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Abstract

Dengue fever is a mosquito-borne iliness that infects 390 million people annually. Dengue
outbreaks in Guatemala have been occurring more often and at increased rates since the
first dengue outbreak in Guatemala in the 1970s. This study will examine environmental and
socioeconomic factors associated with dengue in Guatemala at the municipality (county)
level. Socioeconomic factors included population density, Mayan population, economic
activity, and attending school. Environmental factors included average minimum annual
temperature and annual precipitation. The relationship between environmental and socio-
economic variables and dengue fever incidence was initially evaluated through univariate
zero-inflated negative binomial models, and then again through three zero-inflated multivari-
ate negative binomial regression models. For all three models, elevation was considered a
predictor of zero-inflation. In the combined model, there was a positive relationship between
minimum temperature, economic activity and dengue fever incidence, and a negative rela-
tionship between population density, Mayan population and dengue fever. Predicted rates
of dengue fever incidence and adjusted confidence intervals were calculated after increas-
ing minimum yearly temperature by 1°C and 2°C. The three municipalities with the highest
minimum yearly temperature (El Estor, Iztapa, and Panzés) and the municipality of Guate-
mala, all had an increase in the magnitude of the risk of dengue fever incidence following
1°C and 2°C increase in temperature. This research suggests that these socioeconomic and
environmental factors are associated with risk of dengue in Guatemala. The predicted rates
of dengue fever also highlight the potential effect that climate change in the form of increas-
ing temperature can have on dengue in Guatemala.
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Introduction
Global burden of dengue

Dengue fever is one of the most prevalent mosquito-borne diseases, and the reported cases
have increased substantially over the past two decades [1]. In 2019, cases were reported from
129 countries. In addition, the actual number of dengue cases is underreported due to many
asymptomatic or self-managed cases [1]. Bhatt et al. (2013) estimated 96 million dengue infec-
tions being diagnosed clinically and 390 million dengue infections per year [2]. Additionally,
Zeng et al. (2021) approximated the number of deaths due to dengue fever has increased from
16,957 in 1990 to 40,467 in 2017, and there were 2,922,630 disability adjusted life years
(DALYs) globally attributable to dengue in 2017 [3]. Although dengue fever incidence and
deaths appear to have decreased for 2020 and 2021, COVID-19 most likely limited case report-
ing in many countries [1].

Aedes aegypti and dengue

The mosquito Ae. aegypti is the primary vector of dengue virus transmission to humans [4, 5].
Ae. aegypti favor tropical and subtropical areas of the world; however, Ae. aegypti distribution
could increase over time as climate change will result in higher global temperatures and lead to
currently unfavorable areas being slowly transformed into areas more suitable for mosquito
development [6].

Dengue virus (DENV) is characterized by four serotypes, DENV 1-4 [7]. When a person is
bit by an Ae. aegypti mosquito and infected with dengue, they can develop mild or severe
symptoms. Mild symptoms include fever, aches and pains, nausea, vomiting, and/or a rash
which can be confused for the symptoms of common illnesses [8]. Once an individual has had
dengue, infection with a different strain can result in severe dengue, also called dengue hemor-
rhagic fever. Dengue hemorrhagic fever can result in life-threatening symptoms only a few
hours after infection and requires hospitalization [8].

Climate and dengue

Naish et al (2014) conducted a systematic review of dengue and found that climate change will
result in increased climatic suitability for dengue transmission as well as a geographical expan-
sion of the regions at risk. Factors associated with climate change, such as increasing tempera-
tures, rainfall and humidity could increase the rate of mosquito development, reduce virus
incubation time, and create more breeding sites for Ae. aegypti [9]. Ae. aegypti distribution,
and thus inherently dengue distribution, will expand as currently unfavorable areas are slowly
transformed into more tropical or subtropical areas [6, 10]. Patz et al. (1998) examined the
potential risk of increased disease transmission posed by climate change using computer-
based simulation analysis. They found the largest increase in global epidemic potential in tem-
perate regions. They also found that at increased temperatures, less mosquitoes will be needed
to maintain dengue in regions where it is already endemic [11]. Tran et al. (2020) studied the
potential threshold effects of climatic factors on dengue vector indices and found that an
increase in 1°C in regions with an average warmer temperature (30.17°C) resulted in a larger
increase in dengue infection rates than a 1°C increase in regions with an average colder tem-
perature (27.21°C) [12].

