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Elephants, vital to India’s ecological and cultural fabric, now navigate increasingly
fragmented habitats, rising incidence of negative interactions with humans. This
has resulted in substantial casualties on both sides, with India reporting over 500
human deaths and approximately 100 elephant fatalities from retaliatory killings
annually. Long-term solutions to mitigate human-elephant con�ict include
enhancing habitat quality and connectivity, restoring historic migratory routes,
and protecting existing elephant corridors while establishing new ones where
necessary. However, implementing such extensive habitat modi�cations
presents signi�cant challenges due to complex political, societal, and
economic factors. This necessitates interim measures to manage con�icts
within tolerable levels until comprehensive long-term solutions can be
achieved. Here, we re�ect upon a sustainable coexistence case study by
leveraging technological advancements in satellite telemetry and mass
communication within a landscape that supports the single largest population
of Asian elephants globally. This integrated strategy combines adaptive
management with active engagement of affected local communities, who
collaborate with rapid response teams and wildlife managers to monitor and
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respond to elephant movements, ensuring that conservation efforts are locally
grounded and socially acceptable. Such an approach offers potential to ensure
the long-term persistence of this �agship species while balancing ecological and
human needs.
KEYWORDS

Asian elephant, early warning system, human elephant coexistence, mass
communication, radio telemetry
1 Introduction

Asian elephants (Elephas maximus) historically occupied a
broad geographic range, spanning much of present-day Asia
(Shoshani and Tassy, 1996; Sukumar, 2003; Pandey et al., 2024).
However, their contemporary distribution has undergone severe
range contractions, with populations now restricted to fragmented
habitats across only 13 range countries (Pandey et al., 2024). India
represents a critical stronghold for the species, hosting the world’s
largest extant population, accounting for over 60% of the global wild
elephant population. With an estimated 25,000–30,000 individuals
distributed across 163,000 km2 of diverse landscapes, the
population has been deemed reasonably stable (Pandey et al.,
2024). Classi�ed as “Endangered” by the IUCN and afforded the
highest levels of protection under Appendix I of CITES and
Schedule I of India’s Wildlife Protection Act (1972), the species
remains a conservation priority (Kumar et al., 2010; Sharma et al.,
2020; Williams et al., 2020).

India’s success in maintaining stable elephant populations has
been attributed to robust policy frameworks, stringent legal
enforcement, habitat protection measures, and inclusive
stakeholder engagement (Gubbi et al., 2014; Pandey et al., 2024).
Strong institutional support, coupled with public tolerance and
political commitment, has not only facilitated population stability
but also enhanced the species’ long-term survival prospects
(Qureshi et al., 2023; Pandey et al., 2024). Nevertheless, human-
elephant con�ict (HEC) remains a persistent challenge in several
regions of the country. As elephants increasingly inhabit human-
dominated landscapes, negative interactions have escalated, posing
signi�cant threats to livelihoods, human safety, and conservation
efforts (Qureshi et al., 2023).

For centuries, elephants have held a signi�cant place in shaping
the religious and cultural identity of many Asian civilizations
(Kowner et al., 2019; Thekaekara et al., 2021). This longstanding
cultural respect may have helped communities in the region tolerate
elephants, even as negative interactions with them have increased
over time. Ancient Sanskrit scriptures like the “Gajasastra” mention
instances of elephants damaging crops in the Indian subcontinent
as far back as the 6th and 5th centuries BCE, showing that human-
elephant con�icts are not a new phenomenon in the region
(Subrahmanya and Gopalan, 1958). Nevertheless, contemporary
02
statistics reveal a disturbing trend in the dynamics of human-
elephant interactions in the region. For instance, in India alone,
over 50,000 farming families are affected annually by HEC, with
crop losses estimated at one million hectares each year (Rangarajan
et al., 2010). Between 2009 and 2020, an average of US$ 4.79 million
was paid annually as ex gratia for property losses by the state and
central governments of the country (Pandey et al., 2024). Tragically,
this has also led to substantial human casualties, with more than 500
people dying annually due to negative human-elephant interactions
across the country, constituting a signi�cant public health concern
(Gubbi et al., 2014; Natarajan et al., 2023; Pandey et al., 2024).
Concurrently, retaliatory actions result in the documented killing of
more than 100 elephants each year, representing a critical
conservation challenge (Gubbi et al., 2014; Pandey et al., 2024).
Failure to address this situation promptly could thus result in a
drastic decline in public tolerance toward elephants, threatening the
overarching goal of conserving these �agship species in
the subcontinent.
1.1 Nature of human elephant con�ict in
India

