained with this depth range 

during the lean season (winter).

2. Since Himalayan streams are subjected to large scale hydrological alterations, this 

might have great impact on the existence of the Nanorana spp.

3. The habitat suitability curves can be used in any hydrological model for the 

estimation of ecological flow required for the Nanorana spp. in the Himalayan region.

Limitations of the Present Study and Recommendations

1. Incomplete sampling of winter season, and no data from pre-winter do not allow us 

to conclude and explain many patterns observed, and thus a whole-year study needs 

to be done.

2. Species identities are not resolved and breeding biology of the focal species are not 

yet understood due to the cryptic life of the adults. Thus, research on the breeding 

biology need to be strengthened and molecular identification of tadpoles need to be 

carried out.
3. To tease out effect of multiple variables and their interactions, controlled and 

mesocosm studies need to be done on habitat selection of tadpoles, influence of 

temperature, canopy cover on tadpole density etc.

4. Samples collected during the study (tadpole specimens, leaf litter, periphytons, and 

sediments) were not processed and analyzed due to the limitations paused by 

COVID-19. This need to be followed up to throw light on the feeding ecology, 
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physiology, morphology, and neuroendocrinology of the tadpoles.

5. To establish the actual overwintering duration, individual tagging and monitoring of 

the tadpoles is essential.

6. Ex-situ experiments on the thermal preference of overwintering tadpoles need to be 

carried out and variation in body temperature in response to the ambient 

temperature need to be assessed.

7. Based on the effect sizes and design issues reported in the present study, 

appropriate sample sizes and study designs need to be planned for further 

explorations.

8. Research question 3(C) was not addressed due to difficulty in classification of 

tadpoles based on their size in the field.

9. Research question 2(A) [confirmation of species identity], and 3(B) [diet analyses] 

were not addressed during the fieldwork due to logistical difficulties during COVID-19 

lockdown. This should be carried out and further information on this aspect will be 

crucial in understanding the species-specific difference in ecology and diet pattern.
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Fig. 47 Air temperature across the study period (2021 January - April)

Table 9 Weather data summary during the study period (2021 January - April)

Air Temperature (°C) Water Temperature (°C) Relative Humidity (%)

Month Mean Max. SD Min. Mean Max. SD Min. Mean Max. SD Min.

January 7.4 13.2 2.9 2.4 7.3 11.5 3.0 0.1 56.0 86.0 13.3 29.1

February 10.5 19.6 3.7 2.6 10.1 18.1 2.3 5.5 55.5 89.0 13.2 4.4

March 12.8 23.7 4.0 5.1 11.8 28.6 2.9 7.2 53.8 79.6 15.0 18.9

April 15.9 28.0 4.9 9.2 13.4 28.2 3.3 9.0 48.1 80.1 18.4 10.7
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Fig. 48 Water temperature across the study period (2021 January - April)

Relative Humidity (%)

Fig. 49 Relative humidity across the study period (2021 January - April)
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Session E^3 Day E^ZJ Night Pool Type l~^l Modified Fy~l Natural

Fig. 50 Variation in EC levels (A) monthly diurnal pattern; (B) across pools

160 200 220 240

Total Dissolved Soilds (ppm)

Fig. 51 Relationship between EC and TDS

111



Fig. 52 Variations and relationships in water temperature measurements obtained with different 
approaches, indicated through (A) correlation plots and (B) paired boxplots.
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Fig. 53 Water depth profiles across (A) seasons (B) pool types and (C) individual pools averaged 

across months
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Fig. 54 Water velocity profiles across (A) seasons (B) pool types and (C) individual pools averaged 
across months
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Fig. 55 Substrate profiles of pools across (A) seasons and (B) individual pools averaged across 
months
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Fig. 56 Cover item profiles of pools across (A) pool types and (B) individual pools averaged across 
months

Pool

Pool Type [Oj Modified

Fig. 57 2D PCA plot showing various habitat and environmental variables shaping natural and 
modified pool habitats based on (A) pool types, (B) individual pools

Pool Name
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Fig. 58 Size-class distribution of tadpoles across months based on the Total Length (TL), dashed lines 
indicate the mean value of total length for all individuals.

