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Animals face several challenges in their natural environment, and to cope with such conditions, they may exhibit contrasting
physiological responses that directly affect their overall well-being and survival. In this study, we assessed physiological
responses via faecal glucocorticoid metabolite (fGCM) measurements in free-ranging mugger crocodiles inhabiting diverse
habitats in Gujarat, India. We sampled muggers within Charotar, a rural area (Zone A) with local people having high tolerance
towards the presence of muggers, and Vadodara, a region having both urban (Zone B) and rural (Zone C) areas with high
levels of human—-mugger conflict (HMC). Further, muggers in Vadodara live in water bodies that are mostly polluted due
to sewage disposal from adjoining chemical industries. To measure fGCM (mean + SEM, ng/g dry faeces) levels in muggers,
scats were collected during both breeding (N =107 scats) and non-breeding (N =22 scats) seasons from all three zones.
We used captive muggers (a focal enclosure) to biologically validate (via capture and restraint) the selected fGCM assay
(11-oxoetiocholanolone assay). We showed a significant (P < 0.05) 11-fold increase in fGCM levels between pre-capture
(540.9 £ 149.2, N = 11) and post-capture (6259.7 + 1150.5, N = 11) samples. The validated assay was applied to free-ranging
muggers during the breeding season, and Zone A showed significantly (P < 0.05) lower fGCM levels (542.03 & 71.3) compared
to muggers of Zone B (1699.9 + 180.8) and Zone C (1806.4 + 243.2), both zones having high levels of HMC with polluted water
bodies. A similar contrast in fGCM levels was also observed during the non-breeding season. Overall, the study demonstrated
that fGCM levels in muggers varied across habitats, and such variation could be due to a multitude of ecological factors that
the species experience in theirimmediate local environment. Moreover, high fGCM levels in muggers of Vadodara during both
breeding and non-breeding seasons may indicate a condition of chronic stress, which could be maladaptive for the species.

Key words: Conflict, faecal glucocorticoid metabolite, muggers, rural, urban

Abbreviations: CV, coefficients of variation; EIA, enzyme immunoassay; fGCM, faecal glucocorticoid metabolite; GC, glucocorticoid;
GCM, glucocorticoid metabolite; HMC, human—mugger conflict; LME, linear mixed effect; OD, optical density

Editor: Rebecca Cramp

Received 29 November 2023; Revised 3 May 2024; Editorial Decision 7 May 2024; Accepted 8 May 2024

Cite as: Desai B, Bhowmik T, Srinivasan R, Whitaker N, Ghosal R (2024) Monitoring the stress physiology of free-ranging mugger crocodiles
(Crocodylus palustris) across diverse habitats within Central Gujarat, India. Conserv Physiol 12(1): coae035; doi:10.1093/conphys/coae035.

© The Author(s) 2024. Published by Oxford University Press and the Society for Experimental Biology. .
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/
by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.

Gz0z Alenuer g uo Jasn AlsiaAlun peqepawyy Aq #20889//SE09.09/1/Z | /8lo1e/sAyduoo/woo dnoolwepeose)/:sdily woly papeojumoq


https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0002-2295-453X

Research article

Introduction

In today’s world, with a high rate of globalization and
exponential growth in the human population, most wildlife
species, including crocodiles, face diverse sets of threats
endangering their survival in the native environment.
Crocodilians are large reptilian species and are globally
distributed in both freshwater and marine water habitats.
According to the International Union for Conservation of
Nature (IUCN) Red List, there are 23 extant species of
crocodiles, of which 7 are ‘critically endangered’, 4 are
‘vulnerable’ and 12 are of ‘least concern’ (Choudhury and De
Silva, 2013; Vashistha er al., 2020). Some significant threats
that most crocodile species face include habitat degradation,
pollution, poaching and trafficking (Somaweera et al., 2019).
Several crocodilian species also experience a high degree of
conflict with adjoining human settlements, particularly with
regard to getting access to water bodies (Fukuda ez al., 2014;
Corvera et al., 2017; Garcia-Grajales and Buenrostro-Silva,
2019; Khan et al., 2020). For example, a study on saltwater
crocodiles (Crocodylus porosus) reported 665 attacks on
humans across the entire Indonesian archipelago between
2010 and 2019, of which 47% were lethal and 53% were
non-lethal (Henkanaththegedara ez al., 2023). The frequency
and severity of the attacks were positively correlated with
human activities, as local people depend upon the adjoining
water bodies for daily chores, including bathing, defecation,
fishing, swimming and commuting on boats, thus coming
into close contact with the large reptiles. Since crocodiles are
ectothermic animals, they also need open basking lands to
regulate body temperature (Grigg and Gans, 1993), which
places them in direct conflict with human activities on lands,
as well (Vyas and Vasava, 2019; Oommen, 2021). Moreover,
conflict incidents usually reach a peak during the breeding
season, as crocodiles are ‘hole-nesters’, having on-shore
dens with extensive guarding, and parents actively defend
the nests and the hatchlings (Henkanaththegedara et al.,
2023). Globally, such conflict situation between humans and
crocodiles is quite common (Wallace et al., 2011; Fukuda
et al., 2014; Brien et al., 2017; Brackhane et al., 2018; Das
and Jana, 2018; Uluwaduge et al., 2018; Garcia-Grajales
and Buenrostro-Silva, 2019; Khan et al., 2020). However, a
contrasting situation exists in a few crocodile habitats, where
local people peacefully coexist with significant populations
of large reptiles (Van Der Ploeg er al., 2011). Such high
tolerance of the locals towards the crocodiles is primarily
because of the representation and importance of the species
in traditional folklore and due to the religious beliefs of the
locals considering crocodiles as vehicles or companions of
‘Gods’ (Pooley, 2016; Cavalier et al., 2022).

