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A B S T R A C T   

Snakebite envenoming is a set of intoxication diseases that disproportionately affect people of poor socioeco-
nomic backgrounds in tropical countries. As it is highly dependent on the environment its burden is expected to 
shift spatially with global anthropogenic environmental (climate, land use) and demographic change. The 
mechanisms underlying the changes to snakebite epidemiology are related to factors of snakes and humans. The 
distribution and abundance of snakes are expected to change with global warming via their thermal tolerance, 
while rainfall may affect the timing of key activities like feeding and reproduction. Human population growth is 
the primary cause of land-use change, which may impact snakes at smaller spatial scales than climate via habitat 
and biodiversity loss (e.g. prey availability). Human populations, on the other hand, could experience novel 
patterns and morbidity of snakebite envenoming, both as a result of snake responses to environmental change 
and due to the development of agricultural adaptations to climate change, socioeconomic and cultural changes, 
development and availability of better antivenoms, personal protective equipment, and mechanization of agri-
culture that mediate risk of encounters with snakes and their outcomes. The likely global effects of environ-
mental and demographic change are thus context-dependent and could encompass both increasing and or 
snakebite burden (incidence, number of cases or morbidity), exposing new populations to snakes in temperate 
areas due to “tropicalization”, or by land use change-induced snake biodiversity loss, respectively. Tackling 
global change requires drastic measures to ensure large-scale ecosystem functionality. However, as ecosystems 
represent the main source of venomous snakes their conservation should be accompanied by comprehensive 
public health campaigns. The challenges associated with the joint efforts of biodiversity conservation and public 
health professionals should be considered in the global sustainability agenda in a wider context that applies to 
neglected tropical and zoonotic and emerging diseases.   

1. Introduction 

Snakebite envenoming, like other neglected tropical diseases (NTDs) 
is mediated by biodiversity and the environment, and its epidemiology 
is, therefore, susceptible to shift spatially in unexpected ways with 
global anthropogenic environmental and social change (climate, land 
use, demographic and socio-economic, hereafter global change; Booth, 
2018). At its core, snakebite is the interaction of two species, hence large 
scale environmental factors that affect the frequency and outcome of 
human-snake interactions will change the spatial variability of its 

incidence and morbidity (burden). For instance, climate change could 
increase or decrease the size of snake populations, affecting the chances 
of encounter (Yañez-Arenas et al., 2016, 2014). In fact, of the global 
change axes, climate and land use change are widespread threats to 
medically-relevant snakes (Böhm et al., 2013), in a process widely 
known as the biodiversity loss crisis (Krauss et al., 2010; Rosales, 2008). 
As human populations and their economies are expected to keep 
growing (Jones and O’Neill, 2016; Tatem, 2017), biodiversity loss will 
continue unabated unless drastic measures are in place (Bradshaw et al., 
2021; Dirzo et al., 2014; Zipkin et al., 2020). Those measures aim at 
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preserving all life forms, although preserving snakes, unfortunately, 
could also represent an obstacle in the battle for human health, espe-
cially for biodiversity-borne diseases like snakebite envenoming (Dunn, 
2010; Garchitorena et al., 2017; Morand and Lajaunie, 2021, p. 202). 

While the transmission dynamics of snakebite are relatively simple, 
in comparison to zoonotic infectious diseases, the biology of snakebite 
risk geographic patterns can be complex. For instance, snakebite enve-
noming actually comprises a diverse set of diseases caused by snake 
venom composition: snakes in the Elapidae family (e. g. cobras, kraits 
and coral snakes) have predominantly neurotoxic venoms, while snakes 
in the Viperidae family (e. g. true vipers and pit vipers such as rattle-
snakes) have predominantly cytotoxic, proteolytic and haemolytic 
venoms (Tasoulis and Isbister, 2017). In addition to a diverse range of 
envenoming diseases, the geography of snakebite risk depends on 
different levels of ecological organization that may be impacted by the 
various global change dimensions, including: 1) climate change affects 
snakes and humans at large scales via physiological resistance (deMe-
nocal, 2011; Wu, 2016) or by regulating reproduction and feeding 
(Sengupta et al., 1994); 2) land use change, while widespread, interacts 
with climate change and potentially enhances it at small scales (Krauss 
et al., 2010; Newbold et al., 2015); and 3) human population and eco-
nomic growth are the driving forces of climate and land use change and 
also represent the main sources of individual snakebite risk factors. As 
global change progresses, it will reconfigure snakebite epidemiology via 
these dynamically interconnected processes with outcomes that may 
seem contradictory across space and time. Using our current knowledge 
of snake biology, ecology, and snakebites, we can untwine some of 
connections between them to draw the potential pathways for snakebite 
epidemiology and explain, to a certain degree, how environmentally 
similar processes may lead to divergent outcomes. 

