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Abstract: MulƟple angles of human wildlife conflict have been increasingly haunƟng 
conservaƟon biology over the last few decades despite many miƟgaƟon aƩempts. We argue 
here that the field suffers from the lack of a theoreƟcal foundaƟon. As a result, researchers 
have failed to collect data on some of the most criƟcal variables, and are unable to 
determine the predominant causes of the conflict. In the absence of causal analysis, the 
management has failed to deploy appropriate miƟgaƟon measures. As a result, the 
conservaƟon policies are divided by mutually incompaƟble philosophies, senƟments and 
opinions. We idenƟfy here the alternaƟve causal factors of the conflicts along with their 
differenƟal testable predicƟons. Further we incorporate them in a unified model based on 
foraging opƟmizaƟon by the animals. At different parameters the same model fits into 
different observed conflict paƩerns. IdenƟfying the predominant cause is a pre-requisite for 
designing any effecƟve short and long-term soluƟons for any given locale. The model results 
reveal that across contexts the most criƟcal parameter is fear of humans. If the human 
avoidance behaviour of animals decreases below a threshold, conflict escalates even at a 
small populaƟon size. MiƟgaƟon measures such as habitat restoraƟon, populaƟon control, 
fencing or deterrents are effecƟve only if the fear factor is adequately high. The model can 
direct the focus of research towards the missing variables in empirical work. With adequate 
empirical support, the theory would provide an appropriate basis for long term conservaƟon 
management maximizing stable populaƟon sizes and survival probabiliƟes with minimum 
conflict.   
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Highlights: 

1. We treat crop damage by wild animals, a predominant component of human wildlife 
conflict (HWC), as a foraging opƟmizaƟon problem in order to idenƟfy the condiƟons 
under which wild animals would indulge in crop raiding.  

2. Each of the putaƟve causal factors   make differenƟal predicƟons which would enable 
determining the context specific predominant cause.  

3. The model also evaluates the potenƟal effecƟveness of different miƟgaƟon 
measures.  

4. TheoreƟcal analysis idenƟfies the loss of fear of humans as the most criƟcal causal 
factor for HWC across the board. Only above a certain threshold fear, any other 
miƟgaƟon approach can be fruiƞul.  

5. The analysis necessitates new direcƟons for empirical research, a new foundaƟon for 
wildlife conservaƟon and novel miƟgaƟon approaches for resolving human wildlife 
conflict.  

 

  



IntroducƟon:  

Increase in human-wildlife conflict (HWC) is a serious concern on a global scale (IUCN 2023). 
Although it is a widely recognized problem, there is a dearth of studies addressing 
fundamental quesƟons. Damage to crops is an important component of the conflict apart 
from livestock and property damage and occasional aƩacks on humans. The problem can be 
qualitaƟvely different in countries like India with a total ban on hunƟng of a large number of 
species, from countries where regulated hunƟng is pracƟced. With a remarkable success in 
large carnivore conservaƟon along-side poverty and high human populaƟon density (Jhala et 
al 2025), it may not be a surprise that India represents a high frequency of human deaths by 
wild animal aƩacks (Government of India 2024). While the frequency of human aƩacks has 
been a focus of media aƩenƟon and the role of hunƟng is debated (Vajpeyee 2025), being an 
agriculture centered society, farmer-herbivore conflict is the most serious form of conflict 
(Dandekar et al 2025) in India. As iniƟally perceived, conservaƟon was intended to facilitate 
agricultural producƟvity (Gadgil and Meher-Homji 1986) but the outcome appears to be on 
the contrary. Although a number of possible causal factors for crop damage by wild animals 
are recognized (Prabhulkar and Watve 2025) along with their testable predicƟons, data to 
test any of the predicƟons are conspicuously absent. The neglect of the field is evident in the 
absence of any aƩempt to develop sound and validated methods of quanƟfying crop 
damage and maintaining systemaƟc data. In the absence of data on the most crucial 
variables, the alternaƟve causal hypotheses cannot be tested. Further in the absence of 
causal knowledge, appropriate soluƟons are unlikely to be effecƟvely implemented. We 
argue here that the field lacks a rigorous theoreƟcal foundaƟon. We aƩempt a generalized 
theoreƟcal model that incorporates the alternaƟve factors speculated to contribute to the 
problem. The model, based on the principles of opƟmum foraging, makes differenƟal 
testable predicƟons coming from different causes, so that the most important causal factor 
for a given context can be idenƟfied and appropriate cause-specific soluƟons be 
implemented. The model also permits developing guidelines about which miƟgaƟon 
measures will be most effecƟve in a given context. Although our main focus is HWC in the 
Indian context, the theoreƟcal model can be applied in the global context with appropriate 
sets of parameters. 

Although a thorough causal analysis has not been performed it is oŌen rhetorically stated 
that increasing human populaƟon, encroachment, deforestaƟon, habitat fragmentaƟon and 
pressure from developmental acƟviƟes is responsible for the conflict. (Lamarque et al 2009, 
IUCN 2023, Mishra et al 2025, CheƩry et al 2025, BharƟ et al 2025, Routray et al 2025, 
Tiwari et al 2025, Akhila et al 2025). There is no doubt that human populaƟon pressure and 
habitat loss are serious problems, but whether they are necessary and sufficient causes of 
HWC remains an unaddressed quesƟon. Apart from habitat fragmentaƟon as the most 
widely stated cause, populaƟon growth of potenƟally destrucƟve species, greater food 
availability in human dominated landscapes and the rapidly vanishing human avoidance 
behaviour in animals are the alternaƟve causes idenƟfied (Prabhulkar and Watve 2025).  



 

Encroachment by agriculture and the loss of wilderness habitat: This is the most oŌen stated 
cause of HWC. Although globally it is true over the last century that the human populaƟon 
has increased, land use paƩerns changed substanƟally and there is degradaƟon or 
fragmentaƟon of natural habitats; there are instances of local reversal as well. Villages have 
been relocated out from protected areas. Farmers have given up agriculture and migrated as 
labourers deserƟng villages which returned harboured wild populaƟons again. Large scale 
habitat protecƟon as well as restoraƟon programs have been implemented. So, a 
correlaƟonal analysis of change in habitat quality and area with severity of conflict should be 
possible if appropriate data are available. Data on damage are not available with consistent 
methodological rigor across different areas for such an analysis. Certain anecdotes suggest 
on the contrary. For example, in the Tadoba Andhari Tiger Reserve (TATR) in India, acƟve 
habitat management, weed control, village relocaƟon and expansion of protected area are 
acƟvely implemented (Habib et al 2019). But with beƩer habitat restoraƟon HWC has not 
decreased, instead these areas reported alarming increase in both herbivore and carnivore 
conflict. It is doubƞul whether on a larger scale the expected correlaƟon of habitat 
management with severity of conflict will be observed. Since wide scale data are not 
available, we take a different approach in this paper, that of modelling to examine the 
theoreƟcal soundness of the causal hypothesis. 

