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Abstract

Living near elephants imposes challenges for farmers, yet studies often overlook how farmers combine
deterrent strategies and how the costs of crop protection are distributed within communities. This study
evaluates variation in deterrent strategies, elephant-caused economic loss and the financial and social
costs of crop protection in Ruam Thai Village, bordering Kuiburi National Park in Thailand. We used
household surveys and farmer interviews to determine the types and combinations of deterrents used
across farms growing different crop species and varying in plot size, and to assess farmers' financial
investment in deterrents and night guarding effort in relation to distance to the protected area, elephant
encounter frequency and elephant-caused yield loss. Farmers growing pineapple (a preferred food for
elephants) used the most deterrents, including the highest frequency of night guarding and firecracker
use. However, no deterrent strategy fully protected farms from economic loss. Financial investment in
deterrents was associated with elephant encounter frequency and elephant-caused yield loss,
suggesting farmers are caught in a ‘mitigation treadmill’ where protective investments escalate
alongside damage, without resolving the underlying conflict. Night guarding effort was greatest among
farmers closest to the protected area border and among those reporting the highest elephant-caused
yield loss. These results demonstrate that the costs of human-elephant coexistence are unevenly
distributed, leaving the most exposed farmers to bear the burden of these escalating defensive
expenditures. Coordinated, community-led crop protection strategies are essential to interrupt this cycle,
reduce inequities, and increase socio-economic resilience in human-elephant landscapes.

Introduction

Human-wildlife conflict poses a growing challenge to human well-being and wildlife conservation
worldwide (Nyhus 2016). Negative interactions between people and wildlife can involve crop
consumption and livestock depredation, property damage and risks to human safety, often requiring
communities to adapt livelihood practices, invest in protective measures or endure persistent economic,
psychological and social costs (Mayberry et al. 2017). In Asia, these conflicts are exacerbated by rapid
agricultural expansion in and around remaining wildlife habitat. Asian elephants (Elephas maximus), an
endangered species requiring vast, connected ranges, are particularly affected by habitat fragmentation
(de Silva et al. 2023). The cultivation of palatable crops draws elephants into human-dominated areas,
increasing negative human-elephant interactions, commonly described as human-elephant conflicts
(HEC) and associated damage (Kopke et al. 2024). Persistent HEC erodes tolerance of elephants and
prompts widespread adoption of reactive deterrent strategies that can have adverse effects on
elephants, humans and long-term coexistence (Van de Water and Matteson 2018).

Elephant deterrents include physical barriers that restrict farm entry, aversive audio-visual and olfactory
cues known to be disliked by elephants, and other interventions that discourage elephants from
accessing agricultural areas (Davies et al. 2011; Mchome et al. 2025). In practice, however, farmers
rarely rely on a single technique. They often combine active deterrents requiring human deployment,
such as voice, firecrackers and vehicle horns, with passive measures that operate more independently,
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such as electric fences, trenches, motion-sensor spotlights and alarm systems (Shaffer et al. 2019;
Montgomery et al. 2022). Farmers’ deterrent strategy — the quantity and type of deterrents used — can
vary widely in cost, maintenance requirements and perceived effectiveness (Denninger Snyder and
Rentsch 2020). Deterrents are often deployed in combination and can interact in their effects (Davies et
al. 2011), so understanding how deterrent strategies and elephant-caused economic loss vary across
crop species and plot sizes is important for evaluating farm-level crop protection measures.

