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Abstract

The impact of the rapid expansion of rubber plantations in South-East Asia on mosquito populations is uncer-
tain. We compared the abundance and diversity of adult mosquitoes using human-baited traps in four typical
rural habitats in northern Lao PDR: secondary forests, immature rubber plantations, mature rubber plantations,
and villages. Generalized estimating equations were used to explore differences in mosquito abundance be-
tween habitats, and Simpson’s diversity index was used to measure species diversity. Over nine months,
24,927 female mosquitoes were collected, including 51 species newly recorded in Lao PDR. A list of the 114
mosquito species identified is included. More mosquitoes, including vector species, were collected in the sec-
ondary forest than immature rubber plantations (rainy season, odds ratio [OR] 0.33, 95% confidence interval
[CI] 0.31-0.36; dry season, 0.46, 95% CI 0.41-0.51), mature rubber plantations (rainy season, OR 0.25, 95% Cl
0.23-0.27; dry season, OR 0.25, 95% CI 0.22-0.28), and villages (rainy season, OR 0.13, 95% Cl 0.12-0.14; dry sea-
son, 0.20, 95% CI 0.18-0.23). All habitats showed high species diversity (Simpson’s indexes between 0.82-0.86)
with vectors of dengue, Japanese encephalitis (JE), lymphatic filariasis, and malaria. In the secondary forests
and rubber plantations, Aedes albopictus (Skuse), a dengue vector, was the dominant mosquito species, while
in the villages, Culex vishnui (Theobald), a JE vector, was most common. This study has increased the overall
knowledge of mosquito fauna in Lao PDR. The high abundance of Ae. albopictus in natural and man-made for-
ests warrants concern, with vector control measures currently only implemented in cities and villages.
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South-East Asia (SEA) is a region where the population is at high risk
of exposure to vector-borne diseases (Jones et al. 2008, Suwonkerd
et al. 2013). This risk is exacerbated by changes in the environment,
such as changes in land use, surface water availability, large-scale
cross-border migration of people, and climate change (Githeko et al.
2000, Foley et al. 2005, Reisen 2010, Parham et al. 2015). One major
land-use change in the region is the expansion of rubber plantations.

The largest rubber plantations in the world are located in Indonesia,
Thailand, and Malaysia. Together with other rubber-producing coun-
tries in SEA, they covered 9.2 million ha of land in 2010 (Food and
Agriculture Organization 2010). These man-made forests provide en-
vironments for vector mosquitoes. Outbreaks of dengue (Ministry of
Health Malaysia 2013, Palaniyandi 2014), malaria (Watson 1921,
Singhasivanon et al. 1999, Garros et al. 2008, Wangroongsarb et al.
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2012, Bhumiratana et al. 2013b), and chikungunya (Kumar et al.
2011, Palaniyandi 2014) have been recorded in rubber plantations of
India, Myanmar, Thailand, and Viet Nam. However, data on the
abundance and diversity of mosquitoes in rubber plantations remain
limited (Tangena et al. 2016).

Lao PDR (People’s Democratic Republic) has one of the fastest
growing economies in SEA, with a 6.4% increase in gross domestic
product (GDP) in 2015 (The World bank 2015). This growth has
partly been achieved by the 160-fold expansion of mature rubber
plantations from 2010 to 2015. Rubber tree cultivation is a new
kind of mass farming, and the impact of these changes on local vec-
tors remains poorly understood (Rueda et al. 2015). Since rubber
plantations are likely to expand in the country for at least the next
decade (National Agriculture and Forestry Research Institute 2016),
there is a need to understand the risk of vector-borne diseases in
these habitats.

The objective of this study was to identify the mosquito dynam-
ics, specifically for vectors of human diseases in rural habitats com-
mon in Lao PDR. A longitudinal study was carried out in northern
Lao PDR to determine the abundance and diversity of adult mosqui-
toes in four typical rural habitats: secondary forests, immature rub-
ber plantations, mature rubber plantations, and villages. We
hypothesized that mature rubber plantations in Lao PDR, with simi-
larly high canopy cover, high humidity, and stable temperatures as
forest habitats, would provide a good alternative habitat for forest
mosquitoes, including important dengue and malaria vectors.

Materials and Methods
Study Design

Entomological surveys were conducted monthly from July to
November 2013 and in February, March, May, and July of 2014.
Collections were not conducted in December 2013, January 2014,
April 2014, and June 2014 due to national holidays, local festivals,
peak in rice planting activities, and a large temporary migration of
villagers. Temperature and humidity data were collected in all habi-
tats throughout the study period, with the additional environmental
measurements collected once between June and July 2014.

Study Sites
The study was conducted in three sites: Thinkeo (19° 41'02.13"” N,
102° 07'05.49" E), Silalek (19° 37'02.80” N, 102° 03'05.70"” E),
and Houayhoy (19° 33'03.22" N, 101° 59'42.42” E) in Xieng-
Ngeun and Nane district, Luang Prabang province, northern Lao
PDR. The study area is a hilly region at an altitude of 570-650 m,
with patches of secondary forest and rubber plantations. The area
has a tropical monsoon climate, with a single rainy season from
May to October, when vector-borne disease transmission is highest
(Ministry of Health Lao PDR 2010). Dengue and Japanese encepha-
litis (JE) are endemic in the area, with an unknown number of lym-
phatic filariasis cases. No malaria transmission has been recorded in
the study area. According to the Lao climatology center, the average
temperature in the area during the rainy season of 2013/2014 was
25.4°C (range 15.3-39.9°C) with 84.2% relative humidity (RH;
range 19.0-100%) and in the dry season of 2013/2014, 23.2°C
(range 8.8-41.9°C) with 75.8% RH (range 20.3-100%). The aver-
age daily rainfall was 8.0 mm (range 0.2-141.2 mm) in the rainy sea-
son and 0.4 mm (range 0.0-55.9 mm) in the dry season.

In each of the three study sites four habitats were surveyed
(7ot = 12 sampling sites): a secondary forest, an immature rubber
plantation, a mature rubber plantation, and a local village. The

secondary forests are forests that had re-grown after the primary
forests had been cut for timber. There are few mature trees with
bamboo shrubs and small trees dominating. Immature plantations
are those with rubber trees less than five years old, which had not
been tapped for latex. These immature plantations have little canopy
cover and a high density of undergrowth. Mature rubber plantations
are where the trees were more than five years old and over 70% of
the trees had been tapped for latex for at least one year. As the trees
are accessed regularly, the plantations had little undergrowth. The
villages were linear rural settlements with 700-1,000 inhabitants.
Generally, villagers lived either in one-storey bamboo houses with
thatched roofs or brick houses with metal roofs. Aquatic habitats
near the trapping sites were investigated for the immature rubber
plantations, mature rubber plantations, and villages (Tangena et al.
2016). The greatest number of waterbodies positive for immature
mosquito stages were found in the mature rubber plantations. The
most important waterbodies were latex collection cups, tyres, and
water container > 10 liters. In the villages, the second greatest num-
ber of waterbodies positive for mosquitoes were found. Mainly wa-
ter containers > 10 liters and cut bamboo were positive for
immature mosquitoes. In the immature rubber plantations, the low-
est number of waterbodies were found. Larvae and pupae were
found in leaf axils and cut bamboo.

Longitudinal Mosquito Collections

Adult blood-questing female mosquitoes were sampled using the
human-baited double net (HDN) trap (Tangena et al. 2015). Briefly,
the HDN trap consisted of one participant resting on a bamboo bed
covered by two untreated bed nets: the smaller one completely sur-
rounded the human subject, while the larger one was positioned
over the smaller net and raised off the ground to let mosquitoes be
caught between the two nets. Every hour for 10 min the participant
raised the bottom of the inner net and aspirated all mosquitoes
caught between the two bed nets into labelled paper-cups.
Specimens were frozen at —20°C and morphologically identified to
species or species complex wusing Thai identification keys
(Rattanarithikul et al. 2005-2010). Members of the malaria vector
groups Anopheles funestus and An. maculatus were identified using
Allele-specific polymerase chain reaction (AS PCR) assays and
species-specific primers (Linton et al. 2001, Garros et al. 2004,
Walton et al. 2007). Unfortunately, there were problems with the
PCR system, preventing us from identifying the An. dirus complex
to species.

