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SUMMARY

Anthropogenic pressure has lead to increasing fragmentation and disconnected 

tiger occupied forest patches all over Asia. Sanderson et al. 2006 outlined the future 

persistence of this species being dependent on conservation measures that are rooted in 

protecting “representative, redundant, and resilient” populations across the historical 

range over which it has evolved. Diverse habitats are likely to produce dissimilar 

ecological adaptations and dynamics. Hence for minimizing extinction risks, one is 

forced to adopt conservation strategies that focus not only on large tiger populations but 

the suite of unique adaptations of different populations. One such habitat, the 

mangroves, is exclusively represented by Sunderbans. It supports one of the largest tiger 

populations across India and Bangladesh. However, there is a lacuna of information on 

this tiger population due to its man-eating reputation and logistic difficulties of sampling 

in a mangrove ecosystem subjected to the vagaries of tide. In this thesis, I have 

attempted to test and evaluate different methods for estimating tiger and its prey 

population in Sunderbans that can be adopted as part of a monitoring programme.

Remote sampling cameras are currently used for studying many animal 

populations especially for species that are rare and/or elusive due to their morphology, 

habitat preference, behaviour or ecological aspects. Tigers with their unique individual 

markings are a prime example of how such data can be used to generate estimates of 

abundance and density that are critical for the species conservation and directing 

management actions. I applied the standard spatially explicit capture-recapture, tailored 

according to the local conditions to estimate tiger density in Sunderbans for three years.



Tiger densities were estimated at 4.08 (SE 1.51) in 2010, 5.81 (SE 1.24) in 2012 and 

3.15 (SE 0.88) tigers/100 km2 in 2014. The tiger abundance for my camera trapped study 

area generated through conventional mark-recapture was 11 (SE 2), 24 (SE 3) and 16 

(SE 3) tigers for 2010, 2012, 2014 respectively.

In species like African forest elephant, chimpanzee, orangutan, gorilla index 

based technique is used to generate animal density on the basis of sign (dung, nest) 

density. Information on sign deposition rate and sign decay rate are used to convert the 

sign density to animal density. I tested this method to see if tiger density in Sunderbans 

could be derived from sign densities. The sign in this case was considered to be the 

crossings (set of the pugmarks) deposited on the mud strips along the banks of islands, 

when they cross channels. This method has never been applied in tiger science before, 

and I felt would be a novel alternate to estimating density through camera trapping. The 

tiger density was estimated at 3.34 (SE 1.44) tigers per 100 sq. km. while the tiger 

abundance in the study area was estimated as 25.88 (SE 11.2) tigers.

Ungulates occupy a primary position in the diet of tigers and a monitoring 

protocol for tiger should inherently include a component of prey base estimation. I used 

boat trasect based distance sampling to generate density estimates for four years. I could 

only do so for spotted deer as Sunderbans has very low prey species richness and poor 

detectability of other prey species such as wild pig and rhesus macaque. The individual 

densities of spotted deer were 4.94 (SE 2.68) in 2011, 6.68 (SE 1.81) in 2012, 5.6 (SE 

1.48) in 2013,3.2 (SE 0.84) spotted deer per sq.km, in 2014.



One of the core activities of conservation biology is ecological monitoring. 

Monitoring data are used for identifying endangered species trend. Power analysis is a 

tool often used to test the efficacy of any method to detect changes in the population. I 

tested for power on the spatially explicit capture-recapture, conventional mark-recapture, 

sign based method and distance sampling to see if they had the ability to detect negative 

trend in tiger and its prey in Sunderbans when these exercises are conducted regularly. I 

specifically used the datasets generated in 2014 for this analysis. Spatially explicit 

capture-recapture had a power of 82% to detect a decline of 45% in the population, 

while conventional mark-recapture had a power of 83% to detect a decline of 30 percent 

in tiger population. The sign based method had the lowest power (79% to detect a 

decline of 60% in the tiger population). Distance sampling had a power of 80% to detect 

a decline of 35% in the spotted deer population.



CHAPTER I - INTRODUCTION

Large carnivores have the potential to trigger cascading effects on ecosystem 

structure and functioning (Ripple et al. 2014). Through multiple food-web pathways 

these carnivores shape the ecosystem by predation on herbivores and intraguild 

competition with meso-camivores (Ripple et al. 2013). They deliver ecosystem services 

indirectly, like increasing carbon storage, establishing native plant diversity, stabilising 

riparian systems, reducing disease prevalence and spill-over effects to agricultural 

livestock, through prey regulation (Terborgh et al. 2001, Packer et al. 2003, Beschta and 

Ripple 2012). Additionally, large carnivores gain prominence, due to their charismatic 

nature, providing direct economic benefits of tourism (Ripple et al. 2014). These large 

predators are characterised by their low population densities, low reproductive rates, and 

high energy requirements, and hence require extensive inviolate spaces for their survival 

(Cardillo et al. 2004). It is this juxtaposition of slow life-history traits and requirement of 

large areas that has placed carnivores at the vulnerable crossroads of human-animal 

conflict and persecution (Cardillo et al. 2004).

The global population of tigers (Panthera tigris tigris) has declined drastically, 

and has gone locally extinct at the extreme ends of its distribution in Asia (Tilson et al 

2004). Poaching for trade in tiger parts, reduction of prey base, and habitat 

fragmentation has forced this species to a few isolated populations (Dinerstem 1997). 

Tigers serve as the umbrella species for many tropical systems (Wikramanayake et al.

„ 1 forest Their cultural and socio-economic role2004) acting as the pulse of the changing forest.

, ot+rarted funding and wider conservation benefits as a flagship species moreover, has attracted tuno g
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(Walpole & Leader-Williams. 2002). Yet this species remains endangered with the 

global wild population fewer than 3500 individuals (Joshi et al. 2016).

Ungulates occupy a primary position in the diet of tigers (Karanth et al. 2004). 

They also perform important ecological services such as dispersal of seeds (Prasad et al. 

2006) and structuring of vegetation diversity (Adler et al. 2001). However, this group of 

mammals is under disproportionately high extinction risk due to commercial poaching 

and resource competition with domestic livestock especially in South-East Asia 

(Steinmetz et al 2010). This has led to large tracts of silent forests — intact yet empty 

forests due to locally extinct ungulate communities (Datta and Naniwadekar 2008). Such 

situations have obvious and serious implications for large carnivore conservation; as 

observed in case of tigers, in the absence of human-induced mortality, tiger 

disappearance is directly related to prey loss (Chapron et al 2008).

But, beyond such value associations of carnivores and their prey, ‘wildlife’ has 

an intrinsic right to exist independent of human notions of its worthiness or ‘use’ 

(Stevens et al. 1991).

In order to stall the perils threatening large carnivores like tigers and their prey 

base, implementation of monitoring strategies assumes a critical role (Marsh & Trenham 

2008). Monitoring is the gathering of information on certain state variables such as 

population size, biomass or species richness at regular temporal intervals on 

specific/certain populations, communities or ecosystems (these being the systems of 

interest) respectively (Yoccoz et al 2001). Monitoring can be undertaken with either 

scientific or management objectives in mind. Scientific objectives aim to understand the 

2



dynamics of the monitored system, while management objectives seek to use such 

information for taking informed management decisions (Yoccoz et al 2001). In the 

recent past, scientists, governments and NGOs have increasingly recognized that 

monitoring should be a central and operational part of all conservation activities, 

because if one cannot measure and assess the impact of the actions on biodiversity 

conservation, one can never adapt the practices or improve their effectiveness. Hence, 

monitoring is an essential tool for adaptively managing conservation actions as 

conditions change (Marsh & Trenham 2008). While conducting monitoring exercises, 

one should keep in mind the two sources of error which can bias the interpretation of 

changes in the state variable - detection error (acknowledging that not all animals are 

visible at all times) and spatial/survey error (errors associated with the inability to survey 

large areas in an unbiased manner) (Yoccoz et al. 2001).

As mentioned afore, monitoring exercise describes a population (system of 

interest) and helps in assessing factors that may influence the population over time. One 

of the principal state variables used in such projects is population size. Population size 

helps to identify the effects of management actions, such as, whether targeted actions 

have a positive or neutral effect on certain endangered species population or if such
>

actions are effective in controlling/decreasing populations of certain pest/invasive 

species (Williams et al. 2002). Emphasis on estimation of population size is also placed 

in studies on/of biological relationships that are sensitive to the number of individuals in 

a population such as density-dependent growth rates, prey-predator relationships, and 

models of competing populations (Williams et al. 2002). Population size can be 

3



described by both abundance, i.e., the number of individuals in a population occupying 

the same space at the same time, or by density where abundance is scaled by area. 

Density becomes especially useful when comparing different locations or across time 

(Caughley 1977).

Absolute abundance can be estimated broadly through two basic approaches. 

Census is the counting of all individuals or a complete count; however, such total counts 

are almost impossible to conduct on wild animal populations. An alternative method, 

sample survey, can further be categorised to two types — i. complete survey on sample 

units, where the unit represents a sample of the area/volume occupied by the population 

of interest, e.g., quadrat sampling or strip transect, and ii. incomplete counts on sample 

units which accommodate the probability of missing individuals in the unit, e.g., 

distance sampling, capture mark recapture, or removal methods (Williams et al. 2002).

For many species, direct counts may be impossible due to terrain complexity, 

rarity, nocturnal habits or time and money available for the survey. In such cases, animal 

signs such as footprints (pugmarks/hoofmarks), faecal deposits, nests/dens are used to 

estimate relative abundance or density, provided that such signs have a monotonic 

relationship with absolute abundance (Caughley 1977). Signs are also used occasionally 

to estimate absolute density relying on the availability of suitable correction factors 

(Schwarz & Seber 1999). However, since such applications often rely on a number of 

assumptions, some of which may be unsubstantiated, their usage remains controversial 

(e.g. Carbone et al. 2001, 2002; Jennelle et al. 2002). Nevertheless, indices (for relative 

or absolute abundance) remain a popular tool used to monitor populations (Nichols 
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2010, Jenks et al. 2011, Depraetere et al. 2012, Townsend et al. 2014, Cusack et al. 

2015, Kays et al. 2017, Palmer et al. 2018).

Hence, ‘why monitoring tiger and its prey is essential in Sunderbans?’ 

Sanderson et al. 2010 outlined an effective conservation strategy where the limited 

resources should be directed at protecting “representative, redundant, and resilient” 

populations across the historical range over which it has evolved. Such selective 

conservation action seeks to preserve diverse habitats that are likely to produce 

dissimilar ecological adaptations and dynamics (Dinerstein 1997). One such habitat, the 

mangroves, is exclusively represented by Sunderbans that supports one of the largest 

tiger populations across India and Bangladesh (Jhala et al. 2011). Sunderbans tigers 

differ in morphology from their geographically closest conspecifics (P. tigris tigris, 

Linnaeus and P. tigris corbetti, Mazak) (Barlow 2009) and represent, at the least, an 

Evolutionarily Significant Unit (Singh et al. 2015).

The ambit of conserving Sunderbans extends beyond its charismatic species. 

Sunderbans has the distinction of being the largest (10,263 km2) and most diverse 

mangrove forest in the world, spanning across India and Bangladesh (Chaudhuri and 

Choudhury 1994). These mangroves play a critical role in coastal ecology by buffering 

inlands from cyclones, stabilising sediments and aiding land maturation (Blasco et al. 

1996). This tiger habitat is also in close proximity to one of the densest (1437.4 

persons/km2, Qureshi et al. 2006) and poorest (Kanjilal et al. 2010) human populations, 

where many local communities derive a substantial portion of their livelihood from 
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harvesting forest products like fish, giant tiger shrimp (Penaeus monodon, Fabricius) 

and honey (Blair 1990; Rahman 2000; Islam and Wahab 2005).

However, Sunderbans faces a precarious future primarily due to rising sea levels, 

coastal squeeze (Loucks et al. 2010) and water pollution. Yet, rigorous scientific 

research on Sunderbans tigers and their prey base is scarce. This estuarine landscape is 

subjected to the daily vagaries of tides, where majority of the land gets inundated by 

brackish water twice daily, erasing animal pathways, forcing one to rethink established 

survey methods in a new light. This unique situation also inevitably leads to an increase 

in logistic cost and complexity. On top of that is the ever present threat of being killed 

by tigers, which makes any kind of field work a daunting task. The Sunderbans tiger is 

most known for its human killing. Human-tiger conflicts involving attack and killing by 

the tiger are more recurrent here than in any other tiger area of the world (Neumann- 

Denzau and Denzau 2010). Chakrabarti (1992) estimated that about 36 people were 

killed each year in the Indian Sunderbans. In the Bangladesh Sunderbans, Barlow et al. 

2013 estimated a mean of 22 human deaths per year. Ironically, the infamous “man- 

eating” tiger, the archetypal symbol of this mangrove forest has been responsible for the 

continual survival of Sunderbans forests by minimizing overexploitation of forest 

resources (Roy et al. 2015).

These factors have led to a paucity of information on the basic ecology and 

population abundance of tigers. Past efforts of estimating tiger abundance in this region 

have reported unreliable densities ranging from as high as 23.5 individuals/100 km 

(Barlow 2009) to as low as 0.7 individuals/100 km2 (SD 1.67) (Karanth and Nichols 
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2000) while the reserve management (West Bengal Forest Department) claimed 250 

tigers (a density of 20/100 km2) (Mukherjee 2005). These discrepancies may further be 

attributed to less reliable exercises based on untested assumptions, and have in turn 

impeded the assessment of management efficacy towards conserving this population.

Hence, it becomes imperative to test and evaluate different methods for 

estimating tiger and its prey population, and develop a protocol that has both the power 

of detecting changes and is logistically cost-effective. To address this exigency, my 

thesis proposed the following objectives-

1. Estimating tiger abundance

a. Estimation using camera trap based mark-recapture technique

Camera trap based mark-recapture (CTMR) (Karanth & Nichols 1998) 

estimation of tigers becomes particularly challenging in Sunderbans. This is due to the 

i) non-detectability of animal trails inside the forest, ii) restricted accessibility due to 

water channels, iii) inundation of land by the brackish water during high tides twice 

daily, and iv) risk of attack from tigers. Hence, I sought to test the feasibility of camera 

trapping in such a unique landscape by tailoring it to the local conditions.

b. Estimation from sign decay and deposition rates

I proposed a novel sign deposition-decay based abundance estimator in this study 

as a parallel method for estimating tiger abundance. This approach has never been 

applied for estimating carnivore populations before and the stochasticity of the study 

system made this experimental set-up open to both success and failure.

