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Abstract: Aedes aegypti is widely distributed worldwide and is the main vector mosquito for dengue,
one of the most important infectious diseases in middle- and low-income countries. The landscape
composition and vegetation cover determine appropriate environments for this mosquito to breed,
and it is fundamental to define the most affordable methodology to understand these landscape
variables in urban environments. The proposed methodology integrated drone technologies and tra-
ditional entomological surveillance to strengthen our knowledge about areas suitable for Ae. aegypti
infestation. We included an analysis using the vegetation indexes, NDVI and NDVIRe, and their
association with Ae. aegypti larvae and adults in houses from the El Vergel neighborhood Tapachula,
Chiapas, Mexico. We used drone technology to obtain high-resolution photos and performed multi-
spectral orthomosaic constructions for the data of vegetation indexes with a kernel density analysis.
A negative binomial regression was performed to determine the association between the numbers
of Ae. aegypti larvae and adults with the kernel density based on NDVI and NDVIRe. Medium and
high values of kernel density of NDVIRe (both p-value < 0.05) and NDVI (both p-value < 0.05) were
associated with a higher amount of mosquito adults per houses. The density of Ae. aegypti larvae per
house did not show an association with medium and high values of NDVIRe (both p-value > 0.05)
and NDVI (both p-value > 0.05). The vegetation indexes, NDVI and NDVIRe, have potential as pre-
cise predictors of Ae. aegypti adult mosquito circulation in urban environments. Drone technology
can be used to map and obtain landscape characteristics associated with mosquito abundance in
urban environments.

Keywords: drones; mosquitoes; Aedes aegypti; urban environment; México

1. Introduction

Vector-borne diseases (VBDs) have become a significant public health concern due to
their distribution and incidence in the last decade [1]. Land use and habitat influence nearly
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every component of the transmission cycle of VBDs [2]. The global distribution of mosquito-
borne viruses has received research attention recently, particularly viruses transmitted
by Aedes mosquitoes across the tropics and subtropical countries [3]. These diseases,
e.g., dengue, yellow fever, and chikungunya, present a significant public health burden,
particularly in light of recent spread events in which each disease has emerged either in
new regions or in new environments [3,4]. Urban environments have specific features
for mosquito populations [5,6]. Anthropogenic modifications of land use and land cover
create an overabundance of resources and increase the abundance of Ae. aegypti and Culex
quinquefasciatus [7], and the dominance of vector-competent species in urban areas poses a
potential risk for epidemics of mosquito-borne diseases [8]. México is densely populated,
and its population has increased rapidly from 97 million in 2000 to > 120 million in 2020.
The country has large tropical and subtropical regions [9,10]. Additionally, it has high levels
of foreign trade and tourism, which encourage human movement via intensive migration
from Central American countries. In addition, rapid urbanization has also encouraged
dengue disease to spread throughout Mexico over the past 20–30 years [9,11,12].

The scientific and technological development of drones has progressed exponen-
tially [13–15]. The technology offered by drones allows for higher resolution images to be
taken than those obtained with traditional means, such as satellites and manned aircraft.
Through the review of scientific literature, Carrasco et al. [16] documented evidence of
the use of unmanned aerial vehicles (UAVs) in entomological surveillance activities and
mosquito control in different countries worldwide. In America, a few studies used drones
to identify breeding sites for Anopheles darlingi larvae in Peru [17] and breeding sites of
Ae. aegypti in Brazil [18]. Recent research approaches have also used drone technology to
map different sites in zones inaccessible to human beings. A previous work implemented a
standardized methodology for monitoring, detecting, and identifying the breeding sites
of Ae. aegypti in a neighborhood of Tapachula, Chiapas, Mexico. It was the first study of
its kind in this country [19]. A valuable finding of this research was that through aerial
surveillance, it was possible to identify breeding places for mosquitoes in domestic areas
inaccessible to traditional ground surveillance, making it possible to propose drones as a
useful and complementary tool in surveillance programs and mosquito control [19].