We identify three aspects critical for understanding global change 
impacts on snakebite epidemiology. First is the distributional ecology of 
snake species, which refers to the spatial scales at which different biotic 
and abiotic factors (prey species, climate, topography, vegetation; 
Soberon and Nakamura, 2009) shape the geographical patterns of 

abundance and temporal patterns of activity of medically-relevant snake 
species (Yañez-Arenas et al., 2014). Second is the eco-epidemiology of 
snakebite which refers to the role that societal, demographic, and eco-
nomic drivers of land cover have on the heterogeneity of human-snake 
interactions (Parkin et al., 2020), as depicted in Fig. 1. And third is 
snakebite envenoming risk management in the context of the global 
sustainability agenda, which includes potential conflicts between health 
and nature conservation policies. 

Global change may impact snakebite epidemiology in multiple ways, 
such as altering annual cycles of incidence. However, in this review, we 
primarily describe the relationship between snake distributional ecol-
ogy, snakebite eco-epidemiology, and global change mitigation in order 
to understand the nature of global change impacts on the geography of 
snakebite epidemiology. 

2. Distributional ecology of venomous snakes 

The distribution of a species is an expression of many factors that 
interact dynamically (Gaston, 2003; Pearson and Dawson, 2003) and are 
defined by its ecology and evolutionary history (Brown, 1995). In a very 
general but practical view, these factors can be summarized in three 
classes: abiotic conditions, accessibility (available areas to colonize), 
and interactions with other organisms (Soberon and Peterson, 2005). 
The strength with which these factors influence the distribution of a 
species depends on their natural history and the spatial scale of analysis 
(Gaston, 2003; Pearson and Dawson, 2003). Concerning venomous 
snakes, at coarse spatial scales, climate is the main factor limiting their 
geographic ranges as it is related to their physiological adaptations to 
withstand temperature and humidity regimes (Kearney et al., 2018). At 
finer spatial scales, climate may be related to a wide variety of biological 
processes such as the timing of reproduction and food availability 
(Chaves et al., 2015; Sengupta et al., 1994). 

Since snakes are ectotherm organisms, low temperatures tend to 
decrease their population densities. Except for the European adder 
(Vipera berus) which occurs inside the Arctic Circle, no other species 

Fig. 1. Impacts of global change begin with global climate, which incfluences the type of ecosystems (e. g. temperate, tropical, desert). Ecosystems in turn influence 
the number and type of snake species present. For instance, arboreal venomous snakes are mostly present in tropical ecosystems. Then, at the landscape scale, 
changes in vegetation structure caused by humans determine which of the local species may interact with humans depending on the type of environments created by 
humans (number 1 and 2 in the figure), which also depend on socio-economic and cultural characteristics. For instance, mechanization of agriculture reduces risk of 
bites to workers (number 1). 
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inhabits the polar regions of the world, above 4000 m. a.s.l. (Gloydius 
himalayanus) (Warrell, 2003) or below 43◦ south (Bothrops ammody-
toides) (Carrasco et al., 2010). These characteristics of snake biodiversity 
result in high snakebite envenoming incidence in the warm tropics 

(Yañez-Arenas et al., 2014), again as a result of higher venomous snake 
abundance (Luiselli et al., 2020). Also, snakebite envenoming incidence 
is higher in the tropics because high climatic suitability allows snake 
populations to grow faster and achieve higher population densities 

Fig. 2. Crosses show the geographic locations where Agkistrodon contortrix has been registered, whereas circles in the bottom panel scatter plot show the climatic 
space associated with the geographic records of the eastern copperhead. Present climate in blue and future climate (2081–2100) in red. Photo credit: Carlos Yañez- 
Arenas. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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(Holt, 2020; Osorio-Olvera et al., 2019). 
The clear link between snakes and climate indicates that climate 

change will affect their geographical distributions and patterns of 
abundance. However, the width of snakes’ thermal tolerance can also 
determine the extent of climate change impacts on them (Saupe et al., 
2015; Soberón and Arroyo-Peña, 2017). The geographical distributions 
of snakes with narrow climatic tolerance might be expected to shrink 
earlier and to a greater extent than species with large continuous dis-
tributions and broad climatic tolerance (Soberón and Arroyo-Peña, 
2017). The most medically-relevant snakes, such as the Indian cobra 
(Naja naja), the common krait (Bungarus caeruleus), Russel’s viper 
(Daboia russelli) and the saw scaled viper (Echis carinatus) in South Asia; 
the black mamba (Dendroaspis polylepis), the carpet viper (Echis ocella-
tus), and gaboon viper (Bitis gabonica) in Sub-Saharan Africa; the ter-
ciopelo (Bothrops asper) in tropical America, and the eastern copperhead 
(Agkistrodon contortrix) in North America have large geographical dis-
tributions, covering large and small cities with millions of people. The 
relationship between distributional size and human population at risk 
means that anticipating global change impacts for these species is more 
important from a mitigation and prevention perspective. However, as 
mentioned above organisms with large distributions may respond more 

erratically in relation to our predictive capacity than species with nar-
rower distributions. 