The current causes of HEC in India are diverse and complex,
primarily driven by habitat fragmentation and escalating
anthropogenic pressures, including agricultural expansion, human
settlements, livestock grazing, and encroachments (Krishnan et al.,
2019; Natarajan et al., 2023). Notably, HEC is not necessarily a
consequence of high elephant densities or rapid population growth.
Instead, in certain regions, such as North and South Bengal in the
state of West Bengal, Hassan and Kodagu districts in the state of
Karnataka, even marginal increases in elephant numbers have
exacerbated management challenges due to severely fragmented
remnant habitats (Naha et al., 2019; Qureshi et al., 2023). These
con�ict-prone zones have historically experienced landscape
fragmentation due to tea or coffee-based agroforestry practices,
leaving elephant populations partially isolated within highly
human-dominated environments (Bal et al., 2008; Qureshi et al.,
2023). This spatial proximity intensi�es human-elephant
interactions, leading to recurrent con�icts that threaten both
livelihoods and conservation efforts.
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A comprehensive, landscape-level strategy is widely recognized
as the crucial component for achieving a long-term solution to HEC
in India (Rangarajan et al., 2010; Pandey et al., 2024). Such an
approach entails restoring historic migratory routes, improving
habitat quality and connectivity, and safeguarding existing
elephant corridors while establishing new ones where necessary
(Rangarajan et al., 2010; Project Elephant et al., 2024). As of 2023,
under its Project Elephant initiative, India has adopted a landscape-
based conservation strategy by establishing 33 Elephant Reserves
spanning 14 states, covering 80,777 km2 of habitat; a 24% increase
from the 65,000 km2 protected in 2010 (Pandey et al., 2024).
However, achieving extensive habitat modi�cations still remains
challenging due to the intricate political, societal, and economic
considerations involved, making the process inherently time-
consuming. Given these challenges, immediate con�ict mitigation
measures must be implemented alongside long-term habitat
restoration efforts. These interim strategies aim to contain HEC
within manageable levels while maintaining community support for
elephant conservation. A phased and adaptive approach is crucial to
balance ecological objectives with the needs of human populations,
ensuring sustainable coexistence in shared landscapes.
1.2 Human elephant con�ict in Karnataka
State, Southern India

The southern Indian state of Karnataka currently sustains
India’s largest wild Asian elephant population, representing what
is likely the single largest population of this species worldwide, with
an estimated 6,395 individuals distributed across 14,500 km2 of
habitat (Krishnan et al., 2019; Karnataka Forest Department, 2023).
The state demonstrated its conservation commitment to the species
Frontiers in Conservation Science 03
through the establishment of the Mysore Elephant Reserve in 2002,
which remains India’s largest elephant conservation landscape
(EIACP Centre, 2024). Spanning over 8,055.94 km2, the reserve
encompasses a diverse mosaic of dry and moist deciduous forests,
semi-evergreen and evergreen ecosystems, interspersed with
agroforestry buffer zones that facilitate ecological connectivity
(Gubbi et al., 2014; EIACP Centre, 2024).

While functioning as a conservation �agship species, elephants
paradoxically represent Karnataka’s most con�ict-prone megafauna
(Muliya et al., 2023). Recent data reveal the scale of this challenge:
between 2019-2021, the state recorded approximately 35,000 crop-
raiding incidents and over 50 human fatalities attributable to
elephants, necessitating ex-gratia payments totaling �4.1 million
USD to affected communities (Muliya et al., 2023). Although HEC
hotspots are concentrated in the South and Central Western Ghats
region of the state, emerging patterns indicate signi�cant spatial
expansion, with HEC incidents now reported across 14 districts of
Karnataka (Figures 1a, b). Additionally, a signi�cant proportion of
Karnataka’s elephant population now resides outside protected
areas, primarily due to prolonged anthropogenic pressures such
as land-use modi�cations. Concurrently, a substantial human
population inhabits these same areas or the fringes of extant
elephant habitats, resulting in frequent and severe negative
interactions between humans and elephants (Krishnan et al., 2019).
1.3 Current mitigation measures and their
effectiveness:

To mitigate HEC, wildlife managers globally, including in India,
have implemented a range of mitigation techniques, most of which
are deterrence-based approaches relying on fear conditioning to
FIGURE 1

(a) Geographical map of Karnataka State, indicating 14 HEC prone districts of the state & (b) HEC hotspots concentrated in the southern and central
Western Ghats region of Karnataka.
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discourage elephants from entering human-dominated landscapes
(Mumby and Plotnik, 2018; Panda et al., 2020). These immediate
interventions primarily aim to either physically separate elephants
from human settlements or deter con�ict-prone individuals (Sitati
et al., 2007; Panda et al., 2020). Common strategies include physical
and chemical barriers, compensation and ex-gratia schemes for
elephant-related damages, and translocation of recurrent con�ict
animals (Sitati et al., 2007; Menon, 2019; Mumby and Plotnik, 2018;
Panda et al., 2020). Innovative biological approaches, such as
beehive fences (King et al., 2009; Nair and Jayson, 2016) and
chili-based deterrents (Chang’a et al., 2016; Gunaryadi et al.,
2017), as well as acoustic or visual repellents like �recrackers and
lights, have also been used to exploit elephants’ natural aversion to
speci�c stimuli (Cabral de Mel et al., 2022). Although these
measures can be effective in the short term when maintained
consistently, their success is often context-dependent and limited
by habituation, inconsistent upkeep, high implementation costs,
and poorly planned translocations, which may displace con�icts to
novel areas rather than resolving them (Fernando et al., 2012;
Mumby and Plotnik, 2018; Galley and Anthony, 2024). Moreover,
such strategies generally focus on exclusion rather than coexistence,
addressing only the immediate symptoms of con�ict without
accounting for ecological drivers such as habitat fragmentation,
seasonal resource scarcity, and elephant social behavior.

More recently, mitigation efforts have begun to incorporate
ecological and behavioral insights, emphasizing the importance of
understanding elephant movements, habitat use, and motivations
leading to HEC instances (Mumby and Plotnik, 2018). In addition
to landscape-level approaches, such as securing movement
corridors and modifying agricultural practices (Kumara and
Paramesha, 2024), the integration of early warning systems that
utilize elephant communication cues represents a shift toward
coexistence-oriented management (Mumby and Plotnik, 2018;
Dharmarathne et al., 2020; Badola et al., 2021; Pandey et al.,
2024). For example, AI-equipped camera traps have been
employed to detect elephant presence in near real time and
transmit alerts to village guards at relatively low cost, enabling
proactive deterrence before HEC occurs (Brickson et al., 2023).
Similarly, in Sri Lanka, elephants have been �tted with aversive
geofencing devices to manage their movements within virtual
boundaries (de Mel et al., 2023). In Kenya, a geofencing system
using GSM-enabled radio collars noti�es rangers of intruding
elephants (Graham et al., 2012). Community-based mobile-phone
networks have also enhanced prevention, with approximately three-
quarters of local users in a Kenyan study area receiving timely alerts
about nearby elephants and taking preemptive actions to avoid
HEC instances (Graham et al., 2012).

Collectively, these innovations align con�ict mitigation with
elephant movement patterns and behavior, achieving preventive
outcomes rather than merely reactive responses, and are considered
scalable and cost-ef�cient. However, their successful implementation
necessitates careful consideration of human dimensions, including
socio-economic costs, land-use pressures, and community
perceptions. Importantly, these approaches must be adapted and
evaluated within local, site-speci�c contexts, as the ecological drivers,
Frontiers in Conservation Science 04
socio-cultural factors, and landscape characteristics in�uencing HEC
may vary substantially. Recognizing the �uid and context-dependent
nature of HEC, effective mitigation requires adaptive, multi-faceted
strategies that reconcile the needs of both human and elephant
populations within a broader socio-ecological framework. In this
context, the present work is presented as a community case study,
highlighting applied experience and lessons learned from
implementing a satellite-telemetry and mass communication–based
early warning system for human –elephant coexistence in Southern
India’s agroforestry landscapes.
2 Context: elephants and agroforestry
landscapes in Kodagu, Karnataka