Three HDNSs, placed 5 m apart, were used to collect mosquitoes
in each of the four different habitats. This resulted in 36 HDN col-
lection sites (i.e. 3 study sites x 4 habitats x 3 HDNs). Every month
adult mosquitoes were collected for 3 wk. In the first week, 12 col-
lectors (4 habitats x 3 HDNs) collected mosquitoes for 6 h in one
study site. After 6 h, the collectors were replaced by a second group
of 12 collectors, who continued collecting mosquitoes for another
6 h. This 12-h collection period lasted from 6.00-18.00 h or 18.00-
6.00 h. This was repeated four times over several days until a total
of 48-h collections were conducted in each habitat. The participants
were distributed randomly between collection sites using the re-
search randomizer program (Urbaniak and Plous 2013). Two super-
visors checked on the collecting participants periodically during the
collecting period. Similar collections were done in the other two
study sites over the other two weeks’ time-period. A total of
78 healthy male and female villagers, between 18 and 55 years old
(i.e. 2 time periods x 12 collectors and two supervisors per study
site), were recruited and paid for their participation.
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Environmental Measurements
During the period when mosquitoes were collected temperature and
relative humidity were measured in each habitat using data-loggers
(HOBO Pro Onset Computer Corporation model H08-031-08). The
data logger was attached to a tree or pole nearest to the HDN traps
at 1.80 m above the ground before mosquito collections com-
menced. Precipitation data of the districts were collected from the
governmental climatology center in Luang Prabang province.
Measurements of physical structure were made in the three forest
habitat types—secondary forests, immature rubber plantations, and
mature rubber plantations. Using Google Earth, a 10- by 10-m grid
was fitted to each of the nine habitats. Each square in a grid was
numbered sequentially and in each habitat 10 squares were chosen
randomly using the research randomizer program (Urbaniak and
Plous 2013). In each of the 90 squares undergrowth density, canopy
cover, tree density, tree height, and tree circumference were re-
corded. Undergrowth density was measured at the four corners of
each square, by placing the center of a 2- by 2-m white sheet verti-
cally on one of the four corners. The sheet was set with one side fac-
ing north and the other side facing south. Pictures of the sheet were
taken using a camera (Stylus TG-830 Tough, Olympus) on a tripod
from 4 m away and 1 m above the ground (Palmer et al. 2004).
Forty colour photographs were taken of the undergrowth in each
habitat (four corners in 10 squares). The canopy cover proportion
was also measured on the corners of each square by taking pictures
of the sky 1 m above the ground (Palmer et al. 2004). All pictures
were analyzed, using the threshold function of image J software (ver-
sion 1.47, National Institutes of health, USA), to measure propor-
tion of vegetation and canopy cover (Rasband 2014). Tree density
was measured by counting the number of trees (defined as a peren-
nial woody plant with the main trunk >20cm circumference) in
each square. Tree height was measured for all trees using a clinome-
ter (FIN-01510, Valimotie 7, Suunto, Finland), and tree circumfer-
ence was measured at standard breast height, 1.37 m from the
ground (Gregoire et al. 1995).

Data Analysis

For both the rainy and dry season, generalized estimating equations
(GEE) were used to estimate the difference in mosquito density be-
tween habitats, study sites, and months. The hour factor was in-
cluded in the GEE model. GEE analysis was done using a negative
binomial model with log-link function (IBM SPSS statistics, version
20). Species diversity was compared using Simpson’s index of diver-
sity with 95% confidence interval (CI; Simpson 1949, Zhang and
Zhou 2010). The positively skewed daily mean temperature and the
daily mean humidity were square rooted and analyzed with GEE us-
ing a linear distribution with odds ratio (OR) and 95% CIL
Undergrowth, canopy cover, tree height, and tree circumference
were averaged for each square before analysis. Undergrowth and
height were positively skewed and transformed with log;o(x + 1) for
undergrowth and with log;(x) for height. Undergrowth and height
data were analyzed with generalized linear modeling (GLM) using a
linear distribution with OR and 95% CI. Canopy cover and circum-
ference were negatively skewed and were analyzed with GLM using
a gamma with log-link distribution with OR and 95% CI. Tree den-
sity data were analyzed with GLM using a Poisson log-linear distri-
bution with OR and 95% CI.

Ethical Considerations
Verbal informed consent was provided by village leaders and written
informed consent was collected from the HDN participants. Ethical

consent for this study was provided by the ethics committee of the
Ministry of Health in Lao PDR (approval number 017/NECHR is-
sued 21-04-2013) and the School of Biological and Biomedical
Sciences Ethics Committee, Durham University (issued 25-06-2013).

Results

Longitudinal Mosquito Collections

During 15,552 hours of collection, 24,927 adult female mosquitoes
were collected. One hundred and fourteen mosquito species were
identified, including 51 species not been recorded in Lao PDR before
(Table 1; Apiwathnasorn 1986). Thirteen female mosquitoes could
not be identified to species. Most mosquitoes were collected in sec-
ondary forests (55.3%, 13,789/24,927), followed by immature rub-
ber plantations (21.4%, 5,323/24,927), mature rubber plantations
(14.6%, 3,651/24,927), and villages (8.7%, 2,164/24,927). More
than 60% (9,395/15,552) of the sampling hours yielded no mosqui-
toes (37.8%, 1,470/3,888 in secondary forests; 64.7%, 2,300/3,888
in immature rubber plantations; 59.2%, 2,514/3,888 in mature rub-
ber plantations; 80%, 3,111/3,888 in villages). The average number
of adult female mosquitoes collected during the night from 18.00 h
to 6.00h was 13.3 (95% CI 11.7-14.8). The average number of
mosquitoes collected during the day from 6.00h to 18.00 h was 25.2
(95% CI21.9-28.5).

Mosquito Density

The number of female mosquitoes collected varied per habitat
(GEE, P<0.001), study site (P <0.001), and month (P <0.001;
Table 2). In both the rainy season and dry season more female mos-
quitoes were collected in the secondary forests than the other three
habitats (all P<0.0001). Most mosquitoes were collected in
Thinkeo study site and the fewest in Silalek. The variability between
collection months within one season was high, with collection num-
bers varying between 1.5 times higher and 1.5 times lower for differ-
ent months within both in the rainy season and dry season.

In the secondary forests, more female mosquitoes were collected
in August and September 2013, when rainfall was highest, than in
the other months combined (Fig. 1). There was a similar monthly
trend in the rubber plantations. During the August 2013 peak in
rainfall, between four and five times more mosquitoes were col-
lected than in February 2014 when there was no rain (Fig. 1).
Generally, a lower number of mosquitoes was collected in mature
plantations than in immature rubber plantations. In the villages, the
numbers of female mosquito collected were low throughout the
year, with generally less than one female mosquito collected per per-
son per hour (Fig. 1).

Mosquito Diversity

In the secondary forests 89 species were collected with a Simpson’s
index of 0.853 (95% CI 0.850-0.856). This was slightly higher than
for immature rubber plantations where 79 species were collected
(0.843 with 95% CI 0.838-0.848, t-test P < 0.001) and mature rub-
ber plantations where 72 species were collected (0.816 with 95% CI
0.806-0.825, P < 0.001). The diversity index in the secondary for-
ests was similar to the diversity index found in the villages, where 62
mosquito species were collected with an index of 0.864 (95% CI
0.855-0.873, P=0.0182). The species distribution in the natural
and man-made forest habitats showed similar trends, with Aedes
species dominating in the rainy season and Culex species dominating
in the dry season (Fig. 2). In villages Culex species were most com-
mon in the rainy season and Anopheles mosquitoes most common in
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Table 1. List of all female adult mosquito species identified in the different habitats during the 9 mo of collection using the illustrated keys of
the mosquitoes of Thailand (Rattanarithikul et al. 2005-2010).

