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Abstract

Pugmarks—the natural impressions left by an animal’s foot—serve as crucial bio-signatures in wildlife research,
conservation practices, and biodiversity surveillance. Historically rooted in indigenous tracking knowledge and
later formalized through wildlife biology, pugmark-based tracking remains a non-invasive and cost-effective
method for monitoring elusive and endangered fauna, especially large carnivores like tigers, leopards, wolves,
and hyenas. This study presents a comprehensive exploration of pugmarks as tools for species and individual
identification, behavioral analysis, movement mapping, and population estimation, drawing from advancements
in digital imaging, Al-based recognition, and ecological fieldwork. While conventional methods such as camera
traps and DNA sampling dominate modern wildlife studies, pugmarks continue to offer an affordable and reliable
supplementary technique in regions with limited resources. This research also investigates the comparative
advantages, methodological accuracy, and challenges posed by terrain, weather, and overlapping prints. The
paper outlines the significance of pugmarks in preventing human-wildlife conflict, aiding anti-poaching
operations, and contributing to landscape-level ecological studies. Additionally, it discusses recent innovations
such as pugmark digitization, 3D modeling, and machine learning algorithms for automated identification.
Through extensive fieldwork, literature review, and comparative analysis, the study advocates for an integrative
tracking paradigm where pugmarks are reimagined as both scientific datasets and cultural heritage tools. The
paper concludes with a policy-oriented reflection on enhancing training, standardizing protocols, and integrating
traditional ecological knowledge (TEK) with modern wildlife tracking systems.

Keywords: Pugmarks, Wildlife tracking, Biodiversity monitoring, Animal behavior, Species identification,
Conservation biology, Non-invasive methods, Human-wildlife conflict

I.  Introduction

In the complex web of ecological monitoring, where technology-driven approaches often dominate the
discourse, the significance of age-old, natural indicators such as animal pugmarks continues to command both
scientific and practical attention. The term “pugmark” refers to the footprint or paw print of an animal, especially
those left behind by mammals such as tigers, leopards, wolves, bears, and other large carnivores, which are
typically found in forest landscapes with soft soil, mud, or sand. In wildlife conservation, especially in India,
pugmarks have historically served as vital non-invasive tools for species identification, population estimation,
and behavioral analysis (Singh, 2008). Although modern technologies like camera traps and radio collars have
revolutionized wildlife research, the fundamental importance of pugmark studies remains deeply embedded in
forest tracking methodologies and traditional ecological knowledge systems (Karanth & Nichols, 2002). The use
of pugmarks in ecological research is rooted in the principles of trace evidence, where every footprint, stride,
and impression carries invaluable information about an animal's identity, direction, age, and even psychological
state (Schaller, 1967). The tracking of animals by interpreting pugmarks is an ancient skill practiced by indigenous
communities and has been formalized over time by forest departments and scientific bodies for monitoring elusive
species. This becomes especially relevant in the Indian context, where species like the Bengal tiger (Panthera
tigris tigris) are not just keystone predators but also cultural and political symbols of conservation.

Historically, the pugmark census method formed the cornerstone of India’s tiger population monitoring
until the mid-2000s. This method involved identifying individual tigers based on the size, shape, and pattern of
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their paw prints. While this method came under criticism for its subjectivity and inconsistencies, it also paved
the way for a more nuanced understanding of animal movement, behavior, and territoriality (Johnsingh, 2006).
Despite being partially replaced by camera trap and DNA-based techniques, pugmark tracking has not lost
relevance; rather, it continues to play a supporting role in ecological studies, especially in low-resource settings
where sophisticated equipment may be unavailable. Moreover, the study of pugmarks goes beyond mere
identification. It reflects a deep interface between animal biology and environmental physics — revealing how
animals interact with substrates, how their gaits adapt to terrain, and how stride lengths reflect energy expenditure.
Pugmarks can signal the presence of a predator in human settlements, help in formulating conflict mitigation
strategies, or lead anti-poaching teams to a recently active corridor. In this sense, pugmarks serve as ecological
signatures — traces that not only locate animals in space but also encode behavioral, ecological, and sometimes
even physiological data (Krishnan, 2012).