Beyond crop loss, preventing elephant-caused crop damage imposes substantial financial and social
costs on farmers. Owing to elephants’ size, strength, and cognitive capacity, deterrent effectiveness can
decline over time as elephants habituate to repeated exposure or discover weaknesses in physical
barriers, especially where ongoing maintenance is limited (Shaffer et al. 2019; Mchome et al. 2025).
Consequently, many farmers rely on night guarding, which involves active supervision of the farm
throughout the night, as the most reliable strategy (Sitati et al. 2005; Gross et al. 2019). Night guards use
active deterrents to address elephant presence and prevent crop damage, but doing so requires repeated
overnight vigilance and sustained labour. As a result, this practice affects farmers’ physical,
psychological, and social well-being through ongoing risks during elephant encounters, lack of sleep,
chronic stress and social isolation (Barua et al. 2013; Nyumba et al. 2020; Sampson et al. 2021; Owen et
al. 2024). Spatio-temporal crop damage assessments can identify HEC patterns and hotspots, but they
do not capture the financial investments, labour demands and social burdens farmers absorb while
trying to prevent damage before it occurs. More broadly, the costs of human-wildlife coexistence are
often unevenly distributed within and among affected communities, creating what has been described as
“coexistence inequality” (Jordan et al. 2020). Previous studies have shown that greater elephant
exposure is associated with greater impacts from elephants (Prins et al. 2022; Saif et al. 2020). Saif et
al. (2020), for example, incorporated crop and property damage, mitigation expenditure and guarding
time into an assessment of tangible costs, but less is known about how financial and social burdens of
preventing these costs are distributed within affected communities.

Thailand, which hosts the largest wild elephant population in Southeast Asia, has recently experienced
severe and increasing HEC (Sukmasuang et al. 2024). Between 2014 and 2023, 234 elephant casualties
(166 deaths and 68 injuries) were recorded, with most incidents resulting from electrocution, road
accidents and gunshots (Supanta et al. 2025). During the same period, 360 human casualties (189
deaths and 171 injuries) were recorded, with casualties increasing from 23 in 2014 to 51 in 2023
(Supanta et al. 2025). In southwestern Thailand, rural communities bordering Kuiburi National Park
(KNP) frequently encounter elephants in farmland throughout the year (Kochprapa et al. 2023; Owen et
al. 2024), and Ruam Thai Village has been the main HEC hotspot in the region for over 25 years
(Srikrachang and Srikosamatara 2005). Previous studies in farms bordering KNP found that crop
damage differed across crop types, but no part of the agricultural landscape is exempt from HEC
(Kochprapa et al. 2023). Building on this work, understanding hidden costs of HEC in Ruam Thai Village
and other human-elephant landscapes requires examining which deterrent strategies are associated
with lower elephant-caused economic loss and the financial and social costs farmers bear to implement
and sustain them.
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This study examined variation in deterrent strategies and elephant-caused economic loss across
agricultural contexts, and the financial and social costs of crop protection in relation to elephant
exposure and impact in Ruam Thai Village. Specifically, we aimed to: (1) compare deterrent strategies
and elephant-caused economic loss across farms growing different crop species and varying in plot
size, and (2) assess how the financial and social costs of crop protection, measured as financial
investment in deterrents and night guarding effort, vary in relation to elephant exposure and impact
variables, including distance to the protected area (PA), elephant encounter frequency and elephant-
caused yield loss. We predicted that deterrent strategies would differ by crop species and plot size, with
the most deterrents used in pineapple farms, and that greater elephant exposure and impact would be
associated with higher investment in deterrents and greater night guarding effort. Together, these aims
evaluate farm-level crop protection outcomes and how the financial and social burdens of crop
protection are distributed, providing evidence for multidimensional, context-specific coexistence
strategies in human—elephant landscapes.

Study area

KNP (969 km?) is part of the Kaeng Krachan Forest Complex, a UNESCO World Heritage Site in
southwestern Thailand. KNP hosts approximately 237-350 elephants and HEC has persisted in farms
bordering the park since it was gazetted in 1999 (Department of National Parks, Wildlife and Plant
Conservation 2025).