Village Immature Mature rubber Secondary Total — References of previous identification in Lao

rubber plantation forest PDR of previous identification in Lao PDR
plantation
Ayurakitia sp* 0 1 1 4 6
Aedes (Aedimorphus) caecus™ 0 2 0 3 N
Aedes (Aedimorphus) orbitae* 0 0 1 0 1
Aedes (Borichinda) cavernicola* 0 0 0 1 1
Aedes (Bothaella) eldridgei 2 8 11 13 34 (Ruedaetal. 2015)
Aedes (Bothaella) helenae* 0 6 4 N 15
Aedes (Bruceharrisonius) greenii* 1 6 3 17 27
Aedes (Danielsia) albotaeniata™ 0 10 7 46 63
Aedes (Downsiomyia) inermis™ 0 0 1 0 1
Aedes (Downsiomyia) novonivea and 103 344 183 274 904
Aedes (Downsiomyia) litorea*
Aedes (Fredwardsius) vittatus 4 15 14 2 35 (Apiwathnasorn 1986, Tsuda et al. 2002,
Vythilingam et al. 2006, Rueda et al. 2015)
Aedes (Hulecoeteomyia) chrysolineatus 0 1 1 0 2 (Apiwathnasorn 1986, Vythilingam et al. 2006,
Rueda et al. 2015, Walter Reed
Biosystematics Unit 2016)
Aedes (Hulecoeteomyia) formosensis and 0 10 N 36 51 (Ruedaetal.2015)
Aedes (Hulecoeteomyia) pallirostris
Aedes (Hulecoeteomyia) reinerti 1 18 N 47 71 (Rueda et al. 2015)
Aedes (Hulecoeteomyia) saxicola* 0 0 1 0 1
Aedes (Kenknightia) dissimilis 0 0 2 16 18 (Rueda etal. 2015)
Aedes (Kenknightia) harbachi* 0 0 1 N 6
Aedes (Lorrainea) fumida™ 0 0 0 2 2
Aedes (Mucidus) quasiferinus* 0 0 1 0 1
Aedes (Phagomyia) khazani 0 8 N 23 36 (Apiwathnasorn 1986)
Aedes (Phagomyia) prominens 0 0 0 1 1 (Apiwathnasorn 1986, Rueda et al. 2015)
Aedes (Stegomyia) aegypti 1 0 0 0 1 (Apiwathnasorn 1986, Tsuda et al. 2002,
Hiscox et al. 2013b, Rueda et al. 2015,
Walter Reed Biosystematics Unit 2016)
Aedes (Stegomyia) albopictus 83 1248 1331 3640 6302 (Apiwathnasorn 1986, Vythilingam et al. 2006,
Chen-Hussey 2012, Hiscox et al. 2013a, b;
Rueda et al. 2015)
Aedes (Stegomyia) gardnerii imitator 2 48 33 104 187 (Vythilingam et al. 2006)
Aedes (Stegomyia) seatoi* 0 0 2 1 3
Aedes (Stegomyia Heteraspidion) 4 37 40 367 448
annandalei*
Aedes (Stegomyia Heteraspidion) craggi* 0 1 0 0 1
Aedes (Stegomyia Huangmyia) malikuli and 0 36 25 211 272
Aedes (Stegomyia Huangmyia) perplexa*
Aedes (Stegomyia Xyele) desmotes™ 0 4 12 18 34
Aedes (Verrallina Harbachius) yusafi* 0 0 0 6 6
Aedes (Verrallina Verrallina) lugubris* 0 1 0 0 1
Anopbheles (Anopbeles) sp (Aitkenii group)* 0 3 1 22 26
Anopheles (Anopheles) baezai 15 0 0 3 18 (Chen-Hussey 2012)
Anopheles (Anopheles) baileyi 1 0 0 0 1 (Apiwathnasorn 1986, Walter Reed
Biosystematics Unit 2016)
Anopheles (Anopheles) barbirostris s.l. 45 12 11 102 170 (Lefebvre 1938, Apiwathnasorn 1986,
Kobayashi et al. 1997, Kobayashi et al. 2000,
Vythilingam et al. 2001, Toma et al. 2002,
Vythilingam et al. 2003, Vythilingam et al.
2006, Chen-Hussey 2012, Hiscox et al.
2013a, Walter Reed Biosystematics Unit
2016)
Anopheles (Anopheles) barbumbrosus 388 49 35 48 520 (Kobayashi et al. 1997, Toma et al. 2002)
An. sp. near Anopbheles (Anopbheles) gigas* 2 0 0 5 7
Anopbheles (Anopheles) hodgkini 3 0 0 4 7 (Toma et al. 2002, Chen-Hussey 2012,
Suwonkerd et al. 2013)
Anopbheles (Anopbeles) insulaeflorum* 1 0 0 0 1
Anopbheles (Anopbheles) separatus™ 6 4 2 0 12

(continued)
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Table 1. Continued

Village Immature Mature rubber Secondary Total

rubber
plantation

plantation forest

References of previous identification in Lao
PDR of previous identification in Lao PDR

Anopbheles (Anopheles) umbrosus

Anopheles (Anopbheles) whartoni*
Anopheles (Cellia) aconitus

Anopheles (Cellia) culcifacies

Anopheles (Cellia) dirus s.1.

Anopbheles (Cellia) epiroticus*
Anopheles (Cellia) jamesii

Anopbheles (Cellia) jeyporiensis

Anopheles (Cellia) kochi

Anopbheles (Cellia) maculatus s.1.

Anopheles (Cellia) minimus s.1.

Anopheles (Cellia) pampanai

Anopbheles (Cellia) phillipinensis

Anopbheles (Cellia) tessellatus

16

36

14

53

47

1 1 0 18

12 8 7 63

31 9 N 46

137 49 55 294

16 16 9 88

(Apiwathnasorn 1986, Toma et al. 2002,
Vythilingam et al. 2003, Chen-Hussey 2012)

(Gaschen 1934, Apiwathnasorn 1986,
Vythilingam et al. 2001, Toma et al. 2002,
Vythilingam et al. 2003, Vythilingam et al.
2006, Hiscox et al. 2013a, Walter Reed
Biosystematics Unit 2016)

(Gaschen 1934, Kobayashi et al. 1997, Toma
et al. 2002, Chen-Hussey 2012, Walter Reed
Biosystematics Unit 2016)

(Kobayashi et al. 1997, Kobayashi et al. 2000,
Vythilingam et al. 2001, Toma et al. 2002,
Tsuda et al. 2002, Vythilingam et al. 2003,
Vythilingam et al. 2005, Vythilingam et al.
2006, Chen-Hussey 2012, Suwonkerd et al.
2013, Walter Reed Biosystematics Unit 2016)

(Apiwathnasorn 1986, Kobayashi et al. 2000,
Vythilingam et al. 2001, Toma et al. 2002,
Chen-Hussey 2012, Walter Reed
Biosystematics Unit 2016)

(Lefebvre 1938, Apiwathnasorn 1986,
Kobayashi et al. 1997, Vythilingam et al.
2003, Chen-Hussey 2012, Suwonkerd et al.
2013, Walter Reed Biosystematics Unit 2016)

(Lefebvre 1938, Apiwathnasorn 1986,
Kobayashi et al. 1997, Kobayashi et al. 2000,
Vythilingam et al. 2001, Toma et al. 2002,
Vythilingam et al. 2003, Vythilingam et al.
2006, Chen-Hussey 2012, Walter Reed
Biosystematics Unit 2016)

(Lefebvre 1938, Apiwathnasorn 1986,
Kobayashi et al. 1997, Vythilingam et al.
2001, Toma et al. 2002, Vythilingam et al.
2003, Vythilingam et al. 2005, Vythilingam
et al. 2006, Chen-Hussey 2012, Suwonkerd
et al. 2013, Walter Reed Biosystematics Unit
2016)

(Lefebvre 1938, Apiwathnasorn 1986,
Kobayashi et al. 1997, Kobayashi et al. 2000,
Vythilingam et al. 2001, Toma et al. 2002,
Vythilingam et al. 2003, Vythilingam et al.
20085, Vythilingam et al. 2006, Chen-Hussey
2012, Suwonkerd et al. 2013, Walter Reed
Biosystematics Unit 2016)

(Vythilingam et al. 2001, Toma et al. 2002,
Vythilingam et al. 2006, Chen-Hussey 2012,
Walter Reed Biosystematics Unit 2016)

(Lefebvre 1938, Apiwathnasorn 1986,
Kobayashi et al. 1997, Kobayashi et al. 2000,
Vythilingam et al. 2001, Toma et al. 2002,
Vythilingam et al. 2003, Vythilingam et al.
2006, Chen-Hussey 2012, Hiscox et al.
2013a, Suwonkerd et al. 2013, Walter Reed
Biosystematics Unit 2016)

