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Climate change-related distributional range shifts of 
venomous snakes: a predictive modelling study of effects on 
public health and biodiversity
Pablo Ariel Martinez, Irene Barbosa da Fonseca Teixeira, Tuany Siqueira-Silva, Franciely Fernanda Barbosa da Silva, Luiz Antônio Gonzaga Lima, 
Jonatas Chaves-Silveira, Miguel Ángel Olalla-Tárraga, José MarÍa Gutiérrez, Talita Ferreira Amado 

Summary
Background Climate change is expected to have profound effects on the distribution of venomous snake species, 
including reductions in biodiversity and changes in patterns of envenomation of humans and domestic animals. We 
estimated the effect of future climate change on the distribution of venomous snake species and potential knock-on 
effects on biodiversity and public health.

Methods We built species distribution models based on the geographical distribution of 209 medically relevant 
venomous snake species (WHO categories 1 and 2) and present climatic variables, and used these models to project 
the potential distribution of species in 2070. We incorporated different future climatic scenarios into the model, 
which we used to estimate the loss and gain of areas potentially suitable for each species. We also assessed which 
countries were likely to gain new species in the future as a result of species crossing national borders. We integrated 
the species distribution models with different socioeconomic scenarios to estimate which countries would become 
more vulnerable to snakebites in 2070.

Findings Our results suggest that substantial losses of potentially suitable areas for the survival of most venomous 
snake species will occur by 2070. However, some species of high risk to public health could gain climatically suitable 
areas for habitation. Countries such as Niger, Namibia, China, Nepal, and Myanmar could potentially gain several 
venomous snake species from neighbouring countries. Furthermore, the combination of an increase in climatically 
suitable areas and socioeconomic factors (including low-income and high rural populations) means that southeast 
Asia and Africa (and countries including Uganda, Kenya, Bangladesh, India, and Thailand in particular) could have 
increased vulnerability to snakebites in the future, with potential effects on public human and veterinary health.

Interpretation Loss of venomous snake biodiversity in low-income countries will affect ecosystem functioning and 
result in the loss of valuable genetic resources. Additionally, climate change will create new challenges to public 
health in several low-income countries, particularly in southeast Asia and Africa. The international community needs 
to increase its efforts to counter the effects of climate change in the coming decades.
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Introduction 
In the coming decades, climate change will continue to 
have various effects on global biodiversity, including the 
geographical redistribution of many species.1,2 Climate-
driven distri butional range shifts are expected to differ 
across regions and species, could involve the expansion, 
contraction, or displacement of geographical range 
limits, and could even lead to the extinction of some 
species and lineages.2,3 Redistribution of and reductions 
in biodiversity will have negative effects on basic 
ecosystem services, with effects on human wellbeing, 
including risks to food security.4 Furthermore, 
biodiversity declines could result in the loss of valuable 
genetic resources and generate new interactions 
between humans and various vectors, pathogens, and 

venomous animals (eg, spiders, scorpions, snakes) in 
rural and urban settings.5–7

Venomous animals are a source of concern for human 
and veterinary health.8–10 Every year, millions of enven-
omings via animal bites and stings occur worldwide, 
sometimes causing deaths and long-term physical and 
psychological sequelae.8–10 Snakebite envenoming has 
been classified as a neglected tropical disease by WHO.11 
Annually, between 81 000 and 138 000 people are 
estimated to die and around 400 000 to be left with 
permanent disabilities as a results of snakebites, mainly 
in east Asia, sub-Saharan Africa, and in the Neotropical 
region.8 Snakebites predominantly affect farmers and 
young rural workers in low-income countries,12,13 and con-
tribute to the reinforcing of the cycle of poverty.13 
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In addition, snakebite envenoming is a crucial veterinary 
issue: it is associated with major loss of livestock, which 
has severe economic consequences and worsens the 
food crisis for families and communities in the poorest 
rural areas.14