Additionally, drones provide spatially and temporally accurate data to understand the
linkages between disease transmission and environmental factors [14,15,20,21]. Different
methodologies have been evaluated for elaborating prediction models using different
landscape elements. Recently, a predictive model was developed with a partial least
squares methodology, which considered the different types of variables involved and the
geographic distribution of houses in the south of Mexico. Muñiz et al. [22] demonstrated
the use of images captured by UAVs in generating a housing risk index for the abundance of
Ae. aegypti in Tapachula, Chiapas, México. We presented a basic methodology for mapping
complex urban environments of Ae. aegypti with drones that the house risk index study did
not identify [22].

The use of drones for community mapping can provide detailed maps of human
settlements to understand disease transmission at the local scale [16]. Using this technology
could provide useful information, such as the urban environment of Ae. aegypti, through
vegetation cover maps from houses. Thus, this study aimed to apply drone technology to
obtain information on vegetation cover that could help with the surveillance activities of
Aedes mosquitoes in urban environments of Tapachula, Chiapas, México. We designed a
strategy to capture images by a drone to obtain vegetation cover data from 216 houses in the
El Vergel neighborhood. Then, we conducted entomological studies of Ae. aegypti immature
and adult specimens in the same dwellings. Finally, we studied the association between
mosquito densities and the presence of vegetation cover. The proposed methodology
in this paper integrated drone technologies and the medical entomology approach for
entomological studies of the urban mosquito ecosystem.
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2. Materials and Methods
2.1. Study Area

The city of Tapachula is one of the eight socioeconomic provinces of the state of
Chiapas, has 353,706 inhabitants, and is located on the southern pacific coast of Mexico.
The altitude ranges from sea level to 2600 m, and its ecosystems are cattail marshes, palm
groves, and mangroves near the coast, temperate rainforest, and low- and medium-growth
rainforest near Sierra Madre de Chiapas [10]. It is an important coffee and cocoa growing
area, and the coastal plain has several orchards and other cultivars. Based on the National
Institute of Statistics and Geography [10], the average annual temperature of the city is
about 21.7 ◦C with rainfall of 1000–5000 mm. The climate is warm/humid temperate
with a heavy rainy season from May to November [10]. Three main rivers cross the city:
Texcuyuapán, Coatán, and Manga de Clavo. El Vergel is a neighborhood in the Northwest
of Tapachula, Chiapas with an area of 433 km2 and an estimated population of 2590 people
in 592 regions of interest (Figure 1).
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Figure 1. The geographic location of the study area, El Vergel, in Tapachula, Chiapas, México.

2.2. Aerial System

This research used a hexacopter UAV model, Matrice 600 DJI (DJI® Austin, TX, USA),
a multirotor UAV with six rotors (Figure 2). The air vehicle included a gimbal for mounting
a ZenmuseX5 camera [23] (DJI® Austin, TX, USA). Independently, a multispectral cam-
era, MicaSense RedEdge-MX [24], with an RGB sensor and four spectral bands was also
placed, considering the range: green (G, 530–570 nm), red (R, 640–680 nm), red edge (RE,
730–740 nm), and near infrared (NIR, 770–810 nm) (AgEagle Aerial Systems Inc.®, Wichita,
KS, USA). Thus, it was possible to obtain shots from both cameras in a single flight, which
reduced work time in the field.
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2.3. Software Interface and Sensors

The software interface of the DJI drone was downloaded through the official DJI
website (https://www.dji.com accessed on 5 November 2019) and installed on a laptop
computer as a ground station. The Pix4Dmapper [25] was installed on the computer in order
to obtain photogrammetry. The MicaSense RedEdge M multispectral camera was calibrated
on the ground based on the instructions provided by the manufacturers (Supplementary
Materials, Figure S1) [25]. In addition, the weather was verified to obtain suitable state
variables, such as temperature, humidity, cloud cover, wind speed, precipitation, and sun
position at the zenith, by using the UAV-Forecast application (UAV-Forecast® Cupertino,
CA, USA). This information is crucial since it determines the amount of shadow of the ob-
jects on the surface of the Earth, influencing the absence of information in photogrammetric
processing [26].