Fig. 59 Total Length variation across months
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Pool Type

Fig. 60 Total Length variation across pool type and seasons. Error bars indicating 95% confidence 
intervals.
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Fig. 62 Variation in mean proportional tadpole count in natural (green segments) and modified (grey 
segments) pools across sampling sets (sampling set number as subtitles; transition from January to 
April)

Session $ Day $ Ni9ht

Fig. 63 Seasonal and diurnal variation in mean tadpole density of pool types averaged across 

sampling sessions

117



M2 M3 N1 N2 N3

>30
'</>
c
<u

Pool Name

Session Day Night

Fig. 64 Seasonal and diurnal variation in mean tadpole density of major pools averaged across 
sampling sessions
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Fig. 65 Correlation matrix of all variables related to original tadpole density, assessed for 
multicollinearity.

Water Temperature Tadpole Density

Fig. 66 Scatter plot and a Cleveland dot plot indicating the nature of tadpole density measurements, 
showing high number of zeros and absence of outliers.
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QQ plot residuals

Expected

Fig. 67 Diagnostic plot for the selected model indicating

o

0.0 0.2 0.4 0.6 0.8 1.0

Ma e>R^,'dualvs- Pred’cted
No significant problems detected

Model predictions (rank transformed)

compliance with the assumptions.

Table 10 Details of the selected model with incidence ratios of predictor variables, related confidence 
intervals and significance values. Bold values indicate <0.05 significance level. Significance codes: *p < 
0.05; **p <0.01; ***p < 0.001. Marginal R2 / Conditional R2 = 0.22710.386 (Nakagawa's R2). N^^ 
492, Npoois-6, Overdispersion parameter for nbinom2 family=3. Abbreviations: Water Temperature (Wt), 
Cover Item Richness (Cr), Mean Velocity (Mv), Leaf Litter Depth (Ld), Mean DO Level (Do), 
Modification - Check Dam (Md), Mean Canopy Cover Percentage (Cc), Night (Nt), Winter (Wr).

AIC BIC logLik deviance df.resid

2936.5 3012.1 -1450.2 2900.5 474

Random Effects (Conditional model):

Groups Name Variance SD Correlation

Pool (Intercept) 0.2235 0.4728

Winter 0.1144 0.3382 -0.25
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Fixed Effects (Conditional model):

(Intercept)

Ld ~

1 Estimate

10.532827

-4.229383

SE ~

2.249771

2.124087

1 z value

1 4.682

I -1.991

| Pr(>|z|)

I 2.84e-06 ***

1 Mv

Cc ~~~

Wt

-17.240882

-0.085098

-0.592370

3.425054

0.025729

0.169432 I

1 -5.034

-3.307

-3.496 j

0.139 j

1 0.046464 *

1 4.81e-07 ***

0.000941 ***

I 0.000472 ***

0.889580 ;

Md 0.075149 0.541281 |

1 Nt j' 0.296361
0.122043 | 2.428 j 0.015169 * j

| Cr 1 -0.078890 |
0.037418 | -2.108 1 0.035002 * J

Cc:Wt j 0.006689 1
0.001955 | 3.421 0.000625 *** j

Md:Nt J -0.479558 ! 0.163816 T-2.927 T
0.003418 ** |

Zero-inflation model:

Estimate SE z value Pr(>|z|)

(Intercept) -0.4160 0.1686 -2.467 0.01361 *

Nt -1.1743 0.2788 -4.212 2.53e-05 ***

Wr 1.5776 0.3019 5.226 1.73e-07 ***

Nt:Wr -1.2698 0.4562 -2.783 0.00538 **
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A

Fig. 69 Predicted tadpole density along the mean canopy cover percentage ranges in modified and 
natural pools during day and night time (95% Cl).
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NOTES

parison of Instruments: Even though measurements from all instruments were 

Posmvety correlated to each other, degree of reiatedness varied across, strongest 

relationship was between (A) Psychrometer and Thermometer (1=0.8030357. t(64)= io.78, 

P= 5.028e-16), followed by (B) Psychrometer and automatic sensor (r=0.7423503, t(45) J 

7.4325, p= 2.338e-09), and (C) Thermometer and automatic sensor (r=0.6817682, t(44) = 

6.1817, p- 1.824e-07) (Fig. S5). All sets showed significant differences between the 

instrument measurements (A: V= 1804.5. p= 4.968e-08,; B: V= 1081. p= 3.593e-09; C: v= 

977.5, p= 1.431e-08).

2. Putative Species Designation Based on Literature Summary: Considering the 

literature summary (Table 14) and excluding Raj, 2015 (which is not matching with others), a 

preliminary classification of tadpoles was done for further analysis.

