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public areas. We also studied the seasonality of climate factors to understand their influ-
ence on the ����� habitats. The most frequently reported �����-positive containers were
domestic containers, drains, discarded receptacles, ornamental containers, flower pot
plates/trays, plants, gully traps, canvas/plastic sheet, bins, ground puddle, inspection
chambers and roof tops/gutters. Residences had more ��. �����	
-positive containers per
inspection whereas public areas had more ��. ���
�
�	��-positive containers per inspec-
tion. We also found that mean temperature influenced the detection of ����� habitats.
This study demonstrates the seasonal fluctuations of �����-positive containers in an
urban environment.

Introduction
Dengue fever is transmitted to humans by ����� mosquitoes, mainly ��. �����	
, although ��.
���
�
�	�� has also been implicated in several countries [1–5]. It is the fastest growing vector-
borne disease in the world with a recent study estimating as many as 390 million dengue infec-
tions in a year [6]. The health burden of dengue is disproportionate, with countries in the
Asia-Pacific region bearing about three-quarters of the global dengue disease burden [7]. The
World Health Organization (WHO) recognizes dengue as a major public health problem and
works with relevant countries and development partners to provide strategic guidance for
urgent strengthening of vector control as a fundamental approach to reduce disease mobility
and mortality rate [8]. With climate change studies indicating the likelihood of an expansion
in the geographical areas favouring for dengue transmission, a larger proportion of the global
human population is expected to be at risk [9]. An effective vaccine would be an ideal interven-
tion to address the enlarged risk of dengue infections. Although the Dengvaxia dengue vaccine
is presently licensed in several settings and several dengue vaccines are in various stages of
clinical trials [10–12], there is presently no effective vaccine that can effectively and safely
lower the dengue burden of countries with different intensities of dengue incidences. [13].
Vector control, therefore, remains a key strategy for dengue control.

Several studies have examined the distribution and abundance of ����� pupae and larvae
(immatures) in household containers in different landscapes for the purpose of planning and
managing the vector. For example, recent studies in Kenya, Columbia and Selangor have
shown that there are substantial numbers of ��. �����	
 habitats found in both rural and urban
areas [14–16].

Singapore has a dengue control programme that primarily focuses on vector source reduc-
tion through surveillance, enforcement, community engagement, careful urban planning and
operational research [17]. In this present study, we examined the distribution, long-term trend
and seasonality of ��. �����	
 and ��. ���
�
�	��-positive containers detected in residences and
public areas in Singapore. We also studied the seasonality of climate factors to understand
their influence on the detection of �����-positive containers. Understanding the distribution
of ��.�����	
 and ��. ���
�
�	��-positive containers detected in regulatory inspections can
guide the prioritization of limited vector control resources aimed at reducing arboviral
transmission.

Materials and methods

Ethics
This study was granted approval by the Environmental Health Institute of the National Envi-
ronment Agency, Singapore. The study did not involve human participants.
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Study setting
We conducted our study in Singapore (1˚ 17’N 103˚ 50’E), a city state with a land area of 724.2
square kilometer, and a population density of 7,804 people per square kilometer, one of the
highest population densities in the world [18]. Singapore experiences a tropical climate with
abundant rainfall, high and uniform temperatures and high humidity all year round [19]. The
study was carried out in residential estates, which comprises both residences and public areas.
Residential estates make up 31% of the total land area of Singapore.

Residences are defined as premises under the care of home owners. There are three types of
residences: high rise public apartment blocks, private apartment blocks and landed houses.
Ninety-five percent of Singapore residents live in apartment blocks, while 5% of them live in
landed houses [20]. The public and private residential apartment blocks range from three to 50
storeys, with the majority between 10 and 30 storeys. Landed houses are built by the private
sector, and the built up area of each house is on average 2.5 times that of an apartment [21].
Residences are primarily indoor areas, however, a small portion of the total area includes shel-
tered corridors along the homes of apartment blocks, as well as non-sheltered areas such as
gardens of landed houses. Potted plants are common along the sheltered corridors outside
homes in apartment blocks. Landed houses typically include external paved and turf areas as
well as gardens where plants and ornamental containers are commonly found.