(Apiwathnasorn 1986, Kobayashi et al. 1997,
Vythilingam et al. 2001, Toma et al. 2002,
Vythilingam et al. 2006, Chen-Hussey 2012,
Hiscox et al. 2013a, Walter Reed
Biosystematics Unit 2016)

(continued)
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Table 1. Continued

Village Immature Mature rubber Secondary Total

References of previous identification in Lao

rubber plantation forest PDR of previous identification in Lao PDR
plantation
Anopheles (Cellia) varuna 0 1 0 0 1 (Vythilingam et al. 2001, Toma et al. 2002,
Vythilingam et al. 2003, Vythilingam et al.
2006, Walter Reed Biosystematics Unit 2016)
Armigeres (Armigeres) confusus* 0 0 0 1 1
Armigeres (Armigeres) foliatus* N 4 9 95 113
Armigeres (Armigeres) jugraensis® 4 0 2 4 10
Armigeres (Armigeres) kesseli* 204 76 129 2212 2621
Armigeres (Armigeres) kuchingensis 1 0 0 2 3 (Apiwathnasorn 1986, Vythilingam et al. 2006,
Walter Reed Biosystematics Unit 2016)
Armigeres (Armigeres) malayi* 0 2 12 16
Armigeres (Armigeres) moultoni 7 21 16 42 86 (Apiwathnasorn 1986, Walter Reed
Biosystematics Unit 2016)
Armigeres (Armigeres) subalbatus 8 23 51 186 268 (Apiwathnasorn 1986, Vythilingam et al. 2006,
Hiscox 2011, Walter Reed Biosystematics
Unit 2016)
Armigeres (Armigeres) theobaldi 7 4 7 33 51 (Vythilingam et al. 2006, Walter Reed
Biosystematics Unit 2016)
Armigeres (Leicesteria) annulipalpis* 0 1 0 1
Armigeres (Leicesteria) annulitarsis 0 1 8 (Apiwathnasorn 1986, Walter Reed
Biosystematics Unit 2016)
Armigeres (Leicesteria) balteatus™ 0 0 1 3 4
Armigeres (Leicesteria) digitatus* 3 2 N 10
Armigeres (Leicesteria) dolichocephalus 1 57 36 101 195 (Apiwathnasorn 1986, Walter Reed
Biosystematics Unit 2016)
Armigeres (Leicesteria) flavus 11 109 81 480 681 (Apiwathnasorn 1986, Rueda et al. 2015,
Walter Reed Biosystematics Unit 2016)
Armigeres (Leicesteria) inchoatus* 0 1 0 2 3
Armigeres (Leicesteria) longipalpis 0 10 7 15 32 (Apiwathnasorn 1986, Rueda et al. 2015,
Walter Reed Biosystematics Unit 2016)
Armigeres (Leicesteria) magnus 1 1 N 7 14 (Apiwathnasorn 1986, Walter Reed
Biosystematics Unit 2016)
Armigeres (Leicesteria) omissus™ 0 1 0 0 1
Armigeres (Leicesteria) pectinatus and 0 0 4 4 (Apiwathnasorn 1986, Walter Reed
Armigeres (Leicesteria) vimoli Biosystematics Unit 2016)
Armigeres (Leicesteria) traubi* 0 1 0 0 1
Cogquillettidia sp 0 25 27 47 99 (Apiwathnasorn 1986, Vythilingam et al. 2006,
Walter Reed Biosystematics Unit 2016)
Culex (Culex) alis 85 55 52 133 325 (Chen-Hussey 2012)
Culex (Culex) edwardsi* 0 0 0 1 1
Culex (Culex) fuscocephala 41 17 2 10 70 (Apiwathnasorn 1986, Vythilingam et al. 2006,
Chen-Hussey 2012, Hiscox et al. 2013a,
Walter Reed Biosystematics Unit 2016)
Culex (Culex) gelidus 2 3 0 N 10 (Apiwathnasorn 1986, Toma et al. 2002,
Vythilingam et al. 2006, Hiscox 2011, Chen-
Hussey 2012, Walter Reed Biosystematics
Unit 2016)
Culex (Culex) hutchinsoni 7 9 2 1 19 (Vythilingam et al. 2006, Chen-Hussey 2012,
Walter Reed Biosystematics Unit 2016)
Culex (Culex) mimulus and Culex (Culex) 1 0 1 0 2 (Apiwathnasorn 1986)
murrelli
Culex (Culex) perplexus 0 1 1 0 2 (Chen-Hussey 2012)
Culex (Culex) quinquefasciatus 7 3 3 8 21 (Apiwathnasorn 1986, Vythilingam et al. 2006,
Chen-Hussey 2012, Hiscox et al. 2013a,
Rueda et al. 2015, Walter Reed
Biosystematics Unit 2016)
Culex (Culex) sitiens 56 31 34 91 212 (Apiwathnasorn 1986, Chen-Hussey 2012)
Culex (Culex) vishnui 604 1041 440 1477 3562 (Toma et al. 2002, Vythilingam et al. 2006,
Chen-Hussey 2012, Hiscox et al. 2013a,
Walter Reed Biosystematics Unit 2016)
Culex (Culex) whitei 194 125 67 244 630 (Chen-Hussey 2012)

(continued)
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Table 1. Continued

Village Immature Mature rubber Secondary Total

References of previous identification in Lao

rubber plantation forest PDR of previous identification in Lao PDR
plantation
Culex (Culex) whitmorei 2 0 0 2 4 (Apiwathnasorn 1986, Toma et al. 2002,
Vythilingam et al. 2006, Chen-Hussey 2012,
Hiscox et al. 2013a, Walter Reed
Biosystematics Unit 2016)
Culex (Culiciomyia) dispectus* 0 0 1 1
Culex (Culiciomyia) fragilis and Culex 1 2 1 3 7
(Culex) spathifurca™
Culex (Culiciomyia) nigropunctatus 12 11 12 N 40 (Vythilingam et al. 2006, Chen-Hussey 2012,
Rueda et al. 2015, Walter Reed
Biosystematics Unit 2016)
Culex (Culiciomyia) papuensis™ 5 1 1 2 9
Culex (Culiciomyia) termi* 1 0 0 0 1
Culex (Eumelanomyia) brevipalpis and 0 4 11 8 23 (Apiwathnasorn 1986)
Culex (Eumelanomyia) phangngae
Culex (Eumelanomyia) foliatus 0 1 0 0 1 (Chen-Hussey 2012)
Culex (Lophoceraomyia) infantulus and 0 0 2
Culex (Lophoceraomyia) minutissimus*
Culex (Lophoceraomyia) sp (Mamilifer sub- 0 0 0 2 2
group and Wilfredi group)*
Culex (Oculeomyia) bitaeniorhynchus 7 26 11 31 75 (Apiwathnasorn 1986, Vythilingam et al. 2006,
Chen-Hussey 2012, Hiscox et al. 2013a,
Walter Reed Biosystematics Unit 2016)
Culex (Oculeomyia) longicornis* 0 1 0 1
Culex (Oculeomyia) pseudosinensis 0 0 1 1 (Vythilingam et al. 2006, Walter Reed
Biosystematics Unit 2016)
Heizmania (Heizmania) chengi* N 255 929 793 1152
Heizmania (Heizmania) complex 0 1 0 0 1 (Apiwathnasorn 1986, Walter Reed
Biosystematics Unit 2016)
Heizmania (Heizmania) demeilloni* 0 0 0 2 2
Heizmania (Heizmania) mattinglyi* 22 1244 635 2497 4398
Lutzia (Metalutzia) vorax* 2 0 0 1 3
Malaya sp* 3 4 3 9 19
Mansonia sp 2 19 25 10 56 (Apiwathnasorn 1986, Vythilingam et al. 2006,
Chen-Hussey 2012, Walter Reed
Biosystematics Unit 2016)
Mimomyia sp 1 1 0 1 3 (Apiwathnasorn 1986, Chen-Hussey 2012,
Walter Reed Biosystematics Unit 2016)
Topomyia sp 0 3 2 4 9 (Apiwathnasorn 1986, Miyagi and Toma 2001,
Chen-Hussey 2012, Walter Reed
Biosystematics Unit 2016)
Toxorhynchites splendens and 0 0 1 2 3 (Apiwathnasorn 1986)
Toxorhynchites amboinensis
Tripteroides sp 5 29 44 62 140 (Apiwathnasorn 1986, Chen-Hussey 2012,
Walter Reed Biosystematics Unit 2016)
Udaya argyrurus™ 0 1 0 1 2
Uranotaenia sp 1 3 0 4 (Apiwathnasorn 1986, Chen-Hussey 2012,

Walter Reed Biosystematics Unit 2016)

*Species not recorded in Lao PDR before.

the dry season. Overall, Aedes albopictus (Skuse) was the dominant
mosquito species in the secondary forests and rubber plantations
habitats with Culex vishnui (Theobald) most common in the
villages.