Despite medical importance and implications for global change, in-
formation on the above species’ populations in relation to environ-
mental conditions is still scarce. Naturally, our capacity to anticipate the 
impacts of climate change on them is limited to analyses of the occupied 
climatic conditions historically which will differ greatly from climate 
change predictions. For instance, the maximum temperature of the 
warmest month and the minimum temperature of the coldest month 
associated with the localities where the presence of the eastern 
copperhead (A. contortrix) has been reported are considerably lower 
than what they are predicted to be in some future scenarios. The lower 
panel of Fig. 2 shows a 2-dimensional plot of historical values of these 
two variables (blue circles) at each presence record of A. contortrix, 
compared with their respective values in a pessimistic future scenario, 
based on the human development pathway assumed to drive greenhouse 
gas concentration (ssp585 with global circulation model CANESM5, full 
details in Fick and Hijmans, 2017). Data pertaining to predicted climate 
in the 2081–2100 period in the locations where A. contortrix has been 
observed is represented with red circles in Fig. 2. 

In contrast with climate, the effect of land cover on snake 

Fig. 3. Habitat suitability change during 2001–2013 across the range of the terciopelo (Bothrops asper). Photo credit: Brian Gratwicke. The regional zoom to 
Guatemala shows the area where the habitat of the species was most altered during the analyzed period (2001–2013), where more intense green denotes areas with 
more dense vegetation. Habitat contraction (red) indicates areas that lost the vegetation preferred by B. asper, while expansion (green) indicates areas where low- 
density vegetation was replaced by higher density vegetation and became more suitable. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the Web version of this article.) 
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distributions and abundance is less well understood than that of climate. 
On one hand, land cover, unlike climate which is a global system, is 
more variable over small spatial scales and can immediately reflect the 
impacts of human activities (Krauss et al., 2010). On the other, many 
snake species seem to be less sensitive to habitat-related anthropogenic 
disturbances in comparison to other species (Suazo-Ortuño et al., 2008), 
probably because snakes have biological traits that make them less 
prone to extinction, such as larger clutches at larger body sizes 
compared to mammals because snake offspring size does not increase in 
proportion to size at reproductive maturity (Reed, 2003). The snake 
species most affected by human activities and land use change have 
relatively narrow geographical distributions, feed on vertebrates (as 
opposed to molluscs or arthropods), and are aquatic (Luiselli et al., 
2020; Todd et al., 2017). Also, there is little evidence that the negative 
public perception of venomous snakes is a widespread extinction risk 
factor (Todd et al., 2017), even though active persecution can in fact 
decrease snake populations (Means, 2009). In light of snakes’ probable 
resistance to land use change, the general scarcity of information is a 
critical information void which should be filled by systematic snake 
surveys in relation to land use change. 

To illustrate land use change effects on snakes, we modeled the in-
fluence of land cover change on suitable habitat for the terciopelo 
(Bothrops asper), the most significant venomous snake in Central 
America (Bravo-Vega et al., 2019), during the period 2003–2004 to 
2011–2013 in Central America. We used monthly MODIS (Moderate 
Resolution Imaging Spectroradiometer; https://modis.gsfc.nasa.gov/) 
data to characterize, through the NDVI (Normalized Difference Vege-
tation Index), the greenness of each pixel, and assess potential changes 
in vegetation cover. From the monthly data, we computed the average, 
maximum, minimum, and standard deviation of the NDVI as environ-
mental predictors in each three-year period. The presence records used 
to model habitat suitability with the Maxent algorithm (Philips et al., 
2006) were obtained from the Global Biodiversity Information Facility 
(https://www.gbif.org/). We calibrated models in the period 
2003–2005 using the Maxent bootstrapping functionality (10 repli-
cates), with 80% of presence records used as training data (20% as test 
data), Cloglog output, and default features and regularization multi-
plier. The models were then transferred to the second time period 
(2011–2013), and the median of the ten replicates on each time was 
used as the final model. Finally, we generated binary habitat suitability 
maps using a five percentile thresholding criteria, with which we 
highlight the areas where habitat is being predicted to be lost (red 
areas), gained (green) or remain stable (blue) for B. asper between both 
time periods (Fig. 3). 

