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Abstract

The majority of the Yucatan State, México, presents subtropical climate that is suitable for many
species of mosquitoes that are known to be vectors of diseases, including those from the genera
Aedesand Culex. The objective of this study is to identify the geographic distribution of five
species from these two genera and estimate the human population at risk of coming in contact with
them. We compiled distributional data for Aedes aegypti (L.), Aedes (Howardina) cozumelensis
(Diaz Najera), Culex coronator Dyar and Knab, Culex quinquefasciatus Say, and Culex thriambus
Dyar from several entomological studies in Yucatan between March 2010 and September 2014,
Based on these data, we constructed ecological niche models to predict the spatial distribution of
each species using the MaxEnt algorithm. Our models identified areas with suitable environments
for Ae. aegyptiin most of Yucatan. A similar percentage of urban (97.1%) and rural (96.5%)
populations were contained in areas of highest suitability for Ae. aegypti, and no spatial pattern
was found (Moran’s | = 0.33, £=0.38); however, we found an association of abundance of
immature forms of this species with annual mean temperature (r=0.19, £<0.001) and annual
precipitation (r=0.21, £<0.001). Aedes cozumelensis is also distributed in most areas of the
Yucatan State; Cx. quinguefasciatus, Cx. coronator, and Cx. thriambus are restricted to the
northwest. The information generated in this study can inform decision-making to address control
measures in priority areas with presence of these vectors.
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Several mosquito species of medical and veterinary importance have been identified in
Yucatan state, México, and contribute to the transmission of a variety of human diseases
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(Farfan-Ale et al. 2009, 2010; Baak-Baak et al. 2014b). Aedes (Stegomyia) aegypti (L.), a
primary vector of dengue, yellow fever, chikungunya, and Zika viruses, is the principal
urban vector of dengue virus (Halstead 2008). Aedes aegyptr's efficiency as a vector is in
part owing to its close association with humans (Cigarroa-Toledo et al. 2016); immature
stages can be found in a wide range of water-holding containers, while females often feed
and rest indoors (Garcia-Rejon et al. 2008, Baak-Baak et al. 2014a). Aedes aegyptiis known
to occur in 66 communities in Yucatan State (Njera-Vazquez et al. 2004, Garcia-Rejin et al.
2012). In January 2016, the U.S. Centers for Disease Control and Prevention (CDC) advised
pregnhant women to postpone travel to what is now >30 countries and territories in the
Caribbean, Central and South America (including México), where the agency has identified
active transmission of the mosquito-borne Zika virus (http://www.cdc.gov/).

Dengue fever is the most important viral vector-borne disease in the world; 390 million of
dengue infections are reported annually, of which, nearly 100 million manifest any level of
disease severity (Bhatt et al. 2013). This disease is capable of collapsing health services
when epidemics occur and represent enormous economic burden owing to hospitalizations,
patient care, and vector surveillance (Halasa et al. 2012). México contributes to the high
number of dengue cases in the Americas, with high incidence observed in Yucatan State in
recent years (Dantes et al. 2014). Currently, there is a licensed vaccine for the dengue virus
named Dengvaxia (developed by Sanofi Pasteur laboratories). However, dengue control
focuses mainly on reducing vector populations owing to the high cost of the vaccine.
Understanding the factors that determine the spatial and temporal distribution of Ae. aegypti
could help improve dengue control programs.

Aedes (Howardina) cozumelensis (Diaz Najera) is also distributed in the Yucatan Peninsula;
it overlaps the distribution of Ae. aegypti and Aedes albopictus (Skuse) and is also found in
peridomestic settings; its ability of Ae. cozumelensis to transmit arboviruses or other
pathogens is currently unknown but worth investigating owing to its close relatedness to
known vectors and its behavioral characteristics (Garcia-Rejon et al. 2012).

Several species of mosquitoes of the genus Cu/ex are important vectors of arboviruses in
North America, including West Nile virus (WNV), St. Louis encephalitis virus, and Western
equine encephalitis virus, among others. Culex coronator Dyar and Knab, Culex lactator
Dyar and Knab, Culex quinquefasciatus Say, and Culex thriambus Dyar are commonly
present in Yucatan State (Najera-Vazquez et al. 2004, Garcia-Rejon et al. 2011, Baak-Baak
et al. 2014b). Culex quinquefasciatus and Cx. thriambus are capable of transmitting WNV
(Goddard et al. 2002, Reisen et al. 2006). Although this virus has not yet been detected from
these mosquito species in Yucatan State, WNV was detected from Cx. quinquefasciatusin
northern México (Elizondo-Quiroga et al. 2005). Recent studies revealed the presence of a
novel virus in Cx. quinquefasciatus collected from Mérida City, THo virus, with still
unknown pathogenicity to humans, and Culex flavivirus (CxFV), an insect-specific virus
(Farfan-Ale et al. 2009, 2010). In Veracruz, Venezuelan equine encephalomyelitis virus was
detected in Cx. coronator (Scherer et al. 1971).