Public areas are defined as open spaces located in residential estates and are accessible to
the public. They do not include areas that belong to home owners. The majority of public
areas is not sheltered and is directly exposed to the natural elements. However, a small portion
of public areas includes sheltered pathways connecting apartment blocks, and sheltered com-
mon congregation areas in the residential estate.

Vector control
As part of Singapore’s dengue control programme, approximately 600 trained public health
inspectors from the National Environment Agency (NEA) conduct routine regulatory inspec-
tions of indoor premises and outdoor areas to identify and destroy mosquito immatures. All
premises are scheduled to be inspected at least once every year, throughout the study period.
The inspections of premises are planned at the start of the year and prioritized based on the
dengue risk level of their locations. The risk level is determined by several factors such as den-
gue exposure, population density, and other environmental factors. The present study focuses
on ��. �����	
 and ��. ���
�
�	�� mosquito-positive containers collected in residential estates,
hence, mosquito-positive containers detected in other areas such as commercial buildings,
construction sites, industrial buildings and other premises (such as schools, places of worship)
were excluded from the analyses.

Public health inspectors are trained on inspecting wet containers and collecting mosquito
immatures and recording data into the central information database. After receiving permis-
sion, surveys are carried out in residences. Majority of the residents grant permission to access
their homes. However, in the event that nobody is present, pamphlets that educate residents
on how to keep their homes free of mosquitoes, are inserted into homes. Based on the accessi-
bility rate, on average, about half of the residences are surveyed. Majority of the premises are
inaccessible because occupants are not present during the time of visit, and not due to refusal
of entry. Permission to survey public areas is not required, as NEA authorizes public health
inspectors to search and destroy mosquito breeding containers in public areas. At each site,
the public health inspector will carefully inspect the area looking for water containers with
mosquito immatures. A container is considered positive if a mosquito immature is present.
When a container with at least one mosquito immature is found, a three milliliter pipette or
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specially designed ladle is used to collect water and immatures from the container. The water
together with the immatures is transferred to transparent tubes, which can hold up to 12 milli-
liter of liquid, and labeled with a sample ID. All data pertaining to the collection, such as, the
sample identification number, survey date, the type of container, the number of immatures
present in the container, and the address where the container is found will be recorded into
the central database connected via tablets. Any excess water that has not been collected will be
emptied and if emptying the container was not feasible due to the large size, the water will be
treated with ���
���� 	���
��
���
� ���. 
��������
� (BTI) or oiled to destroy the immatures that
are not physically removed. At the end of each working day, the tubes with the samples are
transported to the Environmental Health Institute (EHI) laboratory for identification of spe-
cies according to taxonomic keys [22].

Climate data
Monthly mean temperature, absolute humidity and total rainfall from 2008 to 2017 recorded
in Changi weather station in Singapore is obtained from Meteorological Services Singapore.

Statistical analyses
The monthly number of ��. �����	
 and ��. ���
�
�	��-positive containers detected in resi-
dences and public areas from 2008 to 2017 was extracted from the database for the analyses.
The containers were classified into ten categories based on the frequency of occurrences and
the descriptions of the containers are in S1 Text. Containers that contained mosquito imma-
tures that are not ��. �����	
 and ��. ���
�
�	�� (such as �����. ��
��������
�	�� immatures)
were excluded from the analyses for this study. We also retrieved the monthly number of
inspections conducted in residences and public areas for the study period.

The monthly ratio of ��. �����	
 and ��. ���
�
�	��-positive containers in residences and
public areas was calculated by dividing the monthly number of ��. �����	
 and ��. ���
�
�	��-
positive containers in residences and public areas by the total number of inspections carried
out in residences and public areas, respectively. A monthly ratio was chosen so as average out
random noise. All premises within a premises types are similar to each other in terms of land
area. Hence, the assumption we take is that the time taken for each inspection within a prem-
ises type is comparable.