The dengue vectors Ae. albopictus (n=6,302) and Ae. aegypti
(L.) (m=1), and the JE vectors Cx. vishnui (n=3,562), Cx. bitaenio-
rhynchus (Giles) (n=75), Cx. fuscocephalus (Theobald) (n=70),
Cx. quinquefasciatus (Say) (n=21), and Cx. gelidus (Theobald)
(n=10) were collected during our study (Table 1). Many lymphatic
filariasis vectors were also collected, including Armigeres kesseli
(Ramalingam) (2=2,621), Ar. subalbatus (Coquillett) (n=268),

and Cx. quinquefasciatus. Furthermore the malaria vectors An. mac-
ulatus complex (n=294), An. barbirostris complex (n=170), An.
funestus group (n=151), An. dirus complex (n =46), An. culcifacies
(Giles) (n=3), An. epiroticus (Linton and Harbach) (z = 3), and An.
philippinensis (Ludlow) (n=1) were collected. Members of the An.
maculatus complex were molecularly identified to An. maculatus
(Theobald)  (n=180), An. pseudowillmori  (Theobald)
(n=36), An. dravidicus (Christophers) (7 =10), and An. sawad-
wongporni (Rattanarithikul and Green) (7 =9; Table 3). The re-
maining 59 mosquitoes could not be identified to species. For the
An. funestus group, An. minimus s.s. (Theobald) (7 =835) and An.
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Table 2. Multivariate analysis of variables associated with female adult mosquitoes collected using human-baited double net traps

Season Explanatory variable n Mean no. collected per person/h (95% CI) OR (95% CI) P
Rainy (May-Oct.)  Habitat
Immature rubber plantation 4,118 1.59 (1.49-1.68) 0.33(0.31-0.36)  <0.0001*
Mature rubber plantation 3,007 1.16 (1.08-1.24) 0.25(0.23-0.27)  <0.0001*
Village 1,652 0.64 (0.55-0.72) 0.13 (0.12-0.14) <0.0001*
Secondary forest 11,427 4.41 (4.19-4.62) 1
Study site
Thinkeo 8,158 2.36 (2.22-2.50) 1.48 (1.39-1.57) <0.0001*
Silalek 5,811 1.68 (1.57-1.80) 0.88(0.83-0.94)  <0.0001*
Houayhoy 6,235 1.80 (1.69-1.92) 1
Month
July 2013 3,442 1.99 (1.82-2.16) 1.05 (0.96-1.14) 0.311
Aug. 2013 4,852 2.81(2.59-3.02) 1.50 (1.38-1.64) <0.0001*
Sept. 2013 3,348 1.94 (1.75-2.12) 0.94 (0.86-1.02) 0.139
Oct. 2013 2,350 1.36 (1.23-1.49) 0.68 (0.62-0.74)  <0.0001*
May 2014 2,883 1.67 (1.51-1.83) 0.84 (0.77-0.92) <0.0001*
June 2014 3,329 1.93 (1.76-2.10) 1
Dry (Nov.-April) Habitat
Immature rubber plantation 1,205 0.93 (0.77-1.09) 0.46 (0.41-0.51)  <0.0001*
Mature rubber plantation 644 0.50 (0.42-0.57) 0.25 (0.22-0.28) <0.0001*
Village 512 0.40 (0.32-0.47) 0.20 (0.18-0.23)  <0.0001*
Secondary forest 2,362 1.82 (1.64-2.01) 1
Study site
Thinkeo 2,492 1.44 (1.30-1.59) 2.07 (1.87-2.29)  <0.0001*
Silalek 889 0.78 (0.67-0.89) 0.65 (0.58-0.73) <0.0001*
Houayhoy 1,342 0.51 (0.43-0.60) 1
Month
Nov. 2013 1,832 1.06 (0.94-1.18) 1.12 (1.01-1.25) 0.026*
Feb. 2014 1,205 0.70 (0.59-0.80) 0.74 (0.66-0.82)  <0.0001*
Mar. 2014 1,686 0.98 (0.84-1.11) 1

Results are shown for generalized estimating equations of factors affecting the collection of adult female mosquitoes with odds ratio (OR) and 95% confidence

interval (CI).

*Significantly different, P < 0.05.

aconitus (Donitz) (n=63) were molecularly identified. Three
samples from the An. funestus group could not be identified to
species.

About 73% of the collected Aedes mosquitoes were Ae. albopic-
tus (6,305/8,585). Most Aedes and Ae. albopictus were collected in

Average no. of mosquitoes collected/hour

Jul-13

Sep-13

Nov-13 Jan-14

the secondary forests during both the rainy season and dry season
(all P<0.001; Tables 4 and 5). A similar pattern was found for
Culex mosquitoes. The most abundant species was Cx. vishnui
(71%, 3,562/5,022), with largest numbers collected in the secondary
forests during both seasons (all P <0.001; Tables 4 and 5). Few
450
400
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150

Total rainfall/month (mm)

100

50

Mar-14  May-14 Jul-14

Fig. 1. Seasonal variation of female mosquito numbers in the different habitats. The average number of female mosquitoes collected per person per hour for

each collection month in the four habitats is shown with 95% confidence interva
village). Total rainfall per month is indicated with light blue bars (7).

Is (—a— secondary forest, —=— immature plantation, —+— mature plantation,
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Rainy season (May-Oct.)

Dry season (Nov.-Apr.)

Secondary forest

Secondary forest

n=2,362

n=1,205

n= 644

n=>512

Fig. 2. Distribution of mosquito species collected during the rainy season and dry season in the secondary forest, immature rubber plantation, mature rubber
plantation and village with [J Aedes species, @ Anopheles species, [1 Armigeres species, & Heizmania species, m Culex species, and & other species.

Anopheles mosquitoes were caught during the survey (n=1,341),
with 48% of samples collected in the village (648/1,341; Tables 4
and 5). The putative malaria vectors An. maculatus s.l. and An.
dirus s.]. were most common in immature rubber plantations, An.
minimus s.l. in villages, and An. barbirostris s.l. in secondary
forests.

In the secondary forests the highest number of dengue vectors
(57.8%, 3,640/6,303), JE vectors (41.0%, 1,523/3,717), and lym-
phatic filariasis vectors (82.7%, 2,406/2,910) were collected.
Malaria vector numbers were similarly high in the secondary forests

(27.0%, 177/655), immature rubber plantations (31.8%, 208/655),
and villages (27.0%, 177/655). In the secondary forests, more than
half of the mosquitoes collected were putative vector species
(56.2%, 7,746/13,786), including the dengue vector (26.4%, 3,640/
13,789; Fig. 3). In the immature rubber plantations, almost half of
the collected mosquitoes were vector species (49.7%, 2,678/5,323;
Fig. 3). Both dengue and JE vectors were most frequently collected
there (dengue 23.4%, 1,248/5,323 and JE 20.4%, 1,087/5,323). In
the mature plantations, 56.4% of the collected mosquitoes were pu-
tative vector species (2,060/3,651; Fig. 3). Similar to the secondary
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Table 3. Molecular identification of members of the An. funestus group and the An. maculatus complex collected in the different habitats

Secondary forest Immature rubber plantation Mature rubber plantation Village
An. maculatus complex An. maculatus s.s. 28 96 27 29
An. pseudowillmori 3 9 10 14
An. dravidicus 8 2 0 0
An. sawadwongporni 3 2 1 3
An. funestus group An. minimus s.s. 8 17 16 44
An. aconitus 7 12 8 36

