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ABSTRACT. Among all living beings, mosquitoes account for the highest number of human fatalities. Our
study aimed to determine mosquito egg abundance fluctuation from 2015 to 2020, in order to observe which years
had the highest mosquito vector densities and whether they coincided with yellow fever virus outbreaks in both
human and nonhuman primates. The study area included Atlantic Forest fragments in the state of Rio de Janeiro.
Studies from the Diptera Laboratory at FIOCRUZ were selected and compared along a timeline period of the field
collections. The highest peak in egg abundance from the analyzed studies was observed from 2016 to 2017 and
from 2015 to 2016. The lowest egg abundance was during the collection periods from 2018 to 2019 and 2019 to
2020. The species with the highest abundance throughout all the periods of the studies analyzed was Haemagogus
leucocelaenus, representing 87% of all epidemiological species identified. The species with the lowest abundance
was Hg. Janthinomys, representing only 1%. Monitoring the population of mosquitoes is imperative for disease
surveillance, as the rise in specimens of various vector species directly impacts the occurrence of yellow fever
cases in both nonhuman primates and human populations.
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Yellow Fever (YF) is an arboviral disease of signifi-
cant importance in the American continent. It is caused
by yellow fever virus (YFV) belonging to the genus
Flavivirus, family Flaviviridae, with its origin in Africa
and likely spreading to the Americas and the Caribbean
during the seventeenth to nineteenth centuries, through
maritime transport driven by the slave trade (Bryan
et al. 2004). The first recorded outbreak of YF in the
Americas occurred in 1647 in the Yucatan Peninsula of
Mexico (Franco 1969). The disease has a long history
and has been extensively studied, as it has been respon-
sible for major epidemics in the Americas and Africa
since the 17th century (Benchimol 1999). Molecular
biology studies have made it possible to establish phy-
logenetic relationships between the strains circulating

on both continents, confirming the African origin of the
virus (Mutebi and Barrett 2002).
Remarkably, yellow fever virus (YFV) circulation

has not been documented in the Atlantic Forest in Bra-
zil since the 1930s, despite it being the biome where
sylvatic transmission was initially identified (Laem-
mert and Kumm 1950). Between the mid-twentieth
century and 1999, YFV expansion from the Amazon
reached the Cerrado biome. After 2000, YFV expan-
sion waves reached the southern pampa biome and
progressed eastward across the Cerrado. Until 2016,
the stretch of the Brazilian coast from Piauí to Rio
Grande do Sul was considered free of YFV, leading to
an absence of vaccination recommendations. How-
ever, a significant outbreak occurred in the central-
western region of the country between 2014 and 2015.
In late 2016, YFV spilled from Cerrado into a transi-
tion zone between this biome and the Atlantic Forest
in the state of Minas Gerais, rapidly spreading across
the southeast. This outbreak quickly extended into the
most populous section of the Atlantic Forest (south-
east), where the virus had not circulated for nearly 80
years (de Abreu et al. 2019).
Brazil has been heavily impacted by the disease, both

in terms of public health and economics, and its elimi-
nation from urban areas at the beginning of the 20th
century was a significant achievement. However, in the
1920s, it was suspected that transmission had occurred
in the forest areas of Colombia, and this was subse-
quently confirmed in the Canaã valley, in the Brazilian
state of Espírito Santo, demonstrating that the virus had
adapted to wild mosquitoes (Soper et al. 1933).
Mosquito species belonging to the genera Haema-

gogus Williston and Sabethes Robineau-Desvoidy are
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of epidemiological importance because of their effi-
ciency in becoming infected with and transmitting the
wild yellow fever virus (YFV). These vectors are
responsible for maintaining the natural cycle of YFV
in forested areas of the Americas. Haemagogus con-
tains 28 species, of which nine are found in Brazil
(Marcondes and Alencar 2010). These are essentially
wild, diurnal, acrodendrophilous mosquitoes, which
mainly inhabit dense forests and usually feed on the
blood of arboreal animals, mainly nonhuman primates
(NHP). These perform blood meals at specific times
of the day, usually around noon (Alencar et al. 2016).
Immature forms ofHaemagogus spp. usually develop