Descriptive analyses were used to explore the data. We tabled the monthly number of ��.
�����	
 and ��. ���
�
�	��-positive containers detected in residences and public areas for the
ten categories of containers. The monthly ratio of ��. �����	
 and ��. ���
�
�	��-positive con-
tainers in residences and public areas was plotted over time. As the monthly mean ratio of ��.
�����	
-positive containers and ��. ���
�
�	��-positive containers in residences as well as pub-
lic areas were normally distributed, a paired t-test was used to compare the differences. We
derived the trend and seasonality components of the monthly ratio of ��. �����	
 and ��. ���
�
�
�	��-positive containers in separate time series models for each species, using the “ts” and
“decompose” package implemented in the R statistical language [23] for residences and public
areas. We also assessed the seasonality of the monthly climate factors in separate time series
models in order to see if the seasonality of climate factors coincided with that of the �����-pos-
itive containers. Using Pearson cross correlation tests, we compared the seasonality of climate
factors with that of �����-positive containers to determine the lag at which the correlation is
the strongest. Generalized additive regression models were built for each premises types, that
considers species and time components as the variables, using the “gam” package. Splines are
added, where relevant, for smoothing. The models compare the trend of ratios between each
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species for each premises types. Statistical analyses were performed using R software version
3.6.1 [23]. Statistical significance was assessed at the 5% level.

Results

Taxonomic identification
There were 151,512 inspections conducted in residences (58.8%) and public areas (41.2%)
from 2008 to 2017. Containers with mixed (��. �����	
 and ��. ���
�
�	��) breeding contrib-
uted to 3% of the total number of �����-positive containers. These data will be excluded from
the study. A total of 149,184 �����-positive containers were found. Of these, 64,375 (43.2%)
were ��. �����	
-positive containers and 84,809 (56.8%) were ��. ���
�
�	��-positive contain-
ers. Among the ��. �����	
-positive containers detected, 83.3% were found in residences,
while 51.4% of all ��. ���
�
�	��-positive containers were detected in public areas.

��. ������� and ��. �	
�����
�-positive containers
The most frequently reported categories of �����-positive containers were domestic contain-
ers, ornamental containers, flower pot plates/trays, drains, plants, discarded receptacles, canvas
sheet/plastic sheet, puddle/ground depression, roof top/roof gutters, discarded receptacles,
gully traps, inspection cover chambers, bins and “others” (S1 Text). Among the top ten catego-
ries of ��. �����	
 and ��. ���
�
�	��-positive containers, there were six containers that were
common to both species. The nine most frequently reported categories of ��. �����	
-positive
containers accounted for 74.4% and 56.5% of total ��. �����	
-positive containers found in res-
idences and public areas, respectively. In the case of ��. ���
�
�	��-positive containers, the top
nine categories of ��. ���
�
�	���positive containers accounted for 57.8% and 72.3% of all ��.
���
�
�	��–positive containers in residences and public areas, respectively. The mean weekly
number of ��. �����	
 and ��. ���
�
�	��-positive containers in residences and public areas are
shown in Fig 1.

Over the ten-year study period, ��. �����	
 and ��. ���
�
�	��-positive containers in resi-
dences and public areas exhibited different temporal trends (Fig 2). The mean ratio of ��.
�����	
-positive containers was significantly higher than the mean ratio of ��. ���
�
�	��-posi-
tive containers in residences (difference in mean = 0.25, 95% CI = 0.21 to 0.39, p<0.05). In
contrast, the mean ratio of ��. ���
�
�	��-positive containers was significantly higher than the
mean ratio of ��. �����	
-positive containers in public areas (difference in mean = 0.55, 95%
CI = 0.50 to 0.60, p<0.05).