Ruam Thai Village (738 households and 2,007 residents; Department of Provincial Administration 2025)
in Prachuap Khiri Khan province shares its north and west borders with KNP (Fig. 1). The village was
established in 1978 when the Provincial Administrative Organization (PAO) enacted a land distribution
scheme to eliminate communist settlements from the region (Sirichakkaraset et al. 2025). The Royal
Forest Department granted a 30-year lease to the PAQ, which distributed approximately 21,875 rai (8,649
acres) of national forest land to people who relocated as part of the Ruam Thai Demonstration
Cooperative Village scheme (Wongsawaddiwattana and Pattaratuma 2005). At this time, the region was
designated a “red zone” because of military activity to address communist settlers, so Ruam Thai
Village's first settlers consolidated houses in a central zone for safety and conducted agricultural
activities in land closer to the forest that would eventually be gazetted as KNP in 1999 (Sirichakkaraset
et al. 2025). The geo-political history that separated homes and farms exacerbates present-day HEC, as
agricultural land is unoccupied at night when crop foraging attempts are most frequent. Today, pineapple
(Ananas comosus) is the most commonly cultivated crop, followed by rubber (Hevea brasiliensis), mango
(Mangifera indica), jackfruit (Artocarpus heterophyllus) and oil palm (Elaeis guineensis). Each of these
species is attractive to elephants and several are targeted at all stages of maturity, meaning elephant
encounters are persistent throughout the year rather than following a seasonal trend (Kochprapa et al.
2023).

Methods
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Household survey

We conducted a 25-question survey among Ruam Thai Village farmers (N = 239) between 11 October
and 12 December 2021 (Ethics approval number 03868e). Only one adult (= 18 years old) from each
randomly selected household was surveyed. Participation was restricted to those who farmed land
located within 2 km of the PA border. Surveys required approximately 30 minutes to complete and
trained enumerators were present to provide clarification if requested.

The survey focused on respondents’ farm-level cropping practices, experiences with elephants, deterrent
strategies and elephant-caused yield loss. Respondents provided information for up to three plots,
including cultivated crop species, plot size (rai), deterrents deployed, and average annual economic loss.
Plot size is reported in rai (1 rai = 0.16 ha = 0.395 acres). All monetary values were recorded and reported
in Thai Baht (USD 1 = 33.48 THB; Bank of Thailand 2021).

Deterrent options included night guarding, electric fence, firecrackers, gunshots, spinning
lights/spotlights, siren system, bottle fence and trench (Fig. 2). Average economic loss (THB) was
reported using ordinal categories, namely: no loss (0), low loss (< 25,000) and high loss (= 25,000).

Pineapple farmer interview

Interviews were conducted between 19 July and 14 October 2022 with randomly selected farmers (N =
71) in Ruam Thai Village whose farms were located within 2 km of the PA border to quantify the financial
and social costs of crop protection in pineapple farms. Financial costs were measured as investment in
deterrents (THB/rai/harvest) and social costs as night guarding effort (proportion of nights spent
guarding).

The interview had two sections: 1. Open-ended and multiple choice questions about respondents’
demographics and experiences with elephants and alternative crop cultivation, and 2. ltemised expenses
(planting, maintaining and harvesting pineapple, including investment in deterrents and losses from
elephants) and revenue from their most recent harvest cycle. Only one adult was interviewed per
household.

Responses from both sections were used to assess how farmers’ financial and social costs are
influenced by elephant exposure and impact variables, including distance to the PA (m), elephant
encounter frequency and elephant-caused yield loss. To calculate distance to the PA, farmers indicated
the location of their farm on a map and the interviewer measured the distance to the PA border. Elephant
encounter frequency was recorded as a categorical response ranging from never to every night. Yield
loss was quantified by combining elephant-caused crop damage (THB/rai/harvest) with total yield sold
(THB/rai/harvest) to estimate farmers’ potential yield in the absence of elephant-caused damage.
Elephant-caused yield loss was then calculated by dividing elephant-caused crop damage by the
estimated potential yield.
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Data analysis

As individual respondents with multiple plots could report data on up to three farms, analyses were
conducted at the plot level. Analyses were restricted to respondents who completed at least one farm
profile. To ensure sufficient sample sizes for comparative analyses between crops, species that were
reported in fewer than 10 farm plots were excluded from analyses.

