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A B S T R A C T   

Snakebite incidence at least partly depends on the biology of the snakes involved. However, studies of snake 
biology have been largely neglected in favour of anthropic factors, with the exception of taxonomy, which has 
been recognised for some decades to affect the design of antivenoms. Despite this, within-species venom vari
ation and the unpredictability of the correlation with antivenom cross-reactivity has continued to be problem
atic. Meanwhile, other aspects of snake biology, including behaviour, spatial ecology and activity patterns, 
distribution, and population demography, which can contribute to snakebite mitigation and prevention, remain 
underfunded and understudied. Here, we review the literature relevant to these aspects of snakebite and illus
trate how demographic, spatial, and behavioural studies can improve our understanding of why snakebites occur 
and provide evidence for prevention strategies. We identify the large gaps that remain to be filled and urge that, 
in the future, data and relevant metadata be shared openly via public data repositories so that studies can be 
properly replicated and data used in future meta-analyses.   

1. Introduction 

Snakebite envenoming is a public health problem that affects more 
than 2.5 million people globally. It also has significant socio-economic 
repercussions on vulnerable sectors, since the prevalence of snakebite 
is the highest in the poorest areas of any given community where snake- 
human conflict occurs (Mohapatra et al., 2011; Mise et al., 2016; 
Gutiérrez et al., 2017). The World Health Organization has set the 

ambitious goal of reducing the incidence of death and disability from 
snakebite by 50% by 2030. Snakebite prevention is a key component of 
this strategy and should be given equal if not higher priority than 
snakebite treatment, and the required research supported accordingly. 
Snakebite incidence varies on a geographical and temporal scale, 
resulting from the interaction of anthropic (Harrison et al., 2009; Mise 
et al., 2016) and environmental (Chaves et al., 2015, Ferreira et al., 
2020) drivers. Using a meta-analysis approach, Luiselli et al. (2020) 
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found no difference in the proportion of venomous snake species rich
ness or abundance between tropical and temperate snake assemblages, 
and, conversely, not all poor rural populations are affected. Higher 
snakebite incidence observed in many tropical regions is therefore not 
simply a function of higher snake relative abundance or diversity or high 
rates of rural poverty, but rather the product of a range of factors acting 
at the local scale. An excellent example is provided by Udyawer et al., 
(2021), who highlight peaceful co-existence between highly venomous 
snakes and people in the marine environment in New Caledonia. Clearly, 
snakebite is fundamentally a socio-ecological process (Goldstein et al., 
2021). 

Understanding the distribution of venomous snakes and their impact 
on health systems, human populations, and the snakebite burden on 
people at national, regional, and global levels is important for effective 
reduction and mitigation of snakebite (WHO, 2017). Obtaining distri
bution data for snakes has become easier over the past few years with 
the assistance of open-source platforms such as Global Biodiversity In
formation Framework, iNaturalist, more thorough IUCN Red List as
sessments, and collaborative efforts such as the Global Atlas of Reptile 
Distribution project (http://www.gardinitiative.org/; Roll et al., 2017). 
However, it is equally important to understand the correlation between 
the various ecological factors driving snake behaviour and activity in 
relation to snakebite (Murray et al., 2020). This matters especially in 
that venomous snakes, despite the medical threat posed by some species, 
are also objects of conservation concern, unlike many anthropophilic 
invertebrate animal vectors of disease (e.g., Anopheles gambiae, Aedes 
aegypti mosquitoes). 

The WHO has classified venomous snakes into two categories. 
Category 1 are snakes of highest medical importance and include highly 
venomous snakes that are common and/or widespread, causing 
numerous snakebites that result in death or disability (WHO, 2018). 
Category 2 are secondary medically important snakes that can cause 
morbidity, death, or disability, but for which exact epidemiological or 
clinical data may be lacking, and/or are less implicated in snakebite 
because of their behaviour, activity cycles, remote locations, habitat 
preferences or small range sizes. Approximately 5.80 billion people live 
within the range of Category 1 species, while 5.53 billion people live 
within the range of Category 2 species. The main areas of concern are 
primarily located in the tropics, particularly in regions where pop
ulations are most economically vulnerable, including central and west 
Africa, South Asia and South America (Longbottom et al., 2018). 
Longbottom et al. (2018) present a comprehensive global perspective on 
snakebite risk, assessing vulnerable populations based on their overlap 
with venomous snake species and their access to healthcare. Neverthe
less, consideration of the behavioural and ecological traits of species that 
contribute to the likelihood of different snakes delivering envenoming 
bites remains missing from this, and most other, global burden/risk 
assessments. 

It is evident that much of the work on medically important snakes 
across the globe has focused on understanding their venom (Oh et al., 
2017; Williams et al., 2011; Bittenbinder et al., 2018; Harris et al., 
2020). While several ecological studies have been conducted on North 
American and European vipers and some Bothrops species (Martins et al., 
2001; Monteiro et al., 2006; Bisneto and Kaefer, 2019), similar studies 
on venomous snakes in Africa and Asia are limited. For example, 
ecological studies on Bungarus species in Asia are few (Pandey et al., 
2020; Goldstein et al., 2021). There are also gaps in our knowledge of 
how the behavioural and ecological characteristics of snakes may vary 
within a species across their ranges spanning several regions (e.g., 
southern Africa vs. central Africa). 

In this paper, we review the existing literature to highlight that while 
a greater understanding of snake taxonomy is essential for determining 
the distribution and identity of medically significant species (Wüster and 
Thorpe, 1991; Wüster, 1996), it has largely failed to deliver the initial 
expectation of serving as a guideline for antivenom design. Instead, the 
large gaps in our understanding of venomous snake ecology (including 

demography, activity patterns and behaviour) need to be addressed, and 
crucially need more funding directed towards this area of research. 

2. Can snake biology predict venom variation and antivenom 
neutralisation? 

Due to their complexity, snake venoms are almost infinitely variable. 
This variation is one of the key obstacles to the design of universal, or at 
least broad-spectrum, treatments for snakebite envenoming (Gutiérrez 
et al., 2017; Casewell et al., 2020), which has led to increasing research 
interest in the causes and mechanisms of venom evolution. While it was 
once believed that a better understanding of taxonomy would serve as a 
roadmap to understanding venom variation (Wüster et al., 1997), it has 
become clear that the causes of venom variation are a good deal more 
complex. Broadly, they can be subdivided into selectively neutral and 
selection-driven categories. Selectively neutral drivers of variation pri
marily include evolutionary divergence (most basically, taxonomic af
finities) and, intraspecifically, gene flow, whereas potential selective 
pressures primarily include optimisation of venom to diet, or for 
defence. Co-evolution between venomous snake species and their prey, 
either through arms races or phenotype matching (Holding et al., 2016) 
potentially generates a great deal of diversity at small geographical 
scales. 

A few instances of neutral factors explaining the observed variability 
in venom composition have emerged (Williams et al., 1988; Lomonte 
et al., 2014; Margres et al., 2019). However, most studies comparing the 
impact of neutral and selective drivers of venom evolution have found 
little evidence for neutral processes. Snakes use their venoms primarily 
in a foraging role, to immobilise prey prior to ingestion. Numerous case 
studies have demonstrated correlations between venom composition 
and diet (Daltry et al., 1996), prey-specific venom lethality (e.g., Jorge 
da Silva and Aird, 2001; Barlow et al., 2009; Gibbs and Mackessy, 2009; 
Holding et al., 2016), or prey-specific toxins (e.g., Pawlak et al., 2009; 
Modahl et al., 2018). Over the last few years, case studies have been 
joined by meta-analyses seeking to discern broad patterns of association 
between ecological traits, phylogeny and aspects of venom phenotype 
(Davies and Arbuckle, 2019; Healy et al., 2019; Lyons et al., 2020; 
Holding et al., 2021). While this approach appears highly attractive, the 
underlying biological data on snake ecology are often weak. Detailed 
information on natural diet is available for few species (Glaudas et al., 
2019), patterns of prey resistance to venoms are rarely known, even 
though this may be a common phenomenon (Arbuckle et al., 2017), and 
lethality data from anything other than natural prey might be highly 
unrepresentative (Richards et al., 2012; Smiley-Walters et al., 2018). In 
addition, by usually treating species as single data points, much intra
specific variation is missed. Consequently, the results of meta-analyses 
are best treated with caution. New technologies, such as assays that 
can detect prey-specific binding of toxins to the target receptors of 
different species, promise to further enhance our ability to investigate 
the interactions between venom composition and diet (Zdenek et al., 
2019). 