Both cases, A. contortrix and B. asper, case studies are fairly basic and 
simple but separately represent clear examples of two of the environ-
mental change phenomena that influence the distribution and de-
mographics of medically important snakes. As mentioned above, the 
factors that shape the geographic ranges and demographics of any snake 
interact dynamically across different times and geographical scales. 
Therefore, the effects of climate and land use change should be esti-
mated together at scales that represent the various biological aspects of 
snakes (physiological tolerance, demographic processes and interactions 
with other organisms) to draw an integral picture of snake distribution 
and abundance. In relation to snakebite, we infer that for all snake 
species, changes in response to deforestation occur at smaller scales (e. 
g. landscape) than for climate change because the latter, by definition, is 
a dynamic global system in which changes occur simultaneously over 
vast geographical extensions. Hence, in response to land use change, 
snakebite epidemiology may change in response to probability of 
encountering local snake species, while climate change may drive broad 
scale changes to ensembles of venomous snakes, thereby altering the 
nature of the locally known envenoming diseases. 

2.1. Example box 1: snake distributional changes driven by environmental 
change 

Empirical evidence of climate and land-use change effects on 
venomous snake populations is scarce, yet current evidence is revealing. 

2.1.1. Climate change 
The New Mexico ridge-nosed rattlesnake (Crotalus willardi obscurus) 

has a distribution restricted to three mountain peaks in New Mexico, 
where temperature restricts its mobility between mountain peaks. 
Recent warming has been pushing the remaining individuals towards 
higher altitudes as they seek to track their preferred lower temperatures. 
At higher altitudes, however, wildfires have become more frequent and 
increased snake mortality, leaving no alternative areas to inhabit (Davis 
et al., 2015). Furthermore, warmer temperatures (and habitat frag-
mentation) in the lowlands make between-mountain dispersal even 
more difficult, reinforcing the isolation between populations and mak-
ing each more vulnerable to local extirpation (Davis et al., 2015). 

In a similar case, the timber rattlesnake (Crotalus horridus) has seen 
regional declines caused by climate change (together with habitat 
fragmentation). Here, changing rainfall patterns increase susceptibility 
to water-borne fungal infections that increase snake mortality (Clark 
et al., 2011). 

2.1.2. Land use change 
Changes in snake habitats have been observed to reconfigure 

venomous snake assemblages in some regions, by facilitating species 
invasions and replacement of biting snake species. For instance, defor-
estation of the Atlantic rainforest allowed the establishment of Crotalus 
durissus populations in the state of Valenca, Brazil, after being washed by 
floodwaters during the 1950–60s (Bastos et al., 2005). Once established, 
C. durissus became a successful competitor of Bothrops jararaca, which is 
associated with more densely vegetated areas (Sazima, 1992). The local 
expansion of C. durissus was noticed in hospital admissions with higher 
numbers of bites. Likewise, the spitting cobra (Naja nigricollis) is grad-
ually replacing the black forest cobra (Naja melanoleuca) following 
deforestation in Nigeria (Luiselli, 2001). 

2.1.3. Summary 
The above cases illustrate some of the environmental change effects 

on snakes that alter snakebite epidemiology: 1) climate change makes 
snake populations physiologically unable to cope with higher tempera-
tures and decline (C. willardi; Davis et al., 2015); 2) climate change in-
teracts with land use change to decrease connectivity resulting in 
genetic bottlenecks and facilitate detrimental biological interactions (e. 
g., water-borne infectious diseases in C. horridus; Clark et al., 2011); 3) 
land use change can create hospitable conditions for species that might 
not be able to adapt in the absence of those anthropogenic habitat 
perturbations (Naja nigricollis in Nigeria (Bastos et al., 2005; Luiselli, 
2001); and further create habitat corridors that allow dispersal of distant 
snake species (C. durissus invasion in Brazil; Sazima, 1992). 

At a global scale, these examples indicate that the nature of global 
change impacts depend deeply on climate-land use change interactions. 
If habitat continuity allows dispersal, global warming will drive declines 
in tropical areas and colonisations in subtropical and temperate regions. 
Where land use or habitat block species dispersal, we might witness 
large declines potentially accompanied by decreasing snakebite risk (e. 
g. Yañez-Arenas et al., 2016); or where land use change is accompanied 
by human population growth, there may be momentary increases in 
number of cases until snake numbers plummet with increasing urbani-
sation. Ultimate changes in snakebite envenoming cases will depend on 
the size of human populations exposed to the new or disappearing snake 
assemblages. 
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3. Eco-epidemiology of snakebites 