Factors associated with dengue in Guatemala

Guatemala is located in Central America. It is a small country, approximately the size of Ken-
tucky in the United States [13], and it is located south of Mexico on the Pacific Coast.
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Generally, the terrain has a low-lying warm humid coastal zone, and interior highlands with
altitudes up to 4,211 meters. Guatemala has a relatively large indigenous population (43.75%)
which primarily identifies as Mayan [14]. Guatemala’s official language is Spanish with 69.9%
of the Guatemalan population being Spanish speakers; however, 31% speak any one of a num-
ber of Mayan (29.7%), Xinca, and Garifuna (combined 0.4%) languages [14, 15].

Dengue is widespread in Central America including Guatemala [16]. The mosquito Ae.
aegypti was considered eradicated from Guatemala in 1959 [17] but has been reintroduced.
Dengue fever outbreaks first reemerged in Guatemala in the late 1970s [18]. The second out-
break did not occur until 1987 in the rainy season of Southern Guatemala’s Escuintla. Since
that time, outbreaks have been occurring more often and at increased incidence rates with the
largest dengue outbreak occurring in 2010 [16, 19]. Signor et al. (2020) studied 17 years of den-
gue fever surveillance data in Guatemala (2000 to 2016) in order to describe and identify epi-
demiological trends [16]. Several waves of dengue were identified, the largest peak occurring
in 2010 and additional waves in 2003-2005 and 2012-2014. All four serotypes of dengue virus
(DENV 1-4) were circulating in Guatemala, and more cases occurred during the rainy season
from July through October [16]. Zika was additionally introduced into Guatemala by 2015 fol-
lowed by Chikungunya, and both occurred along with dengue [20].

Socioeconomic risk factors in Guatemala, including rapid growth of the population density,
increased population mobility, poverty, and lack of basic services, have contributed towards
the spread of dengue’s epidemiological impact [19, 21]. Literacy and education have been asso-
ciated with Ae. aegypti control practices, and school attendance has been found to impact den-
gue-related knowledge, attitudes, and practices [22-24]. Income has also been associated with
Ae. aegypti with higher income areas having lower mosquito infestation rates and a potential
lower risk of infection [25]. Having access to the internet contributes to quicker surveillance of
infectious disease and rapid application of control strategies [26]. Another variable, urban pop-
ulation, has been positively associated with the number of dengue cases [27]. Additionally,
homes without indoor plumbing can contribute to increased risk of dengue fever [28, 29], and
population density has been associated with Ae. aegypti prevalence and dengue incidence [30-
32]. Environmental risk factors have also been studied in Guatemala. Temperature and
humidity are favorable for Ae. aegypti proliferation, and precipitation can be an effective pre-
dictor of dengue activity [19]. Other climatic factors that can affect dengue transmission in
Central America are extreme anomaly phenomena such as El Nifio Southern Oscillation
(ENSO) [33].

The objectives of this study were to investigate socioeconomic and environmental variables
associated with dengue fever incidence in Guatemala. Few studies have been conducted on
dengue in Guatemala, yet there are typically tens of thousands of cases per year. We hypothe-
sized that population density, economic activity, temperature, and precipitation would be posi-
tively associated with dengue cases, while school attendance and Mayan population would be
negatively associated with dengue cases. We also hypothesized that modeling an increase in
temperature of Guatemalan municipalities by 1°C- 2°C could increase dengue fever incidence
in those municipalities.

Materials and methods
Ethics statement

This analysis used anonymous secondary sources of data collected for surveillance purposes
and ethical approval was not required. No experimental work was undertaken outside of the
analysis of anonymous secondary data.
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Socioeconomic and environmental variables

Municipality-level socioeconomic data were retrieved from the 2018 Guatemala census (XII
Censo Nacional de Poblacion y VII de Vivienda) produced by the Instituto Nacional de Esta-
distica Guatemala, available at ine.gob.gt [14]. The previous Guatemala census was conducted
in 2002. In 2018, the population of Guatemala was 14,901,286. Guatemala is composed of 22
departments and 340 municipalities [14].