Besides foraging, snakes also use venom in defence against potential 
predators. However, few studies have addressed the role of defence in 
driving venom evolution. Mathematical modelling (Gangur et al., 2018) 
suggests that the presence of predators could result in the evolution of 
greater lethal potential in a venomous mesopredator. The detection of 
specific pain-causing toxins in a few snakes (Bohlen et al., 2011; Zhang 
et al., 2017) suggests selection for defence in some species, but a survey 
of herpetologists envenomed by a wide variety of caenophidians pro
vided no evidence of the pattern of widespread, rapid-onset pain pre
dicted by selection for defence models (Ward-Smith et al., 2020). 
Nonetheless, in spitting cobras, the three instances of evolution of 
defensive spitting were accompanied by identical shifts in venom 
composition and increased algesic activity (Kazandjian et al., 2021). 

An improved understanding of the selective pressures driving venom 
evolution requires, above all else, more detailed data on snake diet, 
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predators, the outcomes of encounters and their determinants, and de
tails of the role of venom in those encounters (Whitford et al., 2019). 
Citizen scientists can potentially contribute precious data on rarely 
observed phenomena, such as these, that are not amenable to targeted 
study (Maritz and Maritz, 2020). 

What do these results tell us about the predictability of snakebite 
symptoms and treatment? In some instances, phylogenetic relationships 
can successfully predict clinical syndromes (e.g., Lesser Antillean 
Bothrops; Wüster et al., [2002]). In other cases, clinically relevant 
geographic variation in venom composition exists within species, inde
pendent of phylogeny (e.g., Thorpe et al., 2007; Oh et al., 2021) and 
even in the face of continuing gene flow (e.g., Zancolli et al., 2019). As a 
result, the ability of antivenoms to neutralise different venoms can vary 
in unpredictable ways at all taxonomic levels (Williams et al., 2011). At 
the individual level, ontogenetic variation in the venom of Crotalus 
simus, resulting from selective translation from similar transcriptomes, 
affects the ability of antivenoms to neutralise juvenile and adult venoms 
of the same snakes (Saravia et al., 2002; Durban et al., 2013). Intra
specific geographic variation hinders antivenom effectiveness in a 
number of examples in elapids (e.g., Senji Laxme et al., 2021), Old 
World vipers (e.g., Rogalski et al., 2017; Pla et al., 2019) and pitvipers 
(e.g., Sousa et al., 2018). In contrast, some antivenoms display 
remarkable paraspecific activities against some venom, such as 
cross-neutralisation of procoagulant venom activities between vipers 
and some colubrines (Ainsworth et al., 2018). The complexity of the 
relationship between venom activities specific to different prey and the 
treatment of snakebite is illustrated by the genus Echis (Fig. 1): profound 
interspecific differences in lethality to natural scorpion prey (Barlow 
et al., 2009) are only weakly reflected in a convenient model laboratory 
arthropod (Richards et al., 2012), and the same species do not differ in 
their lethality to mice (Casewell et al., 2014). Despite this, the ability of 
an antivenom raised against Echis ocellatus to neutralise the venoms of 
other Echis was best predicted by phylogeny, not diet or prey-specific 
lethality (Casewell et al., 2014). For public health policy and the 
formulation of antivenom strategies, the frequency of selection-driven 
venom variation, and the often poor correlation between taxonomy, 
selection and antivenom cross-reactivity suggest that taxonomy and 
ecological data do not provide reliable short-cuts to antivenom formu
lation and distribution. Rather, antivenoms need to be tested against 
venoms from a variety of provenances for each medically relevant spe
cies. The unpredictability of antivenom cross-reactivity emphasises the 
need for novel approaches to snakebite treatment that circumvent the 
constraints of venom specificity that bedevil conventional antivenoms, 
such as novel, toxin-specific antibodies (de la Rosa et al., 2019; 

Ratanabanangkoon et al., 2020), repurposed small-molecule treatments 
(e.g., Albulescu et al., 2020) and other technological developments (e.g., 
Knudsen et al., 2019). In conclusion, phylogenetic affinities and taxon
omy are most usefully interpreted as initial roadmaps for research, and 
as null hypotheses when investigating the causes and drivers of venom 
variation, but not as definitive guides for snakebite treatment strategies. 

3. Snake population ecology is vital to an understanding of 
snakebite 

The presence and abundance of snakes influences the probability of 
encountering a venomous snake and consequently, of envenoming. 
Human population density and poverty are well-known correlates of 
snakebite, which could be mechanistically linked with incidence by a 
large number of more specific mechanisms (e.g., education, PPE, occu
pation, housing quality and so on). However, we lack a concrete 
mechanistic understanding of the relative contributions of these varying 
factors to the overall burden of snakebite and how they interact with the 
physical presence and abundance of snakes. Nevertheless, more mech
anistic approaches to understanding snakebite are beginning to emerge. 
For example, snakebite incidence can theoretically be modelled using 
snake population parameters, and the predictive ability of these models 
could highlight areas that require more attention from health author
ities. A previous study suggested that snakebite incidence can be infer
red using compartmental modelling (Bravo-Vega et al., 2019), as it is 
commonly done with infectious diseases (Siettos and Russo, 2013; Luz 
et al., 2010). In contrast to classical statistical analyses, epidemiological 
models rely on the processes underlying the interactions between the 
populations involved in disease dynamics. Thus, the model applied to 
snakebite is: 

Incidencei = θxβxSixVi (1)  

Where θ is the conditional probability that snakebite occurs after an 
encounter, β is the contact rate between human population density (S) 
and venomous snake population density (V). Subindex i denotes the 
geographic unit in which the model is going to be applied. If population 
density is not available, we can modify equation (1) into the following 
expression: 

Incidencei = θxSixFi (2) 

Here, F denotes the encounter frequency between humans and 
venomous snakes, a parameter that is easier to measure in the field by 
assessing snake frequency per search effort. 

This model was validated in Costa Rica, using the encounter rate of 

Fig. 1. The complex interplay of phylogeny, diet and other factors in shaping the prey-specific lethality of Echis venoms and the cross-reactivity of antivenom. Viper 
diet predicts specific venom lethality to natural prey (scorpions), but this is poorly replicated in comparable assays run on a convenient model arthropod, and the 
species do not differ significantly in their mouse lethality. The cross-neutralisation capability of EchiTabG, raised against E. ocellatus (red arrow) is predicted by 
phylogeny but not diet or any prey-specific lethality. The ED50 for E. carinatus was above the maximum test threshold of 150 μL/mouse. Redrawn from Casewell et al. 
(2014). * = significantly (p<0.5) more toxic than next most toxic venom; ns = non-significant. 
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venomous snakes measured in the field and estimates of the human 
population. When compared with reported snakebite incidence (Brav
o-Vega et al., 2019), the model showed good potential as an estimator by 
successfully capturing geographic variation in incidence. These models 
could be applied in regions with inadequate epidemiological surveil
lance of snakebite (see Fig. 1 in Kasturiratne et al., 2008). They can also 
estimate underreporting (Tchoffo et al., 2019) by comparing the model’s 
estimated results with the official snakebite records. However, these 
applications require reliable estimates of population density or 
encounter rates for snakes, which requires field surveys. 

To determine the availability of information on snake demographics 
and identify knowledge gaps, we reviewed references in PubMed and 
Science Direct, using population density OR population size AND snake 
as search terms. We also retrieved data available in the TetraDensity 
dataset (Santini et al., 2018). Our search resulted in 236 entries from 
106 studies reporting one of the following parameters: population size, 

population density (per area, linear kilometre, or effort unit). We found 
that capture-recapture methods dominate the investigations although 
other approaches are also employed (Supplementary Table 1). Regions 
with most information about snake demography do not match those 
with the highest snakebite risk (Fig. 2A). 

Out of 107 snake species representing eleven families, only 9 elapids 
and 20 vipers of medical importance were represented, less than a third 
of species with available estimates of population density, likely reflect
ing a bias towards abundant species in selection of focal species. Of 
these, eleven species (Agkistrodon contortrix, A. piscivorus, Crotalus ada
manteus, C. horridus, C. oreganus, C. viridis, Bitis gabonica, B. nasicornis, 
Bothrops asper, Notechis scutatus and N. ater) are included in WHO’s list 
of venomous snakes of greatest medical importance (WHO, 2018). Es
timates of population size were included in 25% of studies, whereas 
density estimates appear in 73%. The highest values for population size 
were reported for aquatic snakes, or for species inhabiting islands, such 

Fig. 2. A. Geographical distribution of the number of reports of the demography of venomous snakes. The scale represents the percentage of demography reports 
found for all venomous snakes. Countries that report the most data are the United States of America, Australia and Costa Rica. B. Priority regions for studies of 
venomous snake demography and snakebite incidence modelling. The scale represents the priority level based on the per-country diversity of venomous species, the 
percentage of these with demographic coverage, and the unavailability of snakebite data. 
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as the vipers Gloydius shedaoensis on She Dao, China, and Macrovipera 
schweizeri on Milos, Greece. Close to 18% of the reported species showed 
densities that we have arbitrarily classed as very high (D> 500 ind/ha) 
or high (100 <D <500 ind/ha). This group comprises primarily aquatic 
species, most of them piscivorous, but also some semi-fossorial species. 
Only one venomous species, Gloydius shedaoensis, is included in this 
group. This species’ abundance probably relates to the availability of 
food during the spring and autumn bird migrations, and the lack of 
predators on islands (Li, 1995; Lillywhite and Martins, 2019). 