Understanding pugmarks also has a profound cultural and epistemological significance. In many tribal
communities of India, especially in the forests of Madhya Pradesh, Odisha, and Chhattisgarh, tracking animals
through their pugmarks is a generational skill passed down through oral tradition. These communities possess a
refined taxonomy of tracks — distinguishing not only between species but also between individual animals and
even their emotional states (Padmanabhan, 2001). Integrating such local knowledge systems with modern wildlife
biology can enrich conservation outcomes, offering a hybrid model where scientific and indigenous
epistemologies complement each other. In recent years, the emergence of digital tools, such as mobile apps for
tracking, machine learning models trained on footprint databases, and geospatial mapping technologies, has
revitalized interest in pugmark-based research. Algorithms capable of analyzing shape, edge curvature, toe
alignment, and interdigital spacing have significantly improved the accuracy and reproducibility of pugmark
identification (Joshi et al., 2019). These advancements are particularly promising in the context of citizen science
and participatory monitoring, where forest guards and villagers can contribute data without requiring high-end
equipment.

However, despite these innovations, challenges remain. Pugmark analysis is inherently influenced by
substrate variability — the same animal may leave different impressions on dry sand, wet mud, or grassy soil.
Additionally, overlapping tracks, eroded impressions, and human error in measuring can lead to
misidentification. Questions also persist regarding the statistical robustness of pugmark-based population
estimation when compared with camera trapping or DNA analysis (Mondal et al., 2013). Thus, there is an urgent
need for systematic re-evaluation of the role pugmarks can play in modern ecological science. This research
emerges from this very gap — the interface between traditional animal tracking and contemporary scientific
validation. It proposes a comprehensive study of pugmarks as not only ecological tools but also as biological,
behavioral, and technological indicators. The study will explore how pugmarks can be utilized to infer
individual identity, sex, gait, direction, territoriality, and even stress levels in wildlife populations. Moreover, it
will investigate how machine learning models can enhance pugmark interpretation, how pugmark data can be
integrated with camera trap metadata, and how forest officials can be trained in hybrid methods of monitoring.

The Indian forest ecosystem, with its rich biodiversity and conservation challenges, provides an ideal
setting for this inquiry. National parks such as Jim Corbett (Uttarakhand), Ranthambore (Rajasthan), Tadoba
(Maharashtra), Nagarhole (Karnataka), and Sundarbans (West Bengal) will be key sites for primary data
collection and case study analysis. These forests not only host apex carnivores but also represent diverse substrates
and climates, offering a unique opportunity to test the reliability and ecological variability of pugmark
impressions. Moreover, the increasing incidence of human-animal conflict, especially in buffer zones and fringe
villages, has made the early detection of large carnivores a priority for forest departments. In such cases, pugmarks
often offer the first and only warning signs of a predator’s presence. Through analysis of pugmark trails, forest
officials can predict movement patterns, assess potential threat zones, and initiate timely interventions such as
tranquilization, relocation, or community alerts (Athreya et al., 2011).

Beyond big cats, the application of pugmark analysis can also extend to other mammalian taxa. Sloth
bears, wild dogs (dholes), elephants, hyenas, wolves, and even herbivores like gaur and deer exhibit species-
specific foot morphology that can be used in habitat surveys and behavioral studies (Menon & Bawa, 1998). In
the case of elephants, for instance, the depth and spread of pugmarks can indicate age, weight, and herd movement
— crucial for mitigating agricultural damage and ensuring safe elephant corridors. Another dimension that this
research will explore is the ethical and ecological benefits of pugmark-based tracking. Unlike invasive tagging
or collaring, pugmarks provide a non-intrusive, cost-effective, and ethically sound method for monitoring
animals. Especially in protected areas where minimal human interference is desired, pugmark studies offer a way
to maintain continuous surveillance without disturbing the animals. Furthermore, the symbolic and educational
power of pugmarks cannot be overlooked. They serve as entry points for public engagement with conservation,
especially in schools, nature camps, and eco-tourism. Programs like “Know the Jungle by Its Tracks” conducted
in several Indian reserves use pugmarks to introduce children and tourists to wildlife ecology. This fosters a sense
of ecological literacy and stewardship which is critical in a time of biodiversity loss and climate change.
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In synthesizing all these aspects — ecological, technological, cultural, and educational — the present
research aspires to reposition pugmarks not as relics of a pre-digital age, but as dynamic tools for the future of
conservation. By systematically analyzing pugmarks as ecological signatures, this study will demonstrate how a
single footprint can connect biology, behavior, environment, and technology, offering a holistic framework for
wildlife monitoring and conservation management in the Anthropocene. In conclusion, while the scientific
community has made enormous strides in wildlife monitoring through genetic, acoustic, and visual data, the
humble pugmark continues to hold ground — both literally and figuratively — as a symbol of ecological
presence, a data point in wildlife science, and a bridge between indigenous knowledge and modern
conservation biology. This research is thus a timely and necessary contribution to re-imagining wildlife ecology
through the lens of tracks and traces, reaffirming the fact that sometimes, to move forward, we must learn to
follow the footprints.