2. Developing a monitoring protocol for Sunderbans tiger
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I wanted to test the applicability of both of the above mentioned methods in 

terms of their precision and cost-benefit ratios. A number of complications arise from 

sign based technique. Consequently it is important to rigorously test the accuracy, bias 

and power of index based methods against the “true” population estimate before we can 

conclusively use them in monitoring. For Sunderbans, density generated from CTMR 

was used to assess the viability of sign generated estimates.

3. Developing a monitoring protocol for prey

In case of prey, I tested the applicability of distance sampling based boat 

transects to develop an effective monitoring tool for prey.
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CHAPTER II - STUDY AREA

The concept of ‘Tiger Conservation Landscape’ or TCL seeks to prioritise and 

allocate funds and logistics to those places which will provide the greatest ecological 

returns in terms of species survival (Dinerstein 1997). It shifts the focus from 

concentrating efforts on single undifferentiated tiger populations to ecologically distinct 

populations covering the range of adaptations occurring across the different habitats in 

which it has evolved (Sanderson et al. 2010). Sunderbans, a class I TCL is the only 

mangrove habitat in the global priority category which harbours tigers. As mentioned in 

the Chapter I, Sunderbans tigers are unique in their size, behavior and reputation. These 

mangrove forests are the largest in the world spanning across India and Bangladesh and 

hold immense ecological as well as economic values. Such a landscape warrants a 

detailed description of its distinctiveness. The following focuses on the Indian 

Sunderbans as the two parts (India and Bangladesh) differ substantially in the nature of 

conservation, management and the level of human exploitation (Gopal and Chauhan 

2006).

2.1 LOCATION

Sunderbans is the world’s largest contiguous halophytic mangrove habitat 

covering an area of 10,000 sq. km. approx shared between two political boundaries, with 

66% of the landscape in Bangladesh and 34% in India (Naskar & Mandal 1999). The 

Indian Sunderbans covers an area of 4,266.6 sq. km (Naskar & Guha Bakshi 1987) 

situated within 21°31* N - 22°30' N latitudes and 88°10’ E - 89°51' E longitudes in the 
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coastal district of South 24 Parganas, West Bengal.. The sea-land inter-phase comprises 

of about 55% forest land (2,300 sq. km area, Naskar & Guha Bakshi 1987) and 45% 

water (1,750 sq. km area, Naskar and Mandal 1999). The land area consists of 56 

forested islands.

2.2 GEOLOGY

The entire land mass of Sunderbans is of very recent origin. The Himalayan 

orogenesis, carriage of world’s largest sediment load to the sea by rivers Ganga and 

Brahmaputra and tectonic movement of the continental plates have built the unique 

geological characteristics of Sunderbans (Morgan and McIntire 1959, Milliman et al. 

1995). Neotectonic movements induced an easterly tilt in the Bengal Basin in the 12-15 th 

AD (Morgan and McIntire, 1959). In the 16th century, Ganga shifted its course eastward 

to join Brahmaputra (Snedaker 1991). These two combined rivers then further shifted 

their course to join river Meghna (Snedaker 1991). These constant shifts due to the 

tectonic movements leading to changing sedimentation patterns have greatly influenced 

the hydrology of Sunderbans (Gopal & Chauhan 2006). Sunderbans is shaped into 

hundreds of islands crisscrossed by a maze of tidal rivers, estuaries and creeks formed 

by the regular tidal action and the dominant geomorphic agent, the mangroves (Gopal & 

Chauhan 2006).

The mangrove ecology is highly influenced by the natural phenomena of tidal 

cycles (Thom 1967). A tidal cycle is defined as the time of one phase of the tide to the 

recurrence of the same phase (Nagelkerken 2009). There are two different tidal phases- 
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high tide and low tide. High tide is defined as a rising of the water level or the incoming 

tide whereas low tide is the fall of the water level i.e. ebb tide or outgoing tide. The point 

at which speed and direction of the water are at zero and the tide turns from one phase to 

another is known as slack water (Nagelkerken 2009). Sunderbans is subjected to 

semidiurnal tide where two tide cycles in a day, each of 12 hrs 25mins duration 

(Nagelkerken 2009). The tidal range changes with the lunar cycle. Tides are classified as 

spring or neap depending on the phase of the moon and to a lesser extent, the position of 

the sun. Spring tide occurs at new or full moon when the sun, earth and moon are 

collinear. At spring tides, the tidal ranges and water speed reach a maximum (Barnes- 

Svamey and Svamey 1999). The water level at slack high tide is extremely high while at 

the slack low tide is extremely low (Kvale 2006). Neap tides occur at the first and third 

quarter moon phases, when the sun, earth and moon are perpendicular to each other 

(Bames-Svarney and Svamey 1999). During neap tide, tidal ranges are significantly 

reduced and water speeds are much weaker (Kvale 2006). Most of the Indian 

Sunderbans is polyhaline (Gopal & Chauhan 2006).

2.3 CLIMATE

The climate is characterized by high temperature and high humidity (over 80%) 

throughout the year (Gopal & Chauhan 2006). There are three distinct seasons in 

Sunderbans viz., summer extending from March to June, monsoon from July to October 

and winter from November to February. The mean maximum and minimum 

temperatures are 29°C (June-July) and 20°C (December-January), respectively. The 

11



annual rainfall is as much as 2,790 mm on the outer coast, and 1,650-1,800 mm in the 

central and northern areas. Thunderstorms known as nor’westers or Kalbaisakhi are 

common during April and can often be accompanied by tidal waves as high as 7.5m 

(Seidensticker & Hai 1983).

2.4 BIODIVERSITY

2.4.1 Floristic diversity

The vegetation of this region is influenced by several factors like salinity levels, 

soil composition and structure, silt deposition rates and rates of humus formation. 

Interestingly, the Sunderbans supports fewer species than other mangrove areas in India 

and Southeast Asia. This area is home to around 35 true mangrove species and 117 

other halophytic mangrove associates (Qureshi et al. 2006). Altogether, about 350 

vascular plant species belonging to 254 genera are found here (Chakrabarti 1980). The 

Sunderbans forests are classified under the sub-group 4B Tidal Swamp forests with sub­

divisions of Mangrove type (4B/TS1 and 4B/TS2), Salt water type mixed forest 

(4B/TS4), Brackish type (4B/TS4), AND Palm swamp type (4B/E1) (Champion and 

Seth 1968). Dominant tree species include Avicennia alba (Piara Baen), A. marina (Kala 

Baen), Aegiceras carniculatum (Khalsi), Bruguiera sexangula (Kankra), Ceriops 

decandra (Goran), Exocoecaria agallocha (Genwa), Nypa fruticans (Golpata), Phoenix 

paludosa (Rental), Rhizophora apiculata (Goijan), Sonneratia apetala (Keora), 

Xylocarpus granatum (Dhundul) and Xylocarpus mekongensis (Pashur). Besides these, 

there are many species of climbers, grasses and herbs as well.
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2.4.2 Faunal diversity

The tiger is an integral part of Sunderbans. This area attracts publicity largely for 

the claimed highest number of tigers in the world along with a high prevalence of man- 

eaters amongst them. While the former claim is under scientific deliberation, the latter 

remains a mystery. Mangrove habitats are amongst the most productive ecosystems, 

however, most of the productivity is confined to aquatic systems with terrestrial species 

being low in numbers. Thus, the ability of this region to sustain large mammals is 

restricted. The main prey of tiger in the region comprises of chital (Axis axis), wild pig 

(Sus scrofa) and Rhesus macaque (Macaca mulatto) and lesser adjutant stork 

(Leptoptilos javanicus) (Khan 2004). Other purported native fauna of the region which 

included Javan rhinoceros (Rhinoceros sondaicus), swamp deer (Rucervus duvaucelii), 

water buffalo (Bubalus bubalis), gaur (Bos frontalis), hog deer (Axis porcinus) and 

marsh crocodile (Crocodilus palustris) are now extinct from this area (Chakrabarti 

1980). Estuarine crocodile (Crocodylus porosus), water monitor (Varanus salvator), 

northern river terrapin (Batagur baska), softshell turtle (Pelochelys bibroni), green sea 

turtle (Chelonia mydas), along with the Irrawaddy dolphin (Orcaella brevirostris) and 

Gangetic dolphin (Platanista gangetica gangetica) are some of the rare and endangered 

species found in Sunderbans. This landscape supports about 300 species of birds, 7 

species of amphibians, 59 species of reptiles, 165 species of fishes, 110 species of 

molluscs, 64 species of crabs (Working Plan of Sunderbans Tiger Reserve). Sunderbans 

is a very important nursery for many estuarine and coastal marine fishes. Crustaceans 

form the largest proportion of animal biomass (Hendrichs 1975).
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2.5 MANAGEMENT

In recognition of its ecological and cultural significance, Sunderbans has 

been recognized as a World Heritage Site and a biosphere reserve. It has further been 

brought under legal framework as a tiger reserve which encompasses a wildlife 

sanctuary, a national park and its buffer zone designated as a multiple use zone for 

regulated harvest of resources for meeting local needs. Sunderbans Tiger Reserve is 

further divided into 15 management sub-zones or ‘blocks’ which have further been 

divided into 70 ‘compartments’ (Working Plan of Sunderbans Tiger Reserve).

2.6 THREATS

The biggest peril to this landscape, given the comparatively lower risk of direct 

habitat destruction by humans, is the rising sea level due to climate change which 

threatens to submerge 96 % of the landmass (Loucks et al. 2010). This will not only lead 

to the loss of a unique landscape, but also increased tiger movement into the surrounding 

villages leading to escalated human-animal conflict. Additionally, Rahman et al 2011 

found that in the recent years the accretion rate has declined while, the erosion rate has 

been relatively high. A direct result of this is the loss of 170 km of coastal land in 37 

years (1973 to 2010).

Poaching of tigers and their prey are a major concern for tiger conservation 

globally, Sunderbans being no exception. Law enforcement is especially difficult in the 

Sunderbans due to its hostile habitat and porous borders. Smuggling of wildlife 

especially tiger parts and products becomes relatively easy.
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Another threat to this landscape is the usage of water channels inside this forest 

as conduit for commercial boat traffic. Over 200 vessels ply everyday through the Sela 

river and Passur river located in and near the Chandpai-Sarankhola range of Bangladesh 

Sunderbans respectively. This constant movement of boats can become potential barriers 

to dispersal between islands leading to fragmented and isolated tiger populations within 

Sunderbans. The 1320 MW coal based thermal power plant at Rampal and proposed 

exclusive economic zone in Mongla, a collaborative effort between India and 

Bangladesh, would only further exacerbate this problem.

Pollution is also one of the major threats to this landscape. The vessels plying 

inside Sunderbans often carry cargo like oil, fly-ash, cement, fertiliser etc. These vessels 

are veritable ‘mobile bombs’ as attested by the massive oil spillage in December 2014, 

when the ship Southern Star-7, ran aground and dumped 358,000 liters of Heavy Fuel 

Oil in the Sela river. Unfortunately this is not an isolated event, as ships before and after 

the incident had run aground and emptied their entire cargo in the highly sensitive 

mangrove system. Additionally, with Sunderbans located at the estuarine phase of 

Ganga, Brahmaputra and Meghna, it becomes a veritable catchment area for the garbage 

of entire northern India and major parts of Bangladesh.

I conducted my fieldwork in the West Range of the national park inside the 

Sunderbans Tiger reserve in 2010-2013. For 2014,1 extended my study area to include 

the Sajnekhali Range, the wildlife sanctuary of the Sunderbans Tiger Reserve. I was able 

to expand the area in 2014 due to greater logistic support in terms of fund and research
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personnel from the All India Tiger Monitoring Project 2014. The extent of the study area

is given in the Figure 2.1.

Figure 2.1 : Study area for 2010, 2012 and 2014 in Sunderbans
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CHAPTER III - APPLICATION OF CAMERA TRAP 
BASED MARK RECAPTURE FOR ABUNDANCE 

ESTIMATION OF TIGERS

3.1 INTRODUCTION

For many animals that are not easily detectable in the wild, either because of 

their morphology, habitat preference, behaviour or other ecological aspects, mark- 

capture-recapture is a suitable method for estimating their abundance (Sutherland 2006). 

This method entails that we capture individuals from the population that we wish to 

study, mark them, release them back; after allowing sufficient time for thorough mixing 

of the marked animals into the population, we again capture individuals in which some 

are marked and some unmarked, we again mark these new unmarked individuals and 

release all back into the population. This procedure then continues for multiple capture 

sessions or ‘occasions’ (Otis et al. 1978). The marks used to identify individuals should 

be unchanged throughout the study to preserve the history of captures (Otis et al. 1978). 

As the number of occasions increase, the number of unmarked or new individuals in 

each subsequent captures reduces till almost no new individuals are captured. Thus, in 

effect we have counted almost all the individuals in a population.

But this ‘almost total count’ census is possible only if we assume that the 

population is closed and every individual has an equal chance of being captured. Since, 

basic population estimation models were conceptually based on classical urn models 

(Feller 1950), we have to assume that there are no deaths, births i.e. no demographic 

change/closure and no emigration or immigration i.e. a population having geographic 
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barriers. However, no biological population is indefinitely closed, so such surveys are 

conducted over a short period of time during which such changes are negligible. Hence, 

effectively, we get to sample only part of the population or ‘Mt+i’ (i.e. the total number 

of uniquely marked individuals at Z+Jth time) within a given time ‘t’; each of the 

marked individual have a unique ‘capture history’ or encounter history, made up of a 

combination of finite Os (not captured) and Is (captured). We can then use this 

information of outcomes (summarised over all the individuals) to arrive at the total 

number of individuals (N) in a population by using a maximum likelihood framework 

(Otis et al. 1978). We assume that the particular set of histories occur due to an 

underlying detection or the ‘detection probability’ i.e. ‘p’ which is a function of a 

binomial or multinomial distribution; in the simplest case this ‘p’ is similar across 

animals and time. Practically, however, equal catchability is unlikely to be true for many 

wild animal populations. Some individuals may have a higher probability of being 

captured by virtue of their sex, age, proximity of home range to traps etc. Variation in 

catchability might also arise from differential trap response of the animals (trap-shy or 

trap happy) known as the ‘contagion of catchability’ (Otis et al. 1978) or varying 

methods of capture or varying weather conditions during the study period (Otis et al. 