Table 11 Synthesis of LTRF from literature; staging in Gosner (1960)

Species Name LTRF Stage Reference

Nanorana vicina

4(3-4)/3(l) 25
Gill et al., 

(2020 a &b)
5(3-5)/3(l) 36

5(3-5)/3(l), 5(2-5)/3(l) or 6(3-6)/3(l) 41

5(3-5)/3(l) 35 Sircar (2010)

6(4)/3(l) -

Raj (2015)
Nanorana minica 5(4)/3(l) •

N. minica “Rana (Paa)

tuberculata"
6-7(5)/3(l)

“Hind

limb"
Ray, P. (1999)

I designated the three putative groups as (i) Nanorana vicina - 5(x)/3(l); (ii) Nanorana minica 

- 6(x)/3(l); (iii) Unidentified - 4(x)/3(l).

123



Developmental stages areZnh gZ SoTsaZ’ “6 "* secfcn- 
stage. Values are in 95% confidence inteJls ' ' edparentheses near

Putative

Group

Stage BL TL TaL% TMH TMW MTH IND IOD MBW ODD VTL

Nanorana

minica

25(1) 17.2 57.9 70.3 7 5.7 12.2 3.5 5.9 ' 9.6
5.4 3.3

27(4) 14.3

±3.8

46.6

±14

69.2 ± 1.8 5.2 ±

2.5

4.2 ±

L3

9.4 ±

3.1

3.2 ±

0.9

4.9 ±

1.4

8.5 ± 2.6 4.3 ±

1.4

2.7 ±

0.8

28 (18) 14.4

±0.8

46.8

+

3.3

69.1 ± 1.1 5.4 ±

0.6

4.3 ±

0.5

9.3 ±

0.6

3.3 ±

0.2

4.9 ±

0.2

8.4 ± 0.7 4.6 ±

0.3

2.7 ±

0.2

29(1) 14.9 51.8 71.3 5.2 4.8 9-7 • 2.8 5 i 8.8
5.2 {

3.4

30(1) 16 58.3 72.5 5.5 4 9.1 j 3.4 5.4 7.9 5.3 j 3.9

Nanorana

vicina

25(7) 9.3 ±

1.2

29.3

±

4.1

68.4 ± 1.2 2.8 ±

0.6

2.1 ±

0.3

5.4 ± j

0.6 |

2±

0.3 ‘

2.9 ±

0.6

5.1 ±0.5 2.5 ±

0.3 1

1.6 ±

0.4

26 (1) 9.6 30.1 68.1 2.6 2.3 6 i 2-6 3.6 5.7 3 1.8

27(2) 10.4

±3.8

33.3

±

18.7

68.7 ± 6.2 3.1 ±0 2.4 ±

5.6

6.1 ±

3.2

2.4 ±

1.9

3.4 ±

2.9

5.7 ± 3.6 2.9 ± j

1.2

1.6*1

28(3) 12.6

±7.6

43.2 

±

30.4

70.5 ± 3.1 4.8 ±

5.3

3.8 ±

4.2

7.8 ±

6.8

3.2 ±

1.9

4.5 ±

3.2

7.2 ± 5.6
3.9 ± 1

2.2

2.5 ±3

35(1) 13.6 43.7 68.8 3.3 2.6 6.6 3.3
1 4.8 7 4.3 1.8

36 (1) 16.9 50.9 66.7 4.4 4.5 7.3 2.9 4.2 7.8 4.3 1.9

Unidentif­

ied

25(9) 7.4 ±

0.6

23 ±

1.6

67.7 ± 1.2 2.1 ±

0.4

1.6 ±

0.2

4.4 ±

0.4

1.5 ±

0.3

2.1 ±

0.3

1 4.2 ±0.4 2.2 ±

0.2

1 1.2 ±

0.2
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s jxxr(sq-m) across m°nths- v*es95% ~
Month Session N Mean ± Cl Min. Max. SD

January
Day 31 1±1.4 0 20 3.7

Night 29 25.1 ± 11.3 0 92 29.7

February
Day 59 6.3 ± 3.5 0 60 13.3

Night 63 19.2 ±4.5 0 64 17.7

March
Day 78 14 ±5.1 0 104 22.8

Night 78 15.7 ±3.5 0 56 15.5

April
Day 77 14.3 ±3.7 0 56 16.1

Night 77 15 ± 2.7 0 52 12.1
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