PopulaƟon growth of the wild species: This is another commonly assumed cause and oŌen 
the suggested miƟgaƟon measures are towards populaƟon control either by hunƟng/culling 
or by birth control. Many countries pracƟce calculated licenced hunƟng. Occasionally acƟve 
programs of sterilizaƟon/contracepƟon of males and/or females are undertaken (Kumara 
and Venugopal 2023). But whether they are effecƟve in reducing the agricultural loss is 
difficult to decide in the absence of standardized and validated methods for damage 
quanƟficaƟon.  

Disappearance of human fear: This causal hypothesis states that animals avoid the vicinity of 
humans owing to an intrinsic fear. It is possible that this fear was established because human 
ancestors were efficient hunters, the only species that can inflict fatal injury from a 
considerable distance. With the blanket ban on hunƟng or strict restricƟons on it and 
increased wildlife viewing tourism, animals are rapidly losing human fear. The noƟon that 
forests/wilderness is the natural habitat of animals is likely to be an effect of the human 
avoidance behaviour. Otherwise, there is no reason why animals do not inhabit the human 
modified landscapes. The availability of food and water is very oŌen greater in and around 
human habitaƟon. If animals lose human fear, they would occupy human landscapes freely 
(Prabhulkar and Watve 2025). 

The alternaƟve causes are not mutually exclusive and different causes may predominate in 
different contexts. The different causal factors demand different miƟgaƟon measures and a 
mismatched miƟgaƟon may not only be ineffecƟve but counterproducƟve. For example, if 



vanishing human fear is the predominant cause, then even a small populaƟon can cause 
substanƟal damage. In such a case populaƟon control is not only bound to be ineffecƟve, it 
may invite local exƟncƟon of the species.  

We first start with an approach of examining each causal factor separately under a defined 
set of assumpƟons and treaƟng other factors constant. A matrix of baseline assumpƟons and 
causal hypotheses makes testable predicƟons from each of the combinaƟons. The matrix 
can be used to see which combinaƟon explains the main observed paƩerns in crop 
depredaƟon by wild animals. At a second stage we take a comprehensive approach that 
incorporates all sets of assumpƟons and causal factors in a single model. This model allows 
studying the interacƟons and combinaƟons of factors. The model also allows predicƟve 
analysis from different classes of miƟgaƟon measures so as to select the appropriate 
soluƟons in appropriate contexts.  

The models: 

Making testable predicƟons for single factors under different sets of assumpƟons:  

The following assumpƟons have been discussed in literature and the expected effects of 
different causal factors would depend upon the set of assumpƟons. A common 
oversimplified assumpƟon is that there is a wilderness landscape and a human seƩlement 
landscape. Although in reality they are oŌen inseparable, we will start with the simplisƟc 
assumpƟon.   

1. Conflict along the interface: This assumes that most of the conflict takes place along 
the interface of agriculture and forest/wilderness (Rathi et al 2020, Mamo et al 
2021). By this assumpƟon the damage is incidental and wherever the animal 
populaƟon, their home ranges or migraƟon routes border agricultural lands, will 
happen inevitably. The animals are not assumed to proacƟvely invade crops in this 
assumpƟon. The length of interface and the animal density along the interface are 
the main determinants of damage. An interesƟng implicaƟon of this assumpƟon is 
that if corridors are established between two or more pockets of wilderness, the 
interface length is bound to increase thereby increasing the conflict. The alternaƟve 
assumpƟon is that conflict can arise anywhere, not restricted to interface and 
animals invade crops because it is nutriƟonally beneficial for them in the given 
context. 

2. Push or pull: When damage is not restricted to the interface and animals come out 
for a considerable distance to eat crops, two disƟnct phenomena called push and pull 
have been idenƟfied earlier. Push implies that animals prefer to stay in the 
wilderness habitat. Only when it is inadequate in some or the other way (which may 
be seasonal), they are compelled to come out. Pull implies that there are features of 
the human landscape (which may be seasonal) that aƩracts them independent of the 
status of things in the wilderness habitat (Sukumar 2019). If we consider the pull 



factor in the absence of human fear, animals are expected to be free to access the 
enƟre agricultural area.  

3. Natural regulaƟon of populaƟon: The assumpƟon is that populaƟon growth is 
restricted by the carrying capacity of the wilderness habitat. There are natural 
mechanisms of populaƟon control. PopulaƟon converges to and remains stable at 
the carrying capacity which is decided only by the characterisƟcs of the wilderness 
habitat and is independent of human landscape. AlternaƟve to this assumpƟon is 
that there is no definite habitat dependent carrying capacity. If they get more 
nutriƟon and more opportuniƟes they will grow more (Watve 2026). 

ConservaƟon management is oŌen based on a set of implicit assumpƟons including 
carrying capacity, natural populaƟon regulaƟon, preference of animals to the wilderness 
habitats and the belief that they won’t come out unless the habitat is degraded. The 
upcoming paƩerns of HWC are challenging these assumpƟons (Watve 2026). Here we 
will examine the possible outcomes with and without such assumpƟons.  

The causal hypotheses: 

To predict the effect of different causal factors on agricultural loss, we consider the 
following variables. The total land is considered one unit which is divided into wilderness 
W and human land use, predominantly agricultural as A so that W + A =1. If there is 
agricultural expansion ΔA = - ΔW. As a baseline assumpƟon, if we consider the wild 
populaƟon of the species under consideraƟon distributed only on the wild land, the 
populaƟon density of the wild species over W is P, so the total populaƟon is P.W. Only a 
fracƟon of the populaƟon Pd would be involved in crop raiding, the relaƟonship between 
P and Pd would depend upon the set of assumpƟons. Only a fracƟon of total agricultural 
area would be accessed by wild animals Aac, and the relaƟonship between A and Aac 
depends upon the set of assumpƟons. Let Y be the crop yield and we consider Y0 = IniƟal 
yield and Yt = yield aŌer Ɵme t during which the causal factor has acted, so that Y0 - Yt = L 
total loss. Loss per unit area = Y0/A0 - Yt/At. We consider that the causal factor acts only 
during Ɵme t. We use Ɵme t+1 for making further predicƟons where it is assumed that 
the external causal factor does not change between t and t+1.  

With this set of variables agricultural losses will be  

L ∝ Pd.Aac         Eq. 1 

The following causal hypotheses are assumed to act one at a Ɵme.   

A.   Encroachment/habitat loss/fragmentaƟon: We ask the quesƟon, if some agriculture is 
newly established by encroachment on the wildland, how is it expected to affect the 
interface and crop destrucƟon paƩerns under the above set of assumpƟons?   



The interface of wilderness and agriculture is expected to be a non-linear funcƟon of 
encroachment. Suppose the land was all wild to begin with and we assume human 
habitaƟon establishing and spreading over Ɵme. The human occupied land will increase 
locally as well as new centres occupied. The interface will be a funcƟon, I = f(A.W), where 
I is the length of the interface. It is obvious that interface will be zero when A is zero or 
W is zero. Interface will be maximum at intermediate values of A and W, the exact length 
being dependent upon the shapes and paƩerns of human occupaƟon. Accordingly, the 
funcƟon can be varied (figure 1) depending upon the paƩern of encroachment.  

   
Figure 1: The interface length as a funcƟon of human occupaƟon. The change is 
necessarily non-monotonic going to zero at both extremes although the funcƟon f will 
decide the actual curve, depending upon the shapes and paƩerns of human occupaƟon.   