Continuous predictors were z-standardised prior to modelling, whereas categorical predictors were not
transformed. Collinearity among predictors was evaluated using correlation matrices and variance
inflation factors (VIF) and highly collinear combinations (VIF > 5) were not included in the same model.
Model fit was evaluated using simulation-based residual diagnostics in DHARMa. Predictor significance
was evaluated using Chi-squared likelihood ratio tests via Anova() in the car package. Model outputs
were visualised using ggplot2. All statistical analyses were conducted in R version 4.0.3 (R Core Team
2020) and RStudio version 2024.12.1 (Posit Team 2025).

Farm characteristics, deterrent strategies and economic loss

To assess how farm characteristics shape deterrent strategy, crop species and plot size were analysed
in relation to two variables: 1. The presence or absence of each deterrent, and 2. The total number of
deterrents used. Seven individual deterrent types (Fig. 2; Online Resource 1, Table S1) were coded as
binary variables (present/absent) and the total number of deterrents was calculated by summing the
number of deterrents reported for each farm profile.

Binary deterrent-use variables were analysed using binomial generalised linear mixed models (GLMMs),
fitted with glmer() from the Ime4 package (Bates et al. 2015). The number of deterrents was analysed
using a negative binomial GLMM, fitted with the gimmTMB() function in the gimmTMB package, to
account for overdispersion (Brooks et al. 2017).

Prior to model fitting, we detected a significant association between crop species and plot size (one-way
ANOVA, F(4, 246) = 7.6, p < 0.001). Therefore, models included crop species, plot size and their
interaction, and participant ID was included as a random intercept to account for repeated measures.

Patterns of elephant-caused economic loss were then analysed across farm characteristics and
deterrent strategies. Economic loss was treated as a categorical response variable with three levels (no
loss, low loss, high loss), and analyses were conducted separately for each crop species due to
collinearity between crop species and plot size. We fitted multinomial logistic regression models using
the multinom() function from the nnet package (Venables and Ripley 2002).

Economic loss in each crop species was evaluated using two reduced models: (1) farm-level predictors
(plot size and number of deterrents) and (2) individual deterrent predictors (presence/absence of each
deterrent). Participant ID was not included as a random effect due to model complexity. Predictor
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significance was evaluated using Chi-squared likelihood ratio tests and post hoc pairwise comparisons
using estimated marginal means with Tukey-adjusted tests and Bonferroni correction.

Financial and social costs of crop protection in relation to
elephant exposure and impact

To assess the financial and social costs of crop protection, financial investment in deterrents
(THB/rai/harvest) and night guarding effort (0-100%) were modelled in relation to distance to the PA,
elephant encounter frequency, and proportion of elephant-caused yield loss. Financial investment in
deterrents was analysed using a linear model with log10-transformed investment and distance, whereas
night guarding effort was analysed using a quasibinomial generalised linear model (GLM) with a logit
link function. The same exposure and impact predictors were included as fixed effects in both models
and their significance was evaluated using Chi-squared Type Il likelihood ratio tests. Given the relatively
small sample size, both analyses were conducted using additive models without interaction terms (Zuur
et al. 2009).

Results

Farm characteristics, deterrent strategies and economic
loss

After applying predefined exclusion criteria, the final household survey dataset comprised 305 plots
managed by 223 farmers (as some participants cultivated more than one plot) across five crop species
(Tables S2 and S3). Night guarding was the most frequently reported deterrent (65.6%), followed by
electric fences and firecrackers. Spinning lights/spotlights and bottle fences were reported at
intermediate frequencies, while siren systems and trenches were rare, and gunshots were not reported.

The predicted number of deterrents used was highest in pineapple farms and lowest in oil palm farms
(Fig. 3a). A similar pattern was evident for night guarding (p = 0.015; Fig. 3b), with the highest predicted
probabilities in pineapple farms and the lowest in oil palm farms.

There was a significant interaction between crop species and plot size for the number of deterrents used
(p = 0.014; Fig. 3a; Table S4). Specifically, the number of deterrents increased with plot size in pineapple,
rubber, mango and jackfruit farms, whereas in oil palm farms, deterrent quantity decreased with plot
size.