3.1. Climate and land use change 

Anthropogenic impacts on the environment are having a profound 
toll on vertebrate biodiversity (Dirzo et al., 2014). Of the 3879 snake 
species known (Uetz et al., 2021), 12% are currently considered en-
dangered, but the number is likely to change because there is insufficient 
data for nearly 25% of the species (Böhm et al., 2013). This phenomenon 
is an underappreciated issue in snakebite epidemiology, as loss of snake 
species or reductions in their local abundance in the long term seem 
likely to decrease snakebite risk, unless snake species adapt well to ur-
banisation or human disturbances (e. g. C. durissus and N. nigricollis 
examples). In general, we still need to determine how key 
medically-relevant species respond to biodiversity loss. Recent studies 
suggest that snakes collapse following loss of amphibians, one of their 
common vertebrate prey (Zipkin et al., 2020), which coincides with the 
identified snake extinction risk factors (Todd et al., 2017). Also, 
snakebite envenoming burden is higher in biodiversity hotspots, which 
are known to harbor larger snake populations (Luiselli et al., 2020). 
However, some species might manage to persist and thrive in biologi-
cally impoverished environments, such as agricultural lands probably 
due to prey abundance (Suazo-Ortuño et al., 2008). 

In the short term, the impacts of environmental change on snakebite 
envenoming burden are also unclear. Generally, snakebites are higher in 
warmer regions, but the effect of rainfall is context-dependent: snake-
bites in California significantly increase in response to precipitation 
levels with an 18-month delay, and significantly decrease with droughts 
in the following six months (Phillips et al., 2019); while in Costa Rica, 
snakebites decrease 11 months after precipitation (Chaves et al., 2015). 
Such relationships with precipitation are likely driven by demographic 
and activity patterns of snakes in response to precipitation levels 
(Chaves et al., 2015), and precipitation is also known to influence the 
composition of local venomous snake ensembles. Furthermore, flooding 
events are widely considered a primary driver of snakebite risk as they 
wash snakes towards lowlands which usually have higher population 
density (Ochoa et al., 2020). On the other hand, the positive effect of 
temperature on snakebites may be related to overall diversity (Luiselli 
et al., 2020). It is therefore possible that global warming is changing 
seasonal patterns of bites according to local snake species’ biology 
(Chaves et al., 2015) and other human-related factors such as agricul-
tural practices (see below). 

Lastly, land use change is an immediate reflection of human activ-
ities, which is correlated with occupational and socioeconomic charac-
teristics of local residents (Ganzeboom et al., 1992), and often depends 
on upstream demands of certain goods. Socioeconomic status and 
occupation have long been recognized as important risk factors for 
snakebite (Fig. 1; Harrison et al., 2009). Land conversion from forest to 
agriculture is representative of a growing population of agricultural 
workers who are the most frequent snakebite victims (Figueroa-Mise 
et al., 2019; Pierini et al., 1996). For this reason, snakebites tend to be 
concentrated in peri-urban and rural settings (Gutiérrez et al., 2010; 
Minghui et al., 2019). Likewise, urban parks are frequent sources of 
snakebites, as these provide refugia for animal species in 
human-dominated landscapes (Parkin et al., 2020; Perry et al., 2020; 
Soga and Gaston, 2020). Although the effect of land use change on 
snakebite is highly variable between regions, it can be explained by the 
composition of snake assemblages and their local population sizes 
(Oliveira et al., 2020). In summary, land clearing and its associated 
demographic and occupational factors provide the ideal settings for 
human-snake encounters (Soga and Gaston, 2020) and a biological basis 
to explain the role of land use change on snakebite risk patterns. The 
effect of land use change on snakebite envenoming incidence and 
morbidity will thus depend on changes in the human population at risk 
and the response of resident snakes to anthropogenic disturbances. 

3.2. Human population growth and socio-economy 

Ecologically, snakebites occur following an interaction between two 
different species. Any process or factor that affects the frequency and 
outcome of human-snake contacts will change its epidemiology. While 
climate, human population growth, and land use change directly affect 
the capacity of snake populations to grow, achieve high population 
densities, disperse to nearby habitats (see above) and sustain viable 
populations, socio-economic and demographic changes among humans 
can modify their susceptibility to snakebites (Harrison et al., 2009), 
thereby offsetting the effect of snake population size on snakebites. As 
ongoing socio-economic and cultural changes are inherent to the global 
dynamics of environmental change, we must strive to understand the 
factors that make certain occupations, socio-economic strata and gen-
ders more or less susceptible to snakebites. 

Snakebite envenoming risk is related to economic status and occu-
pation (Figueroa-Mise et al., 2019; Harrison et al., 2009). Agricultural 
workers living in low and middle income tropical areas, are at the 
highest risk of snakebites (Ediriweera et al., 2016; Figueroa-Mise et al., 
2019), and the factors that make agricultural workers more susceptible 
than other occupations to snakebites differ among regions. For instance, 
barefoot rice paddy farming by the male is common in India and Sri 
Lanka (Hellung-Schønning et al., 2019) and is a major risk factor for 
Russel’s viper bites because this species is attracted to agricultural lands 
(Kularatne, 2002; Silva et al., 2014). Whereas among Brazilian farmers, 
who are also at high risk of snakebites (Figueroa-Mise et al., 2019), there 
is wider use of footwear, and most snakebites are caused by 
difficult-to-spot jararaca snakes (Bothrops atrox juveniles) hence bites 
occur in the upper limbs (Oliveira et al., 2020; Pierini et al., 1996). 