Table 4. Multivariate analysis of habitat variabilities associated with adult female mosquito species collected using human-baited double
net traps during the rainy season

Rainy season (May-Oct.) Habitat n Mean no. collected per person/h (95% CI) OR (95% CI) P

Aedes mosquitoes Immature rubber plantation 1,729 0.67 (0.61-0.72) 0.41 (0.38-0.45) <0.001*
Mature rubber plantation 1,595 0.62 (0.56-0.67) 0.37 (0.35-0.41) <0.001*
Village 185 0.07 (0.06-0.08) 0.04 (0.04-0.05) <0.001*
Secondary forest 4,361 1.68 (1.58-1.79) 1

Ae. albopictus Immature rubber plantation 1,185 0.46 (0.42-0.50) 0.38 (0.35-0.41) <0.001*
Mature rubber plantation 1,233 0.48 (0.43-0.52) 0.38 (0.35-0.42) <0.001*
Village 77 0.03 (0.02-0.04) 0.02 (0.02-0.03)  <0.001*
Secondary forest 3,281 1.27 (1.18-1.36) 1

Culex mosquitoes Immature rubber plantation 517 0.20 (0.17-0.23) 0.47 (0.41-0.53) <0.001*
Mature rubber plantation 316 0.12 (0.10-0.14) 0.29 (0.25-0.33) <0.001*
Village 909 0.35(0.28-0.42) 0.75(0.67-0.84)  <0.001*
Secondary forest 1,090 0.42 (0.35-0.49) 1

Cx. vishnui Immature rubber plantation 273 0.11 (0.09-0.12) 0.47 (0.40-0.55) <0.001*
Mature rubber plantation 142 0.05 (0.04-0.07) 0.24 (0.20-0.30)  <0.001*
Village 518 0.20 (0.14-0.26) 0.79 (0.68-0.91) 0.001*
Secondary forest 584 0.23 (0.18-0.27) 1

Anopheles mosquitoes Immature rubber plantation 163 0.06 (0.05-0.08) 1.03 (0.82-1.30) 0.790
Mature rubber plantation 73 0.03 (0.02-0.04) 0.46 (0.35-0.61) <0.001*
Village 312 0.12 (0.10-0.14) 1.95 (1.60-2.39)  <0.001*
Secondary forest 158 0.06 (0.05-0.07) 1

An. maculatus s.l. Immature rubber plantation 100 0.04 (0.03-0.05) 2.20 (1.54-3.14) <0.001*
Mature rubber plantation 29 0.01 (0.01-0.02) 0.65 (0.40-1.03) 0.068
Village 42 0.02 (0.01-0.02) 0.93 (0.61-1.42) 0.722
Secondary forest 46 0.02 (0.01-0.02) 1

An. minimus s.1. Immature rubber plantation 11 0.00 (0.00-0.01) 1.22 (0.50-2.95) 0.662
Mature rubber plantation 16 0.01 (0.00-0.01) 1.66 (0.72-3.80) 0.234
Village 50 0.02 (0.01-0.02) 4.99 (2.43-10.25) <0.001*
Secondary forest 9 0.00 0.00-0.01) 1

An. barbirostris s.l. Immature rubber plantation 9 0.00 (0.00-0.01) 0.18 (0.09-0.36) <0.001*
Mature rubber plantation 8 0.00 (0.00-0.01) 0.16 (0.07-0.33) <0.001*
Village 28 0.01 (0.01-0.02) 0.55(0.35-0.88) 0.013*
Secondary forest 51 0.02 (0.01-0.03) 1

An. dirus s.1. Immature rubber plantation 20 0.01 (0.00-0.01) 3.99 (1.49-10.67) 0.006*
Mature rubber plantation 5 0.00 (0.00-0.01) 0.99 (0.29-3.45) 0.994
Village 0
Secondary forest 5 0.00 (0.00-0.00) 1

Results are shown using generalized estimating equations with odds ratio (OR) and 95% confidence interval (CI).

*Significantly different, P < 0.05.

forests, a majority of these were dengue vectors (36.5%, 1,331/
3,651). In the villages 52.4% of the collected mosquitoes were puta-
tive vector mosquitoes (1,134/2,164), with JE the most abundant
vector species (30.2%, 654/2,164; Fig. 3).

Environmental Measurements
The temperature and humidity was similar between the four habitats
investigated, with temperature only slightly lower in the secondary

forests than the other habitats during the rainy season (Table 6). The
physical structure differed between the natural and man-made forests.
Undergrowth density and canopy cover were higher in the secondary
forests than in the immature rubber plantations and mature rubber
plantations (Table 7). Furthermore, the tree height and tree circumfer-
ence was lower in the secondary forest than in both the immature rub-
ber plantations and the mature rubber plantations. In addition, the
tree density in the secondary forests was 1.24 times lower than in the
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Table 5. Multivariate analysis of habitat variability associated with female adult mosquito species collected using human-baited double net

traps during the dry season

Dry season (Nov.—April) Habitat n Mean no. collected per person/h (95% CI) OR (95% CI) P

Aedes mosquitoes Immature rubber plantation 93 0.07 (0.05-0.09) 0.19 (0.15-0.24) <0.001*
Mature rubber plantation 117 0.09 (0.07-0.11) 0.24 (0.19-0.30) <0.001*
Village 18 0.01(0.00-0.02) 0.04 (0.02-0.06) <0.001*
Secondary forest 487 0.38 (0.32-0.44) 1

Ae. albopictus Immature rubber plantation 63 0.05 (0.03-0.07) 0.17 (0.13-0.23) <0.001*
Mature rubber plantation 98 0.08 (0.06-0.10) 0.27 (0.21-0.35) <0.001*
Village 6 0.00 (0.00-0.01) 0.02 (0.01-0.04) <0.001*
Secondary forest 359 0.28 (0.23-0.32) 1

Culex mosquitoes Immature rubber plantation 814 0.63 (0.48-0.77) 0.80 (0.70-0.91) 0.001*
Mature rubber plantation 322 0.25(0.19-0.31) 0.32(0.28-0.38) <0.001*
Village 116 0.09 (0.07-0.11) 0.13 (0.10-0.16) <0.001*
Secondary forest 938 0.72 (0.60-0.84) 1

Cx. vishnui Immature rubber plantation 768 0.59 (0.45-0.74) 0.78 (0.68-0.90) 0.001*
Mature rubber plantation 298 0.23 (0.17-0.29) 0.31 (0.26-0.37) <0.001*
Village 86 0.70 (0.05-0.09) 0.10 (0.08-0.12) <0.001*
Secondary forest 893 0.69 (0.57-0.81) 1

Anopheles mosquitoes Immature rubber plantation 118 0.09 (0.06-0.12) 1.00 (0.76-1.31) 0.971
Mature rubber plantation 66 0.05 (0.04-0.07) 0.55 (0.40-0.76) <0.001*
Village 336 0.26 (0.20-0.32) 2.76 (2.20-3.48) <0.001*
Secondary forest 115 0.09 (0.07-0.11) 1

An. maculatus s.l. Immature rubber plantation 37 0.03 (0.02-0.04) 4.13 (1.98-8.60) <0.001*
Mature rubber plantation 20 0.02 (0.01-0.02) 2.20 (1.00-4.86) 0.051
Village 11 0.01 (0.00-0.01) 1.22 (0.50-2.96) 0.658
Secondary forest 9 0.01 (0.03-0.05) 1

An. minimus s.1. Immature rubber plantation 17 0.01 (0.01-0.02) 2.43 (1.00-5.89) 0.050
Mature rubber plantation 8 0.01 (0.00-0.01) 1.14 (0.41-3.16) 0.803
Village 33 0.03 (0.02-0.04) 4.66 (2.05-10.60) <0.001*
Secondary forest 7 0.01 (0.00-0.01) 1

An. barbirostris s.. Immature rubber plantation 3 0.00 (0.00-0.00) 0.06 (0.02-0.19) <0.001*
Mature rubber plantation 3 0.00 (0.00-0.00) 0.06 (0.02-0.19) <0.001*
Village 17 0.01 (0.01-0.02) 0.33(0.19-0.57) <0.001*
Secondary forest 51 0.04 (0.32-0.44) 1

An. dirus s.1. Immature rubber plantation 11 0.01 (0.00-0.01) N.A.
Mature rubber plantation 4 0.00 (0.00-0.01)
Village 1 0.00 (0.00-0.00)
Secondary forest 0

Results are shown using generalized estimating equations with odds ratio (OR) and 95% confidence interval (CI).