Socioeconomic variables considered for analysis were based on previous findings in the lit-
erature [22-32]. Variables included school attendance, economic activity, Mayan population,
and population density. School attendance was defined as the percent of the population aged 7
or older that currently attend school. Economic activity was measured as the percent of the
population aged 15 or older that are economically active. The Guatemala Census of 2018 did
not contain an income variable; thus, the economically active population was chosen as a
proxy for income. Population density was measured as the total population in a municipality
divided by the total area (km?) of that municipality. Mayan population was defined as the per-
cent of the population that identified as Mayan. The variable Mayan population was included
because ethnic Mayan speak over 22 languages with different dialects which could make lan-
guage barriers a challenge for health promotion and health services, as they may only target
Spanish-speaking audiences [34, 35]. These variables were considered for inclusion in zero
inflated negative binomial regression models, discussed below (Statistical Methods).

Environmental data were obtained from the Ministry of the Environment of Natural
Resources [36]. Latitude and longitude of the county seat (the city that is the administrative
center of the municipality), were obtained from Sistema Nacional de Informacién Territorial
(SINIT) of the Secretaria General de Planificacion y Programacion de la Presidencia (SEGE-
PLAN). Data correspond to the location of each county seat (cabecera municipal). Environ-
mental variables included the average minimum yearly temperature (°C), and total annual
precipitation (mm), and elevation at the head of the municipality (county seat). Environmental
variables were considered for analysis based on previous findings in the literature [32, 33];
these variables were also considered for inclusion in the regression models described below.

Dengue cases

Total dengue cases for each of the 340 municipalities for 2017 and 2018 were obtained from
the Ministry of Health of Guatemala (S1 Table). In 2015-2016, chikungunya and Zika were
introduced into Guatemala and they were the focus of surveillance efforts; few dengue cases
were reported in 2015-2016, relative to previous years. The years 2017-2018 were selected for
analysis due to dengue case counts returning to levels similar to those reported before the
introduction of chikungunya and Zika.

Data from 2017 and 2018 were combined for analysis. Data available for dengue cases was
not distinguished as DENV 1-4. Cases were classified as mild (classic dengue) or severe (den-
gue hemorrhagic fever); only classic dengue were included. Dengue hemorrhagic fever (DHF)
is extremely rare and individuals with DHF were not included due to low case counts. Cases
were reported from small clinics and hospitals and made available for each municipality.

Statistical methods

Calculation of incidence rate of dengue for each municipality. The incidence rate of
dengue in each municipality was calculated. The number of dengue cases in the municipality
for 2017-2018 combined was divided by the population in the municipality and the result was
multiplied by 100,000. The rate is the cases per 100,000 people living in a municipality. The
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total dengue cases per year was also determined for 2017, 2018, and 2017-2018 combined for
the entire country.

Univariate zero-inflated negative binomial regression modeling

The socioeconomic and environmental variables described above were considered as predic-
tors of dengue cases for regression models. Dengue cases are not normally distributed in
municipalities; some municipalities have no or few cases and others have numerous cases.
Dengue cases had a Poisson-like (right-skewed) distribution. While both Poisson and negative
binomial regression models were initially considered, a likelihood ratio test detected signifi-
cant evidence of overdispersion in the negative binomial model, suggesting that the negative
binomial model was more appropriate than the Poisson model [37]. As a large number of
municipalities (37.4%; 127/340) had zero incidences of dengue fever from 2017-2018, zero-
inflated negative binomial (ZINB) models were also considered for analyses. Using base mod-
els without any covariates, the Akaike information criterion (AIC) and Bayesian information
criterion (BIC) were compared between the negative binomial regression and the zero-inflated
negative binomial regressions. As the AIC and BIC were lower for the zero-inflated negative
binomial regression than for negative binomial regressions, ZINB regression was selected for
analyses.

ZINB models were used to examine the relationship between the individual predictor socio-
economic and environmental variables (attending school, economically active, Mayan, popula-
tion density, minimum temperature, and precipitation) and the rate of dengue cases per
municipality (2017-2018) [37]. For all models, elevation was considered as a predictor of zero-
inflation. The rationale behind this consideration was that higher elevations have cooler tem-
peratures that do not meet the breeding requirements of Ae. aegypti, thus resulting in zero
dengue cases in many of those municipalities.