Among the more than 2500 species of advanced 
snakes (superfamily Colubroidea), WHO has classed 
109 species as the medically most relevant (ie, 
category 1), and an additional 142 species have been 
classed as medically important, but to a lesser degree 
(ie, category 2).15 The abundance and geographical 
distribution of venomous snakes is likely to vary as 
a result of climate change and habitat transformation.6 
Xeric shrublands and grasslands are expected to expand 
in the coming decades,16 and as a result the snake 
species associated with these habitats that have the 
capacity to tolerate or adapt to agricultural environments 
could increase their abundance locally and expand their 
geographical ranges.17 Such range shifts could expand 
the habitats of some venomous species into new 
countries, potentially biting people and livestock in 
countries where such envenomation did not previously 
occur. Therefore, range shifts in venomous snakes 
could become a substantial challenge for public health 
systems in low-income countries, with potential 
complications in clinical management if the coverage of 
antivenoms is insufficient or if clinicians lack experience 
of treating snakebites.6

Other snake species could experience range 
contractions, leading to population declines or even 
extinction. Forest-dwelling species (which account for 

roughly 75% of species) are expected to be particularly 
vulnerable to threats such as logging, agricultural 
expansion, extractive activities, and urban 
development.18 Venomous snakes play key roles in 
ecosystem structure and functioning: they are 
implicated in secondary seed dispersal and are essential 
components in food webs.19–21 As prey, snakes constitute 
the primary diet of numerous mammals, birds, and 
other snakes. As predators, they control the population 
of several prey species, including rodents that transmit 
zoonotic diseases and damage crops and grains.22 
Additionally, snake venoms have potential uses in 
health care—eg, in the development of drugs and 
treatments for various diseases.23 Thus, habitat loss or 
the extinction of venomous snake species could lead to 
irreparable damage to ecosystems and to human health 
and wellbeing.

Several studies12,24 have applied modelling approaches 
to analyse the geographical ranges of venomous snakes 
and forecast future distributional changes in various 
geographical and climatic settings. In light of potential 
range shifts in the distribution of venomous snakes as 
a result of climate change, we aimed to use predictive 
modelling techniques to forecast the spatiotemporal 
dynamics in the distributional ranges of the snake 
species that are considered the highest risk to public 
health (ie, WHO categories 1 and 2) under different 
future climate scenarios. Furthermore, we aimed to 
identify which countries might gain new venomous 
snake species and which countries could be particularly 
vulnerable to snakebites in the future.

Research in context

Evidence before this study
Although we did not do a formal search of published work to 
identify relevant theoretical work, we searched the Global 
Biodiversity Information Facility for species occurrence data up 
to May 1, 2023. Venomous snakes play an important role in 
ecosystems and in contributing to human health (eg, zoonoses 
control, biotechnological and pharmaceutical development). 
Nonetheless, venomous snakes are also a major public health 
concern in tropical countries. Previous studies have shown that 
species distribution models are a powerful tool for studying the 
distribution of venomous snakes and have quantified the effect 
of climate change on the distribution patterns of species. 
However, such studies centred only on particular species or 
regions of the planet. Furthermore, no studies have integrated 
future climatic scenarios with socioeconomic scenarios, which 
are fundamental to understand and quantify the vulnerability 
of countries to snakebites.

Added value of this study
Our global analysis is the first, to our knowledge, to predict how 
climate change will affect the future (ie, in 2070) distribution of 
medically important venomous snakes at the species level, 

including highlighting instances where countries are likely to 
gain new snake species from neighbouring nations. Our 
analysis takes into consideration the dispersion potential of 
snake species and possible geographical barriers that limit 
species dispersion and also incorporated socioeconomic factors, 
which enabled us to predict that low-income countries in Africa 
and east and southeast Asia are likely to bear the brunt of 
increase in species richness (and the associated increased risk of 
envenomation).