1978). In fact, keeping these sources of variation in mind, various models that provide 

for unequal probabilities have been developed to estimate population abundance.

Coming back to the closure assumption, a number of tests for closure are 

available (Robson and Regier 1968, Pollock et al. 1974). However, most of the time, 

these tests fail as they implicitly assume equal catchability and unless there is a distinct 
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departure from closure in large samples (Otis et al. 1978). So, instead of using statistical 

tests, closure must largely be determined by an empirical biological reasoning. Lastly, 

for this methodology to succeed, no tag/mark should be lost as losses lead to 

overestimation of the abundance (Otis et al. 1978).

Marks can be artificially applied - metal bands (bats), colour bands (birds), ear 

tags (mammals), toe clip combinations (lizards), pen markings (invertebrates) or radio 

tags or they can be natural - stripe pattern of a tiger, or markings on fins of cetaceans 

(Lettink & Armstrong 2003). Historically, physical “traps” such as live traps, mist nets, 

pitfall traps have been widely used to sample animal populations (Royle et al. 2013). 

Advancement in technology has removed the need for such physical capture, enabling 

the study of many species that are otherwise difficult to capture/observe. Remotely 

operated cameras have been widely used for species that have unique pelage patterns 

such as tigers (Karanth 1995), ocelots (Leopardus pardalis\ Trolle and Kery 2003), 

leopards (Panthera pardus', Chapman and Balme et al. 2010), bobcat (Lynx rufus’, 

Alonso et al. 2015), common genets (Genetta genetta; Sarmento et al. 2009), jaguars 

(Panthera onca; Silver et al. 2004), snow leopards (Uncia uncia; Jackson et al. 2010) 

and many other cat species. Such “camera traps” have also been used for species that are 

less easy to uniquely identify individuals such as wolverines (Gulo gulo; Royle et al. 

2011), mountain lions (Puma concolor; Sollmann et al. 2013) and coyotes (Canis 

latrans; Kelly et al. 2008). Mark-recapture can also be used with DNA fingerprinted 

faeces from which individuals can be identified (Solberg et al. 2006, Prugh et al. 2005). 

Hair snares and scent sticks, giving individual DNA information, have been widely used 
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to study black bear (Ursus americanus; Gardner et al. 2010), grizzly bear (Ursus arctos; 

Mowat and Strobeck 2000), argali (Ovis ammon; Harris et al. 2010). Mark recapture 

using acoustic detectors, that can be used to indentify at individual level, have been used 

to study birds (Dawson and Efford 2009), bats, Blainville's beaked whale (Mesoplodon 

densirostris; Marques et al. 2009) and bottlenose dolphins (Tursiops truncates; 

Speakman et al. 2010). Search-encounter methods that employ manual searches of 

geographic sample units such as quadrats, transects or road or trail networks have been 

used in mark recapture studies of martens (Martes pennant; Thompson et al. 2012), lynx, 

coyotes, birds (Royle et al. 2013), box turtles (Hall et al. 1999), desert tortoises (Zylstra 

et al. 2010), lizards (Royle and Young 2008).

Remotely operated cameras can be used as an efficient tool for ‘capturing’ 

naturally marked individuals. Using a trip wire and a flash system, George Shiras was 

the first to design a contraption which let wild animals photograph themselves in the 

1890s (O'Connell et al. 2010). The first scientific attempt to record species presence 

using remote photography was carried out by Frank M. Chapman in Panama (O'Connell 

et al. 2010). The first successful attempt to use remote photography and population 

abundance estimation of tigers was conducted by Karanth in Nagarahole (Karanth 

1995). Advancements in photographic equipment have made it increasingly possible to 

use these remotely operated camera traps for addressing a wide range of questions. 

Camera trap based mark-recapture framework can be used to estimate population 

abundance and density for individually identifiable animals. This data can further be 

used for understanding spatio-temporal dynamics of populations (Karanth et al. 2006).
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For animals which can’t be individually identified, camera traps can be used to develop 

indices of relative abundance (Carbone et al. 2001). Camera traps can also be used in 

studies of community ecology to draw inferences about species richness (Nichols and 

Conroy 1996). Furthermore, camera trapping exercises can be used for management of 

rare and elusive species.

With easy availability and affordability, camera traps have become a mainstream 

tool in tiger conservation and understanding its ecology. Camera traps have been 

employed to estimate tiger population parameters almost throughout its range countries 

(O'Brien et al. 2003; Kawanishi & Sunquist 2004; Johnson et al. 2006; Simcharoen et al. 

2007; Lynam et al. 2009; Wang et al. 2009; O'Kelly et al. 2012; Karki et al. 2015), with 

the bulk of the studies occurring in India (Karanth 1995; Datta et al. 2008; Harihar et al. 

2009; Royle et al. 2009; Gopal et al. 2010; Sharma et al. 2010; Jhala et al. 2011; Kalle et 

al. 2011; Singh et al. 2013; Jhala et al. 2014; Sadhu et al. 2017). The only published 

study on tigers in Sunderbans by camera trap based mark-recapture framework was 

carried out by Karanth & Nichols (2000). However the statistical inferences made from 

this study were not robust due to factors discussed in the Discussion section (Section 

3.4).

In 2010 I conducted a pilot study on the applicability of camera trap based 

photographic capture recapture to estimate abundance of Sunderbans tigers. The study 

was carried out in an area of 270 km2 in West Range of Sunderbans Tiger Reserve. After 

a successful implementation of this exercise, the camera trapped area was enlarged in 

2012 to 518 km2 in the West Range. The exercise was, repeated iri'^OW'in the 518 km2 

Vid'S-



area of the West Range and in an additional area of 347 km2 in Sajnekhali Wildlife

Sanctuary (Figure 3.1).

Figure 3.1 : Camera trapped areas of 2010, 2012 and 2014

This chapter thus addresses the challenges and possible solutions for the camera 

trap based mark recapture exercise and ultimately estimation of the population size of 

tigers in Sunderbans.

3.2 METHODS

3.2.1 Field Methods

Camera trap placement largely determines the success of any study designed to 

estimate abundance as it affects the detection probability. Camera traps should be placed 

in a way such that they seek to maximise the detection of individuals (Otis et al. 1978). 

When traps are spaced too far apart, there is a greater chance of missing an individual 

completely, as the areas in between might be large enough to contain one individual’s
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home range (Karanth & Nichols 2000). On the other hand closer trap spacing does 

increase the probability of detecting individual animals; however it often reduces the 

sample area coverage, resulting in fewer individuals being available for sampling 

((Karanth & Nichols 2000) and also leads to logistic wastage. Hence, spacing of camera 

traps should be determined by habitat use and space usage of target species as well as 

logistic constraints. For tigers, typically, traps are set at about 2-10 km distance apart 

depending on the female home range as breeding females have the smallest home ranges 

(Smith 1993). This automatically ensures that transients as well as adult males have 

multiple traps operating in their movement paths/ranges. Barlow (2009) observed that 

the home ranges of the two females that they had collared in Bangladesh Sunderbans, 

between 2004 and 2006, were 12.3 km2 and 14.2 km2. However, these females were 

from a higher than average productive area, hence extrapolating these areas to be the 

average female home range sizes in Sunderbans would be misleading. Information on 

female home ranges in low to medium prey density areas is lacking. Areas like Royal 

Chitwan, Nepal and Nagarahole with high prey density have recorded female home 

range sizes to be about 16 km2 (Sunquist 1981) and 16.5 km2 (Karanth & Sunquist 

2000) respectively. Considering the lacuna of information, I could at best use these 

numbers to delineate the minimum inter-trap distances. Hence, in my camera trapping 

exercise, in the first two years, I ensured that the minimum distance between adjacent 

camera stations was 2 km while the maximum distance was 4 km, as dictated by the 

assumed home range radius of the females and logistic constraints. In 2014, due to 

greater logistic support from the All India Tiger Monitoring Programme, I had a more 
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extensive coverage following a cellular grid design. I overlaid a 5 sq. km. grid onto the 

study area and maximised camera trap locations by covering almost all (>80%) grids.

Tigers naturally occur at low densities and chances of encountering them are 

quite low. Therefore, in most places, camera traps are set on trails and paths that are 

most likely to be frequented by tigers, in order to maximise capture-recapture 

probabilities. However, it was not feasible to conduct extensive foot surveys due to the 

threat from tigers and lack of trails due to tidal effects in Sunderbans. Hence, I located 

trapping stations by boat in accessible areas with ample visibility to minimize chances of 

lethal encounters with tigers. I instead lured tigers to my camera stations with food 

(meat—2 to 5 kg) and fresh water as bait and a concoction of rotten eggs, fish and 

chicken liver as lure to maximise photo-capture rates. I also oriented tigers to approach 

baits using nets and cut vegetation so as to obtain both flank pictures for individual 

identification. Trapping stations comprised of two cameras, set at a height of 40-45 cm 

from the ground, facing each other across a maximum distance of 8 m to capture both 

flanks of the animal (Roy et al. 2015). I used passive infra-red Moultrie Game Spy D— 

40 Digital Game cameras (Moultrie Feeders, Alabama, USA) in 2010, 2012 and 2014 

and whiteflash Cuddeback Ambush - Model 1170, cameras (Cuddeback, Wisconsin, 

USA) in 2014 (Table 3.1).
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Table 3.1 : Sampling details of camera trapping exercise 2010-2014

Year Location Effective trapping 
area (in km2)

Number of camera 
traps Trap nights

2010 West Range 270 (SE range 
251-291)

11 407

2012 West Range 518 (SE range 
500-535)

29 1073

2014 West Range 518 (SE range 498-
537)

76 2763

Sajnekhali Range 347 (SE range 328-
366)

40 960

For the first two years, to minimize possibilities of damage to cameras and food 

rewards getting washed away, due to submergence during spring high tide, I deployed 

the entire trap set-ups for 9—10 neap tide days when the high tide water levels were low, 

and removed them for the next 4-5 spring tide days when water levels reached 

maximum height, continuing this cycle for a maximum of 55 days in both years. In 

2014, I built platforms 45-50 cm high, made of mud and leaves for the meat and the 

fresh water. I placed the cameras then accordingly 90-100 cm high from the ground 

facing the platforms. By ensuring that the tidal water wouldn’t touch the cameras or the 

baits and lures, I camera trapped continuously even during spring tides in 2014. I 

sampled for 32 days in West range while in Sajnekhali range the sampling was for 23 

days. I inspected the camera trap stations after every alternate day to ensure proper 

functioning of cameras and replenishing the baits to minimize spatiotemporal 

heterogeneity in tiger visitation among stations (Gerber et al. 2012).
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3.2.2 Analytical Methods

As mentioned earlier, one of the basic premises of population size estimation 

through mark-recapture is that the population remains constant in size and composition 

during the sampling period, i.e. a closed population. However, tiger populations have 

high mortality, recruitment and turnover rates (Karanth et al. 2006). To counteract these 

violations of closure, it has been suggested that trapping period for a closed population 

study of tigers can extend till a maximum of 45-60 days (O’Connell et al. 2010). I tested 

this specification by using the apparent annual survival rate of tigers (0.72) from one of 

the densest populations, i.e Corbett Tiger Reserve (Bisht et al. 2019). This annual 

survival rate can be converted to daily survival rate i.e. 0.68A( 1/365). [1 - (daily survival 

rate)A45-60 days] will then give the mortality and emigration rate (since this survival 

rate obtained in that study was through intensive camera trapping for 365 days and 

hence was confounded by both these processes) over 45-60 days which was estimated at 

0.04-0.05.1 believe that the 45-60 days requirement is justified in light of - a. it is never 

possible to ensure complete closure, however a 6% mortality is within tolerable limits 

and b. if the high density population of Corbett with lower survival is closed during the 

stipulated time, then the same should be applicable for low density population of 

Sunderbans. Hence, I can assume that the selection of 55 days of trap operation had not 

violated closure in terms of apparent mortality.

Selection of particular age class or cohort further minimise closure violation. I 

used photographs of individuals more than 1 year of age for analysis as younger animals 

rarely accompany mothers on foraging trips and are underrepresented in camera trap 
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studies (Karanth and Nichols 1998). They are also the most vulnerable cohort to 

mortality events in the short term. This way, I accounted for demographic closure. On 

the otherhand, a geographically closed area removes the uncertainty associated with 

inherent mobility of tigers (O’Connell et al. 2010). In most cases, however, since the 

trapping area is a sample of a larger area, from where animals move in and out, it 

becomes difficult to say which area is actually being trapped (Lettink & Armstrong 

2003). In such cases, post hoc analytical operations are conducted to address this 

violation of geographic closure. However, in my case, I was able to use the information 

from our four radiotagged individuals (one female and three males) with GPS PLUS 

Iridium satellite collars (VECTRONIC Aerospace GMbH, Berlin, Germany) beforehand 

to delineate the trapping area . I found that tigers rarely crossed channels greater than 1 

km width (Naha et al. 2016). Therefore, in all the three years of sampling, I chose 

trapping areas, that were bound on almost all sides by 1 km wide channels to minimise 

the uncertainty associated with immigration/emigration of individuals. The selected 

study areas were also representative of the various major habitat types found in 

Sunderbans that potentially influence tiger movement and usage (Naha et al. 2016).

For analytical purpose, the data obtained, is formatted in a standard “X matrix” 

(Otis et al. 1978). This format summarises the capture history of each individual by 

specifying whether the ith individual was encountered on the jth sampling occasion, 

consisting of a contiguous series of ‘l’s (animal was captured/recaptured) and ‘0’s, 

(animal was not recaptured) (Cooch et al. 2006). I identified individual tigers by their 
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stripe patterns and summarized their detection history across occasions into the X matrix 

where each discrete sampling occasion was defined as a 24-h period starting at 0000 hrs.