in tree hollows, cut bamboo, and bromeliads (Mar-
condes and Alencar 2010). Eggs of these mosquitoes
are deposited on moist substrates and become drought-
resistant. When the embryo receives negative stimuli
from the environment, a drastic reaction occurs, reduc-
ing its metabolism and blocking larval hatching. This
increases the probability that the embryo will survive
(Perez and Noriega 2013). Understanding the hatching
response is therefore essential for developing mosquito
control strategies. The present study aimed to assess the
number of eggs from vector mosquitoes from 2015 to
2020 and evaluate whether the seasonal distribution
coincides with YF outbreaks in humans and nonhuman
primates in Atlantic Forest fragments in the state of Rio
de Janeiro.
The data that compose the present study were col-

lected through the period of 2015 to 2020 in different
Atlantic Forest fragments in the state of Rio de

Janeiro, with a focus on YFV vectors (Fig. 1). The
Atlantic Forest vegetation is composed of dense sub-
montane rainforests, a specific type of tropical forest.
Some areas within the Atlantic Forest exhibit moder-
ate to advanced stages of regeneration. This ecosys-
tem comprises evergreen foliage, canopies up to 50
m high, emerging trees up to 40 m high, and dense
shrubby vegetation with ferns, shrubs, and bromeli-
ads (MMA 2008).

The data from the period of 2015 to 2016 were
sampled in the Mata Atlântica FIOCRUZ Campus
(CFMA) (22°56000.000S, 43°25000.000W), located in
the municipality of Rio de Janeiro, and in the RPPN
(a private natural heritage reserve) of Bom Retiro
(22°27019.400S, 42°18009.500W); (22°27014.1 0 0S; 42°
17034.90 0W), located in the Casimiro de Abreu
municipality, Rio de Janeiro State. The data from
2016 to 2018 were from eggs sampled at the Sana
Environmental Protection Area (SPA) (22°200
01.300S, 42°120 24.000W), located in an area of sec-
ondary Atlantic Forest in the municipality of Macaé,
189 km from FIOCRUZ Campus CFMA, and 39.5
km from the Private natural heritage reserve of Bom
Retiro in Casimiro de Abreu municipality. The sam-
ples from 2018 to 2019 were collected at the São
João River Basin Environmental Protection Area
(EPA) (22°37010.70 0S, 42°18059.50 0W), in Silva Jar-
dim, 150 km from Mata Atlântica FIOCRUZ Cam-
pus (CFMA), 56.6 km from Private natural heritage
reserve of Bom Retiro in the city of Casimiro de
Abreu, and 66.4 km from Sana Environmental

Fig. 1. Map of immature collection areas in Atlantic Forest Biome, within the state of Rio de Janeiro, Brazil. The
map was generated using QGIS software, version 3.22.16.
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Protection Area (SPA). Samples for 2018 to 2020 were
collected at Fazenda Três Montes (22°31050.800S, 42°
02056.300W) and Morro Grande Private Natural Heri-
tage Reserve (22°32029.600S, 42°00049.000W), both in
the city of Casimiro de Abreu.

The total number of culicid eggs collected for each
time was plotted on a graph in ascending chronologi-
cal order to observe the fluctuation in the culicid pop-
ulation during the 6 years of observation. The
quantitative values of the total number of eggs col-
lected in each study were plotted on a line graph over
a specified time interval of one year. A bar graph was
used to illustrate the abundance of mosquito eggs per
collection area. To compare the number of eggs col-
lected per field visit (monthly) between studies and
evaluate the study areas, a normality test was per-
formed. The data did not follow the normal distribu-
tion. Therefore, the Kruskal-Wallis test was used for
nonparametric data, followed by Dunn’s post hoc to
observe between which studies and/or areas there
was a statistically significant difference. Regression
analysis was performed between the number of eggs
collected and the altitude of the collection areas of the
studies, after excluding an outlier identified through
Cook’s distances calculations. All recorded data were
analyzed using software PAST version 4.09 (Hammer
et al. 2001).