Firecracker use also varied by crop species, with a significant interaction between crop species and plot
size (p = 0.010; Fig. 3c). Firecracker use increased with plot size in pineapple farms, but remained low for
other crop species. No significant interactions were detected between farm characteristics and the use
of electric fences, siren systems, spinning lights/spotlights, bottle fences or trenches.
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The number of deterrents was significantly associated with economic loss in all five crop species
(pineapple: x3(2,n=157) =42.50, p < 0.001; rubber: x32, n=62) =10.95, p = 0.004; mango: x4(2, n = 46) =
21.70, p <0.001; jackfruit: x3(2,n=29) =10.47, p = 0.005; oil palm: x3(2,n=11) = 6.31, p = 0.043; Table
S5). However, the directionality of this relationship varied by crop species (Fig. 4; Table S6). For
pineapple, farms experiencing high losses used the greatest number of deterrents. In mango farms,
more deterrents were used in low-loss farms than in high-loss farms and no-loss farms.

Financial and social costs of crop protection in relation to
elephant exposure and impact

Most farmers (83.1%) invested in deterrents, though expenses varied widely among farmers (Table S7).
Half of the interviewed farmers (50.7%, n = 36) reported modest deterrent expenses between 1-500
THB/rai/harvest, while two farmers reported expenses exceeding 10,000 THB/rai/harvest.

Farmers' financial investment in deterrents was positively associated with the elephant-caused yield loss
(x2(1) = 8.24, p = 0.004; Fig. 53; Table S8). Deterrent investment was also associated with elephant
encounter frequency (x2(5) = 13.55, p = 0.019; Fig. 5b). Model-estimated deterrent investment was lowest
among farmers who reported never encountering elephants.

Night guarding was practiced by 69.0% of pineapple farmers (M = 33.0%; SD = 43.0%), and guarding
effort varied widely among farmers. Nearly one-third of farmers (31.0%) did not guard at all, while 26.8%
guarded their crops every night. Among remaining farmers, guarding effort was typically low, with 35.2%
guarding on = 20.0% of nights, and only 7.0% engaging in intermediate levels of guarding (20.1-99.9% of
nights).

Night guarding effort increased with yield loss (x2(1) = 11.22, p < 0.001; Fig. 6a; Table S8) and declined
with greater distance to the PA (x2(1) = 5.06, p = 0.024; Fig. 6b). Night guarding effort was not
significantly associated with elephant encounter frequency (x2(5) = 10.00, p = 0.075).

Discussion

Our results show that no deterrent strategy reported by farmers fully protected farms from economic
loss across crop species. Farmers experiencing greater exposure and impact also bore greater financial
and social costs of crop protection, underscoring the need for HEC mitigation strategies that
simultaneously reduce crop damage and the unequal burdens of preventing it.

Farm characteristics, deterrent strategies and economic
loss

Crop protection tactics differed markedly across farm types. Pineapple farms were guarded with more
deterrents than mango, jackfruit, rubber and oil palm farms, and were more likely to be protected by night
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guarding and firecrackers. This may be because mango and jackfruit are primarily targeted seasonally,
when fruit is mature, whereas pineapple can be consumed at all stages of its growth cycle. In addition,
night guarding and firecrackers are likely more viable in low-growth pineapple plantations, where
elephants are more visible to night guards than in plantations with tall, perennial crops such as mango,
jackfruit, rubber and oil palm. Conversely, oil palm farms used the fewest deterrents and had the lowest
probability of night guarding presence, likely because mature oil palm trees are comparatively less
vulnerable to elephant foraging (Kochprapa et al. 2023).