Whether the interface will increase or decrease with agricultural encroachment depends 
upon the posiƟon along the curve. Where the landscape is predominantly wilderness, 
increased agricultural encroachment will increase the interface length. This might be 
true in many African countries with large wilderness areas. When wilderness exists in 
smaller pockets and human occupied landscapes are predominant (as in India today), the 
net interface is bound to decrease with greater agricultural encroachment. Further, if we 
assume that crop damage happens mainly along the interface, the damage will depend 
upon the change in the interface length and the density of herbivores along the 
interface. If an exisƟng pocket of wilderness is pushed to be smaller by encroaching 
human occupaƟon, the animal density along the interface will increase but the interface 
length is most likely to decrease.   

With simplistic considerations, if we consider the wilderness pockets as circles, we 

simplify the mathematics.   

When ΔW < 0 and we assume that populaƟon conƟnues to inhabit the wilderness area, 

the populaƟon density within the wildland will increase.  
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 𝐴𝑛𝑖𝑚𝑎𝑙 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑎𝑡 𝑡𝑖𝑚𝑒 0 =  
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Considering b to be the breadth of the interface area 

𝐼𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎 𝑎𝑡 𝑡𝑖𝑚𝑒 0 =  2ඥ𝑊଴𝑏 and i𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎 𝑎𝑡 𝑡𝑖𝑚𝑒 𝑡 =  2ඥ𝑊௧𝑏 

𝑃ௗ   is the animal density that actually damages the crops 

𝑃ௗ =  𝑎𝑛𝑖𝑚𝑎𝑙 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑎𝑙𝑜𝑛𝑔 𝑡ℎ𝑒 𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 ×  𝑎𝑟𝑒𝑎 𝑜𝑓 𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 
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Net proporƟonate change in the loss = change in the Pd x change in the Area accessed 
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ඥௐ೟
 ∗ ඥௐ೟
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    = 1 

So, net change in the loss is expected to be nil under the interface assumpƟon. 
Therefore, if the assumpƟon that the conflict is restricted to the interface is true and 
human encroachment reduces the area under wilderness, encroachment will not 
increase the net damage. The shape of the wilderness area need not be circular for the 
principle to be true. As long as the change in interface and animal density along the 
interface change in reciprocal way, the net loss is not expected to change.  

In the other extreme case, when A is in small pockets among a larger wilderness, the 
change in animal density as a result of a small increase in A can be considered negligible. 
If net damage increases due to increase in interface, the damage per unit agricultural 
area would decrease because by the laws of geometry proporƟonate increase in area is 
expected to be greater than proporƟonate increase in perimeter.    

Encroachment when the damage is not restricted to the interface: Under the push 
paradigm, because of decrease in wilderness area, animal density will increase. if the 
increased density is greater than the carrying capacity C (expressed in terms of density), 
some animals will move out and feed on agricultural land by accessing some of it. So  



Pd  ∝ (𝑃.
ඥௐబ

ඥௐ೟
 −  𝐶)/𝐴௔௖ 

Net loss ∝ Pd * Aac  = 𝑃 ඥௐబ

ඥௐ೟
 −  𝐶 

Therefore, if W decreases such that the increased animal density exceeds the carrying 

capacity, the net loss will increase. If both P and 𝑃 ඥௐబ

ඥௐ೟
> 𝐶 then the net loss will increase 

by 
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ି஼

௉ି஼
 .  Since the total populaƟon remains the same, the loss per unit populaƟon 

would increase. However, since A is also increasing, the increase in loss per unit 
agricultural land will be less than proporƟonate. If W >>> A then it might even decrease. 

If A >>> W, it will increase and approach the proporƟon 
௉.

ඥೈబ

ඥೈ೟
ି஼

௉ି஼
. With increase in Pd the 

area accessed also might increase such that the proporƟonate increase in Aac and L/Aac 
would together account for the increase in net loss.  

Further if the assumpƟon of populaƟon regulaƟon at carrying capacity is true, the 
increased populaƟon density may return to the new carrying capacity and if there is no 
further encroachment, the net loss will reduce by Ɵme t + 1, returning to the original 
eventually. The long-term effect of encroachment will be reduced damage under this set 
of assumpƟons. If the carrying capacity assumpƟon is not true the change at t will persist 
at t+1.  

With pull assumpƟon (and absence of human fear) animals can access the enƟre 
agricultural area. When At > A0, the same populaƟon would spread over a larger 
agricultural land.  

Since Net Loss = L ∝ Pd.Aac 

ProporƟonate change in Pd = ୔ / ஺೟

୔ / ஺బ
 

 

ProporƟonate change in Aac = ஺೟
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Therefore, change in net loss L  = 
୔ / ஺೟

୔ / ஺బ
 .

஺೟

஺బ
 

     = 1 

Since the total area under agriculture has increased, the loss per unit area would decrease. 
Encroachment does not appear to increase the damage in any way under the pull 
assumption. In effect, encroachment of agriculture on the wildland can result into increase 
in crop damage under a very restricted set of assumptions. The currently widely held view 



that shrinking habitat and increasing human encroachment is the main cause of HWC 
needs to be seriously reconsidered in a context specific way.  

A. PopulaƟon increase: The effect of increase in animal populaƟon on crop damage 
depends upon the underlining assumpƟons. Under the assumpƟon that the 
populaƟon saturates at the carrying capacity along with the assumpƟon of the push 
phenomenon, conflict will not arise. If either or both of these assumpƟons are not 
true, only then conflict is expected to arise with increase in animal populaƟon. If the 
interface assumpƟon is true, there would be increase in net loss as well as increase in 

loss per unit area which is equal to ௉೟

௉బ
 . But the increase would be restricted to the 

interface. If a moving gradient away from the interface is observed the interface-
populaƟon combinaƟon can be rejected. If the push hypothesis is true, P0 <= C and Pt 
> C one would see the beginning of loss outside the wilderness area, not experienced 
earlier. If  both P0  and Pt > C the net loss, loss per unit area as well as loss per unit 
populaƟon would increase by (Pt – C)/( P0 – C).  
If the pull hypothesis is true and assuming no fear element, the animals had access 
to the enƟre agricultural land all the Ɵme and therefore loss would increase in 

proporƟon to the populaƟon change i.e. ௉೟

௉బ
 and the loss per unit populaƟon will 

remain unchanged.   
 