Another 12 species, again mostly aquatic or insular, in the reviewed 
studies can be considered abundant (defined here as 20 < D < 100 ind/ 
ha). Several venomous species on islands stand out in this category, such 
as Bothrops insularis (from the Brazilian Quemada Grande), Agkistrodon 
piscivorus (from the Cedar Keys in Florida), and Notechis scutulatus 
(Carnac Island, Australia). As is the case with G. shedaoensis, these 
species inhabit islands with no human populations, thus their contri
bution to the regional burden of snakebite is negligible. On the other 
hand, more than half of the studies examined correspond to species with 
moderate (1 < 20 ind/ha) and low densities (<1 ind/ha). This last 
category includes terrestrial and arboreal snakes with larger body mass, 
among them large constrictors (Pythonidae and Boidae), racers and 
kingsnakes (Colubridae), and the larger vipers on the list of medically 
important species (Bitis gabonica, Crotalus adamanteus, C. horridus, and 
Bothrops asper). 

Only 16% of studies examined report encounters per unit of effort, a 
relatively low percentage considering that effort-corrected estimates are 
more useful than uncorrected ones (Dorcas and Willson, 2009). Using 
this indicator, the most abundant snakes sampled (>1 ind/hour) are 
again aquatic, including some marine species. The venomous rattlesnake 
Crotalus viridis is also included in this group; however, the rest of the 
venomous species with available information showed very low 
encounter rates (Supplementary Table 1). It should be noted that 
sighting rates do not necessarily correlate well with estimates of actual 
population density in snakes (Rodda, 2012; Boback et al., 2020), and 
accurate estimates of population parameters such as density often 
require a large investment of time and resources and an understanding 
of the biases of the methods used (Dorcas and Willson, 2009; Rodda, 
2012). 

From the surveys reviewed here, it appears that continental pop
ulations of medically important venomous snakes occur at lower den
sities than those exhibited by venomous species in islands or by several 
common species of non-venomous snakes. This in turn reinforces the 
notion that snakebite results from the interaction of density with other 
factors. Efforts must be made in order to establish these demographic 
parameters for most venomous species, allowing not only greater insight 
into venomous snake ecology, but also potentially permitting some 
inference of envenoming incidence in areas where other information is 
unavailable. We developed an index (see Supplementary Methods) to 
identify countries where this approach (Bravo-Vega et al., 2019) would 
be most valuable, which takes into account the number of snake species 
classified as “greatest threat to public health” (Categories 1 and 2), the 
demographic information available for them, and the quality of avail
able data that reports snakebite incidence (Kasturiratne et al., 2008). 
Using this index, we can highlight countries with available information 
about snake demography but with unreliable estimates of snakebite 
incidence. We were able to identify Bolivia, the Indonesian archipelago, 
and several countries in central Asia and central and east African regions 
as priorities for this kind of intervention (Fig. 2B). 

4. Radio-telemetry studies can improve our understanding of 
why snakebites occur and provide evidence for prevention 
strategies 

In-situ study of snakes is generally difficult because of their highly 
cryptic nature, tendency to move infrequently, use of inaccessible mi
crohabitats, and, as mentioned in Section 3, often relatively low 

population densities (Dorcas and Willson, 2009; Steen, 2010). 
Radio-telemetry provides a method for relocating individual snakes in 
the field (Reinert and Cundall, 1982; Újvári and Korsós, 2000; Boback 
et al., 2020). As well as a few other methods, such as use of harmonic 
tags and satellite tracking that generally have more limited applications 
(e.g. Gourret et al., 2011; Sperry et al., 2013; Robinson et al., 2021; 
Whitney et al., 2021), this improves our understanding of spatial ecol
ogy and resource requirements (Macartney et al., 1988; Ettling et al., 
2016; Lomas et al., 2019), movement patterns (Shipley et al., 2013; 
Marshall et al., 2020), temporal activity patterns (Whitaker and Shine, 
2002; DeGregorio et al., 2018; Siers et al., 2018), habitat selection 
(Moore and Gillingham, 2006; Sutton et al., 2017; Shelton et al., 2020), 
behaviour (Clark, 2005; Putman et al., 2016), physiology (Holding et al., 
2014; Capehart et al., 2016), and natural history (Sasa et al., 2009; 
Devan-Song et al., 2017). All these factors can help provide important 
insight into how human-snake conflicts arise and thus how to prevent 
them. Additionally, radio-telemetry can be used to evaluate 
snake-human interactions (Whitaker and Shine, 1999; Glaudas, 2021), 
including conflict mitigation and prevention techniques (Devan-Song 
et al., 2016; Maida et al., 2020). 

We carried out a systematic online structured review of the published 
literature on venomous snake radio-telemetry studies, supplemented 
with relevant publications from the dataset used by Crane et al. (2021). 
We examined a total of 101 published studies from the past 20 years (see 
Supplementary Information for sampling methods and the final dataset). 
We found that the majority (70.3%) of the studies are carried out in 
developed countries where snakebite incidence and mortality is rela
tively low (Table 1), most notably the United States (n=53), Australia 
(n=11), and Canada (n=4), although there were exceptions among a few 
developing countries (e.g., Thailand n=9, South Africa n=7). Only 17 of 
the 101 studies (16.8%) occurred within geographic regions where 
snakebite incidence and mortality is high (Swaroop and Grab, 1954; 
Chippaux, 1998; Kasturiratne et al., 2008). Furthermore, only 36 of the 
publications appeared to have had study sites which at least partially 
included human-modified areas (such as agriculture or settlements), 
whereas the remaining 65 studies appeared to have taken place 
completely within natural landscapes (often large protected areas) with 

Table 1 
Demographic data and characteristics of the 101 examined published studies on 
terrestrial venomous snakes which used radio-telemetry. High and low snakebite 
incidence regions were determined using estimates by Kasturiratne et al. (2008).  

Characteristics Number (%) 

Taxa 
Viperidae 84 (83.17%) 
Elapidae 17 (16.83%) 

Low snakebite incidence regions 
Australia 11(10.89%) 
North America 57 (56.44%) 
Europe 3 (2.97%) 
East Asia 4 (3.96%) 
West Asia 2 (1.98%) 
Southern Africa 7 (6.93%, all South Africa) 
LIR Total 84 (83.17%) 

High snakebite incidence regions 
Central America 4 (3.96%) 
Tropical South America 2 (1.98%) 
Southeast Asia 9 (8.90%, all Thailand) 
South Asia 1 (0.99%) 
Sub-Saharan Africa 1 (0.99%) 
HIR Total 17 (16.83%) 

Study site landscape 
Completely natural landscape 65 (64.36%) 
Some human-modified areas 36 (35.64%) 
Mention of shared space with humans 23 (22.77%) 

Suggestions made 
For snakebite/conflict prevention (explicit) 9 (8.91%) 
Increased community education 7 (6.93%) 
Further research to promote coexistence 12 (11.88%)  
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apparently little or no human activity. As a result, only 23 of the 101 
examined studies (22.8%) made any mention of snake-human in
teractions, and only 9 attempted to apply their findings to snakebite or 
conflict prevention. 

Most of the studies that examine snake-human interactions evaluate 
snake translocation, a commonly used technique for conflict mitigation, 
where the “nuisance” snake is relocated to a new location, away from 
people. These studies are extremely valuable, and have demonstrated 
that translocation of snakes over great distances (where the snake is 
removed from its home range) results in many issues, including 
decreased fitness and higher mortality (Nowak et al., 2002; Butler et al., 
2005; Sullivan et al., 2015; Devan-Song et al., 2016; Wolfe et al., 2018). 
In contrast, short-distance translocations (where the individual is moved 
to a new location within its home range) appear to result in fewer issues, 
and have been suggested as a viable conflict mitigation technique 
(Hardy et al., 2001; Brown et al., 2009; Heiken et al., 2016), which, 
under certain circumstances, might be able to reduce chances of 
snakebites in the short term (Brown et al., 2009). This highlights the 
importance of general spatial ecology studies which improve our un
derstanding of the spatial requirements of a species, thus helping inform 
management regarding suitable translocation distances. However, 
short-distance translocations only provide short-term solutions, as the 
relocated individuals are known to sometimes return to their original 
capture locations (see Box A) or other nearby residential areas (Hardy 
et al., 2001; Butler et al., 2005; Sullivan et al., 2015; Hodges et al., 
2021), emphasising the need for increased education and other conflict 
prevention methods. 