In order to compare the 340 municipalities with differing populations, the socioeconomic
count variables were first population standardized by dividing each observation by that muni-
cipality’s population. All covariates were then also converted to z-scores by subtracting the
sample mean and dividing by the sample standard deviation for each variable. All analyses
were implemented using Stata 17.0. Predictor variables with p-values less than 0.05 were con-
sidered significant.

Modeling municipality rates of dengue: Zero-inflated negative binomial
regression

ZINB multivariate models were used to assess if the rate of dengue cases per municipality
(2017-2018) was associated with the socioeconomic or environmental variables above. Prior
to running multivariate modes, all independent variables were examined for co-linearity to
determine if any variables were significantly correlated. Zero-inflated negative binomial
regressions were run separately for three groups of data, 1) socioeconomic variables, 2) the
environmental variables, and 3) a combined model which included all the socioeconomic and
environmental variables from the two models above. The socioeconomic variables included
percent of the population attending school, percent of the population that are economically
active, percent of the population that is Mayan, and population density. Environmental vari-
ables included average minimum annual temperature and total annual precipitation.

Prediction values: Influence of temperature on predicted dengue cases

To examine the influence of temperature on predicted rates of dengue, seven representative
municipalities were chosen to run predictions using a temperature increase in those
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municipalities by 1°C and 2°C. The seven municipalities included were the three municipali-
ties with the lowest annual minimum temperature, the three with the highest minimum tem-
perature, and the municipality of Guatemala, which contains the highly populated capital
Guatemala City. Variables used in the previously mentioned combined model (Model 3) were
included, which were percent attending school, percent economically active, percent Mayan,
population density, temperature, precipitation, and elevation (as an inflate variable). The pre-
viously mentioned variables were all fixed using data in the original model for dengue cases
2017-2018. For each prediction interval, temperature was increased by 1°C and 2°C. The ideal
temperature for Ae. aegypti survival has been identified as 20°C to 30°C [38], while other stud-
ies have specified steep increases in dengue incidence from 22°C to 29°C [39]. The three
municipalities with the lowest minimum annual temperature, San Jose Ojetenam, Concepcion
Tutuapa, and Sibilia (4.78°C, 5.03°C, 5.10°C), all have average minimum temperatures far
below the ranges of temperatures ideal for mosquito development, thus it is expected that the
predicted rates of dengue fever incidence would be nonsignificant. The three municipalities
with the highest minimum yearly temperatures were El Estor, Iztapa, and Panzos (22.56°C,
22.60°C, 22.78°C) which were all within the aforementioned 20°C to 30°C and 22°C to 29°C
[39] temperature ranges predicted to be suitable for Ae. aegypti survival or an increase in den-
gue incidence. Thus, it was expected that 1°C and 2°C increases in temperature in municipali-
ties with the highest minimum yearly temperature would likely lead to a higher predicted rate
of dengue fever.

Results
Incidence rate of dengue in Guatemala (2017-2018)

There were a total of 4,210 dengue cases for the year of 2017, and 7,414 dengue cases for the
year of 2018, with a total of 11,624 dengue cases for the two-year combined period in Guate-
mala. The incidence rate of dengue in the municipalities of Guatemala for the two-year period
(2017-2018) ranges from a low of 0 cases/ 100,000 to a high of 1,923 cases/ 100,000 people.
The municipalities with higher incidence rates were more common on the periphery of the
country, much of which has lower elevations (Figs 1 and 2). The inland portion of the country
has higher elevation (Fig 2), lower minimum temperatures (Fig 3), and a higher percent of
Mayan population (Fig 4). The municipalities with the top 10 incidence rates are shown in
Table 1 alongside their population densities.

The univariate zero-inflated negative binomial regressions of socioeconomic variables
revealed a statistically significant negative association with population density (IRR = 0.75,
95% CI: 0.65, 086), and Mayan population (IRR = 0.51, 95% CI: 0.41, 0.65) (Table 2). The vari-
ables which were not significant were attending school and economically active. For environ-
mental variables, minimum yearly temperature had a significant positive association with
dengue cases (IRR = 3.86, 95% CI: 2.84, 5.28). Mean total precipitation was not significant
(Table 2).