Poverty and inequality increase snakebite envenoming risk by other 
means such as lack of accessibility to safe housing, bedding, rodent 
control, and by being geographically closer to the forest-agricultural 
frontier (Bawaskar and Bawaskar, 2019; Kularatne, 2002). First, safe 
housing impedes indoors access to snakes, and the use of raised beds 
prevents snakebites while asleep (Bawaskar and Bawaskar, 2019; 
Kularatne, 2002); rodent control decreases prey availability for snakes 
(Pandey et al., 2020) and closeness to the agricultural-forest frontier 
puts people in proximity to larger and more diverse snake populations 
(Oliveira et al., 2020; Pierini et al., 1996; Silva et al., 2020). 

Gender-specific risks are also known to occur and result in different 
envenoming diseases. For instance, women in Sri Lanka are traditionally 
in charge of house garden maintenance, where species of the hump- 
nosed viper species complex (Hypnale hypnale, H. zara, H. Nepa 
(Maduwage et al., 2009); occur in leaf litter. Naturally most Hypnale spp. 
bite victims in Sri Lanka are women and the most frequent site is the 
hand or upper limb (Ariaratnam et al., 2008). The mentioned risk factors 
illustrate that socio-economic and cultural changes could differ among 
nations and ecological settings (Fig. 1), both as a result of the nature of 
local risk factors, from snake species’ biologies, and from the environ-
mental changes that take place. 

In addition to socio-economic changes affecting snakebites, agri-
culture is predicted to require certain adaptations to climate change 
which may both increase or decrease risk levels to workers (Bennett and 
McMichael, 2010). The predicted and recommended changes from an 
agricultural perspective could have deep health implications in general 
(Bennett and McMichael, 2010; Wilcox et al., 2019) and for snakebite 
envenoming burden in particular. Two notable examples of high 
snakebite envenoming risk agricultural occupations are rubber tapping 
and rice paddy farming (Chanhome et al., 1998; Chippaux, 1998). Since 
both farming types depend on rainfall seasonal patterns and its levels 
(Naylor et al., 2007; Rao et al., 1998; Wassmann et al., 2009), farmers 
are likely to adapt to novel climatic conditions, modifying the structure 
of plantations and paddies (e.g. Barbier et al., 2009; Mesike et al., 2015) 
thereby affecting snake abundance. Also, changing rainfall patterns may 
require different planting and/or harvesting dates and changing the 
frequency of rubber tapping (Esham and Garforth, 2013; Kudaligama 
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et al., 2012; Matthews et al., 1997; Mesike et al., 2015), also affecting 
the probability of encountering snakes among seasons (Chaves et al., 
2015). Predicting the effect of these processes on snakebite is a great 
challenge, although there are novel computational approaches to 
examine changes in snakebites as a socio-ecological system (Goldstein 
et al., 2021). 

Ongoing socioeconomic changes are altering the burden and epide-
miology of NTDs (Hotez, 2017) and in some regions probably snakebites 
(e.g. Soga and Gaston, 2020). Further epidemiological changes will 
depend on the interaction between snake species’ biology, agricultural 
practices, accessibility to basic goods, services, and facilities. Some of 
the changes necessary to reduce snakebite envenoming burden could 
occur with the natural progression of socioeconomic and cultural 
changes (housing, bedding, mechanization of agriculture, gender 
equality). However, availability of safe, and effective antivenoms, 
trained medical staff and knowledge on the best snakebite envenoming 
management practices should still be actively pursued in areas at risk as 
a frontline reactive approach to snakebite (Bawaskar and Bawaskar, 
2019; Longbottom et al., 2018). 

3.2.1. Example box 2: environmental change impacts on snakebite 
Empirical evidence of global change impacts on snakebite are even 

scarcer than it is for snakes, owing to the scale of the process and the fact 
that snakebites remain neglected among NTDs. Thus, current evidence 
stems from a handful of regional studies that did not specifically aim to 
characterize global change impacts on snakebite. 

3.2.1.1. Impacts of human population density on snakes and snakebite. 
Some of the most comprehensive attempts to characterize the geography 
of snakebite incidence indicate that human population density tends to 
reduce incidence (Ediriweera et al., 2016; Molesworth et al., 2003). 
While there is still insufficient information as to how widespread this 
phenomenon is, it might be related to the reduction of snake abundance 
in population centers because human activities have been observed to 
significantly reduce abundance of venomous snakes (Parkin et al., 
2020). 