Time-series analyses of monthly �����-positive containers per inspection
in residences and public areas
The monthly trend of the ratio of ��. �����	
 and ��. ���
�
�	��-positive containers for both
residences and public areas was plotted over time (Fig 3). There was an increasing trend in the
ratio of ��. �����	
-positive containers in residences from 2008 to 2010, after which there was
a decreasing trend till September 2016. An upward trend was observed in the ratio of ��. ���
�
�
�	��-positive containers in public areas from 2010 to mid 2012, after which the trend was sta-
ble until September 2016, There was a decreasing trend in the ratio of ��. ���
�
�	��-positive
containers in residences from 2008 to September 2016. The trend of ratio of ��. ���
�
�	��-
positive containers in public areas remained relatively stable, till September 2016. There was
an upward trend in the monthly ratio of ��. �����	
 ��� ��. ���
�
�	��-positive containers in
both residences and public areas from September 2016.
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The rate of increase in the trend of ��. ���
�
�	��-positive breeding was greater than that of
��. �����	
-positive breeding in residences as well as public areas (Table 1).

Fig 1. Mean monthly number of ��. ������� and ��. �	
�����
��positive containers detected in residences and public areas.

https://doi.org/10.1371/journal.pntd.0008209.g001

Fig 2. Monthly ratio of ��. ������� ��� ��. �	
�����
�-positive containers in residences and public areas from 2008 to 2017.

https://doi.org/10.1371/journal.pntd.0008209.g002
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There were seasonal fluctuations in the ratio of �����-positive containers in residences and
public areas (Fig 4). For residences, we observed two peaks in the ratio of ��. �����	
 and ��.
���
�
�	��-positive containers in April and November, although the magnitude of the peak in
November was smaller for ��. �����	
 compared to ��. ���
�
�	��. For public areas, however,
an additional peak occurred in July in the ratio of both ��. �����	
 and ��. ���
�
�	��-positive
containers. The seasonal peak in the ratio of ��. �����	
 and ��. ���
�
�	��-positive containers
in residences and public areas was lowest in February. The seasonal and trend components of
�����-positive containers are found in S2 Text.

Time-series analyses of monthly mean temperature, total rainfall and
absolute humidity
We observed seasonal fluctuations in weather parameters over the study period. The mean
temperature peaks from April to June, and again a slight peak was observed in September. The
mean temperature in December to February was generally lower. The highest correlation
between the seasonality of ��. �����	
�positive containers and mean temperature in residences

Fig 3. The trend of ratio of ��. ������� ��� ��. �	
�����
�-positive containers in residences and public areas from 2008 to 2017. An upward trend for all
lines were observed from Sep 2016, as highlighted in the yellow shaded region.

https://doi.org/10.1371/journal.pntd.0008209.g003

Table 1. Monthly rate of increase of trend of the rate of �����-positive containers in residences and public areas
from September 2016 to December 2017. The results are from the additive regression models created to compare the
trends between ��. �����	
-positive containers and ��. ���
�
�	��-positive containers in residences and public areas.

Trend line Mean 95% CI p-value
Rate of increase of ��. �����	
-positive containers per inspection in residences 0.006 0.005–0.012 <0.05

Rate of increase of ��. ���
�
�	��-positive containers per inspection in residences 0.030 0.026–0.110 <0.05
Rate of increase of ��. �����	
-positive containers per inspection in public areas 0.008 0.002–0.014 <0.05

Rate of increase of ��. ���
�
�	��-positive containers per inspection in public areas 0.038 0.033–0.120 <0.05

https://doi.org/10.1371/journal.pntd.0008209.t001
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(r = 0.81) and public areas (r = 0.73) had no time lag, while, in the case of ��. ���
�
�	��-posi-
tive containers, the highest correlation in residences (r = 0.41) and public areas (r = 0.65), was
observed when ��. ���
�
�	��-positive containers lagged mean temperature by 1 month
(p<0.05). (Fig 5)

In contrast, the seasonal peak in rainfall occurred in November and was at its lowest in
June (Fig 6). There was only weak correlation between the seasonality of rainfall and that of
�����-positive containers in residences and public areas. However, the timing of the seasonal
peak in rainfall coincided with the year-end peaks in ��. ���
�
�	��-positive containers in resi-
dences and public areas.