2.4. Flight Planning

First, the El Vergel neighborhood was studied to identify the topography, vegetation,
obstacles, and possible sources of interference on the ground using the Google Earth
platform [27]. The Pix4D Capture [25] application on the IPAD mini 4 was used, and the
flight was established and operated through the polygons defined in the Pix4D Capture [25]
with an overlap between the photographs of 75%, a height of 100 m above the take-off
points of the drone, and an average speed of 8 m/s of flight. Based on this information, the
flight time for each polygon was estimated, taking into account the capacity of the batteries,
which was around 20 min. The Pix4D [25] was used to define the flight mission in real-time
and verified that the system was updated for adequate operation with the ground station,
tablet or computer, drone, and radio control software. Figure S2 in the Supplementary
Materials shows the process of initializing the drone to start the mission (Supplementary
Materials, Figure S2).

2.5. Execution of Overflights

In the El Vergel neighborhood, flights based on protocols (Supplementary Materials,
Figure S3) were developed by the National Center for Disaster Prevention to ensure the
success of the missions, considering the Official Mexican Standard NOM-107-SCT3-2019
that establishes the requirements to operate a remotely piloted aircraft system, the Manda-
tory Circular for the Use of Remotely Piloted Aircraft [28]. Once the landing and take-off
stages were defined, the overflights were performed with the characteristics described in
the planning stage (Supplementary Materials, Figure S3). The GPS sensors provided accept-
able accuracies between 3 and 5 m for the horizontal and vertical axes of the cartographic
products, and the coordinates of control points obtained in the GLONASS constellation
cabinet were taken as a reference to adjust the images from both cameras. A stereoscopic
pair data adjustment was performed through the triangulation process to increase the
density of the points obtained by the GPS, calculating the coordinates for any midpoint in
two stereoscopic pairs [29].

https://www.dji.com
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2.6. Orthomosaic Construction

The cartographic products were obtained for both cameras, with separate processing
performed using Pix4Dmapper [30]. Obtaining the high-resolution RGB Orthomosaic was
based on the algorithms implemented by the Pix4D software [25], which automatically
considered the overlap between each of the photographs and generated the points of
agreement between each of them [30]. This same process was carried out both for the
photographs obtained from the optical camera and for those obtained with the multispectral
camera, with the difference being that for the second (multispectral), the calibration was
carried out in the field and then integrated to construct the multispectral. According to
the manufacturer’s instructions, the orthomosaic generated from the photographs with
the multispectral camera was combined between its bands to highlight elements that were
sought in the image, such as the 4-3-2 combination in the RGB cannon [30].

2.7. Vegetation Indexes

Finally, the different vegetation indexes were generated using the ArcMap software,
the raster calculator tool [31]. These indices were as follows:

a) Normalized Differential Vegetation Index (NDVI). This index makes it possible to
obtain biomass values and their chlorophyll response, mainly in the near-infrared and
red spectra, which is related to the photosynthetic activity of plants, allowing their
vigorousness to be determined. The spectral response of the vegetation is visible in
the red and near-infrared bands. These values are between −1 and 1; those above 0.1
refer to the presence of vegetation, and the higher the value, the greater the vigor of
the plants. Equation: RNIR−Rred

RNIR+Rred
[32,33].

b) Normalized Difference Vegetation Index RedEdge (NDVIRe). This spectral index is
constructed as a mixture of NIR bands and a band using a narrow spectral range
between visible red and NIR. It is more sensitive than NDVI during a certain period
of crop maturation. It is more valuable than NDVI for intensive use throughout
the growing season, as NDVI often becomes inaccurate when plants accumulate the

maximum possible amount of chlorophyll. Equation:
RNIR−Rred edge
RNIR+Rred edge

[33,34].