Apart from experiencing contrasting attitudes of the locals,
crocodiles also face several other challenges in their natural
environments. For instance, habitat fragmentation caused
by infrastructure development, like the building of railway
tracks, highways and electric lines, has adversely affected
the movement of several crocodilian species (Aresco, 2005;
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Pethiyagoda er al., 2015; Vyas and Vasava, 2019), resulting in
fatalities due to collision and electrocution. Further, the Nile
crocodile (Crocodylus niloticus) populations in Zimbabwe
faced a severe threat due to habitat deterioration, as most
freshwater habitats were taken up for agricultural purposes
and were polluted due to industrial discharge. The species
also suffered a high harvest rate due to the meat and skin
trade. Further, Nile crocodiles also faced intense conflict with
humans, resulting in multiple fatalities, and this prompted
people to kill crocodiles out of rage, further threatening the
population status of the species (Utete, 2021). Water pollution
has also significantly impacted several crocodilian species by
deteriorating the quality of habitats (Maphanga ez al., 2022;
Thirion et al., 2022). For example, the accumulation of pesti-
cides and organophosphates (used to combat malaria) in Lake
St Lucia, South Africa, impacted the health of Nile crocodiles
(Humphries ef al., 2021), and the discharge of heavy metals
like mercury in high concentration in several water systems
of southeastern Mexico had a significant impact on the
well-being of the Morlet’s crocodiles (Crocodylus moreletii)
(Buenfil-Rojas et al., 2022). Studies on species belonging
to the Alligatoridae (alligator and caiman) family (Guillette
Jr et al., 1996; Tavalieri et al., 2021) have demonstrated
that pollutants act as endocrine disruptors, impacting the
natural reproductive function of the organisms. However, to
our knowledge, no systematic study has been conducted on
species belonging to the Crocodylidae family to understand
how these pollutants may impact the physiology of the apex
predators, which warrants further investigations.

Mugger crocodile is a freshwater crocodilian species that
lives in diverse habitats, ranging from semi-arid deserts to
ponds and lakes in villages/rural areas to irrigation canals
and sewage drains in urban cities (Desai ef al., 2022), and
it is spread in ~50 small pockets within India and the sub-
continent (Mobaraki ez al., 2021). Muggers are ‘vulnerable’
according to the ITUCN Red List and are provided legal
protection under Schedule I of the Wildlife Protection Act
of India (1972). On a global scale, mugger crocodiles rank
third in the human—crocodile conflict, following the saltwater
and Nile crocodiles (Sideleau and Britton, 2013). India saw
a fivefold increase in human-mugger conflict (HMC) inci-
dences over the last two decades, from 57 incidents in 2001-
2010 to 338 reported incidents in 2011-2020 (Mobaraki
et al., 2021). One such HMC hotspot within India is the
Vadodara region, which has a large population of muggers,
particularly in the Vishwamitri River (Vyas, 2018; Bhowmik
and Bhatt, 2023). Vadodara is a mix of urban and rural
zones (panchayat.gujarat.gov.in), supporting a large number of
migrant workers (Desai, 2017), and is characterized by the
presence of several chemical industries that lie mostly within
the urban areas (Magadum et al., 2017; Bhangaonkar and
Patel, 2019) (Fig. 1). Most rivers within Vadodara support
a significant population of muggers (Magadum er al., 2017;
Vyas, 2018; Bhangaonkar and Patel, 2019; Pagdand, 2019;
Meena et al., 2023; Vyas, 2023), but these riverine habitats
within the urban zones greatly suffer from sewage pollution
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Figure 1: Map representing study sites in central Gujarat, India, was created using Quantum Geographic Information System (Version 3.28.1)
mapping software and Google map plugins: Plate 1 represents India, showing the state of Gujarat, which is highlighted; Plate 2 represents
Charotar (with green border) and Vadodara (with red border) regions within the state of Gujarat; Plate 3 represents zones A, B and C within the
Charotar and Vadodara regions, the sampling sites within the three zones and the locations of chemical industries within a 5 km radius of each
of the sampling sites; Plates 4, 5 and 6 represent closer view (Zoom: 16 x) of Zones A, B and C, respectively, through the open street map plugin
in Q-GIS. The map shows no chemical industry in Zone A, and 49 chemical industries are located in Zone Band 1 in Zone C.

from neighbouring industries (Kumar and Goel, 2014; Swain
et al., 2022; Yadav and Yadav, 2023). Further, most of the
locals in the rural areas of Vadodara heavily depend on the
rivers for daily chores, including the collection of potable
water (Vyas, 2013).

