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ABSTRACT
Background. Whilst the human landing catch (HLC) technique is considered the
‘gold standard’ for estimating human-biting rates, it is labor-intensive and fraught
with potential risk of exposure to infectious mosquito bites. This study evaluated
the feasibility and performance of an alternative method, the human double net trap
(HDNT) relative to HLC for monitoring host-seeking malaria vectors of the Anopheles
minimus complex in a semi-field system (SFS).
Methods. HDNT and HLC were positioned in two rooms, 30 m apart at both ends of
the SFS. Two human volunteers were rotated between both traps and collected released
mosquitoes (n= 100) from 6:00 pm till 6:00 am. Differences in Anopheles mosquito
densities among the trapping methods were compared using a generalized linear model
based on a negative binomial distribution.
Results. There were 82.80% (2,136/2,580) of recaptures of wild-caught and 94.50%
(2,835/3,000) of laboratory-reared mosquitoes that were molecularly identified as An.
harrisoni and An. minimus, respectively. Mean density of An. harrisoniwas significantly
lower in HNDT (15.50 per night, 95% CI [12.48–18.52]) relative to HLC (25.32 per
night (95% CI [22.28–28.36]), p < 0.001). Similarly, the mean density of a laboratory
strain of An. minimus recaptured in HDNT was significantly lower (37.87 per night,
95% CI [34.62–41.11]) relative to HLC (56.40 per night, 95% CI [55.37–57.43]), p <

0.001. Relative sampling efficiency analysis showed that HLC was the more efficient
trap in collecting the An. minimus complex in the SFS.
Conclusion. HDNT caught proportionately fewer An. minimus complex than HLC.
HDNT was not sensitive nor significantly correlated with HLC, suggesting that it is not
an alternative method to HLC.
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BACKGROUND
Globally in 2019, there were an estimated 227 million malaria cases reported in 85 malaria-
endemic countries. In 2020, during the COVID-19 pandemic, the estimated number of
malaria cases rose to 241 million cases across 108 countries that were malaria-endemic
(WHO, 2021). In the Southeast Asia region, nine malaria-endemic countries, comprising
Timor-Leste, Myanmar, Thailand, Bhutan, Bangladesh, Nepal, Democratic People’s
Republic of Korea, Indonesia, and India contributed about 5% of the overall malaria
burden in 2020, representing a reduction of 78% from about 23 million in 2000 to five
million in 2020 (WHO, 2021). Malaria continues to be a significant cause of morbidity and
mortality in somemalaria foci, especially along international border areas (WHO, 2020). As
treatment failure rates for frontline anti-malarial drugs continue to worsen (Amaratunga
et al., 2016; Ashley et al., 2014), control efforts focusing on malaria vectors have become
increasingly important.

Among the 41 dominant vector species (Sinka et al., 2011), Anopheles minimus s.l. has
been regarded as one of the efficient primary malaria vectors exhibiting heterogeneity
of behavior in Southeast Asia (Tananchai et al., 2019a; Tananchai et al., 2019b; Trung et
al., 2005; Trung et al., 2004). Different populations of An. minimus observed in various
localities also differ in their endophilic and endophagic tendencies (Trung et al., 2005).
The An. minimus complex (Theobald, 1901) comprises at least three formerly named
sibling species, An. minimus former (species A), An. harrisoni former (species C), and
An. yaeyamaensis former (species E) of which two species, An. minimus and An. harrisoni
are sympatric in three villages in Kanchanaburi and Chiang Mai provinces, Thailand
(Tainchum et al., 2015; Tananchai et al., 2019a). Sibling species of