Deterrent quantity co-varied with economic loss across crop species, with farms experiencing high or
low loss using more deterrents than no-loss farms. Sitati et al. (2005) similarly found positive
associations between several mitigation methods and crop damage, suggesting a reactive pattern of
deterrent deployment. This suggests that rather than resolving the underlying conflict, farmers may find
themselves caught on a ‘mitigation treadmill, continually increasing crop protection efforts in response
to previous loss just to keep pace with escalating threats. Under these conditions, greater deterrent
quantity does not guarantee reduced losses, consistent with previous evidence that combining or
intensifying deterrent measures does not necessarily improve crop protection outcomes (Davies et al.
2011; Gross et al. 2019). Similarly, few significant relationships emerged between individual deterrent
types and farms reporting no elephant-caused economic loss. Night guarding and firecrackers were
used significantly more in pineapple farms reporting high and low loss than farms reporting no loss. This
may reflect increased crop damage from trampling when elephants are confronted with multiple active
deterrents, a pattern documented in other regions (Davies et al. 2011; Gross et al. 2019; Sitati et al.
2005). Although these patterns indicate that current deterrent strategies did not fully prevent elephant-
caused economic loss, they do not demonstrate that deterrents lacked effectiveness entirely, as our
study could not quantify the additional crop losses that may have occurred in their absence.

A limitation of this study is that farmers self-reported elephant-caused yield loss because crop damage
could not be independently enumerated. Previous studies comparing farmer reports with field-based
assessments have found both broad agreement in estimates of crop damage and substantial
discrepancies in perceived impacts from elephants (Hoffmeier-Karimi and Schulte 2015; Kiffner et al.
2021). Future studies should combine standardised crop damage enumeration with long-term, field-
based evaluations of individual deterrents and combined strategies, using comparative designs with
appropriate controls to distinguish observed crop loss from loss prevented by deterrents (Sitati et al.
2005; Kiffner et al. 2021).

Unequal financial and social costs of human-elephant
coexistence

The financial and social costs of crop protection were unevenly distributed across farmers experiencing
differing elephant exposure and impact, providing an example of within-community inequality in how the

costs of coexistence are shared (Jordan et al. 2020). Farmers reporting higher elephant-caused yield
loss invested significantly more in deterrents whereas investment was lowest among farmers who never
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encountered elephants. This aligns with findings from other human-elephant landscapes, where greater
elephant exposure was associated with greater tangible costs (Saif et al. 2020). Investment in high-cost
deterrents may reduce crop damage in some cases, but additional crop protection measures act as
defensive expenditures — investments required to mitigate potential losses without enhancing
agricultural output. These expenditures increase expenses without increasing revenue, thereby reducing
or potentially eliminating profit for a given harvest cycle (Fath and Imron 2023). Moreover, the most
effective deterrent strategies are often more costly, restricting their adoption to farmers with sufficient
financial resources and leaving economically insecure households more vulnerable to elephant-caused
crop damage (Nyirenda et al. 2018; Kopke et al. 2023, 2024). Under these constraints, farmers appear to
substitute capital-intensive deterrents with labour-intensive alternatives, shifting from financial costs to
social costs when further investment in deterrents becomes untenable.

As such, night guarding was the most commonly used deterrent in Ruam Thai Village, but guarding effort
was concentrated among farmers closest to the PA and experiencing the greatest elephant-caused yield
loss. These findings align with other studies that suggest farmers living closest to the PA are
disproportionately affected and should therefore be prioritised in regional coexistence strategies (Kopke
et al. 2024; Prins et al. 2022). Although night guarding may reduce financial expenditures, it imposes
substantial social costs on farmers, including disrupted livelihoods, reduced school attendance and
performance, diminished physical and mental health, exposure to illness and disease and social
isolation (Barua et al. 2013; Nyumba et al. 2020; Sampson et al. 2021; Owen et al. 2024). These
cumulative burdens exacerbate socio-economic vulnerability, erode tolerance of elephants and weaken
support for conservation (Van de Water and Matteson 2018). In some contexts, they are linked to
increased poaching, retaliatory killings and calls for “problem” elephant removal (Gunaryadi et al. 2017;
Menon and Tiwari 2019). Therefore, identifying farmers who bear the greatest financial and social
burdens of coexistence is central to designing support strategies that reconcile human well-being with
long-term conservation of Asian elephants.