Contrastingly, 45 km away from Vadodara is the Charotar
region (including both Kheda and Anand districts, Makwana,
2017; Patel et al., 2020), which is primarily a rural area
(panchayat.gujarat.gov.in) with a large proportion of agricul-
tural lands (Voluntary Nature Conservancy, 2022) and no
industries (Fig. 1). The Charotar locals, for generations, have
maintained a coexistence with free-ranging muggers and pre-
served the cultural significance of the mugger crocodile as
the sacred vehicle, ‘Vahan/vahana’, of ‘Goddess Khodiyar’
(Voluntary Nature Conservancy, 2017, 2018, 2019, 2020,
2021, 2022; Pooley, 2022). As per the survey conducted
by the Voluntary Nature Conservancy in 2021, the mugger
crocodile population in the Charotar region is spread across
multiple ponds (Voluntary Nature Conservancy, 2022) and
experiences extremely low or no conflict. This is strikingly
different from the conflict situation in Vadodara, where peo-
ple have low tolerance towards muggers (Vyas and Stevenson,
2017), leading to high HMC. Of the 55 reported incidents in

2019-2023 from the entire state of Gujarat, 23 incidents (14
fatal and 9 non-fatal) took place in Vadodara, while Charotar
had only two reported incidents (one fatal and one non-fatal).
Both Charotar and Vadodara hold a significant population of
mugger crocodiles (Vyas and Stevenson, 2017). However, due
to the contrast in environmental (e.g. pollution due to sewage
disposal, high degree of urbanization), ecological (e.g. lentic
versus lotic habitats) and anthropogenic (e.g. the attitude of
the locals, high incidence of HMC, greater dependency of the
locals on water bodies) factors, muggers may exhibit varied
physiological responses across the habitats.

Physiological responses and the overall well-being of free-
ranging species have primarily been monitored via gluco-
corticoid metabolite (GCM) measurements. With high levels
of anthropogenic disturbances and large-scale deterioration
of habitats, most wildlife species experience varying levels
of physiological stress (Millspaugh and Washburn, 2004),
which is defined as the loss of homeostasis (Gaidica and
Dantzer, 2020). Elevated levels of glucocorticoids for an
extended period of time, chronic stress, have been shown to
be detrimental to a wide range of taxa and cause significant
negative impacts on the reproductive and immune systems
(Blanchard ez al., 1995) of species. Due to the detrimental
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effects of chronic stress, conservation biologists across the
globe use glucocorticoid measures to monitor the health and
well-being of wildlife species (Martin et al., 2018). Such
monitoring provides a detailed understanding of whether the
species is at risk under a given condition, and such findings
have direct implications for conservation and management
practices (Busch and Hayward, 2009). GCM can be measured
from various types of substrates, for example hair, fur, urine,
saliva and faeces (Cooke et al., 2013). However, due to
the ease of collection, faecal GCM (fGCM) measures have
become largely popular. {GCM levels have been measured
across diverse groups or taxa, including sungazer (Smaug
giganteus) (Scheun et al., 2021), southern pied babblers (Tur-
doides bicolor) (Moagi et al., 2021), southern yellow-billed
hornbill (Tockus leucomelas) (Bouwer et al., 2021), eastern
rock sengis (Elephantulus myurus) (Medger et al., 2021),
Indian leopards (Panthera pardus fusca) (Panchal et al.,2022),
roan antelope (Hippotragus equinus) (Kamgang et al., 2022),
African elephant (Loxodonta africana) (Parker et al., 2022)
and rhesus macaques (Macaca mulatta) (Higham et al., 2021),
and have been validated and standardized as biomarkers for
monitoring reproductive and immune functions of the species
under diverse environmental conditions. {GCM monitoring
allows for the assessment of both individual- and population-
level characteristics without the need for capturing or han-
dling animals, thus minimizing possible confounding effects
on stress physiology. However, f{GCM measurements can
often be ambiguous if proper validation, treatment controls
and systematic protocols are not followed, and interpretations
can be complicated, particularly for cross-species compar-
isons (Millspaugh and Washburn, 2004; Busch and Hay-
ward, 2009; Martin et al., 2018; Romero and Beattie, 2022).
Regardless of the challenges associated with f{GCM measures,
they have gained much popularity, primarily attributed to the
ease of sample collection under natural or wild conditions.
However, for the crocodilians, only two studies have been
done so far to measure f{GCM concentrations: one on Nile
crocodiles (Ganswindt et al., 2014) and the other on Cuban
crocodiles (Crocodylus rhombifer) (Augustine et al., 2020).
To the best of our knowledge, {GCM measurements have not
been conducted in muggers and, thus, need to be validated for
the species.