Significance of the Study

Pugmarks, as ecological signatures, offer one of the most accessible, cost-effective, and non-invasive
tools for understanding wildlife presence, movement, and behavior—especially in biodiversity-rich and resource-
constrained regions like India. This study's significance lies in its endeavor to reassess and elevate the role of
pugmark-based tracking through a scientific, technological, and behavioral lens. While modern methods like
camera traps and genetic analysis dominate wildlife monitoring, they often require high investments and trained
personnel. Pugmark analysis, on the other hand, provides an affordable and community-accessible alternative. By
integrating indigenous tracking knowledge with Al-based pugmark recognition systems, this study opens
avenues for community-led, participatory conservation. Furthermore, in conflict-prone areas, where rapid
detection of carnivore presence can save human and animal lives, pugmarks can serve as early warning systems.
This research contributes to enhancing forest patrol protocols, species-specific conservation plans, and policy
frameworks that value hybrid approaches combining traditional ecology with modern technology.

Research Problem
Despite its historical importance, pugmark-based wildlife monitoring has been sidelined due to

perceptions of inaccuracy and lack of standardization. Most modern conservation efforts prioritize camera trap or
GPS-collar-based data, often overlooking the behavioral depth, cultural value, and ecological data that
pugmarks can provide. The central problem is the underutilization of pugmarks in current wildlife
conservation efforts due to:

e Inconsistent methodologies for pugmark recording and interpretation

e Lack of integration with modern tools (GIS, Al)

o Insufficient validation of its reliability in individual animal identification

e Decline in indigenous tracking knowledge due to urbanization and policy shifts
Without a renewed, validated, and systematized approach, valuable ecological data encoded in pugmarks will
continue to be overlooked, leading to a gap in cost-effective, inclusive, and behaviorally sensitive conservation
practices.

Research Objectives
Primary Objective: To examine the scientific, technological, and behavioral relevance of pugmark analysis in
wildlife monitoring, with specific focus on large carnivores in Indian forest ecosystems.
Secondary Objectives:
1. To document and compare species-specific pugmark characteristics across various substrates and forest
types.
2. To evaluate the reliability of pugmarks in individual animal identification using Al and image-based
analysis.
To analyze movement patterns, territorial behavior, and conflict indicators from pugmark trails.
4. To integrate traditional ecological knowledge (TEK) from indigenous trackers into pugmark
interpretation frameworks.
5. To compare the effectiveness of pugmark-based monitoring with camera trapping and DNA sampling.
6. To propose a standardized methodology for hybrid monitoring using pugmarks and digital tools.

[08)

Research Questions
1. How accurately can pugmarks be used to identify species and individuals?
2. What are the limitations of pugmark-based tracking in different terrains and conditions?
3. How can Al and digital tools enhance the interpretation of pugmark data?
4. What ecological behaviors (e.g., stalking, migration, mating) can be inferred from pugmark trails?
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5. How can local knowledge systems of animal tracking be incorporated into scientific conservation
protocols?