C. Loss of human avoidance behaviour: By this hypothesis, animals prefer to live in 
forests/wilderness because of human fear. The availability of food and water is oŌen 
greater in and around human habitaƟon. If animals lose human fear, they would occupy 
human landscapes freely. However, the loss of fear would be a gradual process requiring 
several generaƟons and the damage would be seen increasing gradually. If the interface 
assumpƟon is true, the damage is incidental and loss of fear will not make any 
difference. Assuming push hypothesis and regulated populaƟon, there is no reason for 
the animals to come out. However, if the nutriƟve content of crops is beƩer than that of 
wild forage, then independent of populaƟon regulaƟon, progressive loss of fear would 
increase the net damage, damage per unit area and damage per unit populaƟon by the 
same proporƟon and there is expected to be a moving gradient of damage away from 
the interface. Currently there is no empirical measurement of human fear or the lack of 
it. We assume that the habitats and agricultural context remaining constant, the Ɵme 
spent in the agricultural land (ta) will be negaƟvely related to the perceived fear. Further 
the damage to crops, at least in the beginning will be a linear funcƟon of the Ɵme spent 
on crops, although it will show a saturaƟng relaƟonship at large values of ta. Therefore 
the net damage, damage per unit area and damage per unit populaƟon will increase by 
tat/ta0. Also, the animals will tend to move more in the interior of the agricultural 
landscape as the fear reduces and there would be a moving gradient of damage. Further 
the loss of fear being a gradual process, we will see a conƟnued trend of increasing 



damage when there is no further change in the external context. This is a unique 
predicƟon of the loss of fear hypothesis.  

Table 1 summarizes the testable predicƟons from every combinaƟon of assumpƟons and 
causal factors. By matching with real life paƩerns, we can decide the predominant cause of 
crop damage by wild herbivores in any given context. Currently there is hardly any reliable 
and methodologically consistent crop damage data available to do the predicƟon matching. 
Based on preliminary data and anecdotes, at least in India, the net damage, damage per unit 
area, moving gradient and damage per unit populaƟon all seem to be rising (Dandekar et al 
2025). If this is true, figure 2 shows which combinaƟons predict all these paƩerns 
simultaneously.   

Table 1: The testable predicƟons of the assumpƟon-hypotheses combinaƟons 

Causes Where PopulaƟon 
Change in 

Pd 
Change in 

Aac Net loss Loss/A Loss/Aac Net Loss/P 

trend t to  

t +1 

Moving 
gradien

t 

Encroachment Interface Regulated 

ඥ𝑊଴

ඥ𝑊௧

 
ඥ𝑊௧

ඥ𝑊଴

 
unchanged decrease increase unchanged decreased NA 

Encroachment Interface Unregulated 

ඥ𝑊଴

ඥ𝑊௧

 
ඥ𝑊௧

ඥ𝑊଴

 
unchanged decrease increase unchanged constant NA 

Encroachment Push Regulated 

Increase 
𝑜𝑛𝑙𝑦 𝑖𝑓  

𝑃
ඥ𝑊଴

ඥ𝑊௧

>  𝐶 
Increase  

Increase 

௉.
ඥೈబ

ඥೈ೟
ି஼

௉ି஼
 

Increase <

𝑃.
ට𝑊0

ට𝑊𝑡
−𝐶

𝑃−𝐶
   

or decrease Increase  Increased  decreased Yes 

Encroachment Push Unregulated 

𝑖𝑛𝑐𝑟𝑒𝑎𝑠𝑒  

𝑜𝑛𝑙𝑦 𝑖𝑓  

𝑃
ඥ𝑊଴

ඥ𝑊௧

 > 𝐶 
Increase  

Increase 

௉.
ඥೈబ

ඥೈ೟
ି஼

௉ି஼
 

Increase <

𝑃.
ට𝑊0

ට𝑊𝑡
−𝐶

𝑃−𝐶
   

or decrease  Increase  Increased  constant  Yes 

Encroachment Pull Regulated 
P / 𝐴௧

P / 𝐴଴
 

𝐴௧

𝐴଴
 

 
unchanged Decrease  

Decrease  

 
 

unchanged decrease NA 

Encroachment Pull Unregulated 
P / 𝐴௧

P / 𝐴଴
 

𝐴௧

𝐴଴
 

 
unchanged Decrease  

Decrease  

 
 

unchanged constant NA 

PopulaƟon 
increase Interface Regulated 

𝑃௧

𝑃଴
 

unchanged 
𝑃௧

𝑃଴
 

𝑃௧

𝑃଴
 

𝑃௧

𝑃଴
 

unchanged decrease NA 

PopulaƟon 
increase Interface Unregulated 

𝑃௧

𝑃଴
 

unchanged 
𝑃௧

𝑃଴
 

𝑃௧

𝑃଴
 

𝑃௧

𝑃଴
 

unchanged constant NA 

PopulaƟon 
increase Push Regulated 0 0 0 0 0 0 0 0 



PopulaƟon 
increase Push Unregulated 𝑃ௗ  =P-C Increase  

Increase 
௉೟ି஼

௉బି஼
  

Increase 
௉೟ି஼

௉బି஼
  

Increase  Increase  constant Yes 

PopulaƟon 
increase Pull Regulated 

𝑃௧

𝑃଴
 unchanged 

𝑃௧

𝑃଴
 

𝑃௧

𝑃଴
 

𝑃௧

𝑃଴
 unchanged constant NA 

PopulaƟon 
increase Pull Unregulated 

𝑃௧

𝑃଴
 unchanged 

𝑃௧

𝑃଴
 

𝑃௧

𝑃଴
 

𝑃௧

𝑃଴
 unchanged constant NA 

Loss of fear Interface Regulated unchanged unchanged unchanged unchanged unchanged unchanged unchanged NA 

Loss of fear Interface Unregulated unchanged unchanged unchanged unchanged unchanged unchanged unchanged NA 

Loss of fear Push Regulated 0 0 0 0 0 0 0 NA 

Loss of fear Push Unregulated 0 0 0 0 0 0 0 NA 

Loss of fear Pull Regulated unchanged tat/ta0  tat/ta0  tat/ta0  tat/ta0  tat/ta0  Increase 
tat+1/ta0 

Yes 

Loss of fear Pull Unregulated unchanged 
tat/ta0  tat/ta0  tat/ta0  tat/ta0  tat/ta0  Increase 

tat+1/ta0 Yes 

 
 

  
Interface Push Pull 

Encroachment 

regulated regulated regulated 

unregulated unregulated unregulated 

Population 
increase 

regulated regulated regulated 

unregulated unregulated unregulated 

Fear lost 

regulated regulated regulated 

unregulated unregulated unregulated 

Figure 2: The number of predicƟons matched with the crop raiding paƩerns observed in 
Maharashtra. Zero matches indicated by no colour and all 6 matches by the deepest colour.   

We see from table 1 and figure 2 that the damage along the interface assumpƟon is 
completely rejected since the moving gradient is a predominant picture (Bayani et al 2016, 
Dandekar et al 2025) and also many other predicƟons do not match. Similarly, the 
encroachment hypothesis is unable to predict all the observed paƩerns by its own. So, 
encroachment or habitat loss is unlikely to be the sole or the most important cause. 
Increasing populaƟon can explain the trends under a certain set of assumpƟons. But for 
populaƟon increase to explain the observed trends it is necessary to reject the implicit 
beliefs such as carrying capacity and natural mechanisms of populaƟon regulaƟon etc which 



are implicit in conservaƟon policies so far (Watve 2026). All the observed parameters i.e. 
temporal increase in net damage, damage per unit area, damage per unit populaƟon, 
conƟnued trend and the moving gradient are explained only by the loss of fear hypothesis.  