Ecological niche modeling (ENM) algorithms have been extensively used in the study of the
distribution and ecology of a variety of infectious diseases, their vectors, and hosts (Peterson

J Med Entomol. Author manuscript; available in PMC 2019 May 07.


http://www.cdc.gov/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Baak-Baak et al.

Page 3

et al. 2002, 2005, Fuller et al. 2011). These models are used to identify the geographic
distribution of suitable environments for the transmission of diseases, vectors, or hosts and
measure areas overlapping human populations (Moo-Llanes et al. 2013, Nakazawa et al.
2013), which in turn can be useful for planning effective surveillance programs and
mitigation activities. The study of the associations between the distribution of mosquitoes
and their biological or ecological characteristics enables further understanding of disease
incidence (Morin et al. 2013) and contributes to explaining the spatial relationships of
mosquitoes with climate change effects on distribution of diseases (Hales et al. 2002,
Cummings et al. 2004).

To ensure effective prevention of dengue and other mosquito-borne diseases at a local level,
it is important to understand the potential distribution of the vectors and their ecology. Here,
we perform ENM to estimate the spatial distribution of mosquitoes and measure the human
population at risk of contact with these species of mosquitoes, and to determine their
associations with environmental variables.

Materials and Methods

Study Area

Yucatéan State was chosen as a study site because it has been involved in the national history
of dengue disease and other mosquito-borne diseases are known to circulate in this state.
Yucatan has a subtropical climate with seasonal heavy rainfall from June—October (typically
>100mm rainfall per month) and sporadic rainfall during the remaining, drier part of the
year (Garcia-Rejon et al. 2012). The classification of communities were carried out as
described in previous studies based on the traditional settlements in Yucatan, where small
urban homes (100 m2) have water drains and scarce vegetation, while bigger rural houses
(300 m?) have dense vegetation (Garcia-Rejon et al. 2012, Arana-Guardia et al. 2014);
communities were classified based on the number of inhabitants: >10,000 for urban and
<10,000 for rural (www.censo2010.org.mx/; last accessed Dec 2014). Urban environments
were subjectively classified as homes with small yards, streets or sidewalks with storm-water
drains and catch basins, or cemeteries located within densely populated areas, whereas rural
environments were classified as homes in rural settings with larger yards and more
vegetation or cemeteries located on the edge of a populated area (Garcia-Rejon et al. 2012).

Mosquito Database

The database was constructed from immature mosquito collections performed from January
2014 to September 2014 and from published literature (Garcia-Rején et al. 2012, Arana-
Guardia et al. 2014, Baak-Baak et al. 2014b). We visited 106 municipalities in Yucatan
State. Each municipality was visited two times a year except for the city of Mérida, where
collection was more frequent, about 10 collections per month. The database includes five
species of mosquitoes: Ae. aeqypti, Cx. quinquefasciatus, Cx. thriambus, Ae. (Howardina)
cozumelensis (Diaz Najera), Cx. coronator (Table 1). Sampling for immature mosquitoes
was performed two times a month using nets, turkey basters, or pipettes. Immature
mosquitoes were collected in several water-holding containers such as disposable containers,
tires, animal water bowls, buckets, discarded toilets, flower pots, vases, and storm-water
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drains and catch basins in a wide range of urban and rural environments, including
residential premises, vacant lots, parking lots, cemeteries, and streets or sidewalks. When
sampling storm-water drains and catch basins, long-handled zooplankton nets (20 by 10 cm,
100-um mesh) were used as described previously by Garcia-Rején et al. (2011) and Arana-
Guardia et al. (2014). The geographic coordinates of mosquito collection locations were
collected using a global positioning system receiver (Garmin). Species identification was
performed using stereomicroscopes and published keys (Carpenter and LaCasse 1955,
Darsie and Ward 2005). The database included occurrence and total number of mosquitoes.
The occurrence records were used to predict the spatial distribution of each species of
mosquito, as well as to estimate the human population at risk for coming in contact with
them, and the abundance of immatures mosquitoes was used to estimate the correlation of
variables and spatial distribution.