Zero-inflated multivariate negative binomial regressions

The zero-inflated multivariate negative binomial regression model of socioeconomic variables
found that population density (p<0.001) and percent Mayan population (p<0.001) were sig-
nificantly associated with the rate of dengue fever (2017-2018) (Table 3). The percent Mayan
population had a negative relationship with the incidence rate ratio; an increase of one stan-
dard deviation (SD) Mayan population decreased the risk of dengue fever incidence by a factor
of 0.52 (Table 3). Similarly, population density had a negative relationship with the incidence
rate ratio; an increase of one standard deviation (SD) in population density decreased the risk
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Fig 1. Dengue fever incidence rates per 100,000 people in Guatemala by municipality for the combined years of
2017 and 2018. Maps were made in ArcGIS 10.8 using Guatemala shape files available at the Secretariat of Planning
and Programming of the Presidency (SEGEPLAN) of Guatemala, available at http://ide.segeplan.gob.gt/descargas.php.

https://doi.org/10.1371/journal.pone.0308271.9001

of dengue fever incidence by a factor of 0.72 (Table 3). For the environmental model, tempera-
ture (p = 0.001) was a strong, significantly positive predictor of the rate of dengue fever cases
(Table 4), while precipitation was not significant (Table 4)

The combined model for socioeconomic and environmental variables main effects found
that minimum annual temperature (p< 0.001) and economic activity (p = 0.002) were signifi-
cant positive predictors of dengue, while population density (p = 0.02) and Mayan population
(p<0.001) were significant and were negatively associated with the rate of dengue fever cases
(Table 5).

Several factors increased the risk of dengue fever incidence. The risk of dengue incidence in
a municipality increased by a factor of 3.70 for every one SD increase in minimum yearly tem-
perature. An increase of one SD in the percent of economically active people in a municipality
increased the risk of dengue fever incidence by a factor of 1.53. In addition, several factors
decreased the risk of dengue. An increase of one SD in population density in a municipality
reduced the risk of dengue by a factor of 0.82. Finally, for every SD increase in the percent of
Mayan population, the risk of dengue fever incidence in that municipality was reduced by a
factor of 0.64.

Predicted values and adjusted confidence intervals

Predicted rates of dengue and corresponding confidence intervals were calculated for seven
representative municipalities of the final model; this was done by increasing the temperature
of those municipalities (Table 6). Predicted values and their corresponding confidence inter-
vals were first calculated for when the all the variables in the combined model (Table 5, includ-
ing temperature) were fixed at their sample values (Table 6). The municipalities with the
lowest minimum temperatures, San Jose Ojetenam, Concepcion Tutuapa, and Sibilia all had
an incidence rate ratio (IRR) of 0 for dengue fever for the fixed temperature scenario. Subse-
quently, there was a less than or near 1 IR after the temperature adjustments (Table 6).
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Fig 2. Elevation in municipalities in Guatemala. Darker coloration indicates higher elevation in the interior of the country. Maps were made in ArcGIS 10.8 using
Guatemala shape files available at http://ide.segeplan.gob.gt/descargas.php.
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Elevation (m)

For the three municipalities with the highest minimum temperature, El Estor, Iztapa and
Panzds, an increase in temperature did lead to a prediction of increased cases of dengue fever.
El Estor, Iztapa, and Panzos had dengue fever IRs of 109.80, 349.17, and 104.35, respectively
for the fixed temperature scenario and had higher rates of dengue fever after increasing tem-
perature by 1°C (140.34, 446.29, 133.38), which increased further after increasing the tempera-
ture by 2°C (179.38, 570.43, 170.47). Similarly, the municipality of Guatemala had a dengue
fever IR of 20.74 in the fixed temperature prediction scenario and an increased dengue fever
IR for the 1°C increase scenario (30.34) and even further for the 2°C prediction scenario
(38.78).
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Discussion

This study contributed to understanding how environmental and socioeconomic factors influ-
ence the distribution of dengue fever cases in Guatemala. This was initially evaluated through
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Fig 4. For each municipality in Guatemala, the percent of population which is Mayan. Maps were made in ArcGIS
10.8 using Guatemala shape files available at the Secretariat of Planning and Programming of the Presidency

(SEGEPLAN) of Guatemala, available at http://ide.segeplan.gob.gt/descargas.php.
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Table 1. Guatemalan municipalities with highest incidence rates of dengue for 2017-2018 / 100,000 residents.