Fostering socio-economic resilience through Adaptive
Coexistence Networks

To address inequities in human-elephant landscapes and break the mitigation treadmill, coexistence
strategies must move beyond reactive, farm-level mitigation toward coordinated, community-level crop
protection (Shaffer et al. 2019). This transition depends on recognising unequal exposure, investment
and effort in the current system, wherein farmers most affected by HEC absorb financial and social
costs that ultimately contribute to shared protection. Communal guarding represents a viable pathway to
enhance crop protection outcomes and redistribute these defensive costs, provided it is grounded in
meaningful participation, transparency and locally appropriate burden-sharing (Gunaryadi et al. 2017,
Gross et al. 2019; Sheil and Akampurira 2026). Presently, individual farmers guard their own farm, but
communal guarding would station rotating groups of farmers at habitual elephant crossings. Guards
would use pre-planned tactics and welfare-informed safeguards to guide elephants towards known
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retreat routes, with the goal of minimising escalation and unintended consequences for crops, farmers
and elephants (Davies et al. 2011; Sekar et al. 2026).

Building on our findings, we propose Adaptive Coexistence Networks (ACNs) as a conceptual model to
coordinate locally-led, community-level crop protection in human-elephant landscapes. ACNs are
structured around three components: (1) collective governance, which formalises a shift from individual
to communal crop protection and redistributes tangible and intangible costs of coexistence; (2) shared
knowledge systems, which integrate local ecological knowledge with systematic monitoring of elephant
movements and crop damage; and (3) coordinated response, which employs early warning technologies
to support guarding teams. By integrating these three components, ACNs move mitigation beyond
reactive deterrent deployment toward collaborative crop protection. Conservation technologies, such as
acoustic detection devices and unmanned aerial vehicles (drones), have improved HEC mitigation by
alerting people to elephant presence, reducing response time and directing elephants out of agricultural
areas (Zeppelzauer et al. 2015; Hahn et al. 2017). More recently, Al-integrated camera trap networks
have been used as “early warning systems” to detect individual elephants entering farms (Rastogi et al.
2025), an important step towards deploying deterrent strategies tailored to the elephants’ demographic-
and individual-level characteristics.

Beyond improving crop protection, ACNs may generate social benefits by transforming crop defence
from an isolated household burden into a shared community practice. Communal guarding could
redistribute labour and strengthen social cohesion among farmers, provided that responsibilities are
locally owned and sustainable (Sheil and Akampurira 2026). These benefits are central to socio-
economic resilience, as coexistence strategies may become more legitimate, durable and fair when
people feel better supported and less dependent on individual endurance.

Importantly, ACNs must consider elephant well-being and landscape connectivity. Acute, antagonistic
interactions with humans can elevate glucocorticoids (Vijayakrishnan et al. 2018) and chronic
disturbance may reduce reproductive potential through stress-related suppression of reproductive
hormones (Tang et al. 2020). Accordingly, HEC mitigation within ACNs must align with elephant
cognition and behaviour and emphasise spatial and temporal consistency to clearly communicate zone
restrictions to elephants while facilitating continued use of established pathways and corridors (Mumby
and Plotnik 2018; Songhurst et al. 2016). Beyond crop protection, long-term detection data collected by
guarding teams could inform landscape-level management decisions, simultaneously addressing
immediate impacts and structural drivers of HEC.

Although ACNSs can redistribute the burdens of crop protection, they should be embedded within broader
coexistence strategies that reduce the need for defensive action over time. Long-term human-elephant
coexistence requires solutions that reduce defensive costs and generate proactive benefits for people,
elephants and ecosystems (Shaffer et al. 2019). For example, cultivating alternative (less palatable)
crops has effectively reduced crop damage and disincentivised elephant presence in agricultural areas
(Owen et al. 2024). Similarly, beehive fences have deterred farm entry, while reducing the need for
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antagonistic human-elephant interactions and generating socio-economic benefits for farmers (Van de
Water et al. 2020). Future studies evaluating crop protection measures should move beyond
conventional deterrent assessment metrics (affordability, short-term effectiveness) to apply a One Well-
being approach (Van de Water et al. 2024) that bases coexistence strategy selection on social, economic
and ecological consequences for humans, elephants and ecosystems.