At the FIOCRUZ Campus (CFMA) Hg. leucocelae-
nus, a known YFV vector, was reported. The study con-
ducted in this area only focused on this specific species,
thus no other vector species were registered. In the frag-
ments at the municipality of Carimiro de Abreu, impor-
tant vector species were present: Hg. leucocelaenus

(Dyar and Shannon), Hg. janthinomys Dyar, Aedes
albopictus (Skuse), Ae. aegypti (L.), Ae. terrens
(Walker). The most abundant was Hg. leucocelaenus
[n ¼ 992 in Bom Retiro Private Natural Reserve
(RPPNBR)] and (n ¼ 1,525 in Fazenda Três Montes
and Morro Grande). The second most abundant vector
species was Ae. albopictus (n ¼ 103 in RPPNBR) and
(n ¼ 1,100 in Fazenda Três Montes and Morro
Grande). The fragment Sana Environmental Protec-
tion Area (SPA), located in the municipality of Macaé,
showed a higher abundance of Hg. leucocelaenus (n ¼
10,946), followed by Ae. terrens (n ¼ 172). Consider-
ing the fragment São João River Basin Environmental
Protection Area (EPA) in Silva Jardim municipality, the
most abundant species found was also Hg. leucocelae-
nus (n ¼ 1,525), with a very high abundance of Ae.
albopictus (n ¼ 1,100). This was the only fragment in
which another species (Ae. albopictus) was found with
an abundance almost as high as Hg. leucocelaenus.
The highest peak in egg abundance from the studies

analyzed comprehending the period from 2015 to
2020 was observed from 2016 to 2017 (n ¼ 6,710)
and from 2015 to 2016 (n ¼ 6,153). The lowest egg
abundancy was during the collection periods from
2018 to 2019 (n ¼ 1,086) and 2019-2020 (n ¼ 1,538)
(Fig. 2A). The areas with the most elevated culicid
egg abundance were Casimiro de Abreu (n ¼ 7,186),
Bom Retiro (n ¼ 6,721) and Macaé (n ¼ 6,710). The
lowest egg abundance was observed in Silva Jardim
(n ¼ 1,086), Fazenda Três Montes (n ¼ 1,538), and
FIOCRUZ Campus (CFMA) (n ¼ 4553). Silva Jardim
was the location that showed statistical difference with
all the other locations analyzed: FIOCRUZ Campus

Fig. 2. Egg abundancy per study period from 2015 to 2020 (A), per study area (B), per month (C), and per altitude
(D) in fragments of the Atlantic Forest in the state of Rio de Janeiro, Brazil.
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(CFMA) (Kruskal-Wallis test, P ¼ 0.004), Casimiro
de Abreu (Kruskal-Wallis test, P ¼ 0.013), Bom
Retiro (Kruskal-Wallis test, P ¼ 0.010), Macaé (Krus-
kal-Wallis test, P ¼ 0.001) (Fig. 2B). Regardless of
the year of collection, the months of February,
November and December showed very distinct and
high peaks in the graph for the majority of the collec-
tion areas in the studies analyzed. The pattern of mos-
quito egg abundance was highly similar among the
collection areas. July was the month with the lowest
egg abundance (Fig. 2C).
The number of eggs collected in different Atlantic

Forest fragments had a positive and significant statis-
tical correlation to the altitude (r ¼ 0.96, P-value ¼
0.0053) (Fig. 2D).
Research on mosquito biodiversity in the Atlantic

Forest enhances our comprehension of their popula-
tion distribution patterns. It sheds light on potential
alterations in mosquito behavior to adapt to diverse
environmental conditions due to the impacts of
anthropic activity within this biome (Alencar et al.
2021). In 2000, Guimarães and collaborators (Gui-
marães et al. 2000) noted a rise in the occurrence of
epidemics associated with human-induced environ-
mental impacts. These impacts can cause changes in
the behavior of vectors and pathogens’ transmission
patterns. Haemagogus species are found in tropical
forest areas, exhibit peak activity during the hottest
hours of the day, and demonstrate acrodendrophilic
tendencies (Silva et al. 2022).
Most of the eggs collected in this period from the

studies analyzed, considering only the medically
important mosquito species and genera, were from
Hg. leucocelaenus. This mosquito species, along with
Hg janthinomys were considered the primary vectors
in the major YF outbreak in Brazil from 2016–2018
(de Abreu et al. 2019). The elevated number of mos-
quito eggs with a high abundance of eggs from Hg.
leucocelaenus is alarming as it was observed that
YFV transmission persisted in the same Atlantic For-
est area for at least three consecutive transmission sea-
sons without the need for new introductions (de Abreu
et al. 2019).
The highest peak in mosquito egg abundance was