2.8. Fieldwork Entomological Surveys

We surveyed 216 houses in the El Vergel neighborhood in Tapachula, Chiapas from
19 November to 4 December 2019 (Figure 1). Written consent was obtained from inhabitants
of legal age. The entomological survey searched for immature and adult Ae. aegypti
mosquitoes. The field technicians searched the Ae. aegypti breeding sites and looked at
all containers inside houses, in the backyard, and on roofs when it was possible. The
Ae. aegypti positive containers, and the number of eggs, larvae per stage, and pupae per
container were counted manually and recorded per house [35]. In each house, we recorded
the total abundance on immature Ae. aegypti to use for further analysis. Taxonomy keys
were used to identify specimens in the field [36]. Backpack aspirators captured mosquitoes
inside houses. The mosquitoes were counted manually and recorded per house.

2.9. Data Analysis

Kernel Density. Each house lot was defined as the polygon that represents the front lot,
housing construction, and backyard. First, we projected 100 random points on the ArcMap®

10.3 platform into each house lot [31]. A kernel density analysis was performed, using
the vegetation indexes as independent variables. Subsequently, the NDVI and NDVIRe
values based on the 100 random points were averaged to obtain an average value for each
house. We used kernel density analysis [31] to measure the average density around each
neighborhood point based on the vegetation indexes. Subsequently, the continuous results
of kernel density were categorized into three levels: low, medium, and high.
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Statistical Model. Using Stata v15.0 (StataCorp®, Texas, USA), a negative binomial
regression was performed to determine the association between the number of immature
stage larvae and adults of Ae. aegypti with the values of the NDVI and NDVIRe indexes.
Three levels of kernel density were defined for each of the indexes (low, medium, and
high) as independent variables to determine the relationship with the dependent variables
(larvae and adults) to be incorporated in the negative binomial regression analysis. This
type of regression was selected because the mean parameter in the population was not
identical in all the subjects of the study population. This method allows for analyzing the
over-dispersion of the data in a Poisson model. Negative binomial regression predicted the
logarithm of the outcome with a linear combination of exposure variables. Let z to be the
counts of larvae and adults; then, the negative binomial regression is defined as:

log(z) = α + β1X1 + β2X2 + · · ·+ βnXn,

where α is the intercept and βi, for i = 1,2, . . ., n are the regression coefficients for each
variable of interest (vegetation indexes). The outcome variable was larvae and adults by
house, and the variable layers of interest were the NDVI and NDVIRe indexes [37].

A matrix of Spearman correlation coefficients was created for larvae, adults, and
exposure variables of the vegetation indexes to evaluate the collinearity between the inde-
pendent variables. Correlation coefficient matrices were constructed to explore potential
collinearity for the number of larvae/adult exposure variables and kernel density values for
the vegetation indexes. Since a constant variance is not assumed in the negative binomial
regression, heteroscedasticity was not formally evaluated but was explored using residual
plots. Finally, the Pregibon statistic was calculated to determine the goodness of the link
function by calculating the standard error of the linear prediction of the beta calculated
in the regression models. The Pregibon test statistic takes the candidate model’s outcome
predictions (and their squares) as predictors in a secondary regression. The resulting t-test
p-value should be negligible if the link function is correct.

3. Results
3.1. Drone Flights

The development of a flight plan with the optimal characteristics for the conditions
of a semi-urban area facilitated the establishment of flight protocols, taking into account
the federal guidelines (Supplementary Materials, Table S1). This article implemented
the methodology used for optimal use and decision-making using drones. The flights
covered an area of 85 Ha of El Vergel, Tapachula, Chiapas during the dry season (12 and
13 November 2019). The average temperature of the drone during the flights was 36.2 ◦C,
while the average humidity percentage was 44.5% (Table 1).

Table 1. The operating temperature, humidity, and drone flight time.