Over the past few decades, the majority of HEC instances in
Karnataka have been concentrated in the agroforestry landscapes of
Kodagu and Hassan districts (Bal et al., 2011; Krishnan et al., 2019;
Anoop et al., 2023; Muliya et al., 2023). Kodagu, in particular, spans
a total geographical area of 4,102 km2, of which 3,257 km2 is
forested (Government of Karnataka, 2023). The district includes the
Nagarhole Tiger Reserve and three wildlife sanctuaries,
Talacauvery, Pushpagiri, and Brahmagiri, which, together with
adjacent protected areas, form a contiguous corridor extending to
the Eastern Ghats in neighbouring states. This landscape sustains
the largest single population of Asian elephants, estimated at ~9,000
individuals (Sukumar, 1989), with an exceptionally high density of
1–3 elephants per km2 (Kemf and Santiapillai, 2000).

The land use in Kodagu is dominated by extensive coffee
plantations, which serve as the primary cash crop, typically
intercropped with banana, cardamon, turmeric, and black pepper
(Muliya et al., 2023). The district ranks among India’s largest coffee
producers, contributing approximately 40% of the nation’s and 2%
of the global coffee output (Shivani and Iyer, 2024). Additionally,
low-lying areas and swamps are frequently utilized for paddy
cultivation (Figure 2a), further diversifying the agricultural
landscape (Anoop et al., 2023). Historically, paddy cultivation was
a major income source in Kodagu until coffee emerged as the
dominant commercial crop, leading to its widespread expansion
(Ramakrishnan et al., 2000). Driven by commercial coffee market,
cultivation intensi�ed between 1977 and 2007, resulting in a 30%
loss of natural forest cover and a 100% increase in coffee plantation
area (Elouard and Guilmoto, 2000; Bal et al., 2011). While protected
areas maintained their ecological integrity, agroforestry expansion
primarily occurred at the expense of private forests, resulting in
substantial biodiversity decline and landscape transformation.

This transition markedly modi�ed forest community structure
and reduced habitat quality for many species, though the canopy
architecture remained largely preserved. Approximately 60% of
Kodagu retains shade-grown coffee plantations and other crops
such as cardamom, which structurally mimic natural forests
(Figure 2b), an ecological feature that continues to in�uence
elephant habitat use (Narayana, 2015). These modi�ed habitats
provide critical advantages for elephants, including availability of
perennial water sources in plantations (Figures 2c, d), unlike seasonal
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availability in adjacent protected areas (Muliya et al., 2023).
Additionally, the Kodava community, the native people of the
region, maintain extensive patches of sacred groves and
communally managed forests across the landscape as part of their
ethnocultural traditions (Chandrakanth et al., 2014). These areas are
increasingly serving as critical refuge habitats for elephant herds
exhibiting high con�ict propensity (Narayana, 2015; Muliya et al.,
2023). The combined effects of such resource attributes, along with
high elephant density has increased the reliance of elephant
populations outside protected areas on coffee-dominated landscapes
(Menon, 2019). With a human population density of 135 individuals/
km2 and an annual growth rate of 1.09% (Government of Karnataka,
2011), the interface between expanding anthropogenic activities and
elephant habitat use has intensi�ed in the region.
3 Advancing human elephant
coexistence in Kodagu with
satellite telemetry

Recent advances in communication technology have enabled the
development of Early Warning Systems (EWS) as an effective, non-
lethal approach to mitigating human-wildlife con�ict (Foyet and Louis,
Frontiers in Conservation Science 05
2023). These systems operate through rapid detection of wildlife
incursions into anthropogenic landscapes, followed by real-time alert
dissemination via mobile networks, broadcast media, or dedicated
alarm systems to local communities, conservation stakeholders, and
wildlife authorities. Similarly, in the context of elephants, pioneering
work on manual detection-based EWS in Valparai, Tamil Nadu, India,
has signi�cantly reduced the negative outcomes of HEC instances in
these areas while proactively enhancing forest managers’ ability to
respond promptly (Kumar and Raghunathan, 2014).