The first level of model examining one causal factor at a Ɵme has its own limitaƟons. In 
reality the factors are not mutually exclusive and do not act one at a Ɵme but interact 
dynamically.  Therefore, at a second level of modelling, we aƩempt a unified model that 
incorporates all the factors together and can also allow their dynamic interacƟons.  

 
 

An inclusive model:   

Animals are known to opƟmize their foraging behaviour to maximize the fitness 
returns while minimizing the cost and risk associated with the foraging strategy adopted 
(Price and Maynard-Smith 1990, Baig et al 2019, Shinde et al 2022). We assume that wild 
herbivores opƟmize their gains by choosing appropriate amount of Ɵme and efforts in 
feeding on crops. They prefer to feed on crops when and so long as the net gains from 
crops is greater than those from foraging in the wild. Since every animal has a saturaƟng 
capacity of food intake, and food intake affects reproducƟve success in a saturaƟng way, 
the nutriƟonal benefits are expected to follow a saturaƟon curve, while the risk from 
predaƟon or hunƟng is expected to increase linearly with the Ɵme spent on the risky 
patch. This a typical consideraƟon of an opƟmizaƟon model (Parker and Maynard-Smith 
1990, Stephens and Krebs 1986). The net opƟmum is the t where the distance between 
the curve and the line is maximum (figure 3A). A simple equaƟon for this has been used 
for opƟmize foraging (Stephens and Krebs 1986, Baig et al 2019, Shinde et al 2022, Watve 
et al 2016) which is  

 

𝑅 =  
ே.௧

௄ା௧
− 𝐹. 𝑡       Eq 2 

Where R  is the net fitness return from the foraging acƟvity; N = the maximum 
possible nutriƟon component of fitness obtained from foraging; F = the risk from 
predaƟon/hunƟng and other hazards expressed in terms of fitness loss; K = the half 
saturaƟon constant, such that at small K the nutriƟonal fitness benefits are achieved 
faster and at large K it takes more Ɵme and efforts to obtain the benefits;  t is the Ɵme 
spent in foraging in that habitat.  

 
Since there are two available opƟons for grazing, foraging in the wild versus feeding 

on crops, we write a joint equaƟon, if and when the addiƟonal returns from feeding on 
crops Ra is posiƟve, animals should prefer feeding on crops.  

 

 𝑅௔ =
ேೌ.௧

௄ೌା௧
−

ேೢ.௧

௄ೢା௧
− 𝑡(𝐹௔ − 𝐹௪)     Eq 3 



Where the subscripts a and w denote the parameters in agricultural and wilderness 
habitats respecƟvely. For simplicity, in the starƟng model we will assume  𝐾௔ =𝐾௪  = K. We 
will relax this assumpƟon at a later stage. We also assume Fa > Fw and denote F’ = 𝐹௔ − 𝐹௪. 
With this assumpƟon, the equaƟon simplifies as  

 

𝑅௔ =
(ேೌିேೢ).௧

௄ା௧
− 𝐹′𝑡       Eq 4 

We can calculate the opƟmum Ɵme spent on the agricultural crops by taking 

derivaƟve  ௗோೌ

ௗ௧
, making the derivaƟve zero and second derivaƟve negaƟve, we find the 

opƟmum Ɵme spent feeding on crops as  

𝑡௔ = ට
௄.(ேೌିேೢ)

ிᇱ
− 𝐾        Eq 5 

It follows that only when ta > 0 animals gain by raiding crops. If ට௄.(ேೌିேೢ)

ிᇱ
< 𝐾 then 

ta < 0 , therefore animals have no benefit in feeding on crops.  

The total agricultural loss is expected to be a funcƟon of the populaƟon and 
opƟmum foraging Ɵme on crops. We have already defined the saturaƟon relaƟonship 
between Ɵme of foraging and nutriƟonal gains, so that the net loss,  

𝐿 ∝ 𝑃
ேೌ.തതതതത௧ೌ

(௄ೌതതതതା௧ೌ)
        Eq 6 

The 𝑁௔
തതതത and 𝐾௔

തതതത in Eq 6 are not idenƟcal to Na and Ka in earlier equaƟons although 
the shape of the relaƟonship would be quite similar. Eq 3 and 4 capture the fitness 
contribuƟon of nutrients whereas Eq 6 captures the actual crops devoured by the animals 
leading to loss of farmers.  

Apart from the crops eaten there will be incidental damages to property and to lives, 
parƟcularly from larger herbivores which might be directly proporƟonal to the Ɵme spent 
in A. For our further inferences, more than the actual shape of the relaƟonship, it is 
important to realize that the net damage will be a linear or non-linear funcƟon of the 
Ɵme spent in the human landscape.  

It is possible to write a similar set of equaƟons for distance from the interface to 
which the animals would invade inside the agricultural land. In the above equaƟons ta can 
be replaced by d the distance, the two also being interrelated. The equaƟon may remain 
similar, with somewhat different interpretaƟons of parameter Ka. 

Figure 3 graphically represents the opƟmum Ɵme spent or opƟmum distance 
travelled inside agricultural land and how the criƟcal parameters affect the opƟmum. As 
the fear factor reduces, animals would spend more Ɵme and invade greater distances in 
the agricultural landscape. If F’ approaches zero and 𝑁௔ − 𝑁௪ > 0, they would stay and 



breed inside the agricultural landscape itself and may make liƩle use of the wilderness 
habitat.  

Fig 3 

 

Figure 3: (A) The opƟmizaƟon concept. The nutriƟonal benefits and cost in terms of 
the risk of aƩack, both expressed in terms of their contribuƟon to fitness on the Y axis. The 
opƟmum is at the Ɵme where the net is maximized i.e. the distance between the benefit 
line and cost line is maximum. (B) The effect of K at Na =10, Nw =5 and F’ = 0.1 (C) The 
Effect of Nw at K =2 and F’=0.1 (D) The effect of F at K =2, Nw= 6 and Na =10 on the 
opƟmum Ɵme spent feeding on crops.  

It can be seen that with this equaƟon, each one of the assumpƟons and causal factor 
combinaƟons of our earlier approach are true in certain parameter space. When  

𝐹′ >
ேೌିேೢ

௄
  damage will be seen only along the interface. Also only under such condiƟons, 

the populaƟon will reach a steady state at the carrying capacity of the wilderness habitat 

since no other resource is available (Watve 2026). If 𝐹ᇱ <
ேೌିேೢ

௄
 there will be crop raiding 

resulƟng into greater fodder availability leading to the populaƟon growing beyond the 
carrying capacity of the wilderness habitat. Carrying capacity has been an elusive concept. 
Wildlife researchers have not been able to esƟmate the carrying capacity and show that if 



leŌ on its own the populaƟon stabilizes there (Dhondt 1988, McLeod 1997, Cang 2009). The 
only examples where the populaƟons have stabilized near the carrying capacity are on 
islands or habitats that are completely isolated. A high F’ is likely to result into an island like 
situaƟon where the assumpƟon is more likely to work. Otherwise, when there is extra 
availability of food from the human dominated landscape, populaƟons are unlikely to 
stabilize at the carrying capacity. If Nw declines so much that 𝑁௔ − 𝑁௪ > 𝐾𝐹′ the push factor 
is at work, whereas if this inequality is because of increase is Na it can be called pull factor. 
Both Na and Nw depend upon the season and push or pull factors may apply differently to 
different seasons. Encroachment or habitat loss can be represented by reducƟon in Nw . 
PopulaƟon and human avoidance behaviour are directly represented by P and Fa 

respecƟvely. Thus, using a single model, the enƟre spectrum of consideraƟons can be 
analyzed, simulated, if necessary, used to make testable predicƟons and design miƟgaƟon 
measures for a given context. All the predicƟons of the single factor approach (table 1) can 
be made from this unified model. But combinaƟons and interacƟons of causal factors can be 
beƩer addressed by the unified model.  