Implications of all the available evidence
We projected that the effects of loss of biodiversity due to 
climate change and associated changes in the distribution of 
venomous snakes will be most pronounced in tropical 
regions, where extensive land is devoted to agriculture and 
rearing livestock, which increases the risk of snakebites in 
rural communities. Interventions from regional health 
authorities and the international community will be essential 
to maintain the ecological balance and assist low-income 
countries in facing new challenges to public health due to 
climate change.
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Methods 
Study design and data sources 
For this predictive modelling study, we used distribution 
data from the Global Biodiversity Information Facility. 
We aimed to include all 251 species of snakes of medical 
importance according to WHO, but the necessary data 
were available for only 209 species (ie, species with at 
least eight non-duplicated occurrence records—a stan-
dard cutoff for species distribution modelling): 
94 category 1 species and 115 category 2 species (appendix 
pp 2–7). These species belonged to the subfamilies 
Viperinae and Crotalinae from the family Viperidae, 
Atractaspidinae from the family Lamprophiidae, and 
Elapinae and Hydrophiinae from the family Elapidae. In 
cases when the distribution range of a species encom-
passed more than one country and the species was 
classed differently in these countries, for our analyses the 
species was put in category 1. We filtered occurrence data 
with the CoordinateCleaner25 package in R (version 4.2.1) 
to remove erroneous records (eg, capital cities, country 
centroids, zoos, ocean points), duplicate records (occur-
rences within each cell), and coordinates with more than 
5 km uncertainties. Additionally, we inspected the data 
species by species to remove any records outside the 
known distribution area for each species.

Species distribution modelling 
Species distribution models use occurrence data and the 
association between these data and local bioclimatic 
conditions to characterise the ecological preferences of 
species. These models can be projected across geo-
graphical areas with different climatic conditions (eg, 
future climate scenarios) to predict potentially suitable 
areas for the survival and reproduction of species. Species 
distribution models provide continuous measures of 
climatic suitability, which can be considered a proxy for the 
abundance of species. They are thus used to predict future 
changes in abundances and distributions of species.2,3

To build the species distribution models, we used 
temperature and precipitation variables from WorldClim 
at a resolution of 2·5 arcmins (5 km x 5 km). To avoid 
high correlation levels between climatic variables, we 
retained only variables with Pearson correlation values of 
less than the modulus of 0·7 for model building 
(appendix p 7). The same subset of bioclimatic variables 
was used for all species. Our approach was based on a 
maximum entropy algorithm as implemented in Maxent 
(version 3.4.4); details of optimisation of the species 
distribution models are in the appendix (p 1).26 We used 
Maxent to model species distribution (rather than other 
algorithms such as Random Forest or General Linear 
Model), because it has previously been used effectively 
for squamates with scarce occurrence records27 and has 
been widely used in snake distribution modelling.28,29 
Species distribution models were projected for 2070 with 
the general circulation models MIROC, HadGEM, MPI, 
MRI, and BCC under three Intergovernmental Panel on 

Climate Change representative concentration pathways 
(RCPs): RCP2.6-SSP1, RCP4.5-SSP2, and RCP8.5-SSP5. 
To estimate the areas with better climatic suitability for 
a higher number of venomous snake species (ie, species 
richness) in the present and future, we summed the 
suitability of each species calculated for each of the grids 
on the continuous probability maps, and then estimated 
the mean and SD of species richness among the five 
general circulation models (appendix p 8). Because the 
SD among the general circulation models was low 
(appendix p 8), we present only the MIROC6 models 
throughout the main text.

Data analysis 
We assessed at the species level the proportion of 
potential area that each species could lose or gain in the 
future (ie, in 2070) within their biogeographical region. 
Continuous probability maps generated by Maxent 
were transformed into a binary system, where values of 
absence (0) and presence (1) were assigned below and 
above a threshold. To set the threshold, we used the 
10% percentile criterion.30 We used the present and 
future binary maps to estimate the proportion of the lost 
or gained area compared with the potential original area 
in each biogeographical region.