Research Gap
Although pugmarks were historically central to wildlife surveys in India, academic research validating their
scientific and technological potential remains limited. Existing literature often:

e Dismisses pugmark analysis as outdated without rigorous cross-method validation

e Neglects its potential in conflict-prone or under-resourced zones

e Fails to integrate it with emerging technologies like machine learning, drone mapping, and citizen

science

e  Overlooks the behavioral data encoded in the direction, stride, depth, and distribution of pugmark trails
This study aims to fill these gaps by providing:

e A scientific framework for interpreting pugmarks across species and landscapes

e A comparative validation model using camera trap and GPS data

e A participatory platform involving forest staff and indigenous communities

e  Practical conservation applications in wildlife corridors and conflict zones

Limitations of the Study
Despite its comprehensive approach, the study acknowledges the following limitations:
1. Substrate Variability: Pugmark clarity is highly dependent on ground texture, making data inconsistent
across wet, sandy, or leaf-covered surfaces.
2. Overlapping Trails: In areas of high animal activity, multiple tracks may interfere with individual
identification.
3.  Weather Influence: Rainfall and wind can distort or erase pugmarks before documentation.
4. Observer Bias: Even with training, field personnel may introduce subjectivity in measurement or
identification.
5. Comparative Validation: Camera traps or radio-collared data may not be available for every individual
tracked via pugmarks, limiting direct comparison.
6. Technology Constraints: Al-based tools for pugmark recognition are still under development and may
not offer 100% accuracy in the field.

Theoretical Framework
This study operates at the intersection of Behavioral Ecology, Ethnoecology, and Technological Ecology,
guided by the following theories:
1. Trace Evidence Theory (Locard’s Principle) — Every animal interaction leaves a trace; pugmarks are
such evidence.
2. Territoriality and Home Range Theory — Animal movement patterns and territorial behavior can be
interpreted from track distribution.
3. Ethnoecology — Indigenous knowledge systems offer valid ecological insights when integrated with
scientific methods.
4. Citizen Science Theory — Involving local communities in data collection increases the scope, scale, and
sustainability of ecological monitoring.
5. Hybrid Knowledge Systems — Validating and integrating traditional and modern knowledge enhances
ecological understanding and conservation efficacy.
By addressing the scientific reliability, behavioral richness, technological potential, and cultural integration of
pugmark-based tracking, this study aims to redefine the relevance of footprints in 21st-century wildlife science.
With a growing need for non-invasive, cost-effective, and community-driven conservation methods,
pugmarks represent not only traces of animals but also pathways to holistic ecological understanding and
inclusive environmental stewardship.

II.  Review of Literature

The study of pugmarks has long been embedded in the broader discipline of wildlife tracking and
behavioral ecology. Historically, pugmarks were central to ecological surveillance before the advent of high-tech
tools, and their relevance continues to be debated among scholars and conservation practitioners. As early as the
1960s, seminal work by George B. Schaller (1967) laid the foundation for understanding wild animal movements
in India by observing and interpreting indirect signs, including pugmarks, scent marks, and scat. Schaller’s
observations in the Kanha and Bharatpur reserves underscored the possibility of drawing conclusions about
predator-prey dynamics, social structures, and territoriality based solely on field tracking. Building on this
foundation, Johnsingh (2006) provided one of the most comprehensive guides to identifying Indian mammals
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through tracks and signs, documenting variations in paw morphology across multiple species, and advocating for
field-based knowledge in ecological documentation. He highlighted how traditional trackers, often from forest-
dwelling communities, possessed acute observational skills which allowed for accurate identification of species,
age, and even the emotional or physical condition of the animal based on its pugmarks.

Further advancements in pugmark-based studies began to emerge in the 1990s when the Indian
government institutionalized the “Pugmark Method” for tiger population estimation. Singh (1999) and
Choudhury (2001) examined the effectiveness of this technique in wildlife censuses conducted in national parks
like Sariska and Ranthambore. The methodology relied heavily on plaster casts, systematic trails (Pug Impression
Pads or PIPs), and paw measurements (length, width, stride length), under the assumption that each tiger’s
pugmark was unique. However, their works also reported a number of limitations, including observer bias, human
error, and overlapping tracks, especially in densely populated areas. Karanth et al. (2002), in a landmark shift,
challenged the scientific credibility of the pugmark census. In their studies across Nagarhole and Bandipur
National Parks, they found significant inconsistencies in the individual identification of tigers based on pugmarks
alone and called for a transition towards camera trapping and statistical models such as capture-recapture
techniques. These criticisms laid the groundwork for an epistemological shift in Indian wildlife monitoring and
ushered in a decade where the pugmark method was often sidelined in favor of technology-intensive solutions.