Ecological Niche Models

Ecological niche models (ENMSs) were constructed with mosquito occurrence data (7=
1,530) from all 106 municipalities that integrate Yucatan State, as well as abundance of
immatures (7= 111,976). Thirteen environmental layers were used for the construction of
ENM (Moo-Llanes et al. 2013): nine bioclimatic data layers (Biol, Bio4, Bio5, Bio6, Bio7,
Biol2, Biol3, Biol4, and Biol5: http://idrisi.uaemex.mx/index.php/ligas/geodatos/306-
superficies-climaticas-paramexico; Cuervo-Robayo et al. 2014) and four topographic layers
(aspect, slope, topographic index, and elevation; Hydro 1k data set-Earth Resources
Observations and Science http://eros.usgs.gov/products/elevation/gtopo30/gtopo30.html).
All environmental variables were selected based on intercorrelation values from a
multicollinearity analysis (/<0.75) and have a spatial resolution of 1 km2 (Moo-Llanes et al.
2013). We used the maximum entropy (MaxEnt) algorithm to construct ENMs (Phillips et
al. 2004). MaxEnt characterizes known occurrences in the context of the broader
background to estimate a probability surface that maximizes entropy subject to constraints
imposed by the occurrence data. Occurrence points were randomly divided by the algorithm
into training data for model building (70%) and test data for model testing (30%; Anderson
et al. 2003, Owens et al. 2013). The parameters used to build the ENMs were features
(linear, product, threshold, and hinge), random test percentage (70%), replicated run type
(bootstrap), maximum iterations (500), and threshold rule (minimum training presence). The
models were evaluated using AUC (area under curve) value of the receiver operating
characteristic (ROC) curve (Anderson et al. 2003, Moo-Llanes et al. 2013). For each species,
10 runs were performed with sets of randomly chosen points; a binary map (1 = suitable and
0 = unsuitable) of each model was obtained based on the probability threshold that allows
5% omission of training localities (Peterson et al. 2008). Finally, the 10 models were added
to obtain a map of a scale of 0-10, where 10 represent the area where the 10 models agree.

Data Analysis

Ecological niche models for each mosquito species were reclassified into five risk
categories: very low (1) = 1-2, low (2) = 3-4, medium (3) = 5-6, high (4) = 7-8, and very
high (5) = 9-10, that represent suitable habitat for the distribution of mosquitoes. 1) The
proportion of area occupied by each of the described categories was calculated using the
entire area of Yucatan State for each mosquito species. 2) According to the 2010 census, the
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population of Yucatdn State was 1,953,169 inhabitants, divided into rural (7= 676,943) and
urban (n=1,276,226) areas (www.censo2010.org.mx; last accessed December 2014). The
rural communities are defined as those with <10,000 inhabitants, while urban communities
have >10,000 inhabitants (Moo-Llanes et al. 2013). Potential population at risk was
calculated as the proportion of the population within predicted suitable areas for each of the
five species of mosquitoes in rural and urban settings. 3) Correlation between abundance of
Ae. aegyptiand annual temperature (Biol), annual precipitation (Bio12), and elevation (E)
was evaluated for the entire dataset and each year separately (Reiskind and Lounibos 2013),
using the Spearman correlation in JMP statistical package version 7.0.0. 4) Spatial
autocorrelation: Moran’s | was used to test whether the abundance of mosquitoes within
Yucatéan State is spatially correlated or not. Moran’s | measures spatial autocorrelation and is
usually applied to area units where numerical ratio or interval data are available. It ranges
from -1 for strong negative spatial autocorrelation to +1 for strong positive spatial
autocorrelation. A value near 0 would indicate a spatially random pattern (Er et al. 2010).
Analyses were performed with the total abundance of five species of mosquitoes from
March 2010 to June 2013.

Risk Category

Our model predicted suitable areas with high exposure risk for Ae. aegypti (Table 1)
throughout the state (AUC value = 0.93); Fig. 1 shows that the majority of Yucatan State was
identified as suitable for Ae. aegypti. Many areas along the borders with Campeche and
Quintana Roo states, as well as the coastline were identified as highly suitable environments
for Ae. aegypti (Fig. 1). Currently, the involvement of Ae. cozumelensis as a vector of
arboviruses in Yucatan is unknown. However, its distribution covered 53.8% of the state
(Fig. 2A). The other mosquitoes were more geographically restricted; Cx. quinquefasciatus
(Fig. 2B), Cx. coronator (Fig. 2C), and Cx. thriambus (Fig. 2D) were mainly distributed in
the Northwest of the Yucatan state (Table 1).