Biological validation of a suitable assay system is cru-
cial in order to evaluate the accuracy and reliability of the
measured levels of the metabolites excreted in the faeces of
a target species. Most species differ in steroid metabolism
pathways, which, to some extent, is also influenced by the
gut microflora. Thus, such differences cause these metabolites
to vary across species (Touma and Palme, 2005). Therefore,
biological validations become essential to ensure meaningful
results from fGCM analysis (Heistermann ez al., 2006). More-
over, biological validation is preferred over physiological one
as the latter requires invasive procedures, which are often
logistically difficult to conduct on free-ranging organisms
(Ganswindt et al., 2014). Given this background, we devel-
oped the following objectives for our study: (i) Biological
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validation and standardization of an assay system to measure
fGCM concentrations in mugger crocodiles, (ii) Application
of the validated assay to free-ranging muggers, and compare
and contrast f{GCM levels in two diverse habitats, Vadodara
(a mix of urban and rural habitats, mostly polluted due to
industrial discharge and experience a high level of HMC)
and Charotar (a rural agricultural and not an industrial area
with low HMC, having high tolerance of locals towards the
presence of muggers) regions within Gujarat in western part
of India. We compared and contrasted f{GCM data between
Vadodara and Charotar regions during both breeding and
non-breeding seasons of the muggers to assess if the levels
differed between the two populations, and whether such
variation was independent of the reproductive season of the
species. Overall, this study aims to generate welfare indices, in
terms of physiological readouts, for the free-ranging muggers
inhabiting diverse ecological and environmental conditions
within the tropical country of India.

Materials and methods

Several studies have shown that restraint and capture
can induce stress in most large vertebrates, activating the
hypothalamic—pituitary—adrenal axis and leading to the
secretion of glucocorticoids, indicative of stress (Mormede
et al., 2007). To biologically validate the suitability of a
hormone assay system, we chose an enzyme immunoassay
(EIA) targeting GCMs having 5B-3a-o0l-11-one structure (11-
oxoetiocholanolone EIA) (Palme and Mostl, 1997). The EIA
was validated and successfully applied to the Nile crocodiles
(Ganswindt et al., 2014), belonging to the same genus as
muggers. However, to validate the chosen assay for our target
species, the mugger crocodiles, we conducted a study on
a captive population of muggers in an enclosure housing
20 females and two males at the Madras Crocodile Bank
Trust (MCBT) in Chennai, India. As a part of the annual
medical checkup, we captured the muggers using a fish net to
pull them out of the water and then secured them manually
with ropes. Additionally, their snouts were taped, and gunny
bags were placed over their head to prevent any potential
damage to the eyes while being handled during the capture
(Ebedes et al., 2002). Each individual was restrained for ~15-
20 minutes to assess health conditions by the veterinarian. All
the muggers were housed in the same enclosure both before
(pre-capture phase) and after (post-capture phase) the capture
process. All the scats, found on the land, were collected
from the enclosure 15 days before capture (N =11 scats) and
15 days after capture (N =11 scats). We considered day 0 to
be the day of capture and plotted the fGCM concentrations
for 1-5 days (N =3 scats), 6-10 days (N =3 scats) and 11—
15 days (N =35 scats) before capture. We followed a similar
interval for the post-capture phase. However, there were no
scats present on land for the 1-5 day period, whereas the
6-10 day and 11-15 day periods had a sample size of four
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Figure 2: Levels of fGCM (mean =+ SEM, ng/g dry faeces) in captive
muggers during the biological validation study. Different alphabets
represent significant differences (P < 0.05).

and seven scats, respectively (Fig. 2). Since the enclosure had
a large proportion of females when compared to males,
the measured fGCM levels (both during pre and post-
capture) might not reflect an equal representation of both
the sexes.

We collected scats from free-ranging mugger crocodiles across
multiple sites within Charotar and Vadodara regions of
Gujarat, India. The sampled sites (N=13) were broadly
classified into three different zones: A, B and C. Zone A
(N =5 sampling sites; Fig. 1) within Charotar, is a rural area,
predominantly agricultural region with no industries and
with local people having a high tolerance towards coexisting
muggers, which mostly live in ponds or lakes and face low or
no incidents of HMC (Voluntary Nature Conservancy, 2022).
Zone B (N =4 sampling sites; Fig. 1), an urban belt within
Vadodara with high HMC (Vyas and Stevenson, 2017) and
having several chemical industries disposing sewage in the
rivers (e.g. the Vishwamitri river) (Bhangaonkar and Patel,
2017; Magadum et al., 2017) that are predominantly mugger
habitats (Vyas, 2013; Bhangaonkar and Patel, 2019). Zone
C (N =4 sampling sites; Fig. 1), a rural part within Vadodara
having mainly agricultural lands and a low number of
industries with high dependency of local people on adjoining
rivers (e.g. the Vishwamitri river) that hold a significant
mugger population (Vyas, 2013) (Fig. 1), and thus, having
high HMC. Vishwamitri river cuts across both zones B
(upstream sites) and C (downstream sites) (Fig. 1) and is a
predominant mugger habitat.