Date Time Temperature ◦C Humidity (%)

12 November 2019 11:27 h 36.8 43

12 November 2019 12:35 h 34.3 48

12 November 2019 12:54 h 35.8 45

12 November 2019 13:32 h 34.8 45

13 November 2019 11:13 h 36.6 44

13 November 2019 12:16 h 38.0 38

13 November 2019 12:44 h 38.6 49

13 November 2019 13:23 h 34.5 44

One drone flight could take 15–20 min and, during this time, it was able to take photos
over 12–15 hectares at 100 m with a ground resolution of 2.6 cm/pixel. The intervals be-
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tween flights depended on battery capacities, calibration cameras, and security procedures
from the start point. The data sheet parameters of both drone cameras are shown in Table 2.
The flight was designed to cover each study polygon (Figure 3) and obtain the necessary
image overlap and quality [30].

Table 2. Summary parameters of drone cameras during flights in El Vergel, Tapachula, Chiapas.

ZemmuseX5 MicaSense RedEdge MX

Project VergelX5new VergelMEnew

Processed 15 January 2020 17:13:52 20 January 2020 16:14:53

Camera Model Name(s) FC550_DJIMFT15mmF1.
7ASPH_15.0_4608 × 3456 (RGB)

RedEdge_5.5_1280 × 960 (Blue)
RedEdge_5.5_1280 × 960 (Green)
RedEdge_5.5_1280 × 960 (Red)
RedEdge_5.5_1280 × 960 (NIR)

RedEdge_5.5_1280 × 960 (RedEdge)
«MicaSense 5 band»

Average Ground Sampling
Distance (GSD) 2.6 cm/1 in 7.4 cm/2.9 in

Resolution 2.6 cm/pixel 7.4 cm/pixel

Area Covered 0.8 km2/78.3 ha/
0.3 sq. mi./193.5 acres

0.9 km2/85.9 ha/
0.3 sq. mi./212.3 acres
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Figure 3. Flight drone organization in the El Vergel neighborhood, Tapachula, Chiapas, Mexico:
(a) drone flight route to obtain aerial photographs and (b) drone flight polygons in the community.

3.2. Cartography

A total of 7550 photographs corresponding to the blue, green, red, NIR, and red edge
bands were taken from the MicaSense camera, and 1122 pictures of the visible spectrum
were taken with the ZemmuseX5 camera. An orthomosaic with a resolution of 7.4 cm/pixel
and 2.6 cm/pixel for the multispectral and visible spectrum was built by Pix4Dmapper
vs. 4.3.31 [30]. The orthomosaic of the El Vergel neighborhood can be seen in great detail,
including the houses, roads, trees, bushes, rivers, and paths (Figure 4). Values of the
NDVIRe index fell into a range of −0.12 to 0.47, while NDVI had a range of −0.13 to 0.73
(Supplementary Materials, Figure S4). For NDVIRe values, 114 houses (52.8%) had values
below the average (0.07), and 102 houses (47.2%) had values above the average. For NDVI
values, 107 houses (49.5%) had values below the average (0.11) and 109 houses (50.5%) had
values above the average (Figure 5).
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Figure 5. NDVI and NDVIRe values of houses surveyed in the El Vergel neighborhood,
Tapachula, Chiapas.

3.3. Entomology Surveillance

Each house surveyed took 20–30 min for two technicians, who could visit
12–14 houses/per day. In total, 216 (36.5%) houses were surveyed out of 592 available in the
El Vergel neighborhood, Tapachula, Chiapas of which 72 houses were positive for immature
stages of Ae. aegypti (33.3%), 52 of which coincided with adult mosquitoes (72.2%). We
found 4046 containers, flowerpots, non-disposable plastic containers, and plastic buckets
and tubs in the study area. On the other hand, of 1115 containers holding water, 84 were
positive for Ae. aegypti immature stage (breeding sites) in 11 types of containers. Cement
washbasins (large) were the most common Ae. aegypti immature stage container; 29.6%
of this type of container was positive. Fourteen container classifications did not have Ae.
aegypti immature stages (Supplementary Materials, Table S1).