Despite its critique, pugmark analysis continued to evolve, especially with its integration into broader
behavioral studies. Krishnan (2012), in his ethnographic work, emphasized the semiotic and interpretive potential
of pugmarks, arguing that they are not merely biometric data points but cultural signs that hold ecological,
political, and emotional meanings. He studied forest guards and tribal trackers in Pench and Satpura regions,
showing how interpretations of tracks were influenced by both scientific logic and local cosmologies. Similarly,
Padmanabhan (2001) documented the ethno-ecological knowledge of the Baiga and Gond communities, who
categorized animal movements based on pugmark orientation, depth, stride length, and toe spread. These insights
often preceded any scientific intervention and formed the basis for preemptive conflict mitigation and habitat
management. This literature supports the notion that pugmarks operate at the intersection of indigenous
knowledge systems (IKS) and ecological science, making them uniquely suited for integrative conservation
strategies.

Recent studies have sought to revive pugmark analysis using computational and geospatial tools. Joshi,
Dey, and Kaul (2019) developed an Al-assisted algorithm that classifies digital images of pugmarks by analyzing
toe placement, interdigital distance, and curvature of paw pads. The system demonstrated over 85% accuracy in
species identification, outperforming several manual observations. This technological leap opens the door to semi-
automated pugmark identification systems, especially useful for forest staff who may lack extensive training
but possess mobile devices with cameras. Complementing this, Srinivasan and Rajendran (2020) used drone-
assisted imaging to map pugmark trails of elephants and tigers in the Western Ghats. Their study not only
improved trail mapping precision but also provided data on directional movement, migration patterns, and
waterhole preferences during dry seasons. These innovations exemplify the fusion of classical tracking with
modern digital ecology, affirming that pugmarks remain relevant when studied through a contemporary scientific
lens.

In terms of behavioral ecology, pugmarks offer a low-impact yet highly informative method to
understand animal behavior in the wild. Sankar and Qureshi (2013) examined movement trails of leopards and
found correlations between pugmark stride length and stalking behavior in prey-dense habitats. The pugmarks
were used to reconstruct attack patterns, direction changes, and retreat behaviors, all without physically observing
the predator. Similarly, Mondal et al. (2014) analyzed bear pugmarks to estimate their spatial overlap with sloth
bears, confirming hypotheses about territorial avoidance among solitary carnivores. Such studies underscore how
pugmarks are rich sources of behavioral data, especially where direct observation is infeasible or unethical.

Beyond scientific accuracy, pugmarks hold important conservation applications. Athreya et al. (2011)
documented how in human-wildlife conflict zones of Maharashtra, early detection of carnivore pugmarks around
villages helped mitigate attacks on livestock and prevent retaliatory killings. The researchers developed a mobile
alert system in which villagers reported fresh pugmarks, prompting patrols and community education programs.
Similarly, Dasgupta and Roy (2016) explored pugmarks in the context of eco-tourism in the Sundarbans, where
pugmark trails were used in guided nature walks, enhancing public awareness and revenue for conservation. These
case studies illustrate the dual role of pugmarks — as conservation tools and educational resources — and their
potential to foster community engagement.

Nevertheless, literature also warns against the uncritical use of pugmarks for population estimation. As per Sadhu
et al. (2017), the substrate inconsistency across seasons poses a serious challenge to standardized pugmark
recording. A tiger's pugmark in dry sand differs greatly from the same animal's imprint in moist clay, leading to
errors in measurement and identification. Moreover, the influence of body weight, gait, and physiological stress
on pugmark shape remains understudied, leaving a knowledge gap in biometric modeling. Singh and Reddy
(2021) argue for a multi-modal approach, where pugmarks are used in conjunction with scat DNA analysis,
camera traps, and vocalization monitoring to form a more holistic understanding of wildlife populations. They
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caution against over-reliance on any single method, especially in policy formulation and wildlife management
decisions.

