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Figure 2 shows the spatial distribution of factors that might be as-
sociated with snakebites and their spatial relationship stratified by
geographically weighted regression (GWR). We considered elevation
(Fig. 2A) as a proxy for temperature, which linearly decreases with al-
titude (17) and rainfall (Fig. 2B), both being major environmental fac-
tors associated with terciopelo abundance and activity (9). Poverty gap
index (Fig. 2C) and percentage of destitute housing (Fig. 2D) were
analyzed to account for socioeconomic factors that might determine
the occurrence of snakebites, as observed for other NTDs in CR (17).
Results from GWR showed a negative association between average can-
ton elevation and the cumulative number of snakebites (Fig. 2A). Rain-
fall demonstrated different impacts on snakebites. In wetter regions
(Southern Pacific basin), higher precipitation was negatively associated
with snakebites (Fig. 2B). In contrast, high precipitation in drier regions
(Northern Pacific basin) increased the risk of snakebites (Fig. 2B). Over-
all, a high poverty gap index was predictive of snakebites (Fig. 2C), and
a similar pattern was observed for the percentage of destitute housing,
especially in rural areas (Fig. 2D). GWR was highly successful in explain-
ing snakebite spatial patterns because 82% of the deviance was explained
by the model (local deviance explanation ranged from 0.47 to 0.88), with
the best performance observed in the Pacific basin of CR (fig. S2 and table
S1), where snakebite hotspots occur (Fig. 1B and fig. S4).

Figure 3 shows temporal patterns of snakebite incidence in CR.
Figure 3A depicts the monthly snakebite incidence during the study
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period; most peaks coincide with the hot and cold phases of ENSO
in CR. Seasonal patterns (Fig. 3B) show low monthly variability. Never-
theless, the median snakebite incidence was highest in June and July,
with a secondary smaller peak in November. Snakebite incidence was sig-
nificantly autocorrelated (that is, temporally associated), with snakebites
in previous months occurring at lags of 1, 3, 4, 7, 8, and 14 months, as
revealed by an autocorrelation function (ACF) (Fig. 3C); had a signifi-
cantly negative cross-correlation [cross-correlation function (CCF)] with
rainfall 11 months before snakebites occurred (Fig. 3D); and had a sig-
nificantly positive cross-correlation with temperature 1 month before
snakebites occurred (Fig. 3E). A cross-wavelet coherency analysis (Fig.
3F) showed that snakebite incidence and sea surface temperature 4 (SST4)
were associated nonstationarily (that is, nonconstantly) at interannual
scales, with cycles of about 18-month periods in snakebites being syn-
chronous with ENSO activity between 2009 and 2012, a pattern also
shown by raw snakebite incidence data (Fig. 3A). On the basis of in-
formation from ACFs and CCFs and after a rigorous process of model
selection (table S2), we fitted the following model:

Nt ¼ mþ ϕ1ðNt−1 − mÞ þ ϕ7ðNt−7 − mÞ þ aTt−1 þ bRt−11 þ et ð1Þ

where N is the logarithm of monthly snakebite incidence, T stands for
temperature, R stands for rainfall, t indicates time, and et ~ N(0, s2).
Parameter estimates are presented in Table 1. Parameters indicate that, on
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Fig. 1. Snakes and snakebites in CR. (A) The terciopelo B. asper. (B) Aver-
age annual snakebite incidence, by canton, from 2005 to 2013. County color

indicates snakebite incidence rate, county boundary color indicates relative
risk, and a marking described in the map legend indicates the primary cluster.
Fig. 2. Variables spatially associated with snakebites in CR. (A) Altitude.
(B) Rainfall. (C) Poverty gap index. (D) Destitute housing. Coefficients are shown (in

the legend of each panel) only when pseudo t values are significant (P < 0.05).
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average (exp(m)), 4.30 snakebites per 100,000 people per month were re-
corded. Snakebite incidence increased by 24% for every unit increase in
temperature (in degrees Celsius) above the average temperature (exp(a))
and decreased by 1% for every 7-mm increase in rain above the average
rainfall (exp(b)).
DISCUSSION

Our analysis shows that snakebites are associated with changes in
temperature and rainfall across time, and that unusually high numbers
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of snakebites occur during the cold and hot phases of ENSO. Spatially,
we found that snakebites cluster in the most humid lowland areas of CR,
where terciopelos are distributed, and are more frequent in the poorest
areas of regions with similar weather patterns. This combination of pat-
terns highlights the fact that snakebites follow meteorological changes,
and these patterns most likely reflect the impact of meteorological fluc-
tuations on snake biology. For example, the 7-month autoregressive lag
in the number of snakebites in our model coincides with the reproduc-
tive phenology of terciopelos (9); this can be translated as a lag in the
recruitment of juvenile terciopelos, which more frequently bite humans
engaged in agricultural activities (1). Moreover, terciopelos are known
Fig. 3. Temporal snakebite incidence patterns in CR. (A) Monthly time series from 2005 to 2013; colors indicate the phases of ENSO as explained in
the legend (inset). (B) Seasonality in snakebite incidence; monthly box plot shows the log-transformed number of snakebites, and colors indicate the

different phases of ENSO. (C) ACF of monthly snakebites. (D) CCF between snakebites and temperature. (E) CCF between snakebites and rainfall. (C to E)
Dashed lines represent the 95% confidence interval for correlations expected to arise randomly. (F) Cross-wavelet coherence analysis of snakebites and
ENSO. We used SST4 as an ENSO index. In the analysis, a 6-month smoothing window was used. The cross-wavelet coherence scale is from 0 (blue) to
1 (red). Red regions in the plots indicate frequencies and times for which the two series share variability (or power). The cone of influence (in which results
are not influenced by the edges of data) and the significantly coherent time-frequency regions (P < 0.05) are indicated by solid black lines.
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