At-Risk Human Population for Exposure to Mosquitoes

Similar proportions of the total urban (97.1%) and rural (96.5%) populations of Yucatan
state were included in the areas identified as suitable for Ae. aegypti, but the very high risk
category is the only one that includes urban population (Table 2). Sixty-six percent of the
urban population of Yucatan was included in the very high risk category for Cx.
quinquefasciatus and 68.3% was included in the very low risk category for Ae.
cozumelensis, whereas 15.1% of the rural population is contained in categories 1-4 for Cx.
thriambus and 9.3% for Cx. coronator (Table 2).

Correlation of Environmental Variables for Ae. aegypti

Abundance of immature Ae. aegypti from March 2010 to June 2013 was associated with
annual mean temperature (r=0.19, A0.001), annual precipitation (r=0.21, £<0.001), and
elevation (r=0.15, £=0.02). When the analysis was performed per year, association of
abundance of Ae. aegypti with annual mean temperature (s=0.54, A<0.001) and annual
precipitation (/=0.52, A/<0.001) was only found in 2011. Based on the ENM, the presence of
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immature Ae. aegyptiin Yucatdn was found to be directly proportional to annual
precipitation (>1,000mm) and annual mean temperature (~20 °C; Fig. 3).

Spatial Distribution

Spatial autocorrelation analyses were not significant for all species: Ae. aegypti (Moran’s | =
0.33, P=0.38), Cx. coronator (Moran’s | = -0.368, P=0.11), Cx. quinquefasciatus (Moran’s |
=-0.007, P=0.45), Cx. thriambus (Moran’s | = -0.121, P=0.61), and Ae. cozumelensis
(Moran’s | =0.001, P=0.06); thus, it is not possible to reject the null hypothesis of random
distribution of their occurrences throughout Yucatan.

Discussion

In México, dengue is one major public health problem; particularly, Yucatan State has had
major outbreaks in the past seven years (Dantes et al. 2014). In the present study, we
determined that Ae. aegyptiis broadly distributed throughout the state of Yucatéan, including
the border with the Campeche and Quintana Roo states, and the coastline. Our results are
consistent with the wide pattern of Ae. aegypti distribution previously reported in Yucatan
(N4jera-Vazquez et al. 2004, Garcia-Rejon et al. 2012).

The mosquito Ae. cozumelensis is not known to be a vector for any pathogens of medical or
veterinary importance. However, the present study highlights areas in which environmental
conditions are suitable for its presence and that rural population could have higher risk of
exposure to this species. Previously, these were reported only in small rural communities
(<6,000 inhabitants) in the north-central part of Yucatan State (Garcia-Rején et al. 2012).
Many Culex species are potential vectors of WNV in North America (Goddard et al. 2002,
Reisen et al. 2006). Formerly, this virus was detected in Cx. quinguefasciatus in Nuevo Leon
in the northern México (Elizondo-Quiroga et al. 2005). Likewise, Cx. thriambus is
susceptible to oral infection with WNV. In Yucatan, several birds (black vulture, great
horned owl, peacock, plain chachalaca, and ruddy ground dove) and mammals (jaguar and
coyote) have been seropositive for WNV by plaque reduction neutralization test (PRNT;
Farfan-Ale et al. 2006). On the other hand, in Veracruz, Venezuelan equine encephalitis
virus was isolated from Cx. coronator (Scherer et al. 1971). In our work, suitable
environments for Cu/lex species were restricted to the northwest region of Yucatan; only Cx.
quinquefasciatus identifies a high proportion of the urban population within its potential
distribution, which could represent a high-risk area for transmission of WNV by this vector.

Interestingly, urban and rural populations had similar risk for exposure to Ae. aegypti. This
model is in accordance with the biology of this mosquito, because Ae. aegyptiis found in
urban (Halstead 2008; Baak-Baak et al. 2014a,b) and rural environments (Najera-Vazquez et
al. 2004, Garcia-Rejon et al. 2012). Therefore, it is essential to carry out control measures
and surveillance of Ae. aegyptinot only in urban areas; including rural areas is crucial.