Parallel to empirical studies, conceptual and theoretical debates have also emerged around pugmark
analysis. In conservation biology literature, the idea of “trace ecology” — the study of ecological presence
through indirect signs like tracks, scent marks, and feces — has gained traction (Levin et al., 2018). Trace ecology
challenges the visual bias in wildlife monitoring and emphasizes presence-in-absence, where animals may not be
seen but leave enough signs to infer complex patterns. Within this framework, pugmarks are interpreted as
semiotic artifacts carrying spatial, temporal, and social meanings, much like linguistic signs. In the Indian context,
this framework has been extended by researchers like Singh (2020), who argues that pugmarks not only represent
the physical presence of tigers but also embody state surveillance, forest discipline, and the contested politics of
conservation spaces.

Despite this rich body of literature, there remains a glaring gap in standardization and institutional
training regarding pugmark analysis. Most forest departments in India lack detailed protocols for pugmark
documentation or access to Al-based tools. Forest guards, who are often the first point of contact with wildlife
signs, rely on inconsistent techniques and outdated manuals. Moreover, there is limited research that attempts to
quantitatively validate pugmark-based species identification against confirmed camera trap data. The few that
exist, like those by Mondal and Gupta (2015), reveal a moderate correlation but call for larger, multi-site datasets
to improve reliability. The absence of such cross-validation makes it difficult for pugmarks to be reinstated as a
primary monitoring method in policy-level decision-making.

Gendered dimensions of tracking have also begun to receive attention. Roy and Das (2019) highlight
how women trackers and forest guards, especially in Central India, bring unique insights into pugmark
interpretation, often underrepresented in official conservation narratives. These voices remain largely
undocumented in mainstream literature, calling for a more inclusive ethnography of pugmark knowledge.
Likewise, a study by Sharma (2021) documented the role of school-based conservation programs that teach
children how to identify animal pugmarks, revealing a strong impact on local conservation attitudes and
intergenerational ecological memory.

The reviewed literature clearly presents pugmarks as a rich, underutilized data source that intersects
across science, culture, policy, and behavior. While traditional reliance on pugmarks for wildlife censuses has
rightly been critiqued, especially for its methodological shortcomings, contemporary literature shows renewed
interest in integrating pugmark analysis with digital tools, ethno-ecological knowledge, and conflict mitigation
strategies. Future research must aim for hybrid, interdisciplinary frameworks that neither romanticize nor
discard pugmarks but embed them within broader systems of ecological monitoring. This review affirms the
importance of reviving pugmark studies with scientific rigor, ethical sensitivity, and technological
innovation, making them integral once again to India’s biodiversity conservation efforts.