After obtaining the summarised capture history we then use a multinomial 

maximum likelihood technique to estimate the detection/capture probability or ‘p’ and 

ultimately the abundance or ‘N*. We try to find the value of p and N at which the 

likelihood of getting that particular X matrix (i.e. the various outcomes or combinations 

of Is and Os and the frequency of each of these outcomes) is maximised (Otis et al. 

1978). For computational ease, likelihood models are generally transformed to log 

likelihoods estimators. We can execute this exercise with two different approaches- a. 

full likelihood approach wherein missing individuals are also part of the maximum 

likelihood assumption (Otis et al. 1978) or, b. conditional likelihood approach wherein 

detection is entirely modelled on individuals detected at least once and missing 

individuals or rather N is a derived estimate (Huggins 1989). In either scenario, p can be 

modelled accordingly using different assumptions of variations in catchability. The most 

general model where capture probability varies across occasions, differential response to 

the traps and across individuals is the Mtbh model; however, this is more of a theoretical 

model as there are too many parameters to be estimated from too few sufficient statistics 

making it an unidentifiable model (Otis et al. 1978). On the other extreme, is the 

specialised Mo model, where capture probabilities are similar/equal across time, 

individuals and trap response (Otis et al. 1978). We can model capture probabilities on 

the assumption that animal’s initial capture probability changes in subsequent recaptures 

as a response to the traps. The model Mb is based on removal models and allows the trap 
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shy or the trap happy behaviour to be modelled out of the abundance estimation as a 

nuisance parameter and assumes all animals to have similar response to the traps (Otis et 

al. 1978). Model Mt allows captures probabilities to vary over time and this variation can 

either be due to different weather conditions (eg. stormy on one occasion and sunny on 

another which could possibly influence/limit animal movement) or due to usage of 

different types of traps. We also note that capture probabilities can vary across 

individuals due to factors like weight, gender, age, social hierarchy etc. Such 

heterogeneous detection can be modelled using Model Mh, in which, populations are 

assumed to comprise of latent mixtures or groups of individuals where detection remains 

the same within a group but differs across groups and these groupings can be attributed 

to some known or unknown variable (Norris and Pollock 1996). Lastly, the capture 

probabilities can be further modelled as a combination of these three sources of 

variation.

I formulated the variation in capture probabilities by considering models Mo, Mb, 

Mh and Mbh (where capture probabilities are influenced by both trap response and 

individual heterogeneity) since I believe our usage of baits and lures could have an 

effect on the response of tigers (viz. trap happy) and individual heterogeneity is inherent 

in any given population. Other models like Mt, Mth, Mtb (where capture probabilities are 

influenced by time, time and heterogeneity and time and trap response, respectively) 

were not postulated as similar camera traps were used and there was no marked 

difference in the daily weather/temperature conditions during the study period. I used 

both full likelihood as well as conditional likelihood estimators in program MARK v 6.2 
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(White and Bumham 1999) to estimate the population abundance within the trapped 

area. The primary difference between the two approaches is the inclusion and exclusion 

of the missing individuals (individuals with only Os in their capture histories) 

respectively. In conditional likelihood the missing individuals are removed by adjusting 

or conditioning the probabilities of each of the different outcomes (barring not captured 

even once) by dividing them by the probability of detecting an individual least once, i.e. 

[l-(l-pi)(l-p2)....(l-pt)]. In both the approaches, during computation the p’s or detection 

probabilities are transformed to betas or CB’ using a type of a link function as maximum 

likelihood operates best with unbound parameters and p is constrained and bound 

between 0 to 1. In full likelihood, the p is linked to B by a sine function while in 

conditional likelihood it is linked by a logit function. For full likelihood, the missing 

individuals or ‘fooo’ is also transformed to a beta through a log function to bind it 

between positive integers. A literature review of the theory of maximum likelihood 

based mark-recapture (Otis et al. 1978) shows that it was primarily designed for 

abundant species with each unique encounter history having multiple replicates. In my 

case with such low number of captured individuals, with each having mostly unique 

outcomes over such long number of occasions, such data intensive technique often failed 

to arrive at plausible estimates (Gerber at al. 2014) and lead to lack of convergence more 

often than not. The difference between the two (full likelihood and conditional 

likelihood) however is more from a technical statistical point of view. Hence I reported 

full likelihood estimates where possible and conditional likelihood estimates where the 

former failed.
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I had a low sample of photo-captured individual tigers (n=10) in 2010. I 

conjectured that since I had used the same methods in the same area in 2010 and 2012, 

the detection probability of tigers would likely be the same between the years. Hence, I 

computed the individual years’ estimates by combining and borrowing information on 

detection probability (Lebreton et al. 1992; Williams et al. 2002) from the two years, for 

greater robustness. I computed abundance estimates of 2014 separately. I selected the 

model with minimum Akaike Information Criteria corrected for sample size (AICc, 

Akaike 1974) for inference.

Mark-recapture studies can also be used to estimate absolute densities (D). In 

most studies, the trapping area is a sampled area that is representative of and contiguous 

with the larger area occupied by the population. However, in attempting to estimate this 

density, we realise the problem of identifying the area actually used by the trapped 

animals (Williams et al. 2002). Animals will inevitably be moving in and out of the 

camera trapped area, especially near the edges of our trapped area creating an “edge 

effect” (Williams et al. 2002). This makes it difficult to say what area is actually being 

trapped, and biases the density. Traditionally, a buffer strip is added around the polygon, 

formed by joining the outer edges of the traps (Otis et al. 1978). The sampled area is 

now known as the effective trapping area (ETA) and is assumed to include the marginal 

animals (O'Connell et al. 2010). Various methods have been used to calculate this buffer 

strip width namely one-half of mean maximum distance moved (Dice 1938), inter-trap 

distances (Burt 1943), mean movements among traps, maximum movements among 

traps (Hayne 1949), nested grids (Otis et al. 1978) and assessment lines (Smith et al.
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1971). However, most of these ad hoc methods are difficult to validate biologically as 

they neither acknowledge the importance of space in ecological processes nor do they 

account for the spatial biases induced by the sampling effort. Intuitively, if we increase 

our sampling area the abundance or N should also increase. However, in these non- 

spatial methods N remains constant no matter how much we increase or decrease the 

area as N is not linked to the landscape in any explicit manner (Royle at al. 2013).

Subsequently, Efford (2004) developed spatially explicit capture-recapture 

models (SECR) that consider the spatial nature of capture-recapture data alongside the 

temporal capture history in a maximum likelihood framework, thereby avoiding the use 

of ad hoc estimation of ETA. Herein, we use the information on spatial captures as well 

as the spatial layout of the traps along with a mask or a state space which delimits the 

maximum area from which animals will have non-negligible probability of being 

captured in the traps. We assume the “activity centres” of animals (or the theoretical 

centroid of an animal’s home range/space usage) are distributed in a spatial Poisson 

point process and are independent and identically distributed. The home range centre 

does not mean specifically the biological home range centre but rather the centroid of 

the area/space actively used by the animal during the study period. Hence, this technique 

applies for non-territorial species as well (Royle et al. 2013).

Assuming detection at the activity centre of an individual, Sj, to be ‘po’ (or go), 

we infer that as an animal moves away from the centre, the detection probability falls, 

hence one can define 6pij’ as the detection probability of an individual i at trap j, as a 

function of distance of the trap from the activity centre, ‘d’, go and the spatial scale of 
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detection (or till the distance detection is non-zero) ‘o’, related through different 

encounter models such as Gaussian, hazard, negative exponential etc. (Royle et al. 

2013). The outcome that we see in the form of number of detections of an individual at a 

trap, yjj, is a binomial or a Bernoulli function of K trapping occasions and pg detection 

probability at the trap. However, these activity centres are unobservable hence one has to 

treat them as latent variables and marginalise the conditional-on- Sj out of the overall yg- 

5 of all individuals. We can do so by considering each and every point in the mask as a 

probable activity centre for each individual (we assume Si to have a uniform prior 

distribution). We then calculate the likelihood of the encounter history of an individual 

given a particular probable activity centre and integrating over the entire collection of 

such probable activity centres (in effect the entire mask). We can simultaneously include 

the missed/uncaptured individuals in our likelihood estimation by considering their 

encounter history comprising of 0’s only and thereafter maximising likelihood for no 

(undetected individuals) and detection probability. Thus we can obtain a spatially 

explicit abundance estimate. We can marginalise the above likelihood further where we 

remove the N from our likelihood model. In this case we consider that the prior 

distribution of N is Poisson, dependent on the intensity (or density) of the activity 

centres in the state space and the area of the state space. Hence we can maximise this 

likelihood to arrive at the value of density directly (Borchers and Efford 2008). We must 

keep in mind that here, number of activity centre is synonymous with the number of 

individuals as each individual can have only one activity centre. So unlike the ad hoc 
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methods for estimating density, we see that SECR ties the detection process to the space 

usage of an animal.

Similar to the models in mark-recapture, here too one can model both go and o 

having effects of behaviour (overall response or trap specific response), heterogeneity, 

time or a combination of either of the three, wherein, such effects are modelled as a 

linear regression on the baseline detection probability of py. Lastly, by extension SECR 

models can be further used for studying spatial processes such as individual movement, 

resource selection, space usage, and population dynamics.

In my case, I used both the conventional ETA method for comparing with 

previous studies which had employed the same, conducted in Sunderbans and elsewhere, 

and the more robust SECR method to account for the inherent importance of space in 

movement of tigers as well as variability due to the observation process. To estimate the 

ETA, I added a buffer of 5.73 (SE 0.72) km (the average home range radius obtained 

from 95 % fixed kernel areas of four radiocollared tigers) around the minimum bounding 

polygon joining the outermost camera traps (Roy et al. 2015). Naha et al. (2016) 

demonstrated that channels wider than 1 km width were generally avoided by tigers, so I 

masked these channels out of the larger polygon. I estimated variability on ETA by 

buffering the minimal bounding polygon with buffers of standard errors added and 

subtracted to and from the home range radius, and subsequent removal of non-tiger 

habitat from the computation in Arc-GIS 9.3 (ESRI 2011).

I then estimated the conventional population density (D) as N/ETA. The 

variability in tiger density (Karanth and Nichols 1998) is typically computed by 
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combining the variability in population estimates with the variability in ETA by using 

the delta method (Seber 1973). However, this approach assumes a uniform buffer around 

the ETA and does not account for the associated patchiness in tiger habitat and non­

habitat. Therefore, I computed the potential variation in tiger density in a more 

geographically informed manner, wherein, the lower limit of tiger population was 

divided by the upper estimate of effective area (obtained from the GIS analysis) to 

estimate the lower limit of tiger density while the higher limit of tiger population was 

divided by the lower effective area to estimate the upper tiger density limit.

I implemented SECR analysis in the maximum likelihood framework using the 

seer package (Efford 2015) in program R v 3.1.3 (R Core Team 2015). I created two 

matrices that summarized the spatio-temporal detection history of individuals and the 

spatio-temporal layout of the traps. I used proximity detectors specifying a buffer of 18 

km. I used a habitat mask wherein, I removed areas separated from the trapping area by 

water channels > 1 km width. Similar to the abundance estimation, I estimated tiger 

density of 2010 and 2012 separately, while borrowing the information on go and a from 

both years. I estimated tiger density of 2014 separately. I modelled go as constant (null), 

influenced by behaviour (b, where capture and recapture probabilities for tigers differ), 

and with trap-specific behaviour (bk, where the capture and recapture at specific traps 

differ) and o as constant (null) or with two group heterogeneity (h2, differing in their 

movement patterns as two groups). The detection probability at a trap was modelled 

using a halfhormal distribution function. I then selected the model with minimum 

Akaike Information Criterion as the best model.
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3.3 RESULTS

My sampling efforts comprised of 37 occasions (in both 2010 and 2012) and 57 

in 2014. Number of unique tigers captured (Mt+i) was 10 in 2010, 22 in 2012 and 14 in 

West Range and 14 in Sajnekhali Range in 2014. Using the full likelihood estimators 

the, models in increasing order of AICc for 2010 and 2012 for West Range in program 

MARK are shown in Table 3.2.

______________________ Model_________________________________________ AIC values____________________
Mbh 772.80
Mh 773.79
Mb 807.04

_______________________ Mo________________________________ ____________ 820.05______________________  
Table 3.2: AICc values of models for population abundance through program MARK for 

the years 2010 and 2012 for West range.

while models in increasing order of AICc for 2014 for West Range in program MARK 

are shown in Table 3.3.

______________________ Model AIC values___________________ _ 
Mb_____________________ 341.28

Mbh 389.47
Mh 396.66

_______________________ Mo_____________________________________________ 398.33______________________  
Table 3.3 : AICc values of models for population abundance through program MARK 

for the year 2014 for West range.

and using the Huggins conditional likelihood estimators, the models in increasing order 

of AICc for 2014 for Sajnekhali Range in program MARK are shown in Table 3.4.

_____________________ Model_________________________________________ AIC values____________________ _
Mbh 272.05
Mo 273.19
Mb 274.68

___ Mh_____________________________________________ 274.68______________________ _ 
Table 3.4 : AICc values of models for population abundance through program MARK 

for the year 2014 for Sajnekhali range.

The combined effect of individual heterogeneity and behavioural response to traps 

(Mbh) model was the best in 2010 and 2012 while for 2014 behavioural response to 
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traps (Mb) model was the best for West Range. In case of Sajnekhali Range, even 

though the behavioural response to traps and 2 mixture heterogeneity (Mbh) model was 

selected as the best on the basis of AICc values, I chose the null (Mo) model as the 

preceding model could not converge. I feel that not only lack of convergence was the 

issue at hand but there were too many single captures for complex models like Mh or 

Mbh to work. Going by the principle of parsimony, Mo is perhaps the best model to fit

the current data.

Estimates of abundance (N) were 11 (SE 2) in 2010, 24 (SE 3) in 2012, 16 (SE 3) 

in West Range and 14 (SE 1) in Sajnekhali Range in 2014 (Table 3.5).

Table 3.5 : Abundance estimates of tigers from capture-mark-recapture analysis in 
MARK.