Some radio-telemetry studies provide important insight into snake- 

human interactions, demonstrating the true nature, and often mild dis
positions, of venomous species (Whitaker and Shine, 2000; Andrews and 
Gibbons, 2005; Sasa et al., 2009; Wasko and Sasa, 2009). For example, 
Whitaker and Shine (1999) demonstrated that Australian brown snakes 
(Pseudonaja textilis) generally avoided encounters with people by fleeing 
from approaching humans, often evading the detection of the re
searchers entirely. Their findings also suggested that the shade of 
clothing worn by observers impacted encounter rates with brown 
snakes. This was translated into specific suggestions for reducing 
potentially dangerous encounters with brown snakes as wearing 
dark-coloured clothing, which contrasts with the sky and surroundings, 
may alert the snakes to approaching humans, and provides ample op
portunity for the snakes to move away before a conflict arises. Alter
natively, some species have been found to rely on other avoidance 
strategies, such as crypsis (Andrews and Gibbons, 2005; Sasa et al., 
2009; Wasko and Sasa, 2009), requiring awareness of surroundings to 
minimize the chances of people stepping on snakes. 

Despite the clear potential for radio-telemetry studies to evaluate 
conflict prevention strategies, few studies have attempted to do so thus 
far. Some spatial ecology studies ascertain temporal activity patterns of 
potentially dangerous snakes, which can identify specific periods of time 
when people may be most at risk of encountering venomous snakes 
(Whitaker and Shine, 2002; Waldron et al., 2013). Other studies 
improve our knowledge of species habitat use and selection, which 
under certain circumstances may help reduce frequency of encounters 
by either keeping humans away from areas “preferred” by snakes (Fraga 
et al., 2013), or by altering habitats to deter snakes from areas where 
humans are active (Carter et al., 2014). Some attempts have been made 

BoxA 
Spatial telemetry studies can guide the most suitable mitigation measures: a case study of a Malayan krait in Thailand. 

A recent study (Hodges et al., 2021) examining the movements and behaviour of a telemetered focal Malayan krait (Bungarus candidus) living 
among a university dormitory complex alongside 466 students for just over 100 days revealed that the focal snake was located within settlement 
habitat on 75 of the 100 daily location checks despite being translocated to a nearby forest fragment after students encountered the snake among 
their rooms on two occasions. The snake was also observed to commonly forage among the residential buildings and sidewalks shortly after 
dusk. These findings provide a better understanding of why bites by kraits (Bungarus spp.) commonly occur inside households (Kularatne, 2002; 
Chappuis et al., 2007; Warrell, 2010; Tongpoo et al., 2018) and highlight the need to build awareness among communities in order to inform 
people about the potential dangers and the need to practice appropriate prevention measures (Chappuis et al., 2007; Hodges et al., 2021).
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to assess the effectiveness of linear barriers (fence-lines) in deterring 
telemetered rattlesnakes from entering developed areas (Colley et al., 
2017; Maida et al., 2020; Laidig and Golden, 2004). Such barriers can be 
costly and difficult to implement and maintain effectively (Laidig and 
Golden, 2004), with examples of snakes finding openings in fencing and 
subsequently becoming stuck within these “undesirable” areas (Bax
ter-Gilbert et al., 2015). There is thus a great need to evaluate conflict 
prevention strategies and to examine the impacts such measures may 
have on other local wildlife species. 

Though important, spatial ecology and other systematic field studies 
using radio-telemetry can be particularly complex and costly. Space use, 
temporal activity patterns, habitat use, and behaviour of a species vary 
geographically, seasonally, ontogenetically, sexually, and between in
dividuals, requiring a large sample of individuals to be examined across 
multiple seasons in order to reach clear conclusions. In addition, results 
from even thorough studies are generally limited to the population and 
demographics examined, therefore it is imperative that multiple studies 
contribute to a broader understanding of any species (Nichols et al., 
2019). While studies which implement statistics with robust samples are 
ideal, smaller focal animal studies are more feasible for gaining higher 
resolution data and can still provide valuable insight and preliminary 
information (e.g. Barve et al., 2013; Knierim et al., 2019; Hodges et al., 
2021), especially when data are shared via public data repositories 
(Marshall and Strine, 2021). 

5. The overlap between snake and human activities is context- 
dependent 

Snake behaviour is a crucial part of why snakes bite. For example, 
Boomslangs (Dispholidus typus) have powerfully haemotoxic venom and 
are more frequently encountered within their range than potently 
neurotoxic black mambas (Dendroaspis polylepis) (e.g., 491 versus 127 
iNaturalist records as of 28 June 2021). Generally shy and unobtrusive 
(Marais, 2011) despite their broad distribution in sub-Saharan Africa 
only eight deaths due to Boomslang envenomation have been recorded 
since 1957 in South Africa (Krüger and Lemke, 2019). Black mambas, 
with a similarly broad distribution, account for far more deaths from 
bites (Ochola et al., 2019; Laustsen et al., 2015). However, the numbers 
of cases of bites from black mambas also vary across Africa (Erulu et al., 
2018) and the driving factors behind this are unclear. As well as varia
tion in human and snake population densities, rates of reporting, and 

habitat and activity patterns, variation in snake defensiveness may also 
occur. Controlled experiments studying reactions of vipers to being 
stepped on show that they are unlikely to bite (Gibbons and Dorcas, 
2002; Glaudas et al., 2005; Adams et al., 2020); however, similar studies 
are lacking for elapids and other groups. Future studies could focus on 
how existing knowledge on populations vulnerable to snakebite (Long
bottom et al., 2018) relate to the behaviour of venomous snakes present 
in the area. 

Goldstein et al. (2021) used agent-based models to integrate human 
behaviour and snake ecology in high-risk landscapes, using Sri Lanka as 
a case study and demonstrating the importance of focusing on 
locally-specific factors. Other important factors to consider include 
habitat transformation due to climate change (Zacarias and Loyola, 
2019), agricultural expansion (Akani et al., 2008, 2018) and urbanisa
tion (Lowry et al., 2013; Devan-Song et al., 2017), which may have 
either positive or negative impacts on the distribution, movement and 
behaviour of venomous snakes, and which will ultimately impact 
snakebite risk (Yañez-Arenas et al., 2016). Thus, by contextualising 
contemporary knowledge about snake distributions and ecology, we can 
put better mitigation measures in place to avoid bites, cases in the first 
place, Moreover, it is important to also understand the beneficial roles 
that snakes might play in controlling the spread of other diseases 
(Hafidzi and Saayon, 2001), and this may best be accomplished within a 
One Health approach (Babo Martins et al., 2019). 

A crucial aspect of understanding snakebite is the overlap between 
snake activities and human activities (Longkumer et al., 2016; Edir
iweera et al., 2018; Glaudas, 2021; Goldstein et al., 2021). However, 
very few studies have looked at both snake ecology and distribution to 
assess the risk factors (Akani et al., 2013; Nori et al., 2014; Yañez-Arenas 
et al., 2014; Yañez-Arenas et al., 2016; Angarita-Gerlein et al., 2017). 
Along with the absence of distributional data, there is a paucity of data 
regarding where the conflict occurs within the confines of rural land
scapes (but see Box B). Most studies that have developed methodology to 
estimate high risk areas of human-snake conflict do not use distribu
tional information of the snakes (Leynaud and Reati, 2009; Akani et al., 
2013), or do not analyse this at an appropriate scale (Hansson et al., 
2013). More recent studies that have incorporated snake distributional 
data have not used data collected in the field (Akani et al., 2013; Nori 
et al., 2014; Goldstein et al., 2021). 

Taking India as an example, considering the limitations of the 
polyvalent antivenom made for treating snakebite (Kochar et al., 2007; 

BoxB 
Utilizing Snake Rescue Networks: a case study from Hooghly District, West Bengal, India. 