The abundance of Ae. aegyptiis determined by adult emergence and the presence of
immature stages. This cycle is influenced by climate, mainly by rainfall and temperature
(Barrera et al. 2011). In our model, high annual precipitation (>1,000mm) and moderate
annual temperature (~20 °C) was correlated with the presence of immature Ae. aegypti. In
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previous studies carried out in Mérida City, monthly average temperature, rainfall, and
abundance of Ae. aegypti adults were positively correlated (Eisen et al. 2014), with higher
presence in the rainy season between July and October (Garcia-Rejon et al. 2008, Baak-
Baak et al. 2014b). Likewise, a meta-analysis found the environmental factor of temperature
was sufficient to explain development rate variability in Ae. aegypti (Couret and Benedict
2014). It is worth noting that the influence of climatic variables on the presence of Ae.
aegyptiis not always linear and stationary. For example, great abundance of adults is related
to rainfall in Puerto Rico and maximum temperature in Thailand (Chaves et al. 2012).
Moreover, hot environments are associated to decreased larval survival and increased
fecundity as compensatory factor the populations (Chaves et al. 2014). In addition, climatic
variables also influence the presence of diseases. The increase in weekly minimum
temperature and rainfall were also found to be a significant factor in the increase of reported
cases of dengue in Veracruz (Hurtado-Diaz et al. 2007). Similarly, weather was found to
influence dengue incidence in México with nonlinear associations (Colon-Gonzalez et al.
2013).

Our analyses did not show spatial autocorrelation in the distribution of Ae. aegypti
throughout Yucatén State. Previous studies in the Americas found immature infestations to
be nonuniformly present throughout homes in urban environments, mainly found in
heterogeneous habitats as cemeteries, vacant lots, markets, and public places (Morrison et al.
2006, Baak-Baak et al. 2014a). Random distributions of dengue cases has been described in
Malaysia (Er et al. 2010), and in Thailand, the distribution of dengue fever, dengue
hemorrhagic fever, and dengue shock syndrome had spatial associations (Jeefoo 2012). A
likely explanation for the difference in spatial distribution of Ae. aegyptireported in the
present study compared with studies performed with dengue cases could be that our sample
population included immature mosquitoes collected in a wide variety of environmental
settings, including residential premises, vacant lots, and cemeteries, as opposed to other
studies focused on the distribution of dengue cases in homes.

Meérida, the capital of Yucatan, is considered the main hotspot of Ae. aegyptiand dengue in
the state (Lorofio Pino et al. 1993; Garcia-Rejon et al. 2008, 2011; Eisen et al. 2014). Some
studies have highlighted the importance of hotspot detection of dengue and Ae. aegyptiin
Argentina (Rotela et al. 2007), Malaysia (Er et al. 2010, Dom et al. 2013), and Thailand
(Jeefoo 2012). Other studies found that residents of dengue hotspots carry out more
mosquito-breeding control measures compared with residents of nondengue hotspots (Ong
et al. 2010).

One limitation of our study is that the risk of exposure of humans to mosquitoes was
estimated using larval data and it is known that not all immatures reach the adult stage.
However, we provide data on the presence of mosquitoes near humans in rural and urban
environment. Ecological niche model estimated that Ae. aegypti has potential distribution
throughout the state of Yucatan, so it is difficult to focus their control. Models generated for
other species identified more restricted geographic distributions, which could help ensure
more effective and efficient use of available resources for vector control and mitigation of
risk exposure. The information generated during this study can inform decision-makers to
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address control measures in priority areas with presence of mosquito species of the genus
Aedesand Culex.
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Fig. 1.
Ecological niche models for spatial distribution of Ae. aegypti using MaxEnt and divided in

five categories for risk. Black dots are sampling locations where Ae. aegypti was found to
occeur.
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Fig. 2.
Ecological niche models of other mosquitoes in Yucatan State using MaxEnt and divided in

five categories for risk. (A) Ae. cozumelensis, (B) Cx. quinquefasciatus, (C) Cx. coronator,
and D) Cx. thriambus. Dots represent sampling locations where each species was found
(black) and not found (gray).
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Fig. 3.

Scatterplot showing the distribution of Ae. aegypti occurrences in an environmental space
built with annual precipitation (X axis) and mean annual temperature (Y axis). Colors
represent the five categories of environmental suitability: very low (blue), low (green),
medium (yellow), high (orange), and very high (red).
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Percentage of the human population at risk for exposure to mosquitoes in Yucatan

Table 2.

Species Type Categories
1 2 3 4 5
Ae. aeqypti R 0.1 0.2 09 38 916
U - - - - 97.1
Ae. cozumelensis R 189 193 143 85 59
U 68.3 4.4 87 - -
Cx. coronator R 33 31 01 10 18
U - 2.0 - - -
Cx. quinquefasciatus R 0.8 0.3 26 26 7.4
u - - - - 66.0
Cx. thriambus R 46 43 15 24 23
U - 31 - - 2.0

Page 15

The percentages are based on total population for Yucatéan State and divided into five categories according to environmental suitability: very low

(1), low (2), medium (3), high (4), and very high (5). Two types of populations: rural (R) and urban (U).
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