In addition, when inspecting the containers present in the houses, a total of 7024 larvae
(33 ± 92) were found as follows: 353 (2 ± 9), 1634 (8 ± 22), 2473 (11 ± 36), and 2564 (12 ± 36)
of first, second, third, and fourth stages, respectively. Likewise, 1090 pupae (5 ± 15) were
counted. The most productive container of Ae. aegypti immatures was the cement washing
(large) type; 5374 larvae and 949 pupae were found for 76.5% and 87.0% of these container
types, respectively (Table 3). We found Ae. aegypti mosquitoes (48.2%) in 104 houses of
which 75 houses were positive for female mosquitoes (34.7%) and 72 houses for male
mosquitoes (33.3%). A total of 349 mosquitoes of Ae. aegypti (2 ± 3) were found in surveyed
houses of which 175 were female mosquitoes (1 ± 2) and 174 were male mosquitoes (1 ± 2).
Finally, the NDVI (0.19 ± 0.23) and NDVIRe (0.11 ± 0.12) indexes showed minimum values
of −0.14 and −0.12 and maximum values of 0.74 and 0.47, respectively (Table 3).
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Table 3. Descriptive profile of vegetation indices and life stages of the Ae. aegypti mosquitos in El
Vergel, Tapachula, Chiapas.

Variable Number Obs Mean Std. Dev. Min Max

Male mosquitoes 174 216 1 2 0 14

Female mosquitoes 175 216 1 2 0 23

Total of mosquitoes 349 216 2 3 0 36

Larvae 1st instar 353 216 2 9 0 120

Larvae 2nd instar 1634 216 8 22 0 180

Larvae 3rd instar 2473 216 11 36 0 276

Larvae 4o instar 2564 216 12 36 0 266

Larvae 7024 216 33 92 0 690

Pupae 1090 216 5 15 0 100

NDVIRe 216 0.11 0.12 −0.12 0.47

NDVI 216 0.19 0.23 −0.14 0.74

3.4. Kernel Density

The highest values of the kernel density were distributed across a large part of El Vergel.
In contrast, closer to the periphery, the kernel density was lower (Figure 6). The NDVI
and NDVIRe indexes presented a high-density fringe in some areas of the neighborhood
periphery and a medium-density fringe across almost the whole of El Vergel, Tapachula,
Chiapas (Figure 6).
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3.5. Statistical Model

A Poisson regression analysis (univariate and bivariate model) between the density of
adults of Ae. aegypti and the kernel density of NDVIRe and NDVI showed that medium and
high values for both NDVIRe and NDVI were significant. The significant p-values < 0.05 in
the coefficients of determination identified that each change was positive at the pixel level
(value), indicating an increase in the density of adults of Ae. aegypti in the houses of the
study area. Let z be the number of adults. The first model for adult density and NDVIRe
we obtained was:

log(z) = −0.38 + 2.63X1 + 2.38X2,
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while for NDVI, the resulting model was:

log (z) = −0.38 − 1.85X1 − 2.03X2

The models (univariate and bivariate) for immature stages corresponding to the
density of Ae. aegypti larvae at medium and high levels for both NDVIRe and NDVI were
not statistically significant (p-value > 0.05).

4. Discussion

In Mexico, the use of drones for public health is very limited. The three main studies
have focused on (a) identification of Ae. aegypti from images taken by drones in Tapachula,
Chiapas [19]; (b) Muniz et al. [22] provided a proof of concept of the use of drone technology
to collect spatial information of the landscape in real time through multispectral images for
the generation of a multivariate predictive model that allows for the establishment of a risk
index relating sociodemographic variables with the presence of the vector in its different
larval, pupal, and adult stages; and finally, (c) the use of drones for the cooling, handling,
transport, and release of male Ae. aegypti mosquitoes raised in insectarium conditions
for release in the field [38]. The main contribution of this study was as follows: (a) the
methodology was designed to include drone technology in public health to strengthen our
knowledge of Aedes mosquito development in urban areas, (b) improvement of operational
planning, drone flights, and mapping urban complex mosquito ecosystems, (c) analysis of a
strategy using drone-specific cartography and vegetation indexes for surveillance mosquito
programs, and (d) the successful use of drone technology in urban environments.