For scat collection, each site was visited on multiple days
over a period of 1 month during both breeding and non-
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breeding seasons. Re-visits were done typically after a gap of
2-5 days for a given site within a particular zone. Thus,
pseudoreplication that is sampling the same individuals
over time (across different calendar dates) for a particular
site within a given zone could not be avoided during our
study. Scats, found on land, were collected between 06:00
and10:00 h. for each site. Care was taken to avoid any close
encounter with the large reptile. Fresh scats were collected
in ziplock bags, and parameters like moisture content, smell
and evidence of recent activity, e.g. fresh tracks, were used as
a criterion to determine the freshness of the scat (Augustine
et al.,2020). Once a scat was sampled, the remaining portion
was discarded to avoid confusion during the subsequent
sampling round. Each scat sample was labelled, including
the time of collection, location and date. Scats were stored in
a cooler with ice packs at the field site and were moved to a
freezer, maintaining —20°C within 5 hours of collection. All
the samples were stored at —20°C until analysis. Muggers
across the three zones, A, B and C, breed mainly from
December to April (Whitaker and Whitaker, 1984). Thus,
scat samples for the breeding season were collected during
the month of December 2022; for the non-breeding data, we
collected scats in June 2023. A total of 107 samples were
collected during the breeding season (Zone A, N =35; Zone
B, N=34; Zone C, N=38), and 22 samples were collected
during the non-breeding season (Zone A, N=11; Zone B,
N=11). We could not collect any samples from Zone C
during the non-breeding month of June because the sampled
sites were flooded due to heavy rains. This was also the reason
for having an overall lower sample size for non-breeding data
on mugger crocodiles.

All the collected scat samples were dried in a hot air oven
at 80°C (Mostl et al., 2005; Palme, 2005). Following drying,
the scat samples were manually sieved and pulverized, and
the dried faecal powder was stored at room temperature
for further analysis (Panchal er al., 2022). For extraction,
0.1 g of the dry scat powder was mixed with 3 ml of
80% methanol, vortexed for 3 minutes and then centrifuged
at 1500 rpm for 10 minutes (Ganswindt er al, 2014;
Panchal er al., 2022). After centrifugation, 2-2.5 ml of
supernatant was collected and stored at —20°C for further
analysis. fGCMs were quantified using a hormone assay
targeting GCMs having 5B-3a-ol-11-one structure (11-
oxoetiocholanolone EIA) and were purchased from Dr
Rupert Palme (Department of Biomedical Sciences, University
of Veterinary Medicine, Vienna, Austria). This specific assay
was chosen to measure biologically relevant changes in the
fGCM levels of mugger crocodiles. 11-oxo etiocholanolone
was the target metabolite, and the assay used a standard curve
ranging from 2.04 to 500 pg per well (Palme and Mostl, 1997;
Mostl et al., 2002). The details of cross reactivity is as follows:
5B-androstane-3a-ol-11,17-dione, 100%; S5B-pregnane-3a-
0l-11,20-dione, 37%; SPB-androstane-3a,11B-diol-17-one,
3.3% and 5B-androstane-3,11,17-trione, 1.2%. All other
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Figure 3: Parallelism plots showing serial dilution curves of faecal
extracts for samples collected from free-ranging muggers, one from
Zone A and one from zone B, and the standard curve.

tested cross-reactions were below 1% (11-ketoandrosterone,
etiocholanolone, pregnanediol, tetrahydrocortisol, 58-dihydro-
cortisol, cortol  5B-pregnane-3a,118,17a,200,21-pentol,
5B-pregnane-3B-0l-11,20-dione and 5B-pregnanellp-diol-
20-one) (Palme and Mostl, 1997). The assay was performed
on anti-rabbit-IgG-coated (R2004, Sigma-Aldrich, USA)
microtiter plates. The lowest concentration detected by the
standard curve in terms of optical density (OD) values,
defined as sensitivity of the assay, was determined at 2.04 pg
per well. Concentrations below 2.04 pg per well resulted in
similar OD values, thus, indicating that the standard curve is
not sensitive to pick up changes in metabolite concentrations
beyond this threshold. Each sample had four technical
replicates, and we included two replicates in one single assay.
The ECsg value, which represents the half-maximal effective
concentration (mean £ SEM), was 55.2 + 8.3 (N =52 assays).
Intra- and inter-assay coefficients of variation (CV) were
6.12% and 15.61%, respectively, calculated based on per
well concentrations of a scat sample that served as an internal
control for every assay performed. We also calculated CV for
high (N=10) and low (N=10) f{GCM containing samples
using the measured OD values. The intra- and inter-assay
CV was 8.95% and 12.31%, respectively, for low f{GCM
samples. The intra- and inter-assay CV was 5.93% and
14.84%, respectively, for high f{GCM-containing samples.
Faecal extracts of two of the samples of the free-ranging
muggers, one from Zone A and another from Zone B, were
serially diluted and assayed to check for parallelism with the
standard curve (Fig. 3).
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The data were checked for normality using the Shapiro-Wilk
test and variance was assessed via the F-test. If normality
assumption was not met, the data were log-transformed. We
used a linear mixed effects (LMEs) model to account for
pseudoreplication as the same sites were visited over time
for sampling scats. To assess effects of season (breeding
and non-breeding) and zone (A, B, and C) on the {GCM
(log-transformed) values of mugger crocodiles, we used
the LME model (Bates et al. 2015) with the restricted
maximum likelihood method. Each site within a given zone
was repeatedly sampled for both the breeding and non-
breeding seasons. Each sample received an ID and those
collected on different dates but for the same site within
a given zone had the same ID. Thus, ID was used as a
random factor in the LME model. We did a parent LME
model (Modell:logfGCM~season+zone, random =~ 1[ID),
which was compared with two other models (Model
2:logfGCM~season and Model 3:logfGCM~zone). Model
comparisons (Model 1 versus Model 2 and Model 1 versus
Model 3) using ANOVA were conducted to arrive at the best-
fit model for the given data set. Apart from LME, post hoc
analyses were done to conduct pairwise comparisons. For
post hoc comparisons during the breeding season, one-way
ANOVA with post hoc Tukey’s test was applied using f{GCM
as dependent and zones and ID as independent variables.
For post hoc comparisons during the non-breeding season,
Welch’s two-sample #-test was conducted to compare f{GCM
between zones A and B. To further check the effect of ID on
the measured f{GCM levels, we also conducted a separate one-
way ANOVA including season (breeding and non-breeding),
zone (A, B and C) and ID as independent variables and the
measured fGCM levels (pooled across both breeding and
non-breeding seasons) as dependent variable.