Parameter 2010 2012 2014
West Range

2014 
Sajnekhali 
Range

Mt+1 10 22 14 14
Recaptured individuals 6 18 14 12
Total number of camera 
stations

11 29 76 40

Best Model Mbh and Mh Mb Mo
Population estimate N 11 (SE 2) 24 (SE 3) 16 (SE 3) 14 (SEI)
Group probability (pj) 0.38 (SE 0.11)
Capture probability of 0.05 (SE 0.02) 0.05 (SE 0.03) 0.14 (SE 0.02)
group 1 (P1) 0.05 (SE 0.02)
Capture probability of 
group 2 (p2)
Recapture probability of

0.26 (SE 0.03)

0.19(SE 0.02)
group 1 (c,)
Recapture probability of 
group 2 (ci)

0.06 (SE 0.02)

The ETA was estimated at 270 (SE range 251-291) km2 for 2010 and 518 (SE 

range 500-535) km2 for 2012 that gave density estimates of 4.07 (SE range 3.09-5.17) 

and 4.63 (SE range 3.92-5.40) tigers/100 km2 for the 2 years respectively. In 2014, the 

ETA was estimated at 518 (SE range 498-537) km2 for West Range and 347 (SE range 
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328-366) km2 for Sajnekhali Range, giving density estimates of 3.1 (SE range 2.6-6.2) 

and 4 (SE range 3.8-5.5) tigers/100 km2 for the two ranges respectively.

In SECR, the model with go having trap-specific behavioural response and o 

best explained as 2-mixture heterogeneity was selected as the best model in 2010-2012 

(Table 3.6). Tiger densities estimated by these models were 4.08 (SE 1.51) in 2010 and 

5.81 (SE 1.24) tigers/100 km2 in 2012. For 2014, where I combined and allowed

borrowing of information on detection probability (Lebreton et al. 1992; Williams et al. 

2002) from the two ranges, for greater robustness, the best model of go having equal 

catchability and o 2-mixture heterogeneity was selected. This gave tiger density at 3.15

(SE 0.88) in West range while in Sajnekhali the density was 4.79 (SE 1.31).

Year Non-spatial 
estimates

Spatially 
explicit 
estimates

Minimum 
bounding 
polygon 
(km2)

Effective 
trapping 
area 
(km2)

Density 
[tigers/ 
100 km2
(SE)]

Best model Sigma (ct) in 
km (SE) 
and group 1 
probability 
(p,)(SE)

go (SE) Density 
[tigers/ 
100 km2
(SE)]

2010 104 270 (SE 4.07 (SE D (year), go oj = 2.56 0.026 4.08(1.51)
range range (bk), o (h2) (0.26); (0.01)
251-291) 3.09-5.17) <r2 = 6.74 

(1.20);
Pi =0.91
(0.06)

2012 372 518 (SE 4.63 (SE 5.81 (1.24)
range range
500-535) 3.92-5.40)

2014 420 (West 518(SE 3.1 (SE goG), a(h2) Gi= 1.89 0.04 3.15(0.88)
Range) range 

498-537)
range 2.6-
6.2)

(0.21)
ct2 = 4.24
(0.43)
Pi = 0.71
(0.10)

(0.007)
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188 347 (SE 4 (SE 4.79(1.31)
(Sajnekhali range range 3.8-

___________ Range)________ 328-366) 5.5)_________________________________________________________
Table 3.6 : Density estimates of tigers from non-spatial traditional capture-mark- 

recapture using home-range radius for computing ETA and Spatially explicit capture­
recapture models.

3.4 DISCUSSION

Karanth and Nichols (2000) carried out camera trapping based capture-recapture 

in a subset of this landscape, reporting average tiger density of 0.7 tigers/ 100 km (SD 

1.67). The major shortcoming of this study arose from large and varying distances 

between neighboring camera traps, creating sampling holes, wherein residing individuals 

would be completely missed. This violates a critical assumption of conventional capture­

recapture models that every individual should have non-zero probability of detection, 

and leads to negatively biased abundance estimate. Accuracy and precision of the study 

was further affected due to very low captures and no recaptures.

My study generated the first-ever reliable estimate of tiger abundance for the 

obscure yet ecologically significant Sunderbans using the established robust technique 

of mark-recapture. Sunderbans has a medium tiger density with densities varying from 3 

to 6 tigers per 100 sq. km. when compared to other tiger occupying forests (Jhala et al. 

2014). In conjunction with the estimates of Indian Sunderbans tiger population of 76 (62 

to 96) tigers and Bangladesh Sunderbans tiger population of 106 (83 to 130) (Jhala et al. 

2016), the entire Sunderbans landscape harbours 182 (145 to 226) tigers making this 

landscape one of the top 5 largest global populations of the species making it evident 

that this population is extremely important for the global recovery of the species.
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By repeating my camera trap exercise in the same area in subsequent years in a 

reasonably large and representative area of Sunderbans, I demonstrate that tiger density 

is much lower than that reported by Barlow (2009). With the use of (a) appropriate 

camera spacing which minimised the chances of missing resident tigers, (b) baits to lure 

and maximise tiger photo-captures, (c) selecting a suitable study area so as to ensure 

geographic closure and reduce the uncertainty associated with ETA, and (d) explicitly 

modelling for differential capture and recapture probabilities due to baits as well as 

accounting for spatial heterogeneity in my analysis, I was able to achieve and 

demonstrate the reliability of my estimates.

The rewards for camera visitation (food and water) were small compared to the 

tiger’s requirements and were replenished only after 2-3 days. Therefore, I believe that 

tiger movement, if at all altered, would be only at local scales. By modelling o, the 

movement parameter, and go, the detection probability in SECR, for spatial 

heterogeneity and behaviour effects, I effectively accounted for the use of attractants. 

Additionally, there may be reservations about whether individuals residing outside the 

study area may get attracted to the camera traps by the usage of baits, thereby 

temporarily inflating the density. In my study, chances of attracting individuals outside 

the survey area were minimised by overseeing that the buffer between the outermost 

traps and the effective trapping area was larger than the distance over which traps can be 

detected (du Preez et al. 2014). I also delimited the study area by hard boundaries on 

three sides and included the adjacent sanctuary area of 326 km2 in the north as model 

inference space for SECR and ETA in non spatial models in 2010-12, and in 2014, the 
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northern sanctuary was included in the trapping area and the entire trapping area was 

surrounded by wide (>1 km width) water channels on all sides. I am therefore quite 

certain that use of attractants did not inflate local tiger density. By considering a large 

habitat mask, I could also account for animals which might have had a small chance to 

move in from areas outside the trapping array. Gerber et al. (2012) and du Preez et al. 

(2014) have further shown that in territorial animals like the Malagasy civet {Fossa 

fossana) and the leopard {Panthera pardus}, even if the baits were to work at great 

distances, the species’ inherent territoriality would stop outsiders from frequenting the 

traps located in their territories. This same argument can be extended to the tigers as 

well, thereby forming a “biological” barrier (du Preez et al. 2014) against intruders 

from outside the trapped area.

SECR approach gave comparable results to the non-spatial estimate by 

traditional capture-mark-recapture analysis wherein GPS telemetry based home range 

radius of radiocollared tigers was used to buffer the camera bounding polygon. In fact, 

the paired two samples for mean t-test showed there was no significant difference (t(3)= 

0.012, p= 0.495) between the two methods of estimating densities. This similarity was 

primarily due to the geographical closure by large water channels thus ensuring minimal 

movement of individuals in and out of the study area.

Along with the advantages of this study, I believe it is important to also 

enunciate the flaws so as to improve such a study in the future. Perhaps the biggest 

challenge to this type of study is amount of personnel, finances involved. Due to the 

omnipresent threat of the tigers, I was forced to select camera trap stations at visible yet 
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random locations. Selection of such sites automatically meant I had to find a way to 

coax the tigers to my cameras which inherently lead to greater costs in terms of bait 

procurement and the logistics involved with frequent visitations. Further since the trap 

sites were not on trails, clearing of the vegetation in select patches took added time and 

effort. My study was also dictated by tidal conditions, where submergence by the 

incoming brackish water lead to irreparable damage to the cameras. Lastly as mentioned 

afore, mark-recapture method works best with abundant species. Mark recapture studies 

focused on tiger abundance estimation often suffer from sparse data which is due to a. 

low detection b. small number of individuals detected c. long survey duration and d. 

heterogeneous detection amongst individuals (Gerber et al. 2014). The likelihood based 

estimators are said to be good estimators having properties of consistency, normality, 

and efficiency. This however is applicable when the sample size is large (Otis et al. 

1978). In fact, White et al. (1982) mentioned that with small sampling occasions, if N is 

less than 100 and p is less than 0.3, a good capture-recapture study probably cannot be 

done and precision become especially problematic. Complex model fitting becomes 

statistically redundant with such poor information. Gerber et al. 2014 suggests that for 

such type of capture-recapture studies of low density population, one must strive to 

maximise the probability of detecting animals at least once and to redesign the study by 

trying to detect all or almost all of the population. Nevertheless, given the current 

available techniques available, mark-recapture is the ‘best of the worst’ in terms of 

generating reliable estimates for ecologically sensitive areas such as Sunderbans.
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The outcome of this study has broader implication for similar population 

estimation exercises for landscapes occupied by low to medium density carnivores. In 

most animals, movement and space use is usually density dependent. Low density areas 

report larger movement parameters which can then conversely affect detection of 

individuals at traps (Van Moorter et al. 2016). In low density areas mark recapture 

techniques can suffer due to the inherent low capture probability of such populations. In 

such a scenario increasing capture efforts in terms of increased number of traps (both 

intensively and extensively) and sampling period can boost the capture probability. Baits 

and lures should also be used to increase detection. Selection of trapping area must be 

such that atleast geographic closure can be ensured for most parts of the area; the choice 

should be driven by prior knowledge on animal movement and habitat usage patterns 

from auxiliary radiotelemetry data, if available. In general, spatial estimators of 

population size must be favoured over conventional mark-recapture estimators as the 

former takes into account the spatial process of animal distribution and sampling. A key 

point is to tailor standard techniques according to the local conditions without violating 

the core assumptions of the estimators.
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CHAPTER IV - APPLICATION OF SIGN DECAY AND 
DEPOSITION RATES FOR ABUNDANCE ESTIMATION 

OF TIGERS

4.1 INTRODUCTION

Caughley (1977) stated that an index of abundance is “any measurable 

correlative of density”. Indices carry information about the relative size of any 

population. In general, population indices, be it direct (capture or harvest indices) or 

indirect (singing count or dung piles), have a monotonic relationship with abundance 

and under the assumption of homogenous detectability, can provide information in 

change in size (Williams et al. 2001). To convert index or sign - abundance or density 

directly to population abundance or density, one needs to have information on — a. 

deposition rate i.e. the rate at which the selected index is produced and b. decay rate i.e. 

the rate at which the index decays (Laing et al. 2003).

This method of estimating animal abundance through sign density-deposition- 

decay is widely used for mammals such as forest elephant (Loxodonta cyclods', Barnes 

and Jensen 1987), sika deer (Cervus nippon; Marques et al. 2001), roe deer (Capreolus 

capreolus', Tsaparis et al. 2009), orangutan (Pongo pygmaeus', Mathewson et al. 2008), 

chimpanzee (Pan troglodytes', Plumtre and Reynold 1996), gorilla (Gorilla beringei 

beringei; Guschanski et al. 2009), duiker (Cephalophus spp.; Van Vliet et al. 2009), 

kudu (Tragelaphus strepsiceros’, Ellis and Bernard 2005) etc. which are rare, elusive or 

difficult to detect in closed habitats but leave signs such as dung or nest which are easier 

to survey (Laing et al. 2003).
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Taking the example of estimating forest elephants (Bames and Jensen 1987) - let 

us imagine a defined homogenous forest patch where there are no elephants and no 

elephant dung piles. Now a herd of ‘E’ elephants move in this patch and from day one, 

start eating and defecating. Let us say, ‘D’ dung pile is produced per elephant per day 

(hence the defecation rate or the deposition rate in this example), so after day one there 

should be ‘Y’ dung piles in the forest, which then goes on increasing linearly everyday. 

However, environmental factors (both biotic and abiotic) along with the gut microbiota 

will lead to decay of these dung piles. Let us consider that in a day, ‘r* percentage of 

dung piles decay (i.e. the decay rate). Assuming the decay rate is constant, the same 

percentage of dung will decay everyday. Further assuming a steady state in fecal 

dropping (i.e. same number of D dung piles are being added to the system everyday), 

after some days the number of dung piles decaying will rise to equal the number of dung 

piles being deposited daily. At this stage there is equilibrium, and there is a steady state 

where the number of dung remains constant everyday. Now we can simply convert the 

dung density to elephant density by E x D = Y x r. Therefore,

E = (Y x r) / D (Bames and Jensen 1987) (equation 1)

In most cases, when using this method for surveying animal abundance, distance 

sampling is used to estimate the density of dung/nests/pellets (i.e. signs) to account for 

imperfect detection of signs (Laing et al. 2003). The depositon rate is either obtained 

from observing wild animals (eg. Wing and Buss 1970, Kouakou et al. 2009, Rivero et 

al. 2004) or from the zoo (Marques et al. 2010). The decay rate is estimated from 
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observation in field and its variability can be accounted by including information on 

differing seasons, terrain and other relevant environmental factors.