Flight planning is a critical element of drone use since the quality of the results
depends on it. It is necessary to consider the meteorological conditions for the best drone
performance and the characteristics of the terrain and to avoid electromagnetic interference
that could put the activity at risk. The multirotor drone system is the best option for areas
with high tree vegetation coverage or urban areas with many obstacles because it takes off
and lands from very small spaces [39]. Flight altitude needs to be carefully determined,
taking into account the type of sensor to be used, the data analysis goals, the level of
scene complexity, and legal requirements. Using RGB and NDVI orthophotographs, it
was found that the best flight altitude to identify tolares of Parastrephia lepidophilla and
Distichia muscoides was 25 m, followed by 50 m [40]. Studies using drones to monitor
mosquito-breeding sites tend to fly at 50 to 100 m [17,21,39]. For our study, the resolution
obtained for the MicaSense® camera used was 0.07 m/pixel at an altitude of 100 m; at
this spatial resolution, the smallest elements of the Ae. aegypti urban landscape could be
detected. We recommend making drone flights more than 80 m with small drones (micro
with a weight equal to or less than 2 kg) for security in overcrowded urban areas [19]. The
highest fly altitude will depend on national regulations. In México, all drones must fly at a
maximum height of 120 m [28].

Vegetation indexes are an indirect measure of environmental elements that affect
mosquito populations [41], and these present high correlations with mosquito behavior
and biological cycles. One of the most commonly used is NDVI [42]. There is evidence
that for Ae. aegypti the three-vegetation shadow supports mosquito development [43,44].
Landau and van Leeuwen [45] found that Ae. aegypti presence was positively associated
with structure and medium height trees and negatively associated with bare earth through
a study of sixteen land cover variables derived from 2010 NAIP multispectral data and
2008 LiDAR in Tucson, AZ., USA. In our study, 63% and 75.5% of houses showed values
between −0.2 and 0.2 for NDVI and NDVIRe. Near zero or negative values represented
water, built-up areas, and bare earth, whereas positive values were densely vegetated
areas [46,47]. Some studies have classified NDVI values of 0.2 to 0.5 as shrub and grassland
and more than 0.501 as a tropical urban forest [48]. Only 35 houses (16.2%) showed values
over 0.5 in the NDVI index, and none showed NDVIRe values over 0.5. Although the
NDVI is a widely used index for vegetation assessment, expressing vegetation status and
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quantified vegetation attributes [49,50], NDVI is very sensitive to background factors, such
as the brightness and shade of the vegetation canopies, soil brightness, and soil color [50].

Remote sensors and geographic information systems can analyze factors associated
with malaria transmission and Anopheles species development in rural and semi-urban
environments [41,51–55]. Recently, some studies have recommended using a high spatial
resolution to better identify and characterize Anopheles mosquitoes’ breeding sites [16,41].
Home recipients, such as plastic and tin buckets and disposable plastic containers with
a diameter of 20–30 cm, can be detected by high-resolution drone imagery [19]; these
containers hold water and can function as breeding sites, playing a crucial role in Ae.
aegypti population dynamics [19,35]. Regarding temporal resolution, drone images can be
taken in the daytime and more frequently than the study requires. In contrast, the time of
day a satellite takes the imagery cannot be determined by the user [16].

Tapachula, Chiapas has two defined seasons, the dry and rainy seasons. Precipitation
amounts, in conjunction with temperature and vegetation cover, determine breeding sites
and conditions for mosquito establishment. Future studies need to evaluate populations
at different times of the year to strengthen the vegetation index assessments. The anal-
ysis employed in this study yielded key findings; small but significant associations are
observed between the count, the number of adult stages, and the kernel density between
the vegetation index of NDVIRe, adjusting for NDVI. The association between the adult
stages and the high and medium NDVIRe kernel density observed was probably due to the
spatial scale of the pixel values being too large to detect a possible increase in the density
of adult mosquitoes on a finer spatial scale. The vegetation index, NDVIRe, was included
as a potential indicator of the circulation of adult mosquitoes and of a greater probability of
increased abundance of the vector in houses with high and medium kernel densities for
which a positive association was expected with the densities of adult mosquitoes. These
findings showed that the vegetation index NDVIRe positively affected the abundance of
adult Ae. aegypti mosquitoes.