Municipality Incidence Rate per 100,000 Population Density
Coatepeque 1923.82 251.47

Genova 1245.43 222.42

Teculutan 931.71 83.04

Cabanas 872.37 98.42

Antigua Guatemala 790.38 667.59

Catarina 716.33 368.12

Zacapa 691.78 147.07

Guastatoya 680.88 113.81

Pachalum 644.87 211.27

https://doi.org/10.1371/journal.pone.0308271.t001

univariate zero inflated negative binomial (ZINB) regressions for the environmental and
socioeconomic variables and the dengue cases, and then again through three zero-inflated
multivariate negative binomial regression models. Finally, we examined how an increase in
temperature contributed to predicted dengue cases in municipalities with the lowest and high-
est minimum annual temperature. For the univariate ZINB models, there was a statistically sig-
nificant positive association of minimum temperature with dengue fever incidence, and a
negative association with population density and Mayan population.

The multivariate regression models similarly pointed to variables which were significant
predictors of dengue fever. When all variables were combined, the significant variables which
were positively associated with dengue included minimum temperature and economic activity,
while the variables population density and Mayan population were negatively associated with
dengue fever. Precipitation was found to not be significantly associated with dengue cases,
which contrasts with previous studies [11, 19, 32].

A significant finding from our study is the association between population density and den-
gue fever incidence. Population density has often been found to be associated with dengue
incidence in previous studies [30-32]. For example, Tsuzuki et al. (2009) found that premises
with six or more residents had significantly higher odds of repeated Ae. aegypti infestation
when compared to households with 1-3 residents [31]. However, the present study found the
relationship between population density and dengue fever was negative. A negative relation-
ship between population density and dengue has been explained by others as well. For exam-
ple, a significantly negative association was found by Schmidt et al. (2011); population
densities ranging between ~ 3000 to 7000 people/km” in Vietnam were prone to dengue out-
breaks [30]. These population densities were usually attributable to villages and peri-urban
areas that did not have an adequate piped tap water supply. In the present study in Guatemala,

Table 2. Univariate zero-inflated negative binomial regression models including socioeconomic and environmen-
tal variables, and incidence rate ratios of the dengue cases for each municipality (2017-2018). IRR = Incidence
rate ratio, CI = Confidence interval. N = 340 municipalities; * p<0.05.

Variables IRR (95% CI)
Population Density 0.75 (0.65, 0.86) *
% Attending School 0.84 (0.64, 1.12)
% Economically Active 1.06 (0.82, 1.38)
% Mayan 0.51 (0.41, 0.65) *
Min Temperature 3.86(2.84,5.28) *
Precipitation 1.01 (0.86, 1.18)

https://doi.org/10.1371/journal.pone.0308271.t1002
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Table 3. Socioeconomic variables included in the zero-inflated negative binomial regression model predicting
incidence rate ratios of the dengue cases of each municipality in 2017-2018 (N = 340). IRR = Incidence rate ratio,

CI = Confidence interval, OR = Odds Ratio. * p < 0.05.

Variables
Population Density
% Attending School
% Economically Active
% Mayan

Intercept

Inflate

Elevation

Intercept

Model Fit

Alpha

https://doi.org/10.1371/journal.pone.0308271.t003

IRR (95% CI)

0.72 (0.61, 0.85) *
0.89 (0.67, 1.18

1.11 (0.86, 1.44)
0.52 (0.41, 0.65) *
0.0007 (0.0006, 0.0009) *
OR (95% CI)

22.66 (8.20, 62.61) *
0.06 (0.02, 0.18) *
Coefficient

2.43 (2.00,2.92)

low population density municipalities might lack tap water and instead use water storage con-
tainers that could be breeding sites for Ae. aegypti. Another possibility is that the most densely
populated areas are at medium or higher elevation, with cooler temperatures and less hospita-
ble to mosquito development. For example, the capital Guatemala City is highly populated and
at 1493 m (~4900 ft) elevation, as is nearby Antigua Guatemala (1500m). Many of the high
incidence areas on the map are on the coast at low elevation areas, in areas with low to moder-
ate population density, and the areas with highest minimum temperature.