The sign decay deposition ever since its conception has evolved over time. Kuehl 

et al. 2007 outlines three approaches that can be used to estimate animal densities using 

sign densities. The first approach, known as the retrospective decay rate entails that one 

locate freshly deposited signs during several regular spaced sampling periods preceding 

the “sign transect” survey; these signs are then revisited at the beginning of the transect 

survey to establish if they have decayed. As it addresses the inherent decay rate 

heterogeneity it bypasses the steady state assumption. But this in turn ultimately leads to 

poor precision. It is also plagued by poor precision as it does not take into account the 

spatial variation in decay rates. The second approach, i.e. the marked sign count, 

removes the decay parameter altogether. There are only two visits required- one in 

which one has to locate and mark all existing signs in a given transect detection zone 

and in the second visit, count all the new signs that have been deposited in the inter-visit 

interval. This method also allows for relaxation of the steady state assumption and 

estimates animal density as number of new signs/(detection zone area x length of inter­

visit interval x daily sign deposition rate). However this method is also fraught with poor 

precision as the recent signs (deposited between inter-visit interval) forms only a 

fraction of the standing stock of signs. The last approach, called the prospective decay 

rate, requires a second visit after the transect survey to estimate decay rate. This method 

has higher precision compared to the other two approaches but requires a steady state 

assumption.
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I decided to test if sign decay-depostion method could be used to estimate tiger 

density in Sunderbans. Sunderbans, lying at the interphase of land and sea, comprises of 

many islands crisscrossed by channels. A tiger’s home range covers multiple islands 

(Naha et al. 2016). In order to move from one island to another, it has to swim across 

channels and in the process ‘deposit’ signs on the mud banks of the channels. Since each 

tiger uses multiple islands, the signs on the mud banks must also be indicative of the 

relative abundance of tigers. As Sunderbans is subjected to semidiurnal tides daily, I 

expected these signs to ‘decay’ due by the tidal action on the mud banks. I defined signs 

as the crossings (set of the pugmarks) deposited on the muddy banks of islands, when 

they cross channels as represented in Figure 4.1.
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Illi IBM

Channel Crossing 1 
with 6 pugmark units

Channel Crossing 2 
with 5 pugmark units

Figure 4.1 : A representational diagram to illustrate the sign (channel crossing) 
defined for this study
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I used the retrospective decay rate as it relaxes the steady state assumption and I felt that 

the assumption of constant decay of signs was unrealistic. I sought to overcome the poor 

precision levels associated with retrospective decay rate by selecting multiple channels 

having varied natural characteristics to account for the spatial heterogeneity in decay 

rates. I considered the camera trap density to be the ‘control’ and compared with the 

same the density generated through signs. Camera trapping in Sundarban is a costly and 

dangerous (due to high chances of encountering the tiger inside the island) exercise. I 

wanted to test if this method, could work as a cheaper, less dangerous yet precise 

alternative as the fieldwork can be done in the safety of the boats.

4.2 METHODS

4.2.1 Field Methods

As I considered the ‘signs’ for this method to be pugmark sets deposited during 

channel crossing by tigers, I had to estimate both decay rates and deposition rates from 

my field data. The channel crossings are primarily decayed by the action of water, 

brought in by the tidal fluctuation. For estimating decay rates, I selected channels of 

varying widths in the same area where I conducted the camera trapping exercise (Table 

4.1).
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Transect ID Channel length in kins Number of crossings monitored till 
decay

Bhagoban Bharani 11.17 25
Storekhali 6.38 12
Moraboni 6.8 4
Lakhikhali 8.58 15

Khal opp Choramayadip 1.4 4
Nikarikhali 4.9 3

Choramayadip 8 1
Gubdi Khal 1 1

Khalsibani Khal 3.6 1
Table 4.1 Sampling details of the decay exercise

The channels selected had varying vegetation type, mudbank slope and varying

softeness/hardness of the bank, so that the decay rate could be estimated against all 

possible sources of decay of pugmarks. These channels were visited during low tide 

when the mudbank would be exposed thus allowing me to detect the signs. On the first 

day, selecting only one side (so as to reduce confusion of missing signs) I marked all the 

channel crossings across the entire length of the channel. I revisited the same channel on 

the second day, to ensure that I had not missed any signs. On marking all the ‘old signs’ 

(the ‘oldness’ does not typify the age of the pugmark rather it stands for all the 

pugmarks visible before the start of the decay survey), I had effectively “cleared the 

slate” to allow for new channels crossing signs to be deposited and monitored. Once the 

decay survey started, I would visit the channels every alternate day and mark any new 

signs which had been deposited. Hence, this way I could be sure that the channel 

crossing signs being used for decay estimation had a known deposition time period 

(maximum two days) from the beginning. Once a new channel crossing sign was found, 

I would record the number of pugmark units (individual pumark) it had and then revisit 

the sign every alternate day to record its stage of decay. Pugmark units were classified as 

‘1’ if the it was decipherable as a tiger sign, while they were noted as ‘0’ once they had 
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decayed where they would lose their distinct shape and could be easily confused for a 

crab hole. I monitored the entire set of units (hence one channel crossing) till all the 

units had decayed. The number of days to decay for each channel crossing varied from a 

minimum of two to maximum of 20 days.

In 2010, since I was still trying to understand the system, I had collected data in a 

qualitative manner which could not be used for any analytical purpose but helped me to 

standardize the method. In 2011 and 2012,1 used the above described method to record 

signs in a systematic, objective framework in the West Range.

For estimating the sign deposition rate I used the collared individuals’ movement 

data. Only three collared individuals were used as they were territorial individuals and I 

felt that their movement would be representative of other resident tigers.

In 2014, I conducted my sign survey designed specifically to record channel 

crossings on banks irrespective of their age, which would give me the information of 

number of ‘standing signs’. The survey was conducted both in the West and Sajnekhali 

Ranges. For this entire data collection, I tried to ensure that no signs were missed by 

being constantly vigilant as the boat moved at a speed of 4-5 km per hour.

4.2.2 Analytical Methods

I counted the number of days each of channel crossings survived and averaged 

them to estimate the survival rate. The reciprocal of this mean survival time gives the 

instantaneous decay rate (Barnes and Barnes 1992).
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For estimating the deposition rate, as mentioned before, I used the movements of 

collared individuals. The collars were programmed to take fixes (GPS locations) 

variably, at every half an hour, or one/two/three hour periods. I selected only continuous 

fixes where two subsequent fixes made one time period. I would then check on 

GoogleEarth if the subsequent fixes were on the opposite side of a channel (only 

channels where our boat could pass through during low tide were considered) and record 

it as a crossing. One must mention here that the lines joining the fixes represent 

displacement rather than actual movement. Since the collars didn’t provide minute by 

minute movement, I decided to test if the proportion of total no of crossings across all 

subsequent periods remained the same when the half an hour fix data was merged to 

make one hour data or the one hour data merged to two or more hours data. This way I 

could test if the proportion remained the same irrespective of the time period between 

the fixes, thus allowing me to use the same proportion of crossing at an instantaneous 

time frame too. I then took a mean of the crossings across the three individuals.

Since the channel crossings are counted in a linear scale (along the length of the 

channel), I took the encounter rate of signs at every channel (obtained from the 2014 

data). I then averaged the encounter rates over all the channels to estimate the overall 

encounter rate of channel crossing in Sunderbans. I used this overall encounter rate as 

the “Y” of equation 1 (number of standing signs) to obtain the number of tigers per 

kilometer (“E” in equation 1). To convert this estimate of “E” to number of tigers, I then 

multiplied the number of tigers per kilometer with the total length of channels available 

for crossing by tigers and which can also be surveyed by boat during low tide in the 
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study area. Lastly I calculated the area of the study site where the survey was conducted 

to convert the tiger abundance to tiger density. The standard error of the density was 

calculated using the delta variance method over the coefficients of variation of the sign 

encounter rate, decay rate and deposition rate.

4.3 RESULTS

The result of the testing of proportion of channel crossings across variable fix 

time periods is depicted in Figure 4.2.

Figure 4.2 : Proportion of channel crossings overtime-periods measured through fixes of 
GPS locations of collared tigers.

The deposition rate i.e. mean number of channel crossing per animal per day was

estimated as 0.8 channels (SE 0.41). The decay rate of channel crossings was estimated

as 0.2 signs per day. The average encounter rate was estimated as 0.343 (SE 0.089)/km. 

The total number of tiger per kilometre was estimated as 0.086 (SE 0.04) tigers/km. The 

tiger abundance in the study area was estimated as 25.88 (SE 11.2) tigers. Dividing the 

abundance with the area of the study site gave a tiger density of 3.34 (1.44) tigers per 

100 sq. km.
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4.4 DISCUSSION

This method has never been applied for any carnivore abundance estimation. 

Sunderbans with its ample mudbanks provided good opportunity to test if it could be 

applied for tigers. When comparing with the average camera trap density of the two 

ranges 3.9 (SE 1.5), the sign generated tiger density of 3.34 (SE 1.44) doesn’t seem too 

far off.

Since collecting information for sign generated density is much less labour 

intensive and involves minimal risk from tigers compared to camera trapping, we could 

use this as a replacement for estimating tiger density in Sunderbans. Also the cost 

involved in such as exercise reduces drastically as the costs involve only expenditure 

associated with operation of the boat as opposed to the costs of camera trapping namely, 

baiting, extra labour and their associated expenditure. However, one must address the 

various issues that I feel could plague this method before it can be recommended as an 

alternative. First, there is the issue of detectability. Since this was the first time such a 

method was being used for tiger density estimation and I was testing if this method 

could work, I paid utmost care in detecting all the channel crossings in field. However, 

in reality, the precision and repeatability of this exercise cannot be guaranteed in all field 

conditions. And if this were to be standardised, one must take into consideration that 

detectability will vary across observers. Hence we must be able to tackle missing signs 

in our method. One can develop the observer based differences in detecting signs by 

carrying out a multi-observer experiment for known signs. Infact, the comparable 

densities could just be coincidental as I could not conduct the number of channel 
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crossings survey more than once. Secondly, the decay rate needs to be modelled over the 

various environmental factors which could influence it. The effect of the water 

‘decaying’ pugmarks will vary across channel widths, vegetation type, steepness of the 

bank and the mud quality over which the pugmarks have been deposited. Banks which 

have mostly Avicennia forests are usually gentle in slope and have relatively soft mud. 

Hence pugmarks deposited on such mudbanks may have deeper impression, taking 

longer to decay with time. On the otherhand, banks with Phoenix forests are mostly 

steep and have hard soil, where the pugmarks can erode easily. The speed of the water 

flowing in is influenced often by the width of the channel combined with its position 

with respect to larger channels; this conversely can also influence the micro wave action 

of the water over the pugmarks. Lastly, the deposition rate was based on a very small 

sample size, though we expect the number of crossings to be independent of an 

individual tiger’s choice of whether to swim across or not (barring water channels wider 

than 1 km). The deposition rate should logically be dependent on the number of channels 

a tiger encounters and the area over which it resides. However, it would greatly increase 

the accuracy if collars could be programmed at minute level fixes; but such a tactic 

could be cost prohibitive in terms of logistics of collaring a tiger versus battery drainage.

In the end I would like to conclude that this method surely shows promise in 

terms of cost and accuracy, however the precision leaves much to be desired for and 

needs further testing before it can be used formally for density estimation of tigers in the 

Sunderbans. The sign decay-deposition method though used worldwide for many elusive 

species population enumeration has been found to be often plagued with low precision 
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(Barnes 2001). Elephant dung decay may vary due to seasonal variation (Nchanji and 

Plumtre 2001), activity of dung beetles (Neff 1968) and heterogeneous environment of a 

habitat (Putman 1984) and can thus bias the estimates of decay rates. The precision of 

decay rates of chimpanzee nests are influenced by tree species, rainfall, nest height and 

age (Kouakou et al. 2009). Deposition rates of dung may vary due to irregular dunging 

attributable to different age and sex classes or preferential dunging areas/vegetation 

types (Putman 1984) while the nesting behavior of chimpanzee influences the nest 

deposition rates (Plumtre and Reynolds 1997). The number of standing signs may also 

be further biased due to differential observer bias (Olivier et al. 2009) or differences in 

environmental variables such as rainfall (Walsh and White 2005). Thus bias in any of 

these three variables can significantly bias the estimation of animal abundance. 

However, Barnes (2001) concluded that the sign count method is as accurate or 

inaccurate as other abundance estimation techniques and that it is ‘a valid and 

respectable means of estimating vertebrate populations’. Accounting for different 

sources of variation on the three variables can give comparable population size estimates 

with those from modem animal sampling approaches.
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CHAPTER V - APPLICATION OF BOAT TRANSECT 
BASED DISTANCE SAMPLING FOR ABUNDANCE 

ESTIMATION OF PREY

5.1 INTRODUCTION

Many population enumeration studies rely on quadrat sampling or strip transect, 

wherein, plots of known areas are laid randomly, representative of the target area, and a 

complete census then being carried out in such plots (Williams et al. 2001). However in 

reality, such a method often fails to give unbiased estimates (Buckland et al. 2015). 

Firstly, there is no way of knowing if we have counted all the individuals in the plot, 

secondly since most animals are naturally unmarked we cannot guarantee if we have 

double counted individuals, thirdly, since animals are mobile, they might move in and 

out of the plot during the sampling period, and lastly, it is often difficult to determine if 

animals are standing inside or outside of the strip/quadrat edge when viewed from far 

(Buckland et al. 2001). Hence, various methods have been developed to overcome such 

uncertainties. One such technique, Distance Sampling (DS) which includes a suite of 

methods including line transect and point transect sampling, seeks to remove some of 

the biases by incorporating detection probability inside the plots, setting a pre-requisite 

of researcher speed being greater than animal movement, such that animals are detected 

at their initial locations, and modeling the width of the plot based on detectability rather 

than having a fixed predetermined width (Buckland et al. 2015).

In line transect based DS, series of lines of known lengths are placed at random 

to the distribution of the animals over a study area. This design thus ensures that the 
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distribution of animals around each individual line is uniform. The observer then counts 

animals/clusters of group living animals and records their perpendicular distances from 

the line accurately while moving along the line. Conceptually, we can expect to 

encounter the same frequencies of animals at various distance intervals as we count 

away from the line. However, in reality due to various factors, such as habitat, terrain, 

inherent animal heterogeneity, the number of animals detected at each increasing 

distance interval falls, or inversely, chances of missing individuals increase as 

detectability declines with distance from the line. If we can then calculate the proportion 

of animals Pa, which were detected, we can correct the observed counts of animals to get 

the actual abundance.

The sample of perpendicular distances are used to estimate Pa, by modeling the 

detection probability g(x), as a function of distance x, of an animal from the line 

(Buckland et al. 2001). We can then simply estimate the density of animals by dividing 

the corrected abundance by the area denoted by the line transect length L, and the 

detection width w, the perpendicular distance from the line at which the farthest animal 

was observed or truncation width w, the perpendicular distance from the line beyond 

which observations where truncated (Buckland et al. 2001).