The timing of the peaks and troughs of absolute humidity was similar to that of �����-posi-
tive containers (Fig 7). The seasonal fluctuations of ��. �����	
-positive containers in resi-
dences (r = 0.89) and public areas (r = 0.70) coincided with seasonal fluctuations of absolute
humidity.

Discussion
We examined the temporal distribution of ��. �����	
 and ��. ���
�
�	���positive containers
detected during regulatory inspections in residences and public areas for the past decade in
Singapore. We found more ��. �����	
�positive containers in residences and more ��. ���
�
��
	��-positive containers in public areas. This finding is consistent with the last study on �����

Fig 4. The seasonality of �����-positive containers in residences and public areas from 2008 to 2017. The first 3 years are shown for easier visualization.
The seasonality of ratio of (A) ��. �����	
-positive containers in residences (B) ��. ���
�
�	��-positive containers in residences (C). �����	
-positive containers
in public areas (D) ��. ���
�
�	��-positive containers in public areas.

https://doi.org/10.1371/journal.pntd.0008209.g004
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larval habitats in Singapore, conducted in 1960s, which showed that the majority of ��. �����	

and ��. ���
�
�	�� larval habitats were found in homes and outdoor settings, respectively [24].
Similar results were also reported in other countries such as Sarawak [25], Peninsular Malaysia
[26] and South Sulawesi, Indonesia [27]. This finding is consistent with existing knowledge
that ��. �����	
 are highly anthropophilic mosquitoes that are usually found in indoor areas
with close proximity to humans whereas ��. ���
�
�	�� mosquitoes prefers natural habitats
[28,29]. ��. �����	
 mosquitoes are competent dengue vectors [1–4]. Therefore, in the presence
of ��. �����	
 population and high human density, there could be an increased risk of dengue
transmission inside human dwellings. A previous study in Singapore has also shown that areas
with higher ��. �����	
 proportion are likely to be more vulnerable to dengue outbreaks [30].
Hence, to mitigate dengue transmission, it is necessary for residents to continue to carry out
mosquito control activities in homes.

A consistent upward trend in the ratio of ��. �����	
 and ��. ���
�
�	��-positive containers
in both residences and public areas was observed from September 2016. It is possible that mos-
quito control practices adopted by the general public were not sufficient over the years, thus,
resulting in an increase in the mosquito population. This observation reinforces the need to
further enhance public communications to urge individuals to take ownership in carrying out
mosquito-control activities. Nevertheless, it is reassuring that the increase in the ratio of ��.
�����	
 was less pronounced than ��. ���
�
�	��.

Fig 5. The seasonality of mean temperature and ��. ������� and ��. �	
�����
�-positive containers from 2008 to 2017. The first 3 years are shown for easier
visualization. The seasonality of mean temperature plotted with the seasonality of (A) ��. �����	
-positive containers in residences (B) ��. ���
�
�	��-positive
containers in residences (C) ��. �����	
-positive containers in public areas (D) ��. ���
�
�	��-positive containers in public areas.