3.2.1.2. Impacts of land use change on snakebite. These may be context- 
dependent, thus highly variable, difficult to understand and examples 
are scarce. One of the few existing records, however, suggests that un-
planned land use change can increase risk of mortality after a snakebite, 
as access to remote locations with poor quality roads is problematic for 
ambulances and there is low antivenom availability in such places (Fan 
and Monteiro, 2018; Hansson et al., 2013). Remotely populated areas 
lacking emergency services for snakebite are one of the many global 
challenges (Longbottom et al., 2018). 

3.2.1.3. Impacts of climate change on snakebite. We have described 
above how climate change, particularly via temperature, may impact 
snake populations, thereby resulting in potential changes to snakebite 
epidemiology. However, short term flooding events, such as monsoons, 
have been observed to lead to large numbers of snakebites by putting 
humans and snakes in proximity. The most likely mechanisms could be 
related to snakes being dragged by floodwaters from their natural home 
ranges or distributions (as has been the case of C. durissus in brazil; 
Bastos et al., 2005), to areas with higher human populations, and then 
seeking shelter from deep water in higher grounds along with people 
(Ochoa et al., 2020). As climate change is altering the frequency, 
severity and location of flooding events, snakebite burden is expected to 
keep changing with flooding events. In the long term the effect of 
flooding events will also depend on how such flooding events will 
impact snake populations. 

3.2.1.4. Summary 

The scarcity of examples of environmental change impacts on 
snakebite shows that snakebite eco-epidemiology has a long way to go, 
especially with regards to characterizing snakebite statistics in relation 
to ecological determinants of risk patterns, such as those described for 
flooding events (Ochoa et al., 2020). As shown previously along this 
review untangling the latter is possible although, doing so at a global 
scale is an enormous but necessary challenge. 

3.3. Conflicts between global change mitigation and snakebite 

The sustainable development goals (SDGs) are an urgent call to curb 
and reverse the negative impacts of global environmental and socio- 
economic change. The SDGs include specific goals around reducing 
NTDs (Bangert et al., 2017). Among the pillars of the SDGs, nature 
conservation stands out as a potential source of ongoing conflict for 
managing snakebites. While snake conservation is important to maintain 
resilient ecosystems and livelihoods (Downing et al., 2012; Ritchie et al., 
2012), safeguarding venomous snakes from environmental change will 
naturally preserve snakebites as an ecosystem disservice (Dunn, 2010; 
Morand and Lajaunie, 2021; Soga and Gaston, 2020). Therefore pre-
venting snakebites (alongside other NTDs and emerging infections) re-
mains a significant challenge for sustainable development (Bangert 
et al., 2017). 

In the context of the SDGs, a prevention-centered agenda for 
snakebites is more likely to render satisfactory outcomes for both con-
flicting parties (conservation vs public health). Prevention in the first 
place will improve prosperity by decreasing life years of disability 
(Hotez et al., 2016; 2014; Warrell, 2010) and ease nature conservation 
by reducing snake-human conflicts and the persecution of venomous 
snakes (Fita et al., 2010; Means, 2009; Pandey et al., 2016), reduce the 
burden on public health services and improve safety standards in food 
production (Warrell, 2010). In order to prevent conflicts among SDGs 
snakebite prevention should encompass the different levels of ecological 
organization summarized above, ranging from strategic management of 
the forest-agricultural frontier and urban sprawl (Perry et al., 2020), 
education, adequate collection of snakebite statistics to monitor their 
response to environmental changes and conservation policies, to 
developing and optimizing the delivery of effective antivenoms and 
personal protective equipment (Gutiérrez et al., 2010; Longbottom et al., 
2018). 

There are numerous opportunities for interventions with the joint 
effort of traditionally disparate governance agencies (environment, 
public health, economy, education, and scientific development) as 
disjoint efforts are likely to result in conflicts that preclude any trans-
formational outcomes (Trisos, 2019; Wong and Heijden, 2019). As we 
have shown, meeting the goals set by the global snakebite action plan 
(Minghui et al., 2019) should be in line with mitigation of global envi-
ronmental change and with the SDGs to take advantage of the potential 
synergies for NTDs (Bangert et al., 2017). 