Parallel displacement between the standard curve and
serial dilutions of the faecal extract was used to conduct
analytical validation of the fGCM assay for the mugger
crocodiles. The values within the linear range of the curve
were subjected to linear regression analysis (PRISM software,
version 9) using log concentration (pg/well) plotted against
percent antibody binding of the standard and the sample
dilution curves separately. The slopes of the regression
lines were compared using the F-value of the regression
analysis. All the statistical analyses were conducted using
R version 4.2.3 using ‘nlme’, and ‘ggplot2’ packages, and the
significance level was set at P < 0.05. All the reported data are
presented as mean + SEM and expressed as ng/g dry faeces.

Results

Slopes of the regression lines for the standard curve and
the serially diluted samples (Fig. 3) were not significantly
different (F=2.09, P=0.14). Thus, the assay confirms that
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it can be used for different free-ranging populations of the
muggers.

Biological validation results for the chosen assay showed
an approximately 11-fold increase (¢=7.84, P=8.126e—07,
df=15.72, Welch’s two-sample #-test) in fGCM levels
(mean+SEM) of captive muggers between pre-capture
(540.9+£149.2 ng/g dry faeces, N=11 samples collected

15 days before capture), and post-capture (6259.7 +1150.5 ng/g

dry faeces, N=11 samples collected till 15 days following
capture) phases (Fig. 2). Further, f{GCM levels during the pre-
capture phase were 650.7 £215.9 ng/g dry faeces (N =3) for
1-5 day period, 402.7 +264.6 ng/g dry faeces (N = 3) for 6
10 day period and 558.1+287.6 ng/g dry faeces (N =35) for
11-15 day period (Fig. 2). However, for post-capture phase,
fGCM values were 5205.9 +1904.11 ng/g dry faeces (N =4)
for 6-10 day period and 6861.8 £1504.9 ng/g dry faeces,
(N=7) for 11-15 day period (Fig. 2). No scats were found
during the 1-5 day period of the post-capture phase.

The overall concentration of f{GCM was 1412.7 +114.1 ng/g
dry faeces (mean=+SEM, n=129) for free-ranging mug-
gers, pooled for both breeding and non-breeding seasons
across all three zones. Comparison of the LME Model 1
(fgecm~season+zone) with that of the Model 2 (fgecm~season)
showed significant (P < 0.05) differences (Table 1), however,
with that of Model 3 (fgcm~zone) did not show any
significant (P > 0.05) differences. Thus, season was excluded
as a fixed effect and Model 3 was selected as the final LME
model (Table 1), which showed a significant impact of zones
on the measured f{GCM levels. For pairwise comparisons, one-
way ANOVA showed a significant (P < 0.05) effect of zones
on the measured f{GCM levels during the breeding season
(Table 2), where Zone A (542.03 £71.3) was significantly
(P <0.05, post hoc Tukey’s test) different from Zone B
(1699.9+180.8) and Zone C (1806.4+243.2) (Fig. 4).
However, no significant (P > 0.05, post hoc Tukey test)
differences were observed in fGCM levels between zones
B and C during the breeding season of the muggers (Fig. 4).
For the non-breeding season data, significant (P < 0.00072,
t=—4.2441 Welch’s two sample z-test) differences were
observed between Zone A (747.84288.8) and Zone B
(2600.5 £465.9) (Fig. 4).

The one-way ANOVA conducted using ID as a fixed effect
showed significant (P <0.05) impact of only zones on the
measured f{GCM levels, and no significant (P > 0.05) results
were obtained for seasons and ID (Table 3).

Discussion

The study biologically validated an assay targeting GCMs
having 5B-3a-ol-11-one structure (11-oxoetiocholanolone
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Figure 4: fGCM concentrations (mean + SEM, ng/g dry faeces) of
free-ranging mugger crocodiles during breeding and non-breeding
seasons across the three zones, A, B and C. Different alphabets and
asterisks indicate significant differences (P < 0.05) across or between
zones for breeding and non-breeding seasons, respectively.