observed in the studies from 2016 to 2017, which
coincides with one of the biggest outbreaks in the
history of YF in forest areas of Brazil, with 28 con-
firmed YF human cases (9 deaths) in the state of Rio
de Janeiro (32.1% lethality) (SES 2018). The second
outbreak happened from 2017 to 2018 (MS 2020).
The year 2017 marks the reemergence of the yellow
fever virus (YFV) in non-endemic Southeastern Bra-
zilian states (Mir et al. 2017). In Brazil, from Decem-
ber 1, 2016, to February 2, 2017, 901 cases of YF
were reported, including 143 deaths (54 confirmed, 3
discarded, and 86 under investigation), with an over-
all lethality rate of 16%, with 36% among confirmed
cases and 12% among suspected cases (OMS 2017). At
the beginning of January 2017, the Brazilian Ministry
of Health informed the World Health Organization of a

rising number of officially verified instances of YF in
the state of Minas Gerais, located in Southeastern Bra-
zil (Rossetto et al. 2017).

The collection areas analyzed showed a very similar
pattern of egg abundance throughout the months,
regardless of the collection year. This is probably
because all of them were in the Atlantic Forest biome,
state of Rio de Janeiro. It is interesting to note how
consistently the egg abundance rose in hot rainy
months and decreased in drier and colder months of
the year. This observation has also been noted and
reported extensively throughout research involving
mosquito populations and climatic variables, resulting
in a seasonal pattern (Hamlet et al. 2021). The influ-
ence of climate on mosquito abundance indicates that
predictive models based on climate variables can pro-
vide important information on mosquito population
dynamics and etiological agents transmitted by them
(Wilke et al. 2017).

Regarding altitude, considering the studies ana-
lyzed, the highest number of eggs were observed at
61m (n ¼ 7186), 358m (n ¼ 6721) and 446m (n ¼
6710). In the Brazilian city of Belo Horizonte, capital
of Minas Gerais State, Ae. albopictus was collected
at an altitude of 858 m above sea level; in the studies
reviewed, this species has been collected in eleva-
tions of 28 m, 61 m and 358 m (Bezerra 2016). Ele-
vations with less than 500m have moderate to heavy
mosquito populations, in contrast, mountain areas
higher than 500m have low populations. Regions at
high altitudes are practically free of dengue due to low
temperatures and oxygen depletion, the vector is not
usually found above 1,000 meters of altitude (Kaul
and Rastogi 1997). This variable may act as a limiting
factor in the distribution of Aedes spp. mosquitoes.

As for Haemagogus species, according to Alencar
et al. (2009), the analyses examining the relationship
between altitude and abundance indicate little to no
correlation observed for both Hg. capricornii Lutz
and Hg. janthinomys (Alencar et al. 2009). In con-
trast, in the studies included in this revision, altitude
was shown to positively correlate with mosquito
eggs, including eggs from Haemagogus spp. This
might be because the areas of studies ranged from 28
m to 446 m, thus not exceeding 500m. In Brazil, Hg.
capricornii and Hg. janthinomys are not only restricted
to lowland regions; they can also be found in areas at
altitudes greater than 800 m above sea level (Alencar
et al. 2009).

The Atlantic Forest fragment with the highest num-
ber of eggs collected was in Casimiro de Abreu, this
fragment also demonstrated elevated percentages of
Hg. leucocelaenus (83%), when compared to other vec-
tor species. This species is considered one of the main
YFV vectors and has already been found infected in
Brazil (de Abreu et al. 2019). In 2017, YF cases were
detected in Casimiro de Abreu, Rio de Janeiro state,
resulting in one fatality (Silva et al. 2022). This high-
lights the importance of epidemiological surveillance in
forest areas, detecting and quantifying mosquito vector
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populations. Early detection of these mosquito species
can help identify higher-risk areas for YFV transmis-
sion, making these a priority for YF vaccination both
among humans and nonhuman primates.
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