For each cell grid on the map, we quantified the 
difference in the sum of suitabilities (ie, species 
richness) between the future and present scenarios. For 
each country, we estimated the mean species richness 
lost or gained by 2070. Because snakebites are particu-
larly common in low-income countries and in farm-
ing and pastoral communities,8,14 we integrated climate 
projections with socioeconomic scenarios. We combined 
the climatic scenario assessments with socioeconomic 
projections for 2070 (RCP2.6-SSP1, RCP4.5-SSP2, and 
RCP8.5-SSP5) to predict which countries will have more 
suitable areas for snake species (thereby presenting 
a risk to public health). We estimated the average density 
of the rural population, and the proportion of total area 
used for annual C3 plantations, C3 perennial plantations, 
C4 annual plantations, and C4 perennial plantations, 
and for livestock rearing for each country. Rural 
population density data were obtained from Jones and 
O’Neill (2016),31 and land-use data for agricultural 
plantations and livestock from Land-Use Harmonization 
(as described in Popp and colleagues, 2017).32 Our results 
were presented in relation to the most recent available 
data for each country’s gross domestic product per 
person (as of Sept 1, 2023). 

To calculate the number of snake species that could cross 
country borders, we used the binary maps to quantify for 
each country the species that were unlikely to be 
documented in the present (absence) but had a high 
probability of being documented in the future (presence). 
To assign new species to a country in the future, new areas 
had to be in an adjacent country not more than 750 km 
linearly from the original area. Knowledge of snake 

See Online for appendix

For more on Global Biodiversity 
Information Facility see https://
www.gbif.org/

For more on WorldClim see 
https://www.worldclim.com/

For more on Land-Use 
Harmonization see https://luh.
umd.edu

https://www.gbif.org/
https://www.worldclim.com/
https://luh.umd.edu
https://www.gbif.org/
https://www.gbif.org/
https://www.worldclim.com/
https://luh.umd.edu
https://luh.umd.edu
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species’ home range and dispersal distances is still poor, 
and these factors can vary a lot intraspecifically (depending 
on sex), interspecifically, and according to the time of the 
year.33–35 Species in the families Elapidae and Viperidae can 
move up to 300 m per day, accounting for more than 
100 km per year, and more than 5000 km over 50 years.36 
Therefore, our 750 km estimate could be considered 
a conservative approach, with a maximum distance of 
15 km moved per year. Additionally, this range also took 
into account the presence of strong geographical barriers, 
such as mountains and bodies of water, which would 
prevent snake dispersion.

Role of the funding source 
The funders had no role in study design, data collection, 
data analysis, data interpretation, or writing of the report.

Results 
Our projections of future climatic suitability for the 
209 included category 1 and 2 snake species showed that 
total species richness in 2070 was highest in South 
America, Africa, and south and southeast Asia (figure 1A; 
appendix pp 8–9). In South and Central America, high 
mean species richness was projected for Ecuador, 
northwest Colombia, Peru, a portion of the south, 
southeast, and northeast coast of Brazil, Panama, Costa 
Rica, Nicaragua, Guatemala, part of western Venezuela 
and Honduras, southern Mexico and Paraguay, and 
northeastern Argentina (figure 1A). In Africa, the highest 
mean species richness was projected for Ghana, Togo, 
Côte d’Ivoire, Benin, southern Nigeria, Cameroon, 
southern DR Congo, western Central African Republic, 
Uganda, Rwanda, Burundi, part of South Sudan, the 
Somalian coast, northwest Kenya, and the coast and south 
of Tanzania. In south and southeast Asia, high species 
richness was predicted mainly in southern and 
northeastern India, Bangladesh, Myanmar, Sri Lanka, 
Thailand, Viet Nam, Cambodia, Laos, the Philippines, 
central and western Indonesia, Malaysia, Brunei, and 
Timor-Leste (figure 1A). For projections of category 1 snake 
species only, mean species richness remained high in sub-
Saharan Africa and in southeast Asia, but decreased in 
South America compared with projections of category 1 
and 2 species richness (figure 1B). When projections were 