https://doi.org/10.1371/journal.pntd.0008209.g005
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There were seasonal fluctuations in the rate of ������positive containers in residences and
public areas. However, within residences and public areas, the seasonality of the rate of ��.
�����	
 and ��. ���
�
�	���positive containers was similar. This suggests that ��. �����	
 and
��. ���
�
�	��-positive containers within a particular premises type are influenced by common
external factors. The seasonal fluctuations of ��. �����	
-positive containers in residences and
public areas coincided with seasonal fluctuations of mean temperature. However, there was a
one-month lag in ��. ���
�
�	��-positive containers when comparing the seasonal fluctuations
of ��. ���
�
�	��-positive containers in residences and public areas with the season fluctuations
of mean temperature. It is likely that temperature influences the growth of ����� larvae in both
premises types. A similar study conducted in Cairns, Australia reported that the ��. �����	

population lags maximum temperature between short (0–6 weeks) and long (0–30) weeks.
[31]. A more recent study showed that the development time from hatching to adult emer-
gence was shorter at higher temperatures [32], which could explain the increase in the number
of mosquito-positive containers detected when temperature rises. Temperature trends can be
used as a guide for shaping our vector control programme. Intervention efforts can be
enhanced when the temperature rises, so as to control the proliferation of ����� mosquito pop-
ulation. Interestingly, we noticed that the year-end peak in �� ���
�
�	��-positive containers
was higher than the initial peak for both residences and public areas, compared to ��. �����	
-
positive containers. The timing of the year end peak coincided with the seasonal peak in the
total rainfall suggesting that rainfall has a larger effect on ��. ���
�
�	�� compared to ��.

Fig 6. The seasonality of rainfall and ��. ������� and ��. �	
�����
�-positive containers from 2008 to 2017. The first 3 years are shown for easier
visualization. The seasonality of rainfall plotted with the seasonality of (A) ��. �����	
-positive containers in residences (B) ��. ���
�
�	��-positive containers in
residences (C) ��. �����	
-positive containers in public areas (D). ���
�
�	��-positive containers in public areas.

https://doi.org/10.1371/journal.pntd.0008209.g006
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�����	
. This could be due to ��. ���
�
�	�� preferring natural habitats, which are more prone
to rainfall accumulation, compared to ��. �����	
 [33,34].

Study strengths and limitations
We analysed a nationally representative data set collected over a decade. Understanding the
long term trend and seasonality of �����-positive containers allows us to make informed deci-
sions in enhancing vector control policies to achieve maximum impact. There are a few study
limitations. Firstly, public health inspectors are trained to look out for containers that are
known to breed ����� mosquitoes. This could have skewed the list of most frequently reported
�����-positive containers. Secondly, there might be cryptic breeding sites that are difficult to
identify or locate by public health inspectors, such as elevated sites or subterranean sites. Such
sites might have been missed out in the list of most frequently reported habitats, and therefore,
the number of �����-positive containers may be underestimated due to the lack of knowledge
of these cryptic sites. Another limitation is that the time taken to inspect a residence is not sim-
ilar to that of a public area, as the land area of a public area is larger and there is higher proba-
bility of detecting more potential breeding habitats. The last limitation is that there could be a
possible impact of larviciding and source removal which can affect the presence of positive
containers in the subsequent inspection, and we are unable to account for this in the computa-
tion of the rates. However, we expect little effect of this limitation on the study findings, as a

Fig 7. The seasonality of absolute humidity and ��. ������� and ��. �	
�����
�-positive containers from 2008 to 2017. The seasonality of absolute humidity
plotted with the seasonality of (A) ��. �����	
-positive containers in residences (B) ��. ���
�
�	��-positive containers in residences (C) ��. �����	
-positive
containers in public areas (D) ��. ���
�
�	��-positive containers in public areas.

https://doi.org/10.1371/journal.pntd.0008209.g007
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previous study on the regulatory inspections in Singapore has shown that proportion of resi-
dences with repeated �����-positive containers detected were low [35].

Our study showed that there are more ��. �����	
�positive containers in residences and
more ��. ���
�
�	��-positive containers in public areas. The seasonality of ��. �����	
-positive
containers in residences and public areas coincided with that of mean temperature. However,
the seasonality of ��. ���
�
�	��-positive containers lagged by one month compared to that of
mean temperature. Understanding the distribution and seasonality of ����� breeding helps to
facilitate resource planning and community awareness to moderate dengue transmission.
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