*Significantly different, P < 0.05.

mature rubber plantations. However, the tree density was similar for
the secondary forests and immature rubber plantation.

Discussion

This study described the abundance and diversity of adult mosqui-
toes, including vector species, in four rural habitats typical in north-
ern Lao PDR. Species diversity was extremely high in each habitat
type, with 114 mosquito species identified during the study. Three
of the four most common mosquitoes found in our study were vec-
tors: the dengue vector Ae. albopictus (Paupy et al. 2009), the JE
vector Cx. vishnui (Sirivanakarn 1975), and the lymphatic filariasis
vector Ar. kesseli (Izzati Mohd et al. 2010).

There have been few studies that describe the mosquito fauna in
Lao PDR, and none that have studied mosquitoes in Lao rubber
plantations. To date 101 mosquito species have been recorded in the
country, including 41 Anopbheles species (Gaschen 1934, Lefebvre
1938, Apiwathnasorn 1986, Pholsena 1992; Kobayashi et al. 1997;

Kobayashi et al. 2000; Miyagi and Toma 2001; Vythilingam et al.
2001, 2003, 2005, 2006; Toma et al. 2002; Tsuda et al. 2002;
Hiscox 2011; Chen-Hussey 2012; Chen-Hussey et al. 2013; Hiscox
et al. 2013a, b; Suwonkerd et al. 2013; Rueda et al. 2015; Walter
Reed Biosystematics Unit 2016). This is in marked contrast with
neighboring Thailand where >300 different mosquito species have
been recorded, including at least 73 Amnopheles species
(Rattanarithikul et al. 2005-2010, Thongsripong et al. 2013). The
present study adds a further 51 species to the mosquito species list in
Lao PDR. Although this study provides a substantial addition to the
species distribution literature, the true mosquito diversity is certainly
much greater than our study suggests. Not least because our trapping
method used human baits, which underestimates zoophilic mosquitoes
(Tangena et al. 2015). A more systematic surveillance of vectors in Lao
PDR would provide valuable information on the risk from mosquito-
borne diseases across the country.

In this study only the Thai morphological identification keys
were used to identify the mosquito species (Rattanarithikul et al.
2005-2010). No cross-references were done with the Vietnamese


Deleted Text: Although
Deleted Text: , 
Deleted Text: , 
Deleted Text: , 
Deleted Text: , 
Deleted Text: , 
Deleted Text: , 
Deleted Text: <xref ref-type=
Deleted Text: , 
Deleted Text: , 
Deleted Text: , 
Deleted Text: , <xref ref-type=
Deleted Text: , 
Deleted Text: , 
Deleted Text: u
Deleted Text: more than 

12

Journal of Medical Entomology, 2017, Vol. 0, No. 0

Immature rubber plantation

Secondary forest

Mature rubber plantation Village

Fig. 3. Proportion of putative vector species collected in the different habitats,
with [J Dengue vectors (Ae. albopictus and Ae. aegypti), & Japanese encepha-
litis vectors (Cx. vishnui, Cx. bitaeniorhynchus, Cx. fuscocephalus, and Cx.
gelidus), 1 Lymphatic filariasis vectors (Ar. kesseli, Ar. subalbatus, and Cx.
quinquefasciatus), 8 Malaria vectors (An. maculatus complex, An. barbirost-
ris complex, An. funestus group, An. dirus complex, An. culcifacies, An. epi-
roticus, and An. philippinensis), and [ non vectors.

keys nor with keys from other neighboring countries. A total overlap
between the Thai and Lao mosquito population is highly unlikely,
with the mosquito populations differing between the eastern
neighbors (Viet Nam) and western neighbors (Thailand) of Lao
PDR (Stojanovich and Scott 1966, Rattanarithikul et al. 2005-
2010, IMPE 2008). For future entomological studies in Lao PDR, it
will be of importance to use the identification keys from China,
Myanmar, and Viet Nam for confirmation and cross-reference
(Chow 1949, Stojanovich and Scott 1966, Baolin and Houyong
2003, Oo et al. 2006, IMPE 2008). Additionally, as has already
been done for Anopheles mosquitoes (Manguin et al. 2008, Morgan
et al. 2013, Obsomer et al. 2013), it would be interesting to make a
list of all the mosquito species that have been identified in different
parts of Cambodia, Lao PDR, Myanmar, Thailand, Southern China,
and Viet Nam. Such a list would be important for identifying shifts

in species’ distributions associated with environmental change and
the changing threat from vector-borne diseases.

The highest numbers of mosquitoes were collected from the sec-
ondary forests. In the secondary forests and rubber plantations Ae.
albopictus was the dominant species in the rainy season, while Cx.
vishnui dominated in the dry season. In contrast, in the villages Cx.
vishnui was abundant in the rainy season and Anopbheles species in
the dry season. It is important to note that mosquito data in the
rainy season consisted of 6 mo of collection, while mosquito data in
the dry season consisted of only 3 mo. As the number of mosquitoes
collected in the dry season is generally lower than in the rainy sea-
son, more frequent monthly surveys are advised for future studies to
increase the reliability of the data. Additionally, local daily rainfall
data should be collected in future studies for detailed analysis of re-
lation between rainfall and mosquito abundance. The current study
included precipitation data from the climatology centre in Luang
Prabang province, which does not include detailed local data. As
rainfall can differ significantly between small areas, especially in
hilly regions such as our study area, the data from the province is
not sufficient for detailed analysis of relation. Overall, there was a
high risk of exposure to dengue vectors in natural and man-made
forests, with a moderate risk of exposure to vectors of JE, lymphatic
filariasis and malaria in all habitats.

The important dengue, chikungunya, and possibly zika vector
Ae. albopictus (Hawley 1988, Gratz 2004, Paupy et al. 2009,
Rianthavorn et al. 2010, Rezza 2012, Wong et al. 2013, Grard et al.
2014, Gardner et al. 2016) was the dominant species in the natural
and man-made forests. It is not surprising to find high numbers of
Ae. albopictus in the forests of northern Lao PDR, since it is a forest
mosquito that originated from tropical forest areas in SEA (Paupy
et al. 2009, Higa 2011) and prefers shaded areas (Horsfall 1955,
Hawley 1988, Vanwambeke et al. 2007). Similar studies in other
parts of SEA also found Ae. albopictus to be the dominant species in
forests and rubber plantations (Sulaiman and Jeffery 1986,
Sumodan 2003, Charlwood et al. 2014, Sumodan et al. 2015). The
dominance of Ae. albopictus in secondary forest and rubber planta-
tions is worrying. Many people work and live in these environments,
with the incidence of arbo-viral diseases such as dengue becoming
more frequent. Protecting people from this mosquito remains a high
priority and requires a combination of protection methods, includ-
ing larval source reduction and personal protection methods
(Tangena et al. 2016). Detailed studies are needed in dengue en-
demic areas to identify the main breeding sites of Ae. albopictus in

Table 6. Mean temperature and relative humidity during the rainy season and dry season in the immature rubber plantations, mature rub-

ber plantations, and villages compared to the secondary forests

Season Habitat Temp (°C) Relative humidity (%)
Mean (95% CI) OR (95% CI) P Mean (95% CI) OR (95% CI) P

Rainy (May-Oct.) Immature rubber plantation ~ 25.0 (24.4-25.7)  1.04 (1.02-1.06) <0.001*  83.7 (80.0-87.4) 1.26 (0.92-1.72) 0.151
Mature rubber plantation 25.0 (24.2-25.7)  1.03 (1.00-1.06) <0.001*  81.5 (74.2-88.8) 1.07 (0.70-1.64) 0.742
Village 26.1(25.3-26.9) 1.15(1.12-1.18) <0.001*  82.7(80.1-85.3) 1.20(0.87-1.65) 0.264
Secondary forest 24.7 (24.0-25.4) 1 79.9 (73.4-86.5) 1

Dry (Nov.—April) ~ Immature rubber plantation =~ 23.3 (21.5-25.1)  1.03 (0.98-1.07) 0.260 75.8 (68.0-83.5) 1.01(0.92-1.12) 0.819
Mature rubber plantation 22.9(21.3-24.5) 0.99 (0.95-1.03) 0.628 77.0 (69.3-84.7) 1.09 (0.97-1.21) 0.139
Village 23.5(21.2-25.8)  1.04 (0.98-1.11) 0.208 74.0 (65.6-80.4) 0.92 (0.81-1.04) 0.166
Secondary forest 23.1(20.9-25.2) 1 75.7 (66.3-85.1) 1

Results are shown using generalized estimating equations with odds ratio (OR) and 95% confidence interval (CI).