This study was conducted in the district of Hooghly, West Bengal, by a licensed local conservation not-for-profit organisation. Hooghly district 
lies along the south-eastern margin of the Hooghly River and is part of the lower Gangetic Delta (Patra et al., 2018), with a mainly rural 
population engaged primarily in agriculture as the main source of livelihood. The village residences form ‘islands’ surrounded by medium to 
large tracts of agricultural fields that grow a variety of seasonal crops including rice, corn, jute, bamboo, and various vegetables (Kelly, 1981). 
Venomous snakes present include Naja naja, Naja kaouthia, Daboia russelii and Bungarus caeruleus. The banded krait, Bungarus fasciatus, is also 
commonly found in human settlements but there are no records or anecdotal reports of bites from this species. Between July 2020 and February 
2021, 210 rescues were completed (see Supplementary Methods for details), of which 61 were non-venomous snakes and 147 were venomous 
snakes. The most rescues were conducted in August (n=49) and the fewest in January (n=3), although N. naja, N. kaouthia and D. russelii were 
rescued the most during October and B. caeruleus in September. Most rescues happened between 9 p.m. and midnight and snakes were most 
frequently rescued from residential gardens/open yards (37%), storerooms (18.5%), kitchens (10.3%), bedrooms (9.6%), bathrooms (6.2%) and 
agricultural fields (5.5%), with all other habitats representing under 5% of all rescues. 50% of the rescues were made inside buildings. A drastic 
increase in snake rescues, including non-venomous species, occurs during the Indian summer monsoon (June to September), with a decrease in 
winter (December to February). Crops such as rice, maize, groundnut, sesame, and various gourds are harvested in October and November, 
which matches with peak rescue calls for D. russelii. While these patterns of human-snake interaction agree with previous studies and reviews of 
snakebite in the region (Alirol et al., 2010; Warrell, 2010; Vaiyapuri et al., 2013; Ghosh et al., 2016), they deviate from these in that 87% of the 
recorded interactions occurs in residential areas (indicated in red on the inset map below), including open spaces such as gardens and yards 
within these areas, which further illustrates that human-snake conflict arises out of a combination of snake distribution and human behaviour 
(Goldstein et al., 2021). The current study, while limited by the finances and manpower of the rescue network, has yielded a significant amount 
of data in a short time that visualizes aspects of the conflict such as the species diversity of the region, habitat choices of various snake species, 
seasonal activity pattern changes, and potential for human-snake conflict. 
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Kumar and Sabitha, 2011; Togridou et al., 2019), and the lack of access 
to treatment facilities in several regions of the country (Suchithra et al., 
2008; Mohapatra et al., 2011; Gutiérrez et al., 2017), there is a need to 
improve knowledge of the distribution of venomous snakes in anthropic 
habitats. Snake rescue networks can potentially provide a large amount 
of data due to the number of individual snake-human encounters 
involved (Fearn et al., 2001; Pyke and Szabo, 2018). Each rescued ani
mal provides data on species, sex, age (within broad categories), size at a 
particular location, date, and time when a potential human-snake con
flict occurred (Koenig et al., 2002; Shine and Koenig, 2001). In India, 
snake rescue networks are active across various states, including Assam 
(Soud, 2010), Gujarat (Vyas, 2013), Kerala (Roshnath, 2017), Madhya 
Pradesh (Husain, 2006) and Tamil Nadu (Janani et al., 2016). Research 

that uses data collected from rescues (see Box B) is rarely used to create 
conflict mitigation strategies (Lunney et al., 2007; Thomas et al., 2013); 
however, as demonstrated here, such data can help in visualizing crucial 
aspects of the potential for snakebite conflict, such as the anthropic 
habitat choices of various snake species, as well as seasonal use of these 
habitats and potentially seasonal encounter rate changes. Such pro
grams could also assist in obtaining relevant samples for phylogenetic, 
population genetic, and venomic studies. Rescue networks are also vital 
to the mitigation of snakebite since they are in direct contact with the 
stakeholders who are most affected by snakebite conflict after a rescue, 
and can communicate information about the important ecological roles 
of snakes, how to avoid future conflict and what to do in case of a 
snakebite accident. While most such networks are voluntary and may 
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involve a variable degree of training for the role, in some cases these are 
being formalised (Box C) with many additional benefits, including 
ensuring the legality of the activities. 

6. Promoting co-existence with venomous snakes: evaluating 
mitigation methods for human-snake conflict 

Human-Snake Conflict (HSC) includes not just mortality and 
morbidity of humans but also mortality of livestock and domestic ani
mals due to snakebites, as well as mortality of snakes (many of them 
non-venomous) that are killed in retaliation and/or out of fear. While 
many studies have looked at the problem of this Neglected Tropical 
Disease, there are very few published studies which have looked at so
lutions, specifically in terms of outreach and raising awareness (Rosh
nath and Divakar, 2019). 

Again, using India as a globally significant example (accounting for 
over 50% of global snakebite deaths; Suraweera et al., 2020), the Na
tional Snakebite Management guidelines in India (National Snakebite 
Management Protocol, 2008), as well as other papers, have repeatedly 
cited various mitigation techniques (Ralph et al., 2019). These include 
using protective gear (gumboots, long trousers) when working in the 
fields, maintaining hygienic surroundings, using mosquito nets, and not 
sleeping on the ground (Jacobsen, 2014; Rodrigo et al., 2017; Samuel 
et al., 2020). Other techniques also identified as contributing to high 
mortality include application of incorrect first-aid methods such as 
cutting or burning the bite site, attempting to suck the venom out, or 
going to faith-healers instead of trained medical professionals (Bhargava 
et al., 2020), incorrect identification of snakes and inability to distin
guish between venomous and non-venomous snakes (Longkumer et al., 
2016; Pandey et al., 2016; Bolon et al., 2020; Durso et al., 2021). 
However, given the large number of snakebites, which will be much 
greater than the number of deaths resulting, there is surprisingly little 
published information on which mitigation techniques have been most 
useful in practice. 

We conducted a literature review to assess mitigation tactics for HSC 
in India and the rest of the world, published in journals and articles 
between 2010 and 2020 (for methods and a list of reviewed papers, see 
Supplementary Information). The 68 selected papers were broken down 
into five categories corresponding with the region, species and the 
themes/recommendations identified within each (Table 2). To facilitate 
greater understanding of past, present and possible future human-snake 
conflict problems, these were further placed into three broad categories 
of current HSC issues including human mortalities due to snakebites, 

livestock/domestical animal mortality due to snakebites and modelling 
and predictions of human-snake conflict. The majority of papers (over 
73%) reviewed focussed on human mortality (Williams et al., 2019), 
with almost all papers focussed on problem identification. Training of 
doctors to treat snakebites was included in 24 papers (over 35%), with 
detailed infographics on identifying snakebites based on the symptoms 
given (Jesudasan and Abhilash, 2019; Michael et al., 2019; Musah et al., 
2019). A majority (over 60%) of those 24 papers also included recom
mendations for more research and ramping up infrastructure for pro
duction and distribution of antivenoms. 

While many studies focussed on snakebite management (Michael 
et al., 2019), few included the concept of promoting sustainable 
co-existence (Narayanan and Bindumadhav, 2019) or snake conserva
tion (Parkin et al., 2020). Although 10 papers in total touched upon 
working and theoretical models of mitigation, it is significant that not a 
single study addressed the long-term impact or efficacy of those 
methods. 

In India, where there are a combination of different issues contrib
uting to mortality in different regions, and a number of not-for-profit 
organizations running snakebite mitigation projects in different re
gions over a significant number of years (Whitaker, 2018; Togridou 
et al., 2019), there is still no published data to assess the efficacy of any 
of these methods (Ralph et al., 2019). Many papers discuss the need for 
community awareness and outreach, without going as far as recom
mending working solutions for these, or repeated the global guidelines, 
without adapting them to the regional circumstances. The most common 
problems in designing mitigation tactics and assessing impact were 
identified as the lack of funding and/or the paucity of time to either 
expand the project region or follow up on the retention and imple
mentation of outreach programmes (Samuel et al., 2020). Rescue, 
relocation and translocation are some of the most common methods of 
short-term conflict resolution (Harvey et al., 2014; Keener-Eck, Morzillo 
and Christoffel, 2020a); however, there are increasing numbers of 
studies pointing to the futility of such exercises (also see Box A), espe
cially when undertaken without a thorough understanding of snake 
ecology, population density, and behaviour (Ramesh and Nehru, 2019; 
Blackwell et al., 2016). Similarly, papers reviewed could not demon
strate the efficacy of rescues with the given data (Low, 2018; Harvey 
et al., 2014). Only 7 papers discussed partnering with the Forest 
Department or other relevant authorities to extricate snakes out of sit
uations which could prove harmful to the snakes as well as humans, as 
short-term solutions (Bhattarai et al., 2017; Togridou et al., 2019; Low, 
2018). No study provided data on the number of snakes killed in 

BoxC 
Establishing a centralized and technology-supported Human-Snake Conflict Mitigation Network: A case study from Kerala, India. 