First, it can be seen that crop damage can increase either when the populaƟon is large, the 
wilderness habitat quality is nutriƟonally degraded, K is small and the fear of humans Fa is 
reduced. However, the mathemaƟcal posiƟon of these variables reveals that the effects of 
these factors is interdependent, and their relaƟve contribuƟons widely different. ParƟcularly 
important is the denominator posiƟon of the risk or perceived fear factors. If  (𝐹௔ − 𝐹௪) is 

above a threshold ேೌିேೢ

௄
, then crop damage can be prevented even when populaƟon is 

large. In contrast if the fear of humans goes down to be equal or less than the fear of natural 
predators, that is 𝐹௔ < 𝐹௪  then crop damage is bound to happen even at small populaƟons 
of wild herbivores and well-maintained natural habitats. This needs to be considered before 
populaƟon control for miƟgaƟon of HWC.  

The model can be used to opƟmize the miƟgaƟon measures to minimize crop damage by 
animals while maintaining a viable and geneƟcally diverse populaƟon of the wild species.  
There are four types of miƟgaƟon measures suggested 

(a) Regulate the animal populaƟon  
(b) Maintain and restore habitat quality so that Nw is maximized 
(c) Increase Ka by using fences and deterrents 
(d) Restore the human avoidance behaviour, or human fear in animals, i.e. increase 𝐹௔  

From eq 5 it is clear that large Fa is both necessary and sufficient to prevent crop damage. If 
human fear is less than or only slightly greater than that from natural predators, other 
measures are unlikely to work. There is a natural limit to which Nw can be increased, 
increasing K over large areas by fencing and other devices can be expensive, as well as has 
limitaƟons, the situaƟon can become unsolvable if 𝐹௔ − 𝐹௪ tends to be zero or negaƟve. This 
can easily happen with a total ban on hunƟng or a wrong hunƟng policy. Therefore, in 
miƟgaƟon strategies restoring the minimum necessary fear response or human avoidance 



behaviour among animals needs to be the top priority. Other miƟgaƟon measures will be 
effecƟve or even unnecessary if fear can be restored.   

So far, we have been assuming that the parameters Nw, K, P are independent. In reality they 
are bound to affect each other. P depends upon the food availability and therefore will be 
proporƟonate to Nw + L. A higher populaƟon density in the wilderness area might lead to 
overgrazing and thereby depleƟng Nw. High populaƟon density would cause compeƟƟon for 
the available forage, depleƟon of the resource and thereby increase K. This leads to negaƟve 
and posiƟve feedback loops in Ɵme. The relaƟonship between P and Nw operates in a negaƟve 
feedback in the absence of L. Increase in P will deplete Nw which would in turn regulate P. 
However when L is large a posiƟve feedback loop can iniƟate. L provides greater nutrient 
resource that would lead to populaƟon increase and the increased populaƟon further 
increases L.  We assume simple linear effects with proporƟonality constants C1, C2 and C3 so 
that,  

𝑃(௧ାଵ) = 𝐶ଵ(𝑁௪௧  +  𝐿௧)       Eq 7 

Nw(t+1)= Nw (basal) – C2.Pt       Eq 8 

Where Nw(basal) is Nw when the populaƟon is zero and therefore there is no consumpƟon of 
nutrients. 

Ka(t+1) = Ka(basal) + C3.Pt        Eq 9 

Where Ka(basal) is Ka when the populaƟon is zero and therefore there is no foraging.  

We incorporate these factors assuming simple linear relaƟonships and incorporate them in a 
simulaƟon model. In the simulaƟons incorporaƟng these interacƟons, at Ɵme t+1 the loss is 
calculated and then the variables at t+2 computed from those at t+1. At part of the 
parameter space a steady state or stably oscillaƟng state is achieved soon where the loss is 
limited. However, below or above certain thresholds the posiƟve feedback loops lead to 
vicious cycles and the loss escalates. When such autocatalyƟc cycles begin, the system is out 
of control. We assume that the system is bound to collapse and stop the simulaƟons when 
such an uncontrollable autocatalyƟc escalaƟon process begins. There are sharp Ɵpping 
points in the parameter space where stability collapses.  

For examining the possible effects miƟgaƟon measures, we assume that we are able to 
control the parameter targeted by the miƟgaƟon using appropriate facilitaƟon and 
regulaƟon strategies. In the absence of empirical knowledge of parameters, we can use the 
model results for qualitaƟve conclusions only. Even qualitaƟvely they can contribute 
substanƟally to our insights into HWC. Keeping the value of the targeted miƟgaƟon focus 
constant, we ask how this regulaƟon would affect other variables and ulƟmately crop 
damage. Since our interest is in securing the survival of the wild populaƟons as well as 
minimizing the damage to agriculture, minimizing L/P should be the most important 



parameter.  Minimizing L/P at a reasonably sufficient populaƟon size is the most desirable 
outcome and that should be taken as the most successful miƟgaƟon strategy.   

PopulaƟon regulaƟon: If P is regulated, it will affect Nw negaƟvely and K posiƟvely. 
IncorporaƟng these effects the net agricultural loss can be computed. But since P is 
regulated, L is not allowed to change P again. The relaƟonship between the net loss and L/P 
with the regulated level of populaƟon (figure 4A) shows that the same populaƟon can cause 
different levels of damages at different F’. A high level of F’ allows a larger populaƟon while 
keeping the damage to a minimum. QualitaƟvely this result remains unchanged as long as 
Nw < Na and K < the threshold.  In the unlikely situaƟon of Nw >= Na there will be no crop 
damage. Again, the threshold K depends upon F’ and at higher F’ the threshold becomes 
smaller. Therefore, at large F’, damage can be effecƟvely prevented independent of other 
parameters.   

Increasing Nw: Improving habitat quality can increase Nw (fig 4B) but this has limitaƟons. 
Increasing the nutrient content in the wilderness habitat by arƟficial means is not 
compaƟble with the philosophy of conservaƟon. One cannot and should not exceed the 
nutriƟonal potenƟal of natural habitats by too much of intervenƟon. This would lead to a 
zoo like state rather than a natural reserve. So, except for extremely degraded environments, 
habitat restoraƟon would be of liƩle value in resolving HWC. There are other ecological 
reasons for which habitat restoraƟon aƩempts are desirable, but they are unlikely to be 
effecƟve in resolving HWC across different contexts.  

RegulaƟng K: Large K reduces damage and loss becomes zero beyond a threshold K. 
However the threshold K increases reciprocally at small F’ and increasing K is costly. 
Therefore fencing and other deterrents can be effecƟve only when F’ is sufficiently large (fig 
4C).  