Figure 1: Mean species richness of all category 1 and 2 snake species (A) and of category 1 species only (B) globally, 2070
The map shown is for scenario RCP-8.5-SSP5 (2070), among five general circulation models (MIROC, HadGEM, MPI, MRI, and BCC). Mean species richness is represented by the sum of suitability.
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restricted to category 1 snakes, mean species richness also 
fell substantially in Australia (figure 1B).

When we compared the change in species richness 
over time, we projected that the most species will be lost 
in the Amazon region in South America and in southern 
Africa (appendix p 8). By contrast, regions of the eastern 
USA, northern Europe, and southeast Asia will gain 
substantial numbers of snake species (appendix p 8).

By 2070, we projected that climate change could result 
in the loss of habitable area for all snake subfamilies 
within their biogeographical regions (figure 2A). Some 
Viperinae (Atheris squamigera, Montivipera xanthina, and 
Pseudocerastes fieldi), Crotalinae (Porthidium nasutum, 
Bothrops brazili, and Protobothrops elegans), and 
Hydrophiinae (Acanthophis pyrrhus and Austrelaps 
labialis) were projected to lose more than 70% of their 

potential areas (figure 2A). Conversely, around 50% of 
species in the subfamily Viperinae were predicted to 
substantially gain climatically suitable potential areas 
(figure 2A). Three category 1 Viperinae—Bitis rhinoceros 
(251% increase), Vipera aspis (136% increase), and Vipera 
ammodytes (118% increase) had the highest increases in 
potentially suitable habitable areas (figure 2A). Likewise, 
some category 1 species in the Crotalinae and Elapinae 
subfamilies are also projected to substantially gain 
potentially suitable areas (figure 2A; appendix pp 2–7).

We projected that countries with extensive agricultural 
and livestock areas and lower gross domestic products 
would gain snake richness in 2070 (figure 3; appendix 
pp 10–11). Countries predicted to have an increase in 
snake species richness also had high rural population 
density, especially Bangladesh, Nepal, and Pakistan in 
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Asia, and Uganda and Kenya in Africa (figures 1A, 3A). 
Countries such as Bangladesh, India, Thailand, Uganda, 
Kenya, Liberia, Cameroon, Ukraine, and Lithuania were 
projected to have increases in snake richness in extensive 
agricultural areas (figures 1A, 3B, C). Nearly all of the 
largest production areas for annual (figure 3E) and 
perennial (figure 3F) C4 plants in 2070 were predicted to 
be in countries with low gross domestic products. For 
annual C4 plantations, Nigeria, Lesotho, and Cameroon 
are among the countries predicted to be most vulnerable 
to venomous snake bites due to increased species richness 
(figure 3E), whereas in terms of perennial C4 crops, 
Thailand, India, Pakistan, Bangladesh, Cameroon, 
Uganda, and Liberia are among the countires projected to 
be increasingly vulnerable (figure 3F). Some countries 
with low gross domestic products and high cattle 
production are also projected to have an increase in snake 
richness, including Somalia, Mali, Kenya, and Mauritania 
(figure 3D).

The countries projected to be most likely to gain new 
snake species from neighbouring countries were in Asia 
and Africa (figure 4). China, Myanmar, and Nepal were 
estimated to gain up to four new species each (figure 4). In 
Africa, the biggest gains in new species were predicted to 
occur in Niger and Namibia, and the highest number of 
species were predicted to cross country borders in west 
Africa more broadly (figure 4). The species predicted to 
have the potential to cross the greatest number of country 
borders in southeast Asia was Naja mandalayensis and in 
west Africa was B rhinoceros. Meanwhile, some species 
of venomous snakes that are associated with a high 
number of envenoming (eg, Bothrops asper, Daboia russelii, 
Naja naja, Echis ocellatus, and Naja nigricollis) will have an 
increase in climatically suitable areas, but were not 
projected to cross country borders (appendix pp 12–14).