This is the first study to examine and find a significant relationship between percent Mayan
population and the risk of dengue fever incidence at the municipality level in Guatemala.
Mayan population had a negative relationship with dengue incidence. Ethnic Mayan speak
over 22 languages with different dialects which could make language barriers a challenge for
health promotion and health services, as they may only target Spanish-speaking audiences
[35]. Multiple studies have found Spanish fluency to be a significant predictor of health ser-
vices utilization in Guatemala [40, 41]. However, in contrast, percent Mayan had a protective
effect, municipalities with a higher percentage of Mayan population had a lower incidence of
dengue fever. The Mayan populations may also live in areas with cooler temperatures that are
less suitable for mosquito development, at higher elevations (Figs 2 and 4).

An important significant finding of our study was the impact of temperature on dengue
risk. There was a positive relationship between average minimum yearly temperature and den-
gue fever incidence in Guatemala from 2017-2018. This result complements studies which
found temperature significantly associated with dengue vector reproduction and transmission

Table 4. Zero-inflated negative binomial regression model for environmental variables predicting incidence rate

ratios of the dengue cases of each municipality in 2017-2018 (N = 340). * p < 0.05.

Variables

Min Annual Temperature

IRR (95% CI)
4.13 (2.95,5.78) *

Precipitation 0.89 (0.75, 1.06)
Intercept 0.0004 (0.0003, 0.0006) *
Inflate OR (95% CI)

Elevation 19.80 (5.94, 66.01) *
Intercept 0.04 (0.01, 0.16) *
Model Fit Coefficient

Alpha 2.41(2.00, 2.91)

https://doi.org/10.1371/journal.pone.0308271.t1004
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Table 5. Zero-inflated negative binomial regression model with combined socioeconomic and environmental var-
iables, and incidence rate ratios of the dengue cases for each municipality (2017-2018). N = 340 municipalities; *
p<0.05.

Variables IRR (95% CI)
Population Density 0.82 (0.68, 0.98) *
% Attending School 0.86 (0.68, 1.10)

% Economically Active *

1.53 (1.21, 1.94
0.64 (0.51,0.81
3.70 (2.61, 5.24
1.04 (0.87, 1.25
0.0003 (0.0002, 0.0004) *

Inflate OR (95% CI)

*

% Mayan

Min Temperature *

= | =

Precipitation

Intercept

Elevation 16.81 (4.34, 65.02) *
Intercept 0.032 (0.006, 0.17) *
Model Fit Coefficient

Alpha 2.26 (1.87,2.74)

https://doi.org/10.1371/journal.pone.0308271.t1005

[42-45]. Gomez Gomez et al. (2022) investigated the association between climatic factors and
dengue fever in Asuncion through piecewise regression models and found that minimum tem-
perature was positively associated with dengue cases when the temperature was less than 21.3°
C and negatively associated with dengue when greater than 21.3 °C [46]. Singh et al. (2022)
also evaluated the relationship between minimum temperature and dengue incidence; how-
ever, they adjusted their minimum temperature to a two-month lag and found that minimum
temperature at a 2-month lag was the best predictor of dengue incidence in Delhi [47]. Addi-
tionally, many studies found that minimum temperature was more predictive for dengue risk
than maximum or mean temperatures [48-50]. Our study was also able to determine that min-
imum annual temperature was a better fit for the zero-inflated negative binomial model when
compared to maximum or mean annual temperature.

Furthermore, elevation was considered as a predictor of zero-inflation, thus was used as an
inflate variable for the zero-inflated negative binomial regressions. Others have found that
Guatemalan land areas with elevations above 2000 meters have been modeled to have Ae.
aegypti in only 0.90% of their land areas [51]. In all zero-inflated negative binomial regression
models elevation was significant as an inflate variable.

Table 6. Predicted rates of dengue fever (DF) incidence rate with an increase in temperature of 1-2°C for the three municipalities with the lowest minimum annual
temperature, three with the highest minimum temperature, and for the municipality of Guatemala, which contains the capital Guatemala City.