One of the critical assumption of conventional DS states that g(0) i.e. detection 

function at zero distance must be 1, hence all animals on the line must be detected. As 

g(x) can decline as we count away from the line to w, we can assume the detection 

function to follow any of the key functions (models) of a uniform or a half-normal or a 

hazard rate curve. A uniform model is defined as having detection function similar 
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across all the distances from the line. The half-normal curve plots the decrease in 

detectability with increase in distance to the line and is defined by having a shape 

parameter or o which determines the rate of fall or the point of inflexion of the curve. 

Hazard rate curve also charts similar decline in detectability and along with a, has an 

additional shape criterion 0, which determines how broad or narrow the shoulder of the 

curve (i.e. detectability at distance classes near the line) will be. We can ‘bend’ the curve 

further to make the curve/model fit the occasional spikes or bumps in our data (due to 

sudden increase in detectability in mid distance intervals brought about by local 

conditions in field, eg. heterogeneous vegetation patches) by the use of adjustment terms 

viz. cosine, simple polynomial and hermite polynomial series. Ultimately, since we 

know that the curve starts at zero (g(0)=l) and extends till w, we can then use maximum 

likelihood approach to estimate the points of inflexion and the shoulder of the detection 

curve by using the observed perpendicular distances.

A good detection function model in DS is characterized by having a shoulder 

(hence the detection function at nearby or close to the line is 1), being non-increasing 

function of distance and having pooling robustness property, wherein, abundance 

estimates remains largely unaffected inspite of having unmodelled heterogeneity that 

might affect detection probability (Buckland et al. 2015).

Studies focusing on estimation of tiger prey abundances/density in the Indian 

sub-continent use mostly line transect based DS approach (Khan et al. 1996, Karanth 

and Sunquist 1995, Karanth and Nichols 2000, Biswas and Sankar 2002, Bagchi et al. 

2003, Andheria et al. 2007, Gopal et al. 2010, Jhala et al. 2011a) since it does not entail 
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individual recognition or extensive prior knowledge, and it takes into account the spatial 

sampling and observability (Karanth & Nichols 1998), therefore making it more reliable 

and practical.

In Sunderbans, I used boat transect based DS as walking line transects inside the 

forest was impractical. The channels/khals were the transects and I assumed the channels 

were random with respect to the animal distribution. The largest natural prey available 

for Sunderbans tiger, is chital (Reza et al. 2001). A study of tiger predation in the 

Sunderbans by Khan (2004) indicated that the chital was the principal prey of the tiger 

accounting for 67% of the prey remains in the tiger scats, while wild pig made up 12%, 

followed by Rhesus macaque at 6%. According to the forest department and the locals in 

Sunderbans (pers. comm.) the tigers’ main diet comprises of chital, wild pig and Rhesus 

macaque and probably supplemented by monitor lizard (yar anus spp.), fish, crab, birds, 

and in a few cases, even man. However, since I could not get a sizable amount of scats 

to verify such claims, for my study, I primarily focused on chital and wild pig as the 

principal prey species.

The boat transects were conducted in the same area in West Range and 

Sajnekhali Range, where I had carried out my camera trapping and sign decay exercises 

from 2011 to 2014 (Figure 3.1).
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5.2 METHODS

5.2.1 Field Methods

Animal movement in Sunderbans is often dictated by the prevalent tidal 

condition. During high tide, as the tide reaches its peak, the mudflats on the edges of the 

islands get covered and channel water move inland, wherein the animals move away 

from the bank and seek higher grounds. As the low tide starts and the water recedes from 

the bank, animals move to the edge of the water channels to access the vegetation on the 

now exposed mud flat. In such a backdrop, using channel banks could possibly, 

positively bias the ungulate estimation. However, I assumed, that even though animals 

do access the mudflat feeding on the plants found at the treeline, these edible plants are 

found everywhere, both at the ‘heart’ of the islands and at the outer edges. The animals 

are thus in effect randomly distributed with respect to river banks during certain sections 

of the tidal cycle, thus justifying the selection of the channels as transects for distance 

sampling.

I conducted spatial and temporal boat transects in channels having at least a 

minimum width of 100 meters ensuring that I had enough space between the boat and 

the bank so that my boat didn’t run aground. The transect lengths ranged from a 

minimum 5 kilometers to maximum 15 kilometers depending on the channel length. The 

temporal replicates of a single transect were added to represent the total length and 

number of detections for that transect and to account for the non-independence of these 

temporal replicates. Direct sighting of animals is low and a rare event in Sunderbans, 
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primarily due to the thick vegetation and also due to the low abundance of animals. So 

during the exercise, only one side of the channel was surveyed so as to reduce confusion 

and chances of not detecting individuals on the bank being surveyed. The exercise was 

conducted when the tidal conditions were ideal. Three hours after the beginning of low 

tide and 3 hours from the beginning of high tide provided a window of 6 hours when 

mudflats would remain exposed during which sampling was done under appropriate 

light conditions. The boat would move at 5 km/hour so as to reduce the chances of 

missing any individual as well as minimizing noise which might scare the animals away. 

I maintained the distance between the boat and the sampled bank at a constant of 20 to 

40 meters so as to measure the linear distance as accurately as possible and also not so 

far out that animals wouldn’t be visible. There were two observers for each of the 

transects, one sweeping the far distances with binoculars, another concentrating on the 

closer immediate section of the bank. If the animal was spotted from afar, then I kept a 

mental note where it was first spotted by observing any nearby tree, log, creek etc. As 

the boat came parallel to the “landmark”, I used range finder Scout DX 1000 Arc 

(Bushnell, Missouri, USA) to record the perpendicular distances of the observer to 

water, upper bank (the upper bank is defined as the point from where the land flattens 

out into the forest), grass patch (whenever present), vegetation (the point where the 

mangrove forest starts) and the animal. When a group of animals was spotted, 

measurements would be taken for the centre of the group. An animal was considered to 

be a part of a group if its distance from its nearest neighbor was less than 30 meters. The 

activity of the animals was also noted along with the nearby dominant plant species. As 
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the distance sampling exercise was conducted in the summer in all the four years, I 

believe there would be no seasonal variation in the density across the years.

5.2.2 Analytical Methods

Density can be estimated through DS using three ways- 1. modelling g(x) the 

detection function and using it to correct Pa, and then using the detection width to 

convert the abundance to density 2. p or effective strip width which can be defined as 

that width/perpendicular distance from the line beyond which the number of animals 

detected are equal to the number of animals missed within it. Conversely, since p is also 

the integral i.e. summation over all the detection probabilities of different distance 

classes, it shares a relationship with Pa, where Pa = p/w, and 3. by using the probability 

density function f(x) of detected distances which is simply the g(x) rescaled so that it 

integrates to 1. In this case f(0) is used in the computation of the density since f(0) = g(0) 

or 1/ p. The software DISTANCE typically uses the third method for its computation. It 

computes the maximum likelihood on the f(x)s. Since detected distances (or animals) are 

considered independent of each other the f(x)s have a joint distribution. The usage of 

f(x) becomes handy as it represents the relative likelihood of different detected 

distances, and there are general methods to fit such functions.

Before arranging my data in the format required by the software, I deducted the 

perpendicular distance of observer to water from perpendicular distance of observer to 

animal/animal cluster/animal group. This left truncation was carried out to deliberately 

remove the non-habitat, water belt. Further, my maximum detection width was at 97 
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meters. However, I truncated the width post-hoc at 83 meters to fit the detection curve 

better, since the g(>83) was less than 0.15 (Buckland et al. 2015) and this truncation led 

to minimal loss of data (n=l). DISTANCE software runs best when there are a minimum 

of 50-60 detections (Buckland et al. 2001). However, as one can see from Table 5.1, 

inspite of increasing effort, none of the years had even 40 sightings singly. Hence, I 

fitted a common detection function to all the years which is justifiable given that the 

same method was used by the same observer in the same area.

Table 5.1 : Sampling details of boat transect based distance sampling exercise 2011-
2014

Year Location
Number of 
independent 
transects

Total effort (in 
km)

Number of 
detections

2011 West Range 9 64 4
2012 West Range 20 177 13
2013 West Range 37 360 32
2014 West Range & 53 554 19

Sajnekhali Range

I then used key functions uniform, half-normal and hazard rate with their 

adjustment terms (if needed) to model the detection probability and selected the 

relatively best model on the basis of minimum Akaike Information Criteria corrected for 

sample size (AICc, Akaike 1974) for inference. I then decided how best the model fit my 

data on the basis of the Q-Q plot and related tests. Traditionally, chi-square goodness of 

fit is used to assess model fitness. However, since this test is better suited for grouped 

data and is somewhat subjective (since the choice of cut-points on the distance intervals 

to examine observed versus expected count of animals in each distance class can differ 

from researcher to researcher), I have also reported the results of Kolmogorov-Smirnov 

(KS) test and Cramer-von Mises (C-vM) test which are better suited for testing on exact 

distances.
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I post-stratified by year to estimate densities for each year. I believe that in this 

type of post-stratification, the pooling robustness property still holds unlike cases where 

one stratifies according to habitat, sex etc and then tries to fit a common detection 

function across all strata. For computing the cluster size or group size of chital, I used 

size biased regression method to correct for the increased detectability of larger groups 

in greater distances from the transect line due to their group size.

Lastly, I multiplied the estimated density by 2 since the software computes 

effectively sampled area by using the w or p on both sides of the transect line, while I 

had in reality observed only one side at a time.

5.3 RESULTS

I was able to analyse only my chital data as I had very low (n=2) detections of 

wild pig over 4 years. Since wild pigs were rarely visible on the banks unlike chital, and 

they did not exhibit similar behaviour like chital (chital in Sunderbans are known to 

browse on tree leaves by standing on their hind limbs), and hence dissimilar micro­

habitat usage, I felt it was not justified to use the chital detection function on wild pigs. 

Hence, I could only estimate chital densities from my study.

Hazard rate model with cosine adjustment (order of 2) was selected as the best 

model for the detection function. The selected model was a good fit to the observed data 

as determined by KS test (p = 0.6278) and C-vM test (0.500 < p < 0.600). The Q-Q plot 

at Figure 5.1 shows how the observed distribution function is spread around the 

expected distribution function.
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The chi-square p value (0.55) also demonstrated the model fit to the data. Pa was 

estimated as 0.26 (SE 0.05), f(0) was estimated as 0.045 (SE 0.009), while p was 

estimated as 21.95 (SE 4.40) meters. The Figure 5.2 shows how the detection function 

falls with the observed data grouped in interval classes at the backdrop for comparison.
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The individual density and group density estimates of the four years are given in

Table 5.2.

Table 5.2 Encounter Rate, Individual Density, Group Density across 2011-2014

Year
Encounter 

Rate 
(animal/km)

SE
Mean 

Cluster 
size

SE
Group 
Density 

(groups/sq 
km)

SE
Individual 

Density 
(animals/sq 

km)
SE

2011 0.06 0.03 1.75 0.75 2.82 1.52 4.94 2.682012 0.07 0.02 2.00 0.19 3.34 0.88 6.68 1.812013 0.08 0.02 1.39 0.14 4.04 1.03 5.6 1.482014 0.03 0.007 2.22 0.53 1.48 0.38 3.2 0.84

The primary contributor to the variance in density was encounter rate (43.2 %),

followed by detection probability (38.4%), and followed by group size (18.4%).

5.4 DISCUSSION

The selection of hazard rate model as the best curve seems appropriate and 

concordant with the field reality. The detection of animals at and near the ‘line’ was 

similar and would then sharply fall as visibility inside the forest was severely restricted- 

a characteristic of mangrove forests. As we can see in the Table 5.2, the mean densities 

differ between each other. However, on close inspection of the standard errors we see 

that they overlap over the years; hence density estimates are not significantly different 

between the years. The large variance on density can be mostly explained by the 

variability in encounter rate. A reason for such variable encounter rate could be due to 

skewed detections on transects; more than half of the transects (67%) had no sightings 

leading to most transects having zero encounter rates. The proportion of 

sightings/detections however did not differ amongst channel with varying lengths. The 

assumption that channels were random with respect to distribution of the animals itself
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could be incorrect; however, the transects were long and passed through different habitat 

types for the same transect, hence bias due to differential habitat on encounter rates 

would be minimised. A similar explanation would perhaps hold for the detection 

function variability. Higher visibility and higher usage by chital in certain vegetation 

patches like Avicennia and Sonneratia patches can induce higher variability in the 

detection process.

During the camera trap exercises there were almost no photo captures of prey 

species as I believe they deliberately avoided the baited camera stations. However, 

during the All India Tiger Estimation Project (2018), I had access to the camera trap 

datasets of Sunderbans Forest Department where lures instead of baits were used. There 

were quite a number of photo captures of spotted deer and wild pig in most of these 

cameras. As the cameras were set up at a grid scale of 1 sq km across the landscape, I 

believe they are representative of the actual species distribution. Hence the assumption 

of these natural channels being random with respect to the animal distribution may be 

valid.

The only other study to have used DS to estimate chital density in Sunderbans 

was carried out by Khan (2004). His study recorded the individual density of chital to be 

20.9/km in Bangladesh Sunderbans. Unlike boat transects, he walked line transect 

inside the forests. However, it must be mentioned that the area where that study was 

conducted (Sunderbans East Wildlife Sanctuary, Bangladesh) does not surprisingly, 

have incidents of conflict with humans, and the tigers in that area are said to be shy of 

humans. This area is also considered to have one of highest prey densities in entire 
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Sunderbans, which is supported by Khan’s reported estimate. The substantial difference 

between Bangladesh and Indian Sunderbans spotted deer densities can likely be 

attributed to two factors- a. there are large tracts of grassland in Bangladesh Sunderbans 

as opposed to small patches on the bank in the Indian side; this not only increases 

visibility of the prey species but also facilitates occupancy by higher number of chital as 

the species is a generalist forager, and b. the Indian Sunderbans has higher saline 

concentration in its waters and the salinity decreases on a west to east (towards 

Bangladesh Sunderbans) gradient (Khan 2004). The availability of water with lower 

salinity levels could perhaps be the reason for the higher densities of spotted deer.