This study demonstrates that current deterrent strategies impose uneven burdens on farmers while
failing to reliably prevent elephant-caused crop damage. Rather than asking only which deterrents are
most effective, our findings highlight the need to ask who bears the financial, labour and social costs of
making coexistence possible. We propose ACNs as a pathway for redistributing these burdens through
collective governance, shared knowledge and coordinated response, while also strengthening social
support, local agency and adaptive decision-making. Future coexistence strategies should therefore
move beyond farm-level deterrent deployment toward multidimensional coexistence strategies that
reduce crop loss, protect elephant well-being, maintain landscape connectivity and build equitable socio-
economic resilience in human-elephant landscapes.
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Location of Kuiburi National Park in Prachuap Khiri Khan, southwestern Thailand (left) and land-use
layout of Ruam Thai Village (right). Human settlement is consolidated in a central location, leaving
forest-adjacent agricultural plots unsupervised and increasing exposure to elephant-caused crop
damage. Elephant detection locations (white circles) represent approximate regions, rather than exact
coordinates, as identified by elephant response rangers and farmers during unpublished participatory
mapping exercises in October 2023
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Figure 2

Deterrents used by farmers in Ruam Thai Village. (a) night guarding, (b) electric fence, (c) firecrackers,
(d) spinning lights/spotlights, (e) bottle fence, (f) siren system and (g) trench. Percentages indicate the
proportion of farm profiles (N = 305) in which each deterrent was reported. Percentages exceed 100% in
total because deterrent use was not mutually exclusive. Gunshots were included as a survey response
option but were not reported
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Figure 3

Model-predicted relationships between deterrent use and plot size (rai) across pineapple, rubber, mango,
jackfruit and oil palm farms: (a) Predicted number of deterrents used. (b) Predicted probability of night
guarding. (c) Predicted probability of firecracker use. Lines show predictions from crop species x plot
size interaction models. Confidence intervals are omitted for clarity and reported for each model in Table
S4
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Figure 4

Model-estimated mean number of deterrents (+ SE) across economic loss categories for each crop
species. Bars depict predicted means from crop-specific models and error bars indicate standard errors.
Different letters indicate statistically significant groupings and directionality among loss categories
within each crop (Tukey-adjusted post hoc comparisons at a = 0.05). Shared letters indicate no
significant difference. Post hoc comparisons could not be conducted for oil palm because of insufficient
sample sizes, so no significance letters are shown for this crop species
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(a) Deterrent investment vs yield loss
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(b) Deterrent investment by encounter frequency
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Figure 5

Farmers’ financial investment in deterrents (THB/rai/harvest) in relation to elephant exposure and
impact. (a) Relationship between deterrent investment and proportion of total crop yield lost to elephant-
caused crop damage. Points show individual farmer reports and the trend line is fitted with a 95%
confidence interval. (b) Deterrent investment across different elephant encounter frequencies. Bars
show model-estimated means with standard errors
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(a) Night guarding effort vs (b) Night guarding effort vs distance

yield loss to protected area
100 ame @0 ©@ 0 © © ee ® o©oe o] o} ee © s} e} o]
0 0

S 75
5
=
o o
o
c
3
S o
o
= D
2
4
o]
9
] - 88 ® o M 3
0&) ® o ? e o o o B eme o0 o ® o
0 25 50 75 100 O 500 1000 1500 2000
Yield loss (%) Distance to protected area (m)
Figure 6

Relationships between night guarding effort (the proportion of nights the farmer engaged in night
guarding throughout their most recent harvest) and elephant exposure and impact variables. (a) Night
guarding effort in relation to elephant-caused yield loss (%). (b) Night guarding effort in relation to the
farm’s distance to the protected area (m). Points represent individual farmers’ guarding effort, lines show
model predictions and shaded bands indicate 95% confidence intervals
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