Municipality Annual Min.
Temp

Concepcion 4.78°C

Tutuapa

San Jose Ojetenam | 5.03°C

Sibilia 5.10°C

El Estor 22.56°C

Iztapa 22.60°C

Panzos 22.78°C

Guatemala 14.44°C

DF IR* per 100,000 with Fixed Temperature | DF IR per 100,000 After 1°C Increase | DF IR per 100,000 After 2°C Increase

IR (95% CI)
0.04 (-0.04, 0.12)

0.16 (-0.25, 0.56)

0.57 (-0.23, 1.40)
109.80 (47.86, 171.74)
349.17 (193.13, 505.21)
104.35 (46.63, 162.07)
20.74 (0.63, 46.86)

*DF = Dengue fever, IR = incidence rate

https://doi.org/10.1371/journal.pone.0308271.t006

IR (95% CI)
0.05 (-0.05, 0.16)

0.20 (-0.32, 0.72)

0.73 (-0.29, 1.75)
140.34 (55.12, 225.56)
446.29 (227.85, 664.73)
133.38 (53.61, 213.15)
30.34 (0.43, 60.25)

IR (95% CI)
0.07 (-0.06, 0.20)

0.26 (-0.40, 0.91)

0.93 (-0.36, 2.22)
179.38 (62.03, 296.73)
570.43 (264.32, 876.54)
170.47 (60.28, 280.66)
38.78 (-0.07, 77.63)
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Additionally, the prediction scenarios in this study found that dengue fever rates could
increase in Guatemala with even a modest 1°C-2°C increase in temperature. While climate
change may have numerous environmental impacts, we wanted to estimate the impact that cli-
mate change in the form of rising temperature on dengue incidence in the municipalities of
Guatemala; we found that the three municipalities with the highest minimum temperatures
(El Estor, Iztapa, and Panzos) would have an increase in their rates of dengue incidence. The
three municipalities with the lowest average minimum yearly temperatures had little to no
change in the magnitude of the rate of dengue fever incidence. Guatemala municipality, which
contains the capital Guatemala City, had a minimum temperature of 14.44°C, and the increase
of 1-2 °C similarly resulted in higher incidence rates of dengue.

The ideal temperature for Ae. aegypti survival has been identified as 20°C to 30°C [38],
while other studies have specified steep increases in dengue incidence from 22°C to 29°C [39].
San Jose Ojetenam, Concepcion Tutuapa, and Sibilia all had minimum temperatures below
the ideal ranges for mosquito development, so it is reasonable that there were no large changes
in dengue incidence. Conversely, El Estor, Iztapa, and Panzos had substantial increases in the
dengue incidence for the 1°C increase scenario and even higher IRs after the 2°C increase.
Tran et al. (2020) conducted a similar study assessing the potential threshold effects of climatic
factors on dengue vector indices which found that an increase in 1°C did result in an increase
in dengue infection rates, though there were variations in the magnitude of the increase
depending on the temperature of the region [12]. In some municipalities, that increase in tem-
perature would be sufficient to improve the suitability for Ae. aegypti.

Findings in this study lend support to the United Nation’s Paris Agreement and the 27th
Conference of the Parties to the United Nations Framework Convention on Climate Change
[52, 53]. One of the primary goals of COP27 was to hold the increase in global temperature to
under 2°C above pre-industrial levels and ideally to 1.5°C above pre-industrial levels. Our
findings support the importance of limiting the increase in temperatures, since even slight
increases in minimum yearly temperature at the municipality level will result in large increases
in the magnitude of risk of dengue fever incidence.

The present study had some limitations. Income is a prominent socioeconomic factor
linked with increased dengue fever incidence [54, 55]; however, income was not included in
the Guatemala census of 2018 and thus is lacking in this study. However, we were able to
include economic activity as a proxy for income. Elevation was used as the inflate variable as it
was believed to be the variable most attributable to municipalities with zero dengue cases; it is
possible that there is another variable not included in the model that is primarily responsible
for the municipalities with zero dengue cases. The temperature data we had available was a
yearly average minimum temperature for each municipality. However, monthly or weekly
data could provide more insight for tracking changes and duration of dengue incidences.
Finally, the dengue fever case data did not have serotype available, which might vary in relation
to environmental or other factors. Future studies could include these additional variables.

This study contributes to understanding how environmental and socioeconomic factors inter-
act to influence the distribution of dengue in Guatemala. Socioeconomic factors such as Mayan
population, population density, and economic activity, as well as the environmental factor of
average minimum yearly temperature, played a significant role in predicting risk of dengue inci-
dence. Future studies should continue to explore these factors and explore additional variables
which were limited and outside the scope of this study. This will contribute to more effective
dengue surveillance and vector control in Guatemala and limit the incidence of dengue.
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