EIA) (Palme and Mostl, 1997) for mugger crocodiles by
showing a significant difference (11-fold) in fGCM levels
between the pre- and post-capture phases of the captive
muggers. The study also demonstrated that fGCM levels
were significantly different between Charotar (Zone A) and
Vadodara (Zones B and C), and the pattern was similar during
both the breeding and non-breeding seasons of the mugger
crocodiles. During the breeding season, Zone A in Charotar
showed a significantly lower level of {GCM compared to
fGCM concentrations in zones B and C, both occurring in
Vadodara. A similar contrast was maintained during the
non-breeding season, where Zone A in Charotar again had
significantly lower fGCM concentrations than Zone B in
Vadodara. Thus, muggers in Vadodara had high fGCM levels
during both breeding (sampled during December 2022) and
non-breeding (sampled during June 2023) seasons, possibly
indicating a state of chronic stress.

Capture stress is a popular method to biologically validate
fGCM measures in a species and has been applied to a range
of different organisms, for example, lace monitors (Varanus
varius) (Scheelings and Jessop, 2011), stump-tailed macaques
(Macaca arctoides) (Pineda-Galindo ef al., 2017), Eurasian
red squirrels (Sciurus vulgaris) (Dantzer et al., 2016), yellow-
bellied marmots (Marmota flaviventris) (Smith et al., 2012),
polar bears (Ursus maritimus) (Hein et al., 2020) and African
penguins (Spheniscus demersus) (Driscoll et al., 2023). With
regard to experimental logistics, biological validation, either
via capture and restraint (Smith et al., 2012), physical injury
(Cope et al., 2022) or disease (Laver et al., 2012) and dis-
tress (Hein et al., 2020), has become a chosen method to
standardize an EIA targeting GCMs. This is mainly because
the alternative method, which is performing an adrenocor-
ticotropic hormone stimulation test (ACTH challenge test)
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Table 1: Results of LME model and comparison of models using ANOVA
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(Laver et al., 2012; Terwissen et al., 2013; Ganswindt et al.,
2014) to validate EIAs, requires injecting synthetic ACTH
products into an organism and is thus logistically challenging
to perform when compared to biological validation tests. As
a part of this study and the previous study by Ganswindt
et al. (2014), the same 11-oxoetiocholanolone EIA has now
been validated for Nile and mugger crocodile species, both
belonging to the same genus. In our study, {GCM levels
(pre-capture, 540.9 +149.2 ng/g dry faeces) measured in the
captive mugger crocodiles were similar to the levels (pre-
challenge test, 690 100 ng/g dry faecal powder) measured
in farm-raised Nile crocodiles (Ganswindt et al., 2014), and
both studies used the same EIA. Although our study may
have included repeat sampling from the same individuals
over time (due to a lack of focal individual identification),
the application of a single validated EIA will facilitate gen-
erating robust cross-species comparisons, including global
populations of the two crocodile species living under var-
ied conditions (Martin, 2008; Mobaraki et al., 2021; Desai
et al., 2022). Such a comparative approach will serve as a
great asset, contributing to the field of wildlife endocrinology
(Ghosal et al., 2023).

Our study revealed that the captive (pre-capture) mugger
crocodiles at MCBT had similar levels of {GCM as the free-
ranging muggers in Charotar (Zone A). Contrastingly, {GCM
levels of muggers in Vadodara (zones B and C) were four
times higher compared to both the captive (pre-capture) and
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Charotar populations. A study on yellow-bellied marmots
(Smith et al.,2012) demonstrated that f{GCM levels in the free-
ranging population were 68% higher than in the captive pop-
ulation. This suggests that free-ranging marmots experience
a more challenging environment in the presence of predators
and face high levels of inter-individual competition for limited
resources, compared to well-fed captive marmots (Smith ez al.,
2012). This contrasts with our findings on captive mugger
crocodiles and the free-ranging muggers in Charotar, both
of which had similar fGCM levels. The studbook record of
MCBT showed that the captive muggers included in our
study are healthy, as determined during the annual medical
checkups by the zoo veterinarian, and the crocodiles have
been breeding successfully (in terms of viable eggs) for the
past two decades (Whitaker and Whitaker, 1984; Desai et al.,
2022). Thus, it can be speculated that muggers in Charotar
(a free-ranging natural condition) are facing less challenging
situations compared to muggers in Vadodara and are possi-
bly experiencing physiological conditions similar to those of
the captive muggers at MCBT. In contrast, Vadodara mug-
gers have significantly high fGCM levels, which could either
represent a compromised, maladaptive condition (Angelier,
2022; Forgione and Brady, 2022) or an adaptive physiological
response towards a highly challenging environment (Boon-
stra, 2013; Geffroy and Douhard, 2019).