*Significantly different, P < 0.05.
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Table 7. Difference in physical forest structure of the secondary forest compared to the immature rubber plantations and mature rubber

plantations

Environmental factors Habitat Mean (95% CI) OR (95% CI) P

Undergrowth (% covered by undergrowth) Immature rubber plantation 12.1(9.0-15.2) 0.63 (0.54-0.74) <0.001*
Mature rubber plantation 4.5 (2.4-6.7) 0.40 (0.34-0.47) <0.001*
Secondary forest 30.7 (25.5-35.9) 1

Canopy (% covered by canopy) Immature rubber plantation 81.9 (76.3-87.5) 0.88 (0.83-0.94) <0.001*
Mature rubber plantation 87.4 (85.2-89.5) 0.94 (0.88-1.00) <0.001*
Secondary forest 93.0 (92.0-94.0) 1

Tree density? (no. of trees/grid of 10 by 10 m) Immature rubber plantation 6.1(5.3-6.9) 1.17 (0.94-1.45) 0.158
Mature rubber plantation 6.4(5.8-7.1) 1.24 (1.00-1.53) 0.048*
Secondary forest 5.2 (4.3-6.1) 1

Height (m) Immature rubber plantation 11.6 (10.7-12.5) 1.05 (1.00-1.11) 0.033*
Mature rubber plantation 13.9 (13.3-14.6) 1.15 (1.10-1.21) <0.001*
Secondary forest 10.8 (8.7-12.8) 1

Circumference (cm) Immature rubber plantation 40.6 (37.3-44.0) 1.59 (1.33-1.89) <0.001*
Mature rubber plantation 47.8 (45.7-49.9) 1.89 (1.58-2.26) <0.001*
Secondary forest 25.8(18.3-33.4) 1

Results are shown using generalized linear modeling with odds ratio (OR) and 95% confidence interval (CI). “ All perennial trees, including rubber trees, were

counted for tree density.
*Significantly different, P < 0.05.

rubber plantations before larval source reduction can be successful
(World Health Organization 2013), with an indication that latex
collection cups may be important aquatic habitats for this species
(Sumodan 2003). Further research is also needed to identify the best
outdoor personal protection method, with currently limited field
studies on the use of permethrin-treated clothing, transfluthrin-
emitting devices and mosquito coils in a clip-on holder. In the fu-
ture, to protect both local villagers and rubber workers from expo-
sure to arboviruses, further research is needed to 1) identify the
main larval breeding sites to determine whether targeted larval
source management could be protective, and 2) develop improved
methods of personal protection.

Few malaria vectors were collected in our study, although this
resulted in near daily exposure. In our study area, no malaria trans-
mission was recorded. The absence of local malaria transmission
could be related to a number of factors such as 1) few, if any,
malaria-infected individuals in the area, 2) the low efficiency of vec-
tors to transmit malaria parasites, as well as 3) underreporting of
the disease and 4) sleeping under an insecticide-treated net (ITN),
using repellents and wearing long-sleeved clothing.

Overall, the most commonly caught Anopheles species were An.
maculatus s.s and An. minimus s.s., which is similar to other parts
of the country (Centre of Malariology, Parasitology and
Entomology (CMPE) of Lao PDR). The species composition of ma-
laria vectors differed between habitats, with An. minimus s.s. domi-
nant in the villages, An. maculatus s.s. dominant in the rubber
plantations and An. barbirostris s.l. dominant in the secondary for-
ests. In the rubber plantations, the malaria vectors An. maculatus
s.s., An. minimus s.s, An. dirus s.l., An. barbirostris s.l., An. umbro-
sus s.l. and An. jeyporiensis were found. All species, except An. jey-
poriensis, have been recorded in rubber plantations before (Singh
and Tham 1988, Rosenberg et al. 1990, Sallum et al. 2005, Sinka
et al. 2011, Bhumiratana et al. 2013a). Interestingly, hardly any
specimens of An. dirus s.l. were collected in the secondary forests,
even though these primary malaria vectors are often found in SEA
forests (Obsomer et al. 2007, Tananchai et al. 2012). Although we
could not confirm the species of An. dirus s.l. using PCR, it seems

likely that the samples we collected are An. dirus s.s. (Manguin et al.
2008, Morgan et al. 2013).

This study highlights the rich and heterogeneous mosquito dy-
namics in SEA (Trung et al. 2005, Gryseels et al. 2015). The highest
species heterogeneity was found in the secondary forests and vil-
lages, which was slightly lower in the rubber plantation monocul-
tures. The rural village and fragmented forests have been described
as ecotones (Thongsripong et al. 2013), a transition area between
two habitats where multiple habitat communities integrate. This
generally entails a higher number of species compared to other habi-
tats, as they include species from bordering ecological systems
(Despommier et al. 2006). The higher species heterogeneity in the
secondary forests and villages could be related to the higher habitat
diversity providing a higher diversity of aquatic habitats and conse-
quently a higher heterogeneity of mosquito species (Shililu et al.
2003, Thongsripong et al. 2013, Overgaard et al. 2015).

It is important to emphasize that in this study, we did not test for
the presence of pathogens. Therefore, it is difficult to identify the ac-
tual risk of exposure to vector-borne diseases. The risk analysis is
further complicated by human behavior, which often results in a het-
erogeneous pathogen-exposure pattern within the population
(Schwartz and Goldstein 1990, Reuben 1993, Vlassoff and
Manderson 1998, National Institute for Occupational Safety and
Health [NIOSH] 2005, Finch et al. 2014, Herdiana et al. 2016,
Sang et al. 2016). It is therefore important to relate the entomologi-
cal data with the pathogen dynamics and the social dynamics in a
more interdisciplinary fashion. Then control measures can be fo-
cussed on the groups of people most at risk, making control efforts
more effective. This focussed approach is especially important for
countries such as Thailand, where hotspots of disease transmission
remain (Lyttleton 2016).

Evidence of the impact of land use change on mosquito dynam-
ics, and thus the risk of vector-borne diseases, is growing
(McMichael et al. 1998, Norris 2004, Foley et al. 2005, Patz et al.
2008, Reisen 2010, Parham et al. 2015). Yet a deeper understanding
on the functional relationships between the abundance and diversity
of mosquito species, and the different habitats is often limited, since
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one habitat type may contain numerous functional resources for
mosquitoes (Overgaard et al. 2003, Manguin et al. 2008, Van Dyck
2012, Obsomer et al. 2013, Overgaard et al. 2015, Fornace et al.
2016). In this study, we attempted to provide a richer description of
the physical characteristics of each habitat type. The secondary for-
ests in our study were relatively young forests with high under-
growth and canopy cover, yet with a lower density and smaller trees
than the rubber plantations. Compared to the secondary forests the
immature rubber plantations had less undergrowth with lower can-
opy cover and slightly bigger trees. The mature rubber plantations
consisted of a high density of big trees with similar canopy cover as
the immature rubber plantations, but little undergrowth. The low
undergrowth in the mature rubber plantations results from regular
weeding and pruning by rubber workers, so they can tap latex. The
high mosquito numbers in the secondary forests and immature rub-
ber plantations were associated with high undergrowth, lower tem-
peratures, and higher humidity. These conditions may increase
mosquito survival by providing shelter from predators, shade and
flowers for sugar. Furthermore, the leaves of the undergrowth might
provide more suitable larval habitats for Aedes and Culex mosqui-
toes than areas with less vegetation. If this association is correct, cut-
ting undergrowth might be a potential vector control method.
Secondary forest and rubber plantations provide ideal habitats for
Ae. albopictus, an efficient vector of many human arboviruses, to
flourish. Protecting people entering forest habitats from this vector
should be a priority.
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