III.  Discussion on the Research Problem

The accelerating pace of biodiversity loss in the twenty-first century, largely driven by anthropogenic
pressures, has made wildlife conservation an urgent global concern. Among the many challenges faced in
conservation efforts is the difficulty of reliably tracking and monitoring elusive wild species, particularly apex
predators such as tigers, leopards, wolves, and other large carnivores. These animals, often residing in dense forest
regions, grasslands, or mountainous terrains, exhibit shy and nocturnal behavior, making direct sightings rare and
data collection difficult (Karanth & Nichols, 2002). Traditional methods such as camera trapping, radio collaring,
and DNA sampling, though scientifically advanced and precise, are expensive, resource-intensive, and limited by
their scalability in large or remote forest landscapes. In this context, pugmarks, or the footprints left by wild
animals, emerge as a cost-effective, non-invasive, and accessible tool for wildlife tracking and monitoring
(Sharma et al., 2005). Despite being one of the oldest techniques used by forest guards and indigenous trackers,
pugmark analysis remains under-utilized in contemporary wildlife management discourse, and its potential
remains largely unexploited in integrating ecological, technological, and sociological approaches.
The core research problem lies in the disconnect between the traditional usage of pugmarks and the evolving
scientific standards for wildlife research. While local forest departments in countries like India have relied on
pugmark tracking for decades, criticism over the lack of standardization, subjective interpretation, and the
influence of substrate variation (e.g., soil type, moisture) has led many experts to dismiss pugmarks as unscientific
(Reddy et al., 2011). This skepticism has contributed to a significant research gap: there is a paucity of
interdisciplinary, field-based, and empirical studies that systematically analyze the reliability, accuracy, and
comparative value of pugmark data alongside modern tools like camera traps or GPS tracking. Furthermore, the
knowledge possessed by indigenous trackers and forest guards, often passed down orally and refined through
years of experiential learning, has not been adequately documented or scientifically validated. There is a pressing
need to bridge this epistemological divide between traditional ecological knowledge and modern wildlife science.
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Moreover, the objectives of this research are multi-dimensional, seeking not only to validate pugmarks
as a tool for individual and species identification but also to examine their efficacy in monitoring animal behavior,
movement patterns, territorial range, and population dynamics. First, this study aims to establish a reliable
methodology for collecting, preserving, and interpreting pugmarks across diverse substrates and ecological zones.
By integrating traditional methods with modern digital imaging, morphometric analysis, and machine learning
techniques, the research proposes a hybrid approach that enhances accuracy and replicability. Second, the study
intends to assess the value of pugmarks in behavior analysis—such as distinguishing between resting sites, hunting
trails, and territorial markings—thus offering deeper insights into species ecology and intra-species interaction
(Chundawat et al., 2016). Third, the research aspires to evaluate the policy and practical implications of using
pugmarks in wildlife censuses, habitat assessments, and anti-poaching strategies. These objectives are not only
relevant to conservation biology but also hold significance for public policy, forest governance, and community
engagement.

The discussion of the problem also extends to the methodological limitations and epistemological
critiques associated with pugmark analysis. Detractors argue that pugmark impressions are highly dependent on
terrain, weather, and the pressure exerted by the animal’s foot, making them prone to distortion (Gopal et al.,
2005). Additionally, distinguishing between individuals of the same species—especially in the case of animals
with similar age and size—can lead to misidentification and flawed population estimates. These criticisms, though
valid, often overlook the potential for technological innovation to mitigate such challenges. For instance, advances
in computer vision and artificial intelligence have made it possible to train algorithms to detect micro-variations
in pugmarks that are imperceptible to the human eye. Studies by Wadhwa et al. (2018) demonstrate that digital
pugmark databases, when analyzed using convolutional neural networks, can significantly increase the precision
of species and individual identification. However, such innovations remain largely confined to academic research
and are not yet mainstreamed into forest department protocols or conservation NGOs’ toolkits. Another dimension
of the problem pertains to the lack of integration between ecological data and spatial analysis. While satellite
imagery and GIS mapping are widely used for macro-level habitat analysis, their integration with pugmark
tracking data has been minimal. The potential to map animal movement corridors, identify conflict zones, or
monitor seasonal migration patterns using pugmark-based GPS coordinates could revolutionize landscape-level
conservation planning. Such an approach would also help mitigate human-wildlife conflict by identifying zones
of frequent animal movement near human settlements, thereby enabling proactive interventions. Yet, the absence
of standardized protocols and data-sharing frameworks limits the scalability of such innovations. This reinforces
the need for comprehensive studies that not only generate field data but also develop policy-relevant models for
real-world implementation (Mondal et al., 2017).

A closely related research objective is the documentation and validation of traditional ecological
knowledge (TEK), particularly the skills of tribal and forest-dwelling communities in tracking animals through
pugmarks. These communities have evolved a rich repertoire of knowledge systems—ranging from reading
animal gait and toe spread to interpreting soil disturbances and urine markings—that offer valuable ecological
insights. The marginalization of this knowledge within formal scientific structures represents a critical ethical and
epistemological oversight. By involving these communities as collaborators rather than mere data collectors, this
research seeks to democratize wildlife science and reaffirm the value of local expertise (Gadgil et al., 1993). In
doing so, the study also aligns with participatory and inclusive models of conservation that recognize the
interdependence of social and ecological systems. Additionally, the study examines the legal and forensic utility
of pugmark evidence in wildlife crime investigations. In India and other biodiversity-rich countries, poaching
continues to be a significant threat to endangered species. However, prosecution in such cases is often hindered
by lack of evidence. If pugmark data can be scientifically standardized and accepted as forensic evidence, it could
significantly bolster wildlife law enforcement. Previous studies have shown that pugmark impressions, when
carefully documented and verified with photographic or digital techniques, can establish presence, movement
direction, and even link suspects to crime scenes (Singh, 2013). This dimension of research holds promise for
bridging wildlife biology and environmental jurisprudence, making conservation not just a scientific endeavor but
also a matter of legal justice.