The success of EWS depends on the precise and timely
detection of elephant movements in human-dominated areas,
which may not always be achievable with manual detection
methods. Technological advancements like telemetry have
emerged as powerful tools in wildlife conservation and
management, offering unique opportunities to study wildlife
ecology and behavior, including movement patterns Habib et al.,
2014). In response to the rising incidents of human-wildlife con�ict
across India, a project in 2018 titled ‘Population Management of
Species Involved in Human-Wildlife Con�icts’ was undertaken by
the Wildlife Institute of India (WII). The project aimed to develop
comprehensive, species-speci�c strategies, combining short and
long-term measures to manage con�ict-prone populations
sustainably (Qureshi et al., 2023). As elephants were one of the
FIGURE 2

(a) Farmers taking stock of damage caused by an elephant herd in paddy �elds of Kodagu district, Karnataka. Such �elds in Kodagu are usually
located adjacent to large coffee estates or community owned forests, which act as refuge for crop raiding elephants in the landscape. (b) An
Elephant herd venturing into a Kodagu coffee plantation, its canopy cover and native trees mirroring nearby forest habitats (c) An adult tusker
damaging the areca palm plantation in Kodagu district, Karnataka & (d) A Matriarch, along with the heard in Coffee plantation of Kodagu. Water
bodies found in such plantations are perennial, contrasting with the seasonal ones in nearby protected areas.
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target species, the Karnataka Forest Department (KFD) and WII
collaborated to implement a telemetry-based EWS by deploying 25
advanced satellite radio collars on con�ict-prone elephants between
2019 and 2022 in Karnataka, with 11 of these placed on elephants
inhabiting coffee-agroforestry landscapes in Kodagu. This built
upon KFD’s 2017 pilot using GSM-GPS collars, which, despite
technical limitations from patchy network coverage, demonstrated
telemetry’s potential for con�ict mitigation.
3.1 Programmatic elements of Kodagu
EWS: collar deployment and information
dissemination

Based on local knowledge, information from local forest
department personal, and focal surveys, elephant herds were
rigorously pro�led in 2019, and satellite collar deployment were
prioritized for either matriarchs of con�ict-causing herds or lone
tuskers responsible for known human fatalities. Using this selection
approach, a total of six matriarchs (representing herds comprising
approximately 90 elephants) and �ve males were radio-collared.
Capture operations involved chemical immobilization process by
trained wildlife veterinarians using etorphine hydrochloride (7 mg
for subadult males; 9–11 mg for adults) or xylazine hydrochloride
(900–1200 mg)/reduced etorphine (7–8 mg) for females to enable
standing sedation, facilitated by trained kumki elephants (Sanath
Muliya; unpublished data). Kumkis (captive elephants used in South
Asian elephant capture and management) performed critical
functions including target location in dense vegetation, facilitation
of darting, sedation site guidance, and proper positioning during
collar attachment, thereby minimizing physiological stress while
ensuring operational safety (Figures 3a, b).

Following successful immobilization, elephants were �tted with
advanced satellite collars (Africa Wildlife Tracking cc, Pretoria,
South Africa) equipped with Iridium satellite transmitters providing
near real-time GPS tracking capabilities, and were immediately
released at the capture location. These programmable collars
enabled wildlife managers to adjust location transmission
frequencies from 5-minute to 24-hour intervals based on
monitoring requirements. Upon activation, the telemetry data
were visualized for individual elephants and subsequently
disseminated to stakeholders through multiple communication
channels, including: (1) rapid response teams for immediate
con�ict mitigation, (2) local community alert networks in areas of
elephant movement, and (3) research biologists for ecological
studies. A detailed schematic of the satellite telemetry integration
within EWS in Kodagu, illustrating the complete work�ow from
data acquisition to alert dissemination is presented as Figure 4.
4 Discussion: management
implications and community response

Effective management of human-wildlife con�icts requires
adaptive, scalable solutions that minimize ecological and ethical
Frontiers in Conservation Science 06
trade-offs. Satellite telemetry and mass communication-based EWS
in Kodagu is one such innovation, which facilitates temporary, non-
lethal separation of elephants and humans at �exible spatial scales.
While a quantitative assessment of this EWS’s ef�cacy is pending
due to ongoing con�ict data analysis, preliminary evidence
highlights its substantial qualitative and practical bene�ts
(Table 1), providing a viable alternative to traditional, high-
intervention strategies like capture and translocation.