Since aquatic habitats created by anthropogenic land-use modification are positively
correlated with the abundance of Ae. aegypti [7], all house recipients and containers that
can hold water need to be recorded [35]. Additionally, the entomology ground surveil-
lance needs to occur simultaneously with the taking of aerial images to record the same
scenes [16,19]. The aerial images of this study were taken in the first week of the ento-
mological survey (13 days). Eighty-four containers were positive as Ae. aegypti breeding
sites (2.1%), in eleven container categories. Entomological data of the El Vergel neigh-
borhood during the rainy season (August 2019), published previously by the author [19],
found 177 breeding sites of Ae. aegypti (6.4%) in 21 categories of containers [19], reporting
53% more positive containers in the rainy season in the same container categories. The
cement washbasin (large) was the most positive and productive container of Ae. aegypti
immature stages. The cement washbasin (large) container was also the most positive and
productive container during the rainy season [19]. The same container was reported as
the most productive in other studies carried out in Tapachula, Chiapas [35]. A total of
7024 larvae and 349 mosquitos of Ae. aegypti were recorded in this study. The author also
reported 4996 larvae and 494 mosquitos of Ae. aegypti mosquito in the rainy season [56].
Other studies have reported that Ae. aegypti population dynamics fluctuate depending on
the season based on mean factors, such as temperature, precipitation, and breeding sites
available [57–60], including studies of Ae. aegypti population dynamics in other villages of
Tapachula, Chiapas [61].

Our approach is not scalable for big cities due to drone technological limitations
and the current national legal requirements for drone operations [28] and personal data
protection [62,63]. Although drone technology has progressed quickly and will continue
to improve, legal changes permitting the use of this technology in overpopulated areas
will be required. Future research needs to develop, improve, and analyze other efficient
ways for drone flights to cover areas in big cities to scale these interventions. This approach
could help to apply these technologies to public health to strengthen program operations
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and decisions. This methodology helps us to understand the urban landscape and housing
environments, and these elements could also be associated with other vectors, such as
kissing bugs and ticks. Community participation in novel vector control technologies
will be necessary for future interventions [64–66] and to promote public health policies
supported by correct drone operations. A limitation in the estimation of kernel density was
the number of samples taken within the polygons of each dwelling (100 sample pixels) as
well as the size of the study site itself (approximately 80 Ha.); therefore, the maps may not
fully represent the larger landscape. Kernel analysis has been used as a tool to assess the
risk of mosquito distribution in larger areas, such as Mexico City. However, the pixel size it
refers to was much larger. In this study, we evaluated the colony level scale [67]. Andreo
et al. [68] carried out a MaxEnt analysis as a part of workflow towards an operational
system that could adapt to the spatial resolution of other earth observation data types.

5. Conclusions

Medium and high values for the kernel density of both NDVIRe and NDVI (both
p-value < 0.05) were associated with the number of adult mosquitos per house. However,
the density of Ae. aegypti larvae per household did not show an association with medium
and high values of NDVIRe and NDVI (both p-value > 0.05). To better understand dengue
transmission, operational programs require scientific evidence of high-risk areas based
on all factors related to specific conditions for the vector mosquito population. Other
methods to estimate high-risk areas using novel technology are required, such as drone
aerial images, that are effective, efficient, and relevant and have a high resolution and
appropriate frequency for robust analysis. It is also necessary to develop a real-time
surveillance method that allows accurate information on urban ecosystems to determine
the factors associated with the abundance of vector mosquitoes in priority areas, which
could be useful in normal program activities or when disasters occur. We propose using the
drone technology commonly used in precision agriculture for public health to characterize
mosquito urban ecosystems within the boundaries of the law and community acceptability.
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