The Government of Kerala recognizes snakebite as one of the major causes of human-wildlife conflict, and provides the kin of snakebite victims 
with monetary compensation. The health infrastructure in Kerala State is rated as the best across the country (Healthy States Progressive India, 
2019) and free treatment for snakebite is available at sub-district level government hospitals. The state supports widespread populations of the 
“Big 4” venomous snakes (Naja naja, Daboia russelii, Bungarus caeruleus, Echis carinatus) as well as other potentially significant venomous snakes 
due to suitable climatic conditions, and as 69.5% of the land is utilized for farming purposes (with rice, coconut, rubber, cocoa, cardamom, tea, 
coffee and other spices being the major crops), human-snake interaction is very common. In 2019, a team of experts was constituted, under the 
leadership of the State Chief Wildlife Warden, to examine human-snake conflict and find solutions to reduce risk of snakebite across the State. 
They proposed a statewide Human- Snake Conflict Mitigation Team comprising Forest Department personnel as well as trained and certified 
volunteers assigned to deal with human-snake conflict situations and to educate communities about snakes and snakebite. This was subse
quently adopted by the Kerala State Forest Department and initiated in July 2020. The establishment of the Kerala State-level Snake Rescue 
Network, involving Government Officials and volunteers from General Public, is the first of its kind in India. The Centralized Information 
Management and Monitoring mechanism makes it efficient to monitor, and the data collected from public users and rescuers will provide 
accurate information about human-snake conflict across the state. This system is conceptualized as a replicable model suitable for imple
mentation in other regions, with appropriate customization, that will significantly aid the reduction of the occurrence of snakebite. Additional 
advantages of the active recruitment and management of trained rescuers include the prevention of illegal activities involving snakes, including 
sale of the animals and their venom. 
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Table 2 
Results of a literature review of mitigation tactics for Human-Snake Conflict (HSC) published in journals and articles between 2010 and 2020. Figures indicate the 
number of times a theme has been covered in 69 selected articles (note that a single article may include more than one theme).   

A B C D E  

Models of outreach 
&awareness/mitigation 

Rescue, translocation, 
relocation 

Need for more community 
outreach/intervention 

Need for training doctors/first 
responders/investing in medical 
infrastructure 

Sustainable co- 
existence  

India Global India Global India Global India Global India Global 

1.Snakes 4 6 3 4 14 25 8 16 4 1 
2. Wildlife (incl. snakes)  4    3      
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retaliation in the project area (which can be collected as demonstrated in 
Whitaker and Shine [2000]), showed the impact of rescues on reducing 
snakebites or retaliatory killings, mentioned a centralised database of 
snake species encountered during rescues (see Boxes B and C) or gave an 
idea of the number of rescuers involved. These data are relevant to 
understanding the scale of rescue methods being applied and to monitor 
the impact on both humans and snakes, since snakes are a protected 
group in India (Wild Life (Protection), 2016). The survival and return 
rates of snakes that have undergone long-distance translocation, a 
common practice among snake rescuers in India, has only been moni
tored for a few select species from other countries and is not necessarily 
applicable to the Indian scenario (Ramesh and Nehru, 2019). 

Only three papers analysed mass livestock mortality and morbidity 
due to snakebites, with one article (Herrera et al., 2017) suggesting the 
annual figures to be as high as 10,000 for cows in Costa Rica, while 
discussing the use of active immunisation of cattle to increase survival of 
envenomation. The recent, and first, global scoping review of snakebite 

in domestic animals (Bolon et al., 2019) highlighted lack of data, 
especially from developing countries. These data are needed to fully 
understand the extent of livestock mortalities, particularly in agrarian 
economies, and therefore analyse the true societal cost. No data is 
available for India, nor has any compensation been discussed even 
though various compensation schemes for domestic animals lost to 
predation by large carnivores is a high priority (Karanth et al., 2018). 
Compensation is available for human deaths due to snakebite in several 
States in India, and this was discussed in a few papers; however, there 
has been no impact study to show awareness of, and the feasibility of 
claiming, such compensation in the cases of snakebite deaths (Roshnath 
et al., 2018). 

There is a lack of studies on perceptions of extrinsic and intrinsic 
value of snakes by the public, and lack of data from agricultural systems 
regarding the effectiveness of snakes as rodent control agents (Ramesh 
and Nehru, 2019). Snakes were classified as problem animals by re
spondents in locally based studies in other regions (Western et al., 2019; 

BoxD 
Uptake of snakebite mitigation measures: case study from Tamil Nadu, India. 

This project was initiated by the Centre for Herpetology at the Madras Crocodile Bank, which has been working in the field of snakebite 
mitigation and outreach models across India since the 1980s. Three taluks (an administrative subdivision, usually comprising several villages) 
with agriculture as the primary source of income were chosen in the region around Thirukkarankudi, a town in the district of Tirunelveli, Tamil 
Nadu. Through hospital visits and surveys, the medical facilities in the Thirukkurungudi region were estimated to receive between 120 & 150 
snakebites annually with 8–10 deaths (even though validated data was not available from two government hospitals). As part of the overall 
objective of educating people on snakebite avoidance and the proper first aid and medical treatment for snakebite, their willingness to accept the 
usage of snakebite prevention tools such gum (Wellington) boots, flashlights (torches) and mosquito nets was assessed. The project was funded 
by the Srinivasan Services Trust and as conducted between December 2019 and May 2020. 

A total of 150 kits of Personal Protective Equipment (PPE), costing between INR 1400 and 2600 (c. USD 20–35), were distributed free of cost 
among agrarian communities in the selected taluks. Consequently, surveys were conducted to evaluate the level of adoption of this equipment 
among users during the implementation period of 169 days. The results showed that there is a willingness among people to adopt safety 
measures against snakebite, despite some limitations such as one particular brand of gumboot being found to be uncomfortably heavy, resulting 
in some participants not using the boots while actually undertaking farming activities. The majority incorporated the use of the PPE in their daily 
practices, and six individuals reported encounters with snakes where they believed the use of the kit had prevented a snakebite from occurring. 
This also motivated more farmers from the surrounding villages to inquire about adopting this model. However, willingness to buy these kits was 
not tested in the present study. This could be tested further and even if villagers are disinclined to buy such kits, models could be used where such 
kits are provided free or at subsidized rates, similar to those used in the distribution of mosquito nets to prevent malaria.
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Keener-Eck, Morzillo and Christoffel, 2020b), which showed a correla
tion between occupation (farming) and negative perception. A few 
studies also looked at fear and disgust of snakes as evolutionary or 
taught responses, hypothesising that those who feared snakes the most 
also had trouble correctly identifying them (Henke et al., 2019) and 
were less likely to absorb corrective information (Castillo-Huitrón et al., 
2020). One study concluded that using audio-visual aids can be effective 
in changing the perception of people about snakes (Quesada-Acuña and 
Pérez-Gómez, 2020), though the sample size was limited. These studies 
are highly pertinent since snakes occupy a unique position among 
dangerous wildlife of being present in both urban and rural 
human-dominated landscapes and have one of the highest mortality 
rates of humans caused by any dangerous wildlife species (Tumram 
et al., 2017; Conover, 2019). A one-size-fits-all approach cannot be 
taken, and projects that evaluate responses pre, during and 
post-intervention over a longer period of time need to be designed after 
taking stock of the issues in the area (Johansson et al., 2016). Few 
studies have addressed the socio-economic, gender and literacy-related 
complexities (Vaiyapuri et al., 2013; Kasturiratne et al., 2017; Dandona 
et al., 2018) that need to be understood for every region before imple
menting mitigation methods. This applies even if they seem simple, like 
the recommendation to wear boots (Ralph et al., 2019), which risks 

ignoring differences between the feet of habitual barefoot walkers and 
habitual shoe-wearers even within the same population (D’Août et al., 
2009), suitability of available boots to resist bites by the most dangerous 
local species (Pe et al., 1998), and likelihood of long-term behavioural 
change (Box D). A multidisciplinary approach is required, especially in 
countries like India, which have varied cultures, traditions and beliefs in 
different geographical regions, as well as diverse socio-economic con
ditions wherein it may seem more economically effective to eliminate 
problem animals (Soto-Shoender and Giuliano, 2011), particularly 
within economically challenged communities (St John et al., 2012). 
Until we have a clear understanding of where, how, why and to what 
extent the conflict is occurring, successful mitigation models cannot be 
fully designed, executed or replicated in other areas (Box E). 