Discussion 
Climate change can substantially modify the distribution 
of biomes worldwide16 and of the species that inhabit 
them.2 Our predictive modelling approach provides 
information about the potential effects of climate change 
on the geographical distribution of medically important 

venomous snake species (WHO categories 1 and 2) 
worldwide. The integration of species distribution 
models with future climatic and socioeconomic scenarios 
enabled us to predict that climate change will have the 
greatest effect on the distribution of venomous snakes in 
low-income countries that are likely to contain extensive 
areas for agriculture and livestock rearing. Our findings 
suggest that climate change will lead to the loss of species 
in some countries and the gain of new species in others, 
with implications for both public health and conservation.

By 2070, South America and southern Africa are 
predicted to be the regions with the highest losses in 
venomous snake species. Both regions are also projected 
to have high rates of snake habitat loss which, in addition 
to the predicted impact of climate change, could produce 
profound effects on biodiversity.22 Our predictions 
align with trends in the decline of tetrapods, including 
reptiles.18 Low-income countries generally have fewer 
conservation programmes and more knowledge short-
falls about venomous snakes than do higher-income 
countries,22 which limits the ability to develop strategies 
to mitigate and adapt to these effects of climate change.

When we analysed only species in WHO category 1, 
our results suggested increased climatic suitability for 
many species south of the Sahara and in southeast Asia 
in 2070. These regions already have the highest 
snakebite incidence and mortality,8,37,38 and thus changes 
in the species composition of category 1 venomous 
snakes could have serious consequences in 
communities that are already vulnerable. The risks of 
mortality and disability in resident populations could 
increase, since many of these regions have restricted 
access to medical treatment after snakebites because 
of poor infrastructure, poor-quality treatment centres, 
transportation issues, low confidence in medical ser-
vices, and poor availability and accessibility of effective 
antivenoms.39 The availability of effective antivenoms 
could be particularly uncertain in cases in which snake 
species have been predicted to migrate to countries that 
they were previously not found in.38,40 Furthermore, 
shifts in the geographical distribution of snakes are 
likely to increase envenomings of domestic animals, 
with negative social and economic outcomes.

Ecosystem health and human wellbeing are at risk 
from climate change.6,41 Thousands of endangered 
species could become extinct in the coming decades.18 
Among reptiles, snakes are the main lineage of predators 
and fulfil a key role in the structure and functioning of 
ecosystems.42 Additionally, venomous snakes are a highly 
important source of resources for pharmaceutical and 
biotechnological developments.43 However, our models 
predicted that potentially suitable habitats for many 
venomous snakes will be substantially reduced. Such 
potential loss of venomous snake species could be even 
larger than estimated, because snakes are among the 
vertebrate lineages with the most evident Linnean 
shortfall (ie, low knowledge about living species).44 Range 
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Projected new snake species

Figure 4: Potential number of new snake species in each country, 2070
The map shown is for scenario RCP-8.5-SSP5. 



Articles

www.thelancet.com/planetary-health   Vol 8   March 2024 e169

contractions will be more intense in biomes with high 
temperatures and high precipitation, such as tropical 
rainforests, which is of great concern because such 
biomes have the highest diversity of venomous snakes 
and also represent the largest gaps in knowledge of extant 
biodiversity.44 Therefore, the reduction of potentially 
suitable areas and the consequent reduction or extinction 
of snake populations or lineages could greatly alter 
ecosystem dynamics.