Stress hormones or glucocorticoids (GCs) are released in
the body to mobilize energy to combat challenging conditions
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and are thus adaptive in nature. However, long-term mainte-
nance of elevated GC levels is detrimental to the fitness of
the organism and has severe consequences, including repro-
ductive failure and poor immune function (Schoech et al.,
1991; Blanchard ez al., 1995). Several studies, for example, by
Romero and Wikelski (2001), Clinchy et al. (2004), Kitaysky
et al. (2010) and Boonstra (2013), have argued against that
and claimed that chronic stress may not always be detrimental
(in terms of fitness) for an organism that lives under natu-
ral, free-ranging conditions. Natural conditions are far more
challenging in terms of both ecological and environmental
conditions compared to laboratory conditions or captivity.
However, most of the research demonstrating adverse effects
of long-term stress (chronic stress) has been associated with
laboratory findings (Rice et al., 2008; Elizalde ez al., 2010),
and several studies argue that such findings cannot be directly
translated to free-ranging conditions, as the animals in the
wild are exposed to a wide variety of stressors and their phys-
iological systems would have developed a range of adaptive
solutions to cope with such ecological and environmental
problems (Wingfield, 2013; Hawkins and Storey, 2020). Thus,
in this study, whether the high f{GCM levels in muggers of
Vadodara (zones B and C) indicate a potential maladaptive
condition of chronic stress or a physiological adaptation of
the population under a severely challenged condition or may
represent natural variations across populations warrants fur-
ther investigations. Future studies should include additional
well-being measures, for example behavioural measures to
determine basking patterns that maintain homeostasis (Rusch
and Angilletta Jr, 2017) or measures of nutritional health
in terms of thyroid hormone levels (Schaebs et al., 2016) to
investigate whether high f{GCM concentrations in Vadodara
muggers indicate a ‘stressful’ condition or an ‘ecophysiologi-
cal adaptation’ of the population.

The breeding phase in animals has often been associated
with high levels of GC when compared to non-breeding
phases, and this is mainly because courtship, mate choice and
mating are energetically expensive processes, and investing in
such processes is directly linked to the fitness of the organisms
(Romero, 2002; Balestri et al., 2014; Rudolph et al., 2020).
However, this does not seem to be the case for the mugger
crocodiles in our study. The contrast in f{GCM levels of
muggers between Charotar and Vadodara was similar during
both breeding and non-breeding seasons. Thus, it can be
speculated that the f{GCM responses of the sampled muggers
are mainly influenced by the local environment rather than
by the individuals’ biological (breeding or non-breeding)
state. Similar results have been obtained for several species
(Weingrill et al., 2004; Kitaysky et al., 2007), for example
the seabird, Common Murre (Uria aalge), which showed
that corticosterone secretion was strongly correlated with
environmental conditions, for example food abundance, and
did not show much association with the reproductive stage
of the birds (Kitaysky et al., 2007). We speculate that high
fGCM levels in muggers of Vadodara (Zone B) could be
due to a combination of different factors, including habitat
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degradation due to pollution (Magadum et al, 2017;
Bhangaonkar and Patel, 2019), a low tolerant attitude of
locals towards muggers and a high dependency on water
bodies leading to high HMC (Vyas and Stevenson, 2017) and
encroachment of habitats due to urbanization (Meena et al.,
2023). Although we did not measure the level of pollutants
in the water bodies in this study, the presence of a large
number of industries in Vadodara and the contaminants
measured in the Vishwamitri River (which is also our study
site, zones B and C) in recent studies by Magadum ez al.
(2017) and Bhangaonkar and Patel (2019) support the
speculation that fGCM levels in Vadodara muggers may
potentially be also influenced by the level of pollution in
their respective habitats. Moreover, the pollutants (Pb, Fe,
Hg, Cd, Ni, Cu, Mn, Zn) detected in the Vishwamitri River
(Magadum et al., 2017; Bhangaonkar and Patel, 2019) have
been shown in several studies to adversely impact the health
of a species. For example, studies on the southern toad (Bufo
terrestris), common carp (Labeo rohita) and white storks
(Ciconia ciconia) showed that the level of pollutants (Cd,
Cu, Pb, Zn) influenced f{GCM levels in the populations and,
in turn, reduced the survival and reproductive success of
the species (Baos et al., 2006; Busch and Hayward, 2009;
Sumera et al., 2018). Future research on muggers should
aim to investigate the reproductive biology (e.g. measuring
reproductive hormones, clutch size and eggshell thickness) of
the individuals living in such polluted sites, for example the
Vishwamitri River of Vadodara, to determine the effect of
contaminants on the overall fitness of the given population.

In a free-ranging population, it is difficult to investigate
a single cause behind the measured physiological responses,
high or low levels of f{GCM. However, inclusion of multiple
variables, for example habitat quality, measure of anthro-
pogenic disturbances, ethnographic measure of human atti-
tudes towards co-existing wildlife species, reproductive health
(in terms of behaviour, endocrine correlates, clutch size and
eggshell thickness), diet and social rank of individuals, will
facilitate robust correlations with the fGCM levels and pro-
vide significant insights in characterizing plausible explana-
tions for such responses (Martinez-Mota et al., 2016; Har-
rison et al., 2021). Besides these factors, as mentioned in
the studies by Busch and Hayward (2009) and Romero and
Beattie (2022), several other factors, for example temper-
ature, pathogen load and density of individuals, need to
be considered before developing informed strategies based
on fGCM measurements for conservation and management
of the target species (Dantzer ef al., 2014). In conclusion,
our study showed that physiological responses, in terms of
fGCM levels, varied across populations for a large freshwater
reptilian species. To the best of our knowledge, this is the
first study that has non-invasively monitored fGCM levels
in a free-ranging crocodilian species. The study highlights
the need for long-term future research to investigate whether
the heightened levels of f{GCM in Vadodara populations
represent chronic stress or an adaptive trait in the vulnerable
mugger species.
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