One of the key issues with DS technique is that it was developed on sessile 

objects like duck nests in open areas and then extended to mobile objects. Using such a 

technique on moving animals in woodland areas inherently violate many of the 

assumptions associated with it and hence bias density estimates. There are other 

sampling techniques available for example a. indirect sampling methods like faecal 

deposition and decay rates (Marques et al. 2001, Camargo-Sanabria & Salvador 

Mandujano 2011), or sampling for DNA from hair traps or pellets to estimate densities 

through a mark recapture framework (Bhagavatula & Singh 2006, Fickel & Hohmann 

2006) or b. through direct sighting techniques such as random encounter models (REM) 

(Rowcliffe et al. 2008). However, all these techniques come with their own set of 

limitations especially in a scenario like Sunderbans. Sign decay-deposition rates often 

fail to account for the substantial spatial heterogeneity in decay rates which occurs due 

to the fluctuating environmental conditions and differential micro-climates (Walsh & 
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White 2005, Kuehl et al. 2007) and requires an estimate on the defecation rate which is 

further confounded by age, gender, food source, gut content, and other factors (Horino & 

Nomiya 2008). Pellet sampling for DNA extraction can not only be resource consuming 

as it requires data from multiple hypervariable loci for unequivocal identification of 

individual animals (Lukacs & Bumham 2005) but also impractical for forest ungulates 

(Spitzer et al. 2019). Usage of Random Encounter Model in Sunderbans also becomes 

impractical given the required extensive calibration of known distances from cameras.

The primary concern for usage of DS in Sunderbans is that in reality we do not 

know how animals are distributed at the channels and islands. Unless individual spotted 

deer are radio-tagged, it is impossible to get information on their movement pattern and 

space usage. However, even with such large CVs and the existing sampling techniques, 

currently DS probably provides the least biased density estimates for spotted deer in 

Sunderbans.

This is the first study to use boat transects to estimate ungulate population size. 

The conditions in Sunderbans make line (foot) transects infeasible. Thus it is difficult to 

compare this study’s result with other studies where primarily line transects are used 

(Focardi et al. 2002, Jathanna et al. 2003, Seddon et al. 2003, Kruger et al. 2008, Wegge 

and Storaas 2009, Zero et al. 2013). Comparing prey estimates of other low-medium 

tiger density forests (Jhala et al. 2015), Sunderbans has low spotted deer density. Despite 

this low density as the tiger densities remain comparable; one could assume that other 

prey species constitute a significant portion of the Sunderbans tiger’s diet.
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CHAPTER VI - EVALUATING METHODS TO MONITOR 
TIGER ABUNDANCE AND ITS PREY

6.1 INTRODUCTION

Abundance is often used as a key parameter for monitoring populations 

(Maxwell and Jennings 2005). A trend in abundance determines conservation priorities, 

management direction and ultimately management effectiveness (Maxwell and Jennings 

2005). With increasing anthropogenic pressure and limited conservation resources, it 

becomes essential to be able to glean such trends from reliable and robust data (Steidl et 

al. 1997).

The capacity of a survey technique to successfully capture if a population is 

changing depends on the statistical power of that technique (Gerrodette 1987). There are 

two types of statistical errors that could occur when we want to study trends in a 

population (Gerrodette 1987). In the first scenario, let us say the population in reality has 

not changed and our null hypothesis states that the population is stable, however we 

reject this hypothesis falsely, thereby leading to type 1 error or a (Zar 1974). This then 

leads to directed management effort towards a population that is not under stress and 

ultimately wastage of scarce resources (Maxwell and Jennings 2005). The other type of 

error is more severe and occurs when the population in reality has changed, our null 

hypothesis is that it is stable and we accept the null hypothesis, and hence commit a type 

2 error or 0 (Zar 1974). This type of error could have adverse consequences especially if 

the population is decreasing and might go extinct before the management can act (Taylor 
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and Gerrodette 1993). The probability to reject the null hypothesis when it is false is 

statistical power and is defined as 1-p (Gerrodette 1987).

Statistical power depends on the size/scale of the “effect” we wish to detect 

(Cohen 1988) and the variability in the data defined by the standard error or the 

coefficient of variation (CV) (Gerrodette 1987). As the effect size increases, power 

increases while as CV increases power decreases (Gerrodette 1987). Particularly, when 

we wish to understand negative trends (which is usually the focus of management 

practices), the probability of detecting that trend depends on the precision (hence CV), 

the rate of decline (hence effect size) as well as the a levels (Gerrodette 1987). When the 

population size is small or decreasing, and the rate of decline is low, the power to detect 

such a trend is poor (Gerrodette 1987). Conversely, if we keep our chance of 

committing a type 1 error high, the ability to detect a negative trend becomes higher.

Tiger conservation goals dictate monitoring population trends, especially at the 

backdrop of high poaching pressure and comparatively shorter life span of tigers. Thus it 

is essential to test and use multiple methods that can aid in detecting change and can 

help the management to act in time. Hence, usage of power analysis becomes central in 

evaluating any monitoring technique. However, as noted, power depends on precision. If 

a technique, inspite of best effort, provides abundance with wide confidence intervals, 

the question then rises- should we abandon that method, even if it is an otherwise 

standardized tool recognized as the most reliable, robust technique? This concluding 

chapter seeks to address that dilemma- should camera trapping based SECR, sign decay­

deposition and boat transect based distance sampling be used to monitor tiger and its 
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prey in Sunderbans? Hence, I tested the techniques’ statistical power against the null 

hypothesis - ‘the population has not changed/remain stable’.

6.2 METHODS

I used multiple field methods for abundance estimation of tigers viz. SECR, 

conventional capture-recapture and sign based abundance estimation. For density 

estimation, SECR is the most robust method while conventional capture-mark-recapture 

(CMR) and sign based methods give post hoc densities which do not take into account 

the spatial process of sampling and animal distribution. Hence I used the tiger density 

generated through SECR for my power analysis. However, since SECR has multiple 

parameters associated with space and the detection process, it inherently has higher CV 

in comparison to CMR when used for generating abundance. As my focus was on the 

ability to detect loss of adult individuals, I also selected the CMR abundance estimate 

for my power analysis as it presents a more parsimonious model. Alongside, I estimated 

the power on the sign decay-deposition method for density generation as I wanted to test 

the applicability of this experimental design. I tested for power on the boat transect 

based distance sampling used for estimating spotted deer density. I used the 2014 

datasets generated for West range as the samples for power analyses through the 

fishmethods package in R 3.6.0.

Following (Gerrodette 1987), I expected the rate of change in abundance/density 

to be linear in both the tiger and spotted deer populations while the relationship between 

abundance and CV was kept as lA/abundance or density for tiger (following the 
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theoretical dependence observed in mark-recapture studies Seber (1982)) and as CV 

being constant to abundance or density (following the theoretical dependence observed 

in distance sampling (Moore 1954)) for spotted deer. The maximum number of years 

over which to project the start population parameter was kept at 10 years since both tiger 

and spotted deer are K-selected species. I investigated the difference in power as I varied 

the a levels from 0.1 to 0.4 (with a successive increment of 0.1) as I believe that it is 

better to err on the type 1 error than on p as rejecting a true trend is more harmful than 

rejecting a stable population hypothesis. Lastly, the type of tailed test was set as one- 

tailed.

Additionally using the overall abundance of tigers in Indian Sunderbans, I 

investigated that at which year could a decline be detected using the current techniques. I 

assumed a linear decrease of 10%, 20% and 30% annually on the initial abundance of 76 

tigers (Jhala et al. 2015- generated partly from this thesis dataset). I used the CV on 

abundance of 2014 to generate confidence intervals on the hypothetical declining annual 

populations; I then sought to understand at which year the confidence intervals stop 

overlapping thus enabling us to predict the year at which we can see the reduced 

population due to a steady decline caused by stochastic events. This analysis can help us 

give an idea of whether the current technique can inform us of a decrease in the 

population before the limit of the theoretical minimum viable population as expounded 

in Chapron et al. 2008, is reached.
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6.3 RESULTS

The results of power analysis on the densities and abundance of tigers are shown

in the Table 6.1.

Table 6.1 : Power (1-0) through different levels of a on tiger abundance and density. 
SECR- spatially explicit capture-recapture, CMR- conventional capture-mark-recapture, 

D- Density, N- Abundance

Year Mean SE CV
a = 0.10 a = 0.20 a = 0.30 a = 0.40

1-P %change 1-P %change 1-P %change 1-P %change
SECR
D2014 3.15 0.88 0.27 0.84 -55 0.85 -45 0.82 -35 0.83 -30

Sign based 
D2014 3.34 1.44 0.43 0.8 -75 0.79 -60 0.79 -50 0.79 -40
CMR

N2014 16 3 0.18 0.78 -35 0.83 -30 0.83 -25 0.82 -20

The change in power with changing a in both density and abundance of tigers obtained

from camera trap based SECR and conventional CMR, respectively is depicted in the

Figure 6.1.
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Figure 6.1 : Graphs depicting changing power with changing a levels for a) tiger density 
in 2014 and b) tiger abundance in 2014

The change in power with changing a in density of tigers obtained from sign decay­

deposition method is depicted in the Figure 6.2.

Figure 6.2 : Graph depicting changing power with changing a levels for tiger density 
obtained through sign based method
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The decline in tiger abundance over the years, using the linear 10%, 20% and 30% 

decline on a starting population of 76 with a CV of 18% is shown in Figure 6.3.
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Figure 6.3 : Graphs showing decline in tiger abundance with an annual decrease 
of a. 10%, b. 20% and c. 30%
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Hence, we can see that with the current CV, we can detect the negative trend in the 

fourth, second and first years respectively if there is a steady decline of 10%, 20% and 

30%.

The result of power analysis on the density of spotted deer is shown in the Table 

6.2.

Year Mean SE CV a = 0.10 a = 0.20 a = 0.30 a = 0.40
___________________________ 1-P %change 1-p %change 1-p %change 1-p %change

2014 3.2 0.84 0.26 0.79 -45 0.77 -3 5 0.8 -30 -25 0.8

Table 6.2 : Power (1-P) through different levels of a on spotted deer density derived 
through distance sampling based boat transect

The change in power with changing a in density of spotted deer is depicted in the Figure 

6.4.

Figure 6.4 : Graph depicting changing power with changing a levels for prey density

6.4 DISCUSSION

The results of power analysis seem to indicate that camera trapping based SECR 

for estimating tiger density and distance sampling based boat transects for estimating
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spotted deer density are not the most adequate tools for monitoring in Sunderbans. The 

power associated with the sign based method was quite low due to the extremely high 

CV.

However, such inferences would be hasty. Retrospective power analysis is highly 

suspect to bias and can be unreliable to gauge the effectiveness of techniques after the 

survey has been conducted (Gerard et al. 1998). When we increase the a levels, the 

power for detecting negative trends using density (25% drop from initial abundance) 

increases and when we use abundance instead of density as our parameter, the power 

remains high at even low a levels. Similarly levels of increase in power is observed for 

spotted deer density when the a levels are increased. Hence, the power to detect changes 

using the current methods increase as we allow ourselves to err more on rejecting the 

null hypothesis (population has not changed) when it is true.

Our theoretical model of linear decline further showed that even with the high 

CV, one can still use the techniques to monitor the tiger population in Sunderbans as 

camera trapping based SECR is able to alert us of the declining trend before it reaches 

the minimum viable population levels (Chapron et al. 2008) to survive the onslaught of 

poaching and prey loss. This analysis was done on the Indian Sunderbans population. 

Considering that the technique can at best capture the real trend after the decline of 25% 

to 35% in the population, Sunderbans tiger population can still recover due to 

Sunderbans being a contiguous forest lying between India and Bangladesh, covering an 

area of approximately 10,000 sq km, and thus ensuring the long term persistence of 

tigers in Indian Sunderbans. A 35% decline in spotted deer translates to the density
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reducing to 1.12 spotted deer per sq km. Even at this level of decrease, distance 

sampling still remains a viable technique to monitor the prey as spotted deer is prolific 

breeder and timely intervention can stall its decline.

Both camera trap based SECR and distance sampling are the current standardised 

techniques used to estimate carnivores and their prey populations worldwide. 

Sunderbans with its many logistic and natural constraints force us to tailor these methods 

according to the prevailing local conditions. The error rates associated with these 

methods were higher when compared to the application of the same elsewhere. In the 

case of camera trapping, I was restricted to luring the tigers to my trapping stations 

rather than being able to place the cameras at optimal locations on tiger trails. The 

detection process thus with its inherent dependence on animal distribution and sampling 

process became further variable on the ability of the bait to lure tigers. The tidal cycle 

further added to the heterogeneity of the system as during high tide many of the traps 

were not accessible to the tigers. I was further limited by both logistics as well as 

number of teams who could manage camera trapping at an even finer scale. Boat 

transects were also plagued by the error rates associated with general distance sampling 

and non-availability of prey during moderate to high tide timings. These variations are 

part of the dynamic unique ecosystem of Sunderbans and inspite of my best efforts and 

increasing intensity, I could not overcome these sources of error. Further, these methods 

remains apt

Camera traps especially can give a whole range of information on population 

parameters besides abundance which can be used for monitoring. Information on turn­
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over rates, number of breeding females, changing territories of residential tigers can help 

understand the dynamics of the population. Boat transects can also give us crude 

information on fawn/adult ratio, prey dispersion dependent on different environmental 

correlates can be further used as indices for monitoring.

This study could prove that inspite of the distinctive scenario in Sunderbans, the 

usage of camera trap based SECR and boat transect based distance sampling as effective 

monitoring tools for Sunderbans tiger and its prey is justified. The Sunderbans forest 

department has adopted the protocols for camera trapping and distance sampling, 

developed in this thesis for its quadrennial survey. During the All India Tiger 

Monitoring project (conducted by Government of India), the forest department could 

deploy traps at a scale of 2 sq. km. grid. Their effort gave an estimate of 3.6 (SE 0.4) 

tigers/ 100 sq. km. The CV of 11% confirms that camera trapping can indeed be used for 

monitoring tiger population in Sunderbans. Future studies can perhaps focus on boat 

transects and other alternatives of estimating spotted deer densities for example- 

spatially explicit capture-recapture, random emcounter model, etc.
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