Our results suggest that several low-income countries 
in southeast Asia and Africa will become more climatically 
suitable for venomous snakes by 2070, and will have large 
expanses of agricultural and livestock areas. A previous 
study45 in southeast Asia showed an increase in the 
incidence of snakebite envenoming during the monsoon 
periods for various reasons, but generally the floods 
associated with these periods increase the likelihood of 
encounters between snakes and humans as snakes seek 
shelter in drier places. According to the 2022 report of the 
UN’s Intergovernmental Panel on Climate Change,46 the 
increase in global temperatures will raise the risk of 
floods during the monsoon periods in southeast Asia. 
Likewise, floods are likely to become more common in 
other regions of the world with a high incidence of 
snakebites.47 Thus, the risk of snakebites could increase 
even further.

Not only humans are likely to be affected by the 
predicted shifts in the distribution of venomous snake 
species. The incidence of envenomings of domestic 
animals is also likely to rise, with negative social and 
economic outcomes. Snakebites in livestock are of high 
concern in Africa, Asia, and Latin America, where rural 
communities depend on these animals as a direct source 
of income and food.14 The loss of livestock and the 
resulting reduced agricultural productivity could impair 
the subsistence of these rural populations.14,48

Our results suggest that venomous snake species 
could expand their geographical distributions and cross 
political borders, thus invading countries where they are 
currently absent. We estimated that Nepal, China, 
Myanmar, Niger, and Namibia are likely to receive the 
highest number of new species by 2070. This scenario 
implies new public health challenges for these and other 
countries (mainly low-income ones). Snake venoms vary 
greatly within and between species, which complicates 
the design of antivenoms and limits the therapeutic 
efficacy of these treatments.49 Therefore, the antivenoms 
generally used in those countries might not be effective 
for the neutralisation of the venoms of the introduced 
species, an issue that needs to be carefully considered by 
antivenom manufacturers and regulatory agencies.

Of the analysed species, B rhinoceros and N mandalayensis 
presented the highest potential to cross several borders 
between countries. B rhinoceros is distributed from Guinea 
to Togo in western Africa, whereas N mandalayensis is 
endemic to the central zone of Myanmar, inhabiting the 
acacia savannah and the Indaing forest (a seasonally dry 

tropical forest).50 As a consequence of climate change, 
dry areas of the planet (to which these species are 
adapted) will expand.16,51 The expansion of climatically 
suitable areas for B rhinoceros and N mandalayensis could 
increase the overlap between these species and human 
settlements, which could result in more snakebites. 
Meanwhile, among venomous snakes associated with 
a high toll of envenomings, deaths, and disabilities, our 
models suggest that climatically suitable areas for B asper, 
D russelii, N naja, E ocellatus, and N nigricollis will increase. 
Although these species are not predicted to cross borders, 
the expansion to areas with high climatic suitability could 
increase the number of snakebite envenomings.

Our study had several limitations. The models used in 
this study are based on an analysis of bioclimatic 
conditions and their predicted variations due to trends 
in climate change. However, additional variables are 
likely to also have a role in these future scenarios, 
including complex biotic factors (eg, changes in prey 
availability as a consequence of habitat destruction 
and diseases,52 expanded distribution of snake preda-
tors, indiscriminate killing of some snake species by 
humans). Moreover, areas that we predicted could 
provide suitable climatic areas in 2070 might not be 
reached by species because of interspecific competition 
or simply because of the low potential of snake species 
dispersion. Similarly, deforestation can also modify 
the landscape structure, hindering the dispersion of 
specialist species, which are more vulnerable to anthro-
pogenic impacts.53 Additionally, stochastic factors, such 
as natural disasters, wars, and infectious pandemics can 
affect the future distribution of snake species, potentially 
limiting the predictive power of our models.

Overall, our findings emphasise that renewed regional 
and global efforts are needed to strengthen scien-
tific research and conservation policies, particularly in 
countries that are likely to have the heaviest losses 
in snake species. Furthermore, the trans-border shift in 
snake habitats that we projected will necessitate 
collaboration between neighbouring countries, regional 
health authorities, and the international community, 
to ensure that low-income countries will be able to 
effectively face these new risks to public health due 
to climate change.
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