The limitations of translocation as a con�ict mitigation tool are
well-documented (Poole et al., 2011). Elephants, as highly intelligent
and socially complex organisms, rely on stable, multi-tiered networks
maintained through vocal, tactile, and spatial interactions (Rutherford
and Murray, 2021; Bonaparte-Saller and Mench, 2018). Translocation
disrupts these critical social structures, particularly in India, where
logistical constraints often preclude whole-herd relocations. Individual
translocations not only in�ict psychological distress on displaced
elephants but also destabilize source herds, while the loss of
environmental familiarity further undermines individual �tness
(Fernando et al., 2012; Shier and Swaisgood, 2012). Compounding
these challenges, translocated elephants frequently exhibit strong
philopatry, navigating hazardous anthropogenic landscapes in
attempts to return to their original ranges (Pinter-Wollman et al.,
2009; Fernando et al., 2012). This homing behavior forces elephants to
traverse unfamiliar, human-dominated landscapes, increasing the
likelihood of aggressive human-elephant interactions. Even when
translocated individuals remain in release areas, their crop-raiding
behavior often persists, effectively transferring con�ict to new regions
rather than resolving it (Fernando et al., 2012).

In this context, satellite-collared EWS emerges as a sustainable
solution by enabling real-time monitoring and preemptive
management of elephants within their natural habitats (Babu,
2021). While the initial capture and collaring process is
undeniably invasive and may induce acute stress in captured
individuals, this short-term impact must be weighed against the
long-term bene�ts for both elephant populations and human
communities. The transient suffering of speci�c individuals may
be regarded as an acceptable, albeit regrettable, cost when balanced
against the broader imperative of species conservation, ecosystem
resilience, and con�ict reduction. By facilitating proactive
mitigation strategies, EWS supports the long-term health and
stability of elephant populations in their native landscapes,
promoting coexistence, a critical step toward ethically and
ecologically sound con�ict mitigation.

The implementation of EWS in Kodagu extends beyond
ecological signi�cance, offering demonstrable bene�ts for human
communities coexisting with elephants. Wildlife managers
systematically disseminate real-time elephant movement data
derived from satellite telemetry to local communities and
plantation owners through multiple communication channels,
including cross-platform mobile messaging services and radio
broadcasts. This early alert system enables residents to make
informed decisions by avoiding areas of active elephant presence,
thereby reducing the probability of sudden encounters (Babu, 2021).
The resulting human behavioral adaptation, manifested as increased
caution when elephants are nearby, has contributed to a measurable
frontiersin.org
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decline in negative interactions. Beyond immediate safety bene�ts,
this transparent information sharing has signi�cantly improved
community perceptions of forest department initiatives (Qureshi
et al., 2023). Most notably, the approach’s demonstrated
effectiveness is evident in how communities that previously
advocated for elephant removal now actively support collaring
programs, recognizing their vital role in con�ict reduction
(Indresh, 2021).
Frontiers in Conservation Science 07
The system’s real-time monitoring capability has also enabled
wildlife managers to implement timely interventions through
coordinated deployment of Rapid Response Teams (Babu, 2021;
Menon, 2023). These specialized units perform critical functions
including driving elephants away from human settlements,
enforcing temporary activity restrictions in elephant movement
areas, and facilitating preventive evacuations during elephant raids.
FIGURE 3

(a) Satellite collar deployment on a matriarch in kodagu coffee plantation. The procedure, conducted under standing sedation, is supported by
trained ‘Kumki’ elephants to ensure safety for both the animal and personnel involved. (b) Satellite collar deployment on a Tusker in Kodagu Coffee
Plantation. The procedure, differing from standing sedation used for females, employs opioid capture drugs to fully anesthetize males in the �eld.
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