Restoring F’: Human ancestors have been a hunƟng species and that must be the most 
important reason why most wild animals avoid human vicinity and prefer to live in the 
wilderness habitats secured at least partly from humans. This context has changed only 
recently with various models of conservaƟon implemented. Some of the models have total 
ban on hunƟng of a range of species. Others may have regulated hunƟng but here too the 
type of hunƟng and its regulaƟons maƩer. If most of the hunƟng happens within wilderness 
reserves, it is likely to contribute to Fw rather than to Fa. It is also possible that conservaƟon 
policies led to increase in carnivore threat making Fw larger. If the risk of aƩack by carnivores 
or by hunters is greater in the wilderness than in the agricultural land, then Fw > Fa which is 
bound to escalate the conflict. Apart from changed hunƟng pracƟces, wildlife tourism is 
criƟcally based on dissolving mutual fear. The tourists are preached to remove fear of 
animals from their minds, and animals get increasingly habituated to presence of tourists. 
This would be inviƟng more intense HWC. Since animals in most habitats have lived with 
human fear for generaƟon, we take it as their “natural” behaviour. But behaviours are oŌen 
plasƟc and context dependent. A change in the human avoidance behaviour might not be 



rapid. It may happen over generaƟons through individual learning, cultural inheritance as 
well as selecƟon on geneƟc predisposiƟon to boldness. But aŌer a few decades of altered 
hunƟng pracƟces, there are indicaƟons that animals are increasingly losing human fear and 
therefore do not hesitate to venture into human dominated landscapes. If this is true, the 
quesƟon how to reinstate the fear response should be a focal research quesƟon.  

 

Figure 4: Effects of different miƟgaƟon measures on the populaƟon, net crop loss and crop 
loss per unit populaƟon. The sharp rising lines indicate the Ɵpping point at which the vicious 
cycle begins leading to unlimited escalaƟon of the problem. The most desirable outcomes are 
those when the populaƟon is large but loss per unit populaƟon minimum. It can be seen that 
at large Fa-Fw, the loss is minimized in spite of supporƟng a stable and sizable populaƟon. A: 
When populaƟon is regulated: At large F’ the loss is zero Ɵll a considerable populaƟon size. 
At very high populaƟon size Nw tends to zero, forcing the herbivore to come out to feed on 
crops. B: When Nw is maintained: There is greater loss at low Nw as expected. Ironically at 
lower F’ values the populaƟon is large at low habitat quality. But this is because they 



increasingly feed on crops. When F’ is large, the loss can be maintained zero at a sizable 
populaƟon. C: The effect of K has a clear threshold. At smaller K the vicious cycle begins 
escalaƟng the loss as well as the populaƟon. High F’ can sustain a stable populaƟon with 
zero loss unƟl K becomes too small. D: When F’ is the miƟgaƟon focus: Here again a Ɵpping 
point is observed below which the vicious cycle begins. High F’ along with high Nw is the 
desirable combinaƟon ensuring high populaƟon density with liƩle damage. Other 
parameters for these simulaƟons: C1 = 0.2, C2 =.03, C3 =0.3. Na =10 Nw(basal) =7, K(basal) = 3.   

Discussion:  

Since empirical data on crop damage and on the parameters of the model is fragmentary 
and collected without any consistent methods across Ɵme and areas, we do not expect the 
quanƟtaƟve predicƟons of the model tested as of now. Nevertheless, qualitaƟvely the model 
can contribute important insights to our understanding of the causes of HWC and the 
potenƟal effecƟveness of the miƟgaƟon measures. But before considering the implicaƟons 
for miƟgaƟon, we will first examine the robustness of the model outcomes.   

The interpretaƟon of the opƟmum needs to be taken at a populaƟon level. If there is an 
opƟmum proporƟon of Ɵme spent in A and W respecƟvely, every animal need not spend the 
same amount of Ɵme. It may be that some proporƟon of animals spent their enƟre Ɵme in A 
and others in W.  If some animals move to A, the compeƟƟon in W reduces so that 
individual behaviour can be diverse maintaining the average opƟmum and distribuƟng the 
benefit over the populaƟon. 

SensiƟvity analysis: Any model is based on a set of assumpƟons. We need to see how 
sensiƟve are the inferences to the violaƟon of these assumpƟons. We assumed Ka and Kw to 
be idenƟcal for the simplicity of the model. In reality crops are largely monocultures of 
edible species which are bred for generaƟons for beƩer nutriƟve content and fewer 
secondary metabolites or other repellent properƟes. Wild forage, on the other hand are 
mixed species, not all of which might be palatable. Plants produce secondary metabolites as 
protecƟve mechanisms or evolve thorns, waxes, obnoxious smells etc. owing to which Kw is 
expected to be larger than Ka. This is likely to make the crops more aƩracƟve than the wild 
forage. IncorporaƟng this difference will slightly shiŌ the posiƟons of the Ɵpping points but 
otherwise is unlikely to make a qualitaƟve change in the interacƟons of the parameters and 
their effect on L. Ka can be increased using acƟve measures to discourage crop raiding such 
as trench-cum-mounds, fences, scare devices and deterrents. A possible effect of increasing 
the cost of entering the crops, not considered in this model, but suggested by an earlier 
model is that when the cost of entering a crop increases, the opƟmum food intake also 
might increase (Watve et al 2016) under some contexts. If this is true, in some parameter 
space the hurdles might actually increase the loss instead of decreasing it. This is compaƟble 
with the anecdotes of some farmers whose crop damage increased aŌer making fences.  



We assumed the interrelaƟonships between P, Nw and Ka to be linear for simplicity according 
to eq 7 to 9. The negaƟve and posiƟve feedback loops among these variables can exist with 
or without linearity just that the escalaƟon might be slower or faster. Since currently we are 
only interested in the qualitaƟve outcomes, linearity assumpƟon is not too criƟcal for the 
purpose.  

It is necessary to differenƟate between actual risk and perceived risk in our definiƟons of Fa 
and Fw. In terms of actual risk the moment the wild life protecƟon act was implemented in 
India, Fa < Fw. If change in animal behaviour was instant, crop raiding would have peaked 
immediately. But the human avoidance behaviour has been substanƟally deep rooted in 
animals and it did not change instantly. Behavioural opƟmizaƟon in animals happens by 
individual learning, collecƟve intelligence, cultural inheritance and selecƟon on geneƟc and 
cultural traits. Unlike learning about food quality and habitat suitability, risk of death cannot 
be learnt by one’s own experience. Therefore, both learning and unlearning of risk needs to 
happen mainly by selecƟon on culturally and geneƟcally inherited traits. It might take several 
generaƟons to reach a new opƟmum in the altered context. The fear of humans appears to 
be changing notably now as reflected by the minimum flight distance (Price et al 2014). Our 
models incorporate the perceived fear as F. Eventually when the percepƟon catches up with 
real life risk, the conflict would aƩain uncontrollable scale. It is also possible that when at 
the percepƟon level when Fa < Fw , crop raiding will happen even when Na < Nw. Animals 
would stay and breed within the human landscape and feel no need for the wildland. This 
has already started happening with some species. AƩempts to reinstate the avoidance 
behaviour need to begin before this state is aƩained. Although the slow change in risk 
percepƟon kept the farmers in a beƩer state for a few decades, the other side of the coin is 
that, reinstaƟng human fear would also be a slow process. SubstanƟal Ɵme would be 
needed to regain the behaviour. This might be a simpler and faster process for social 
animals. Solitary animals would need a longer Ɵme. HunƟng at a carefully opƟmized and 
learning facilitaƟng manner needs to return in the wildlife management policy, but one 
should not expect immediate reversal of behaviour with a new hunƟng policy. Nevertheless, 
the hunƟng policy needs to be designed so as to maximize learning while minimizing actual 
killing.   