The need for understanding HSC is especially pressing in the context 
of climate change, since several recent studies suggest possible increases 
in HSC as humans and snakes respond via shifting distributions and 
behaviours (Yousefi et al., 2020). Where range extensions occur in areas 
where existing levels of conflict is low, the necessary medical infra
structure may be lacking [Zacarias and Loyola, 2019]) and will require 
increased training for doctors, scaling up of medical infrastructure and 
instigation of outreach programmes, concurrent with collecting more 
precise data for monitoring and mapping predicted and current areas of 

BoxE 
RECOMMENDATIONS.  

• Regularly inspect houses for routes for snakes to enter. Seal gaps under housing walls and doors, and cover plumbing and drain pipelines 
leading to the exterior.  

• Reduce the abundance of snake prey items in the vicinity of houses by removing the attractants of those prey (uneaten food, stores of grain or 
other crops, trash, debris, wood piles, sources of water).  

• Promote the use of PPE including flashlights, good shoes which cover feet and ankles, and mosquito nets at night and, if appropriate, subsidise 
or distribute these free of cost.  

• The effectiveness of these interventions should be evaluated in the same way as other public health interventions.  
• Incorporate education and awareness programs for people living in afflicted areas into public health programs, including school health 

curricula, taking into account regional variation in cultural and agricultural practices, and snake species distribution.  
• Integrate herpetologists into public health networks.  
• Make additional funding available to extend the evidence base on the distribution, demography, ecology and behaviour of venomous snakes. 
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human-snake conflict (Heathcote et al., 2019; Longbottom et al., 2018; 
Rifaie et al., 2017). 

7. Funding imbalances in snakebite research 

In 2019, Policy Cures Research (PCR) was tasked by the Wellcome 
Trust (WT) to assess snakebite-related funding awarded between the 
years of 2007 and 2018. This analysis was carried out using data ob
tained through the G-Finder survey for neglected disease biomedical 
research and development (R&D; Policy Cures Research, 2019a). The 
G-Finder data include biomedical research and development (basic 
research and product, e.g., drug or diagnosis development) and research 
for implementation (operational, implementation, health systems and 
policy research) but not specifically ecology, biodiversity or similar 
fields. In total, 47 of 62 organizations responded to the PCR survey and 
reported data. Of these responses, 37 funders and 1298 grants were 
identified with a total value of USD 55m awarded over this period ( 
Policy Cures Research, 2019b). 

PCR concluded that “More basic research is needed to accurately 
estimate the burden of snakebite envenoming, and to understand the 
natural history and pathogenesis of disease, and the structure and 
properties of toxins and their variability between regions and species” 
(Policy Cures Research, no date). While the PCR survey included char
acterisation of vector behaviour and ecology under ‘vector biology’, 
‘biochemistry’ and ‘genetics’, all terms included under the ‘basic 
research’ category, many of these studies focused on characterising 
venom profiles. 

Here, we focused solely upon research funding for studies of snake 
ecology, including behaviour and biodiversity (EBB). Upon completion 
of the search (see Supplementary Information for Methods), only ten of 
the 1298 awarded grants fulfilled the criteria. A total of USD 947,492 
funding for EBB was identified between the years of 1998–2020 after 
accounting for annual inflation. Of these, six were awarded between 
2007 and 2018 to the value of USD 682,854, accounting for 1.23% of all 
snakebite research funding during this period (Supplementary Figure 1). 
However, the results are likely to provide an accurate picture of the 
funding imbalance for EBB when compared with the other snakebite 
research fields. Ecologically focused studies have been subject to the 
least amount of funding over the previous two decades and likely prior 
to that as well, with EBB research receiving just 1.23% of all snakebite 
funding between 2007 and 2018. Further studies are required to 
determine which factors are most responsible for funding allocation and 
which research fields require adjustments in available funding. To 
determine if future funding for snakebite research is allocated to fields 
that facilitate a reduction in snakebite incidence or increase in treatment 
quality, the following questions need to be addressed: What is the total 
value of available funding for snakebite focused research and to which 
research fields is this available? Is there a chronic lack of EBB snakebite 
research interest which subsequently reduces funding availability? If so, 
is this due to the unavailability of funding? What are the relative costs of 
EBB research compared to other snakebite-related fields (e.g., fieldwork 
to determine snake-human conflict hotspots vs the cost of antivenom 
development and clinical testing)? What are the outputs of each research 
field and how does each impact snakebite? Can their impact be quan
tified, and if so, would this reveal a need for reallocation of funding 
within snakebite research? 

8. Conclusion 

While the Wellcome Trust website states that “Snakebites are inev
itable, but the resulting deaths and morbidity are not” (Wellcome (no 
date) Our Work: Snakebites,), it can be argued that snakebite is only 
currently inevitable due to the current lack of ecological understanding 
of venomous snakes and the social infrastructure which places the 
poorest of people in the most dangerous of situations. While research 
into venom and effective treatments of bites is, without a doubt, 

important in saving lives and comes with its own logistical, social, and 
financial difficulties (Chippaux, 2017), these should not be considered in 
isolation and understanding the ecology and behaviour of the vector for 
this neglected tropical disease (NTD) and how various factors such as 
climate, geography and human behaviour in snake-human interactions 
are likely to affect it, has tremendous potential to both prevent bites and 
protect venomous snakes (Nori et al., 2014; Yañez-Arenas et al., 2014; 
Angarita-Gerlein et al., 2017; Ediriweera et al., 2018; Goldstein et al., 
2021). Even with widely available and highly effective treatments, 
snakebite will always be a highly traumatic and painful experience 
entailing expensive medical treatment. As stated by Murray et al. (2020) 
“This imbalance is akin to trying to combat malaria while overlooking 
mosquitoes”. Together with improved medical treatment, prevention 
must be a priority if the problem of snakebite is to be tackled (Togridou 
et al., 2019), and if the WHO target to reduce the toll of death and 
disability by 50% by 2030 is to be met. Not only will an increase in such 
studies provide useful insight for management regarding snake-human 
conflict prevention and mitigation, but it will undoubtedly provide 
vital information for conservation efforts. The literature searches un
dertaken in this review have highlighted the many limitations and biases 
inherent in studies on snakes, many of which are the result of lack of 
transparency and reporting in publications, and lack of availability of 
the data. We urge that, in the future, data is made available via public 
data repositories with full reporting (e.g. of criteria used to select the 
study species and site) to facilitate meta-analyses. Furthermore, there is 
an urgent need for studies to evaluate snake-human conflict prevention 
measures and to disseminate the results of these to the public through 
education programs, in order to help promote coexistence between 
snakes and humans, particularly in regions that are currently most 
vulnerable. 
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Ruiz de Castañeda, R., 2019. Snakebite in domestic animals: first global scoping 
review. Prev. Vet. Med. 170, 104729. https://doi.org/10.1016/j. 
prevetmed.2019.104729. 

Bolon, I., Durso, A.M., Botero Mesa, S., Ray, N., Alcoba, G., Chappuis, F., Ruiz de 
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Schuett, G.W., Höggren, M., Douglas, M.E., Greene, H.W. (Eds.), Biology of the 
Vipers. Eagle Mountain Publishing, LC, pp. 533–560. 

Ochola, F.O., Okumu, M.O., Gikunju, J.K., Mbaria, J.M., Muchemi, G.M., Nderitu, J.G., 
2019. Neutralization of the lethality of the venom of Dendroaspis polylepis (black 
mamba) in mice by two polyvalent antivenoms used in Kenyan hospitals: results of a 
2009–2011 study. Scientific African 5, e00118. https://doi.org/10.1016/j. 
sciaf.2019.e00118. 

Oh, A.M.F., Tan, C.H., Ariaranee, G.C., Quraishi, N., Tan, N.H., 2017. Venomics of 
Bungarus caeruleus (Indian krait): comparable venom profiles, variable 
immunoreactivities among specimens from Sri Lanka, India and Pakistan. Journal of 
proteomics 164, 1–18. https://doi.org/10.1016/j.jprot.2017.04.018. 

Oh, A.M.F., Tan, K.Y., Tan, N.H., Tan, C.H., 2021. Proteomics and neutralization of 
Bungarus multicinctus (Many-banded krait) venom: intra-specific comparisons 
between specimens from China and taiwan. In: Comparative Biochemistry and 
Physiology Part C: Toxicology & Pharmacology. https://doi.org/10.1016/j. 
cbpc.2021.109063:109063. 

Pandey, D.P., Subedi Pandey, G., Devkota, K., Goode, M., 2016. Public perceptions of 
snakes and snakebite management: implications for conservation and human health 
in southern Nepal. J. Ethnobiol. Ethnomed. 12, 2210 https://doi.org/1186/s13002- 
016-0092-0.  