4. Summary 

The three dimensions of global environmental change considered 
here (climate, land use, and socioeconomic) can modify the epidemi-
ology of snakebites on both of its snake and human dimensions. Snake 
geographic distributions and abundance can change across large spatial 
scales in response to climate change and alter the extent of regions at 
risk, while land use change may modify species’ ensembles at smaller 
scales. With respect to humans, land use change may depend on both 
climate and socioeconomic changes which will dictate the nature of 
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snakebite risks depending on local snake species, predominant occupa-
tions, and accessibility to basic goods and services. Managing snakebite 
envenoming risks in response to environmental changes requires joint 
efforts between nature conservation and public health authorities in 
order to secure satisfactory outcomes for societies. 
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Böhm, M., Collen, B., Baillie, J.E.M., Bowles, P., Chanson, J., Cox, N., Hammerson, G., 
Hoffmann, M., Livingstone, S.R., Ram, M., Rhodin, A.G.J., Stuart, S.N., van Dijk, P. 
P., Young, B.E., Afuang, L.E., Aghasyan, A., García, A., Aguilar, C., Ajtic, R., 

Akarsu, F., Alencar, L.R.V., Allison, A., Ananjeva, N., Anderson, S., Andrén, C., 
Ariano-Sánchez, D., Arredondo, J.C., Auliya, M., Austin, C.C., Avci, A., Baker, P.J., 
Barreto-Lima, A.F., Barrio-Amorós, C.L., Basu, D., Bates, M.F., Batistella, A., 
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Carreira, S., Castañeda, M., del, R., Castro, F., Catenazzi, A., Cedeño-Vázquez, J.R., 
Chapple, D.G., Cheylan, M., Cisneros-Heredia, D.F., Cogalniceanu, D., Cogger, H., 
Corti, C., Costa, G.C., Couper, P.J., Courtney, T., Crnobrnja-Isailovic, J., Crochet, P.- 
A., Crother, B., Cruz, F., Daltry, J.C., Daniels, R.J.R., Das, I., de Silva, A., Diesmos, A. 
C., Dirksen, L., Doan, T.M., Dodd, C.K., Doody, J.S., Dorcas, M.E., Duarte de Barros 
Filho, J., Egan, V.T., El Mouden, E.H., Embert, D., Espinoza, R.E., Fallabrino, A., 
Feng, X., Feng, Z.-J., Fitzgerald, L., Flores-Villela, O., França, F.G.R., Frost, D., 
Gadsden, H., Gamble, T., Ganesh, S.R., Garcia, M.A., García-Pérez, J.E., Gatus, J., 
Gaulke, M., Geniez, P., Georges, A., Gerlach, J., Goldberg, S., Gonzalez, J.-C.T., 
Gower, D.J., Grant, T., Greenbaum, E., Grieco, C., Guo, P., Hamilton, A.M., Hare, K., 
Hedges, S.B., Heideman, N., Hilton-Taylor, C., Hitchmough, R., Hollingsworth, B., 
Hutchinson, M., Ineich, I., Iverson, J., Jaksic, F.M., Jenkins, R., Joger, U., Jose, R., 
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Rivas, G., da Rocha, P.L.B., Rödel, M.-O., Rodríguez Schettino, L., Roosenburg, W.M., 
Ross, J.P., Sadek, R., Sanders, K., Santos-Barrera, G., Schleich, H.H., Schmidt, B.R., 
Schmitz, A., Sharifi, M., Shea, G., Shi, H.-T., Shine, R., Sindaco, R., Slimani, T., 
Somaweera, R., Spawls, S., Stafford, P., Stuebing, R., Sweet, S., Sy, E., Temple, H.J., 
Tognelli, M.F., Tolley, K., Tolson, P.J., Tuniyev, B., Tuniyev, S., Üzüm, N., van 
Buurt, G., Van Sluys, M., Velasco, A., Vences, M., Veselý, M., Vinke, S., Vinke, T., 
Vogel, G., Vogrin, M., Vogt, R.C., Wearn, O.R., Werner, Y.L., Whiting, M.J., 
Wiewandt, T., Wilkinson, J., Wilson, B., Wren, S., Zamin, T., Zhou, K., Zug, G., 2013. 
The conservation status of the world’s reptiles. Biol. Conserv. 157, 372–385. https:// 
doi.org/10.1016/j.biocon.2012.07.015. 

Booth, M., 2018. Climate change and the neglected tropical diseases. In: Advances in 
Parasitology. Elsevier, pp. 39–126. https://doi.org/10.1016/bs.apar.2018.02.001. 

Bradshaw, C.J.A., Ehrlich, P.R., Beattie, A., Ceballos, G., Crist, E., Diamond, J., Dirzo, R., 
Ehrlich, A.H., Harte, J., Harte, M.E., Pyke, G., Raven, P.H., Ripple, W.J., Saltré, F., 
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indians of the Juruá Valley, Acre State, Brazil. Toxicon 34, 225–236. https://doi. 
org/10.1016/0041-0101(95)00125-5. 

Rao, P.S., Saraswathyamma, C.K., Sethuraj, M.R., 1998. Studies on the relationship 
between yield and meteorological parameters of para rubber tree žHeÕea 
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