The limitations of the research must also be acknowledged. While pugmarks offer a valuable low-cost
tracking method, their effectiveness is reduced in rocky or heavily vegetated terrains where prints do not register
well. Seasonal variations—such as monsoons washing away tracks or winter soil hardening—also constrain data
collection windows. Furthermore, the subjectivity involved in manual interpretation of pugmarks, particularly in
distinguishing gender, age, or health of the animal, necessitates a high degree of training and experience. While
technology can aid standardization, its deployment in remote forest areas remains constrained by infrastructure
and funding limitations. Another limitation arises from the difficulty in conducting controlled field experiments
on wild animals, which can compromise the ability to validate findings with statistical rigor. Nevertheless, these
challenges highlight the need for context-specific solutions rather than generalized dismissals of the method itself.
The interdisciplinary nature of this research also necessitates a critical reflection on the ethical dimensions
involved. Wildlife tracking, even when non-invasive, can disturb animal behavior or habitat patterns if done
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improperly. There is also the risk of misusing tracking data for illegal activities if access controls are not
implemented. The research therefore adheres to stringent ethical protocols, including non-interference guidelines,
community consent, and data anonymization, especially in sensitive habitats.

In conclusion, this research on pugmarks as a tool for wildlife conservation addresses a complex and
multifaceted problem situated at the intersection of ecology, technology, indigenous knowledge, and public
policy. By identifying and addressing existing research gaps, the study seeks to not only revive but also
revolutionize the role of pugmark analysis in modern conservation practice. The objectives of establishing
methodological robustness, integrating digital tools, validating traditional knowledge, and exploring legal
applications are designed to generate both theoretical and practical contributions. This work aspires to reposition
pugmarks not as outdated relics of natural history, but as powerful, evolving instruments of ecological
understanding, species protection, and human-wildlife coexistence.

IV.  Conclusion

Pugmark analysis, though often seen as a traditional or outdated tracking method, emerges in this study
as a dynamic and multifaceted tool for ecological research and wildlife conservation. Throughout the research,
pugmarks have been framed not merely as imprints in the soil but as embedded archives of animal presence,
movement, and ecological interaction. Their utility in identifying individual animals, estimating population
density, and understanding habitat use highlights their pivotal role in non-invasive wildlife monitoring. This study
underscores the ongoing relevance of pugmarks in modern conservation strategies, especially in developing
countries like India, where financial and technological constraints may limit access to expensive tracking devices.
Even in technologically equipped areas, pugmarks complement tools such as camera traps and GPS collars by
offering preliminary or corroborative data, particularly in dense forest terrains where visibility is limited.

Moreover, the integration of pugmark-based tracking with GIS mapping, Al recognition, and digital
databases signifies a significant shift toward innovation without losing sight of traditional knowledge systems.
Indigenous trackers, forest guards, and rural communities possess intricate knowledge of pugmark reading, which
when integrated with scientific protocols, leads to a more culturally inclusive and community-driven conservation
model. The research identifies several limitations such as misidentification due to overlapping tracks, degradation
by weather, and inconsistent data collection methods. However, these challenges can be mitigated through
standardized protocols, advanced training, and interdisciplinary collaboration. The study also identifies a research
gap in the application of deep learning models for large-scale pugmark databases, and the need to formalize
training for frontline forest staff in pugmark identification skills. Finally, the study calls for a revitalized
conservation narrative that values pugmarks not just as tools for species tracking, but as indicators of ecosystem
health, cultural continuity, and scientific resilience. Policy recommendations include embedding pugmark literacy
in wildlife education curricula, investing in Al tools for real-time pugmark identification, and promoting cross-
institutional pugmark archives for comparative ecological research. As the footprints fade in the forest floor, their
imprints in conservation biology remain more enduring than ever.
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