Pandey, D.P., Bhattarai, P., Piya, R.C., 2020. Food spectrum of common kraits (Bungarus 
caeruleus): an implication for snakebite prevention and snake conservation. 
J. Herpetol. 54 (1), 87–96. https://doi.org/10.1670/18-054. 

Parkin, T., Jolly, C.J., de Laive, A., von Takach, B., 2020. Snakes on an urban plain: 
temporal patterns of snake activity and human–snake conflict in Darwin, Australia. 
Austral Ecol.https://doi.org/10.1111/aec.12990. 

Patra, S., Mishra, P., Mahapatra, S.C., 2018. Delineation of groundwater potential zone 
for sustainable development: a case study from Ganga Alluvial Plain covering 
Hooghly district of India using remote sensing, geographic information system and 
analytic hierarchy process. J. Clean. Prod. 172, 2485–2502. https://doi.org/ 
10.1016/j.jclepro.2017.11.161. 

Pawlak, J., Mackessy, S.P., Sixberry, N.M., Stura, E.A., Le Du, M.H., Ménez, R., Foo, C.S., 
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Újvári, B., Korsós, Z., 2000. Use of radiotelemetry on snakes: a review. Acta Zool. Acad. 
Sci. Hungar. 46 (2), 115–146. 

Vaiyapuri, S., Vaiyapuri, R., Ashokan, R., Ramasamy, K., Nattamaisundar, K., Jeyaraj, A., 
Chandran, V., Gajjeraman, P., Baksh, M.F., Gibbins, J.M., Hutchinson, E.G., 2013. 
Snakebite and its socio-economic impact on the rural population of Tamil Nadu, 
India. PloS One 8 (11). https://doi.org/10.1371/journal.pone.0080090. 

Vyas, R., 2013. Snake diversity and voluntary rescue practice in the cities of Gujarat 
State, India: an evaluation. Reptile Rap 15, 27–39. Available from: https://www. 
zoosprint.zooreach.org/ZoosPrintNewsLetter/Reptile%20Rap_15_Jan_13.pdf. 

Waldron, J.L., Welch, S.M., Holloway, J., Mousseau, T.A., 2013. Using occupancy models 
to examine human–wildlife interactions. Hum. Dimens. Wildl. 18 (2), 138–151. 
https://doi.org/10.1080/10871209.2012.719173. 

Ward-Smith, H., Arbuckle, K., Naude, A., Wüster, W., 2020. Fangs for the memories? A 
survey of pain in snakebite patients does not support a strong role for defence in the 
evolution of snake venom composition. Toxins 12, 201. https://doi.org/10.3390/ 
toxins12030201. 

Warrell, D.A., 2010. Snake bite. Lancet 375 (9708), 77–88. https://doi.org/10.1016/ 
S0140-6736(09)61754-2. 

Wasko, D.K., Sasa, M., 2009. Activity patterns of a neotropical ambush predator: spatial 
ecology of the Fer-de-lance (Bothrops asper, Serpentes: viperidae) in Costa Rica. 
Biotropica 41 (2), 241–249. https://doi.org/10.1111/j.1744-7429.2008.00464.x. 

Wellcome (no date) Our Work: Snakebites. Available at: https://wellcome.org/what 
-we-do/our-work/snakebites#what-we’ve-funded-b197 (accessed on 30 January 
2021). 

Western, D., Nightingale, D.L.M., Mose, V.N., Sipitiek, J.O., Kimiti, K.S., 2019. 
Variability and change in Maasai views of wildlife and the implications for 
conservation. Hum. Ecol. 47, 205–216. https://doi.org/10.1007/s10745-019-0065- 
8. 

Whitaker, P.B., Shine, R., 1999. When, where and why do people encounter Australian 
brownsnakes (Pseudonaja textilis: elapidae)? Wildl. Res. 26 (5), 675–688. https://doi. 
org/10.1071/WR98043. 

Whitaker, P.B., Shine, R., 2000. Sources of mortality of large elapid snakes in an 
agricultural landscape. J. Herpetol. 121–128 https://doi.org/10.2307/1565247. 

Whitaker, P.B., Shine, R., 2002. Thermal biology and activity patterns of the eastern 
brownsnake (Pseudonaja textilis): a radiotelemetric study. Herpetologica 58 (4), 
436–452. https://doi.org/10.1655/0018-0831(2002)058[0436:TBAAPO]2.0.CO;2. 

Whitaker, R., 2018. Snakebite mitigation project of the Madras Crocodile Bank/Centre 
for Herpetology, India: background and a brief summary of activities. Trans. R. Soc. 
Trop. Med. Hyg. 113, 818–819. https://doi.org/10.1093/trstmh/try130. 

Whitford, M.D., Freymiller, G.A., Higham, T.E., Clark, R.W., 2019. Determinants of 
predation success: how to survive an attack from a rattlesnake. Funct. Ecol. 
1365–2435, 13318. https://doi.org/10.1111/1365-2435.13318. 

Whitney, N.M., White, C.F., Smith, B.J., Cherkiss, M.S., Mazzotti, F.J., Hart, K.M., 2021. 
Accelerometry to study fine-scale activity of invasive Burmese pythons (Python 
bivittatus) in the wild. Animal Biotelemetry 9 (1), 1–13. https://doi.org/10.1186/ 
s40317-020-00227-7. 

WHO, 2017. Report of the Tenth Meeting of the WHO Strategic and Technical Advisory 
Group for Neglected Tropical Diseases. World Health Organization, Geneva.  

WHO, 2018. Guidelines for the Production, Control and Regulation of Snake Antivenom 
Immunoglobulins. Available from. https://www.who.int/bloodproducts/Antive 
nomGLrevWHO_TRS_1004_web_Annex_5.pdf?ua=1. :  

Wild Life (Protection) Act, 1972, along with Allied Rules, 2016. Universal Law 
Publishing Co., New Delhi, India.  

Williams, D.J., Faiz, M.A., Abela-Ridder, B., Ainsworth, S., Bulfone, T.C., Nickerson, A. 
D., Habib, A.G., Junghanss, T., Fan, H.W., Turner, M., Harrison, R.A., Warrell, D.A., 
2019. Strategy for a globally coordinated response to a priority neglected tropical 
disease: snakebite envenoming. PLoS Neglected Trop. Dis. 13, e0007059 https://doi. 
org/10.1371/journal.pntd.0007059. 

Williams, D.J., Gutiérrez, J.M., Calvete, J.J., Wüster, W., Ratanabanangkoon, K., 
Paiva, O., Brown, N.I., Casewell, N.R., Harrison, R.A., Rowley, P.D., O’Shea, M., 
Jensen, S.D., Winkel, K.D., Warrell, D.A., 2011. Ending the drought: new strategies 
for improving the flow of affordable, effective antivenoms in Asia and Africa. 
Journal of proteomics 74 (9), 1735–1767. https://doi.org/10.1016/j. 
jprot.2011.05.027. 

Williams, V., White, J., Schwaner, T.D., Sparrow, A., 1988. Variation in venom proteins 
from isolated populations of tiger snakes (Notechis ater Niger, N. scutatus) in South 
Australia. Toxicon 26, 1067–1075. https://doi.org/10.1016/0041-0101(88)90205- 
X. 

Wolfe, A.K., Fleming, P.A., Bateman, P.W., 2018. Impacts of translocation on a large 
urban-adapted venomous snake. Wildl. Res. 45 (4), 316–324. https://doi.org/ 
10.1071/WR17166. 

Wüster, W., 1996. Taxonomic changes and toxinology: systematic revisions of the Asiatic 
cobras (Naja naja species complex). Toxicon 34, 399–406. https://doi.org/10.1016/ 
0041-0101(95)00139-5. 

Wüster, W., Golay, P., Warrell, D.A., 1997. Synopsis of recent developments in venomous 
snake systematics. Toxicon 35, 319–340. https://doi.org/10.1016/S0041-0101(96) 
00152-3. 

Wüster, W., Thorpe, R.S., 1991. Asiatic cobras: systematics and snakebite. Experientia 
47, 205–209. https://doi.org/10.1007/BF01945429. 

Wüster, W., Thorpe, R.S., Salomão, M.D.G., Thomas, L., Puorto, G., Theakston, R.D.G., 
Warrell, D.A., 2002. Origin and phylogenetic position of the Lesser Antillean species 
of Bothrops (Serpentes, Viperidae): biogeographical and medical implications. Bull. 
Nat. Hist. Mus. Zool. 68, 101–106. https://doi.org/10.1017/S0968047002000110. 
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