A very fundamental assumpƟon of the model is that of a clear disƟncƟon between wildland 
and agricultural land. This disƟncƟon is relaƟvely modern. Human seƩlements and 
agriculture must have started within the shared habitat. At a prior stage, human ancestors 
were prey for large carnivores too (Hart and Sussman 2011). The transiƟon to a predator 
free species (Watve 1993) and a hunƟng species must have been a pre-requisite for 
agriculture. If animals did not avoid humans, growing nutriƟonally more aƩracƟve species as 
crops and protecƟng them from other herbivores would have been impossible. HunƟng has 
been a causal factor for the beginning of agriculture and the separaƟon of the habitats. If a 
cause is removed, the effect is likely to vanish. If hunƟng stops, animals will start moving 
freely in the human occupied habitat and agriculture is most likely to collapse. It might be 



the early stages of this that is being witnessed in India as well as other wildlife rich countries. 
The habitat separaƟon assumpƟon of the model is itself based on one of the causal 
hypotheses considered. This strengthens the importance of that causal hypothesis.   

An important implicaƟon of the model is that for tesƟng the predicƟons we need reliable, 
standardized and validated methods of esƟmaƟon of crop loss. The causal hypotheses can 
be differenƟated mainly based on the relaƟve changes in net loss, loss per unit area, loss per 
unit populaƟon and, spaƟal paƩerns of loss. Therefore, developing methods of esƟmaƟng 
loss is the first required step. MiƟgaƟon aƩempts without causal understanding are unlikely 
to be effecƟve and opƟmum in the long run. In the absence of theoreƟcal development, the 
importance of reliable damage data was never appreciated. This change in empirical 
research is the most urgently needed.   

So far for miƟgaƟon, much emphasis has been on populaƟon regulaƟon by culling or by 
sterilizaƟon/contracepƟon. But if populaƟon explosion is not the main cause of the problem, 
populaƟon regulaƟon is not only unlikely to be effecƟve; it might turn out to be ecologically 
dangerous. It is more likely to be detrimental to geneƟc diversity and increase the local 
exƟncƟon probability. If sufficient Ɵme is not given for reinstaƟng the fear response, culling 
alone is unlikely to resolve the problem immediately (Hoare 2012, Cappa et al 2021). If a 
crop raiding group is culled or removed, another group is most likely to replace it and the net 
damage remain unaffected (Plotnik et al 2023). On the other hand, restoring the fear 
response to a threshold level in the long run can allow a much larger populaƟon with 
minimum conflict and thereby is more compaƟble with conservaƟon goals.  

Our model brings into light the inevitable trade-off between what is desirable for wildlife 
tourism and what is needed for resoluƟon of HWC. It is possible to have an opƟmum 
compromise between the two, which needs much fundamental rethinking and research 
inputs. If animals are habituated to the presence of noisy tourist vehicles and crowds, they 
would not respond to farmers’ aƩempts to drive them away. If the level of fear rises, tourists 
will not be able to view animals as much undisturbed as today. But that is inevitable. Senior 
Ɵger acƟvists and experts expressed a concern several decades ago that if Ɵgers become 
indifferent to tourist presence, they would become more vulnerable to poaching as well 
(Nature on PBS 2026). The tradiƟonal cauƟous response of animals to human presence 
needs to return at an opƟmum level.  We haven’t specifically examined the carnivore conflict 
here but it is likely that the same possibility needs to be examined there as well.  Although 
the details may differ the principles behind herbivore and carnivore conflict appear to be 
similar and the fear key may work for both equally well.  

 

Conclusions: 

It is necessary to realize that different causal factors lead to different damage paƩerns and 
thereby it is possible to determine the predominant cause of HWC. In the absence of this 



clarity surrepƟƟous skipping from one hypothesis to another gives an illusion of explaining 
all paƩerns in HWC without definiƟve useful insights helpful in miƟgaƟon.   

Fear is the key: Even in the absence of empirical data, from theoreƟcal analysis alone it is 
clear that fear response is the key to resolving HWC. How to reinstate the lost fear is a tricky 
quesƟon and the answer might be different for different species and locaƟons. HunƟng 
appears to be essenƟal to restore the behaviour but just opening up hunƟng is unlikely to 
achieve the goals of conservaƟon. Thoughƞul hunƟng protocols need to be evolved specific 
to species-locaƟons. The objecƟve of hunƟng needs to be a behavioural change rather than 
populaƟon control or direct financial returns from trophy hunƟng. A set of behavioural 
principles decides whether natural resources are handled with prudence or profligacy 
(Gadgil 1985, Gadgil and Malhotra 1985, Gadgil 1995). Many of the tradiƟonal hunƟng 
communiƟes had cultural norms that ensured ecological prudence while hunƟng (Malhotra 
et al 1983). In the changing global context, it may not be possible to revive the tradiƟonal 
hunƟng cultures everywhere, but the lessons learnt from them need to be uƟlized for 
designing novel systems. On the other hand, understanding the principles of animal learning 
as well as selecƟon on culturally inherited traits and geneƟc predisposiƟons will be equally 
important for the new policy. The learning response of animals might be quick in social 
species and might be trickier for solitary ones. It would take Ɵme and is not expected to 
happen as soon as the newly designed hunƟng protocols begin. Although regulated hunƟng 
is pracƟced in many other countries, whether the hunƟng protocols induced the desired 
behavioural response needs to be examined. It is likely that the hunƟng increases Fw more 
than Fa and thereby is unable to miƟgate HWC effecƟvely. Behaviourally opƟmized system 
design is a relaƟvely novel concept but has a promise to revoluƟonize regulatory policy 
(Chater and Lowenstein 20203, Joshi et al 2021). ConservaƟon policy needs to opƟmize for 
animal behaviour and human behaviour simultaneously and a right combinaƟon of 
theoreƟcal and empirical studies are necessary to achieve the goals. Although that is not 
within the scope of this model, at this stage our model shows that minimum conflict 
coexistence is certainly possible and restoring a threshold level of mutual fear is the key.  

A broader take home message is that even in highly empirical fields theory building is 
valuable. In its absence, data collecƟon can be incomplete, the most important variables for 
analyƟc approaches might be missing from empirical studies. Theory helps in shaping 
empirical research and in turn real-life data is necessary for compleƟng the theoreƟcal 
approach. ConservaƟon biology, HWC in parƟcular has been weak in theory building and a 
simple but comprehensive theory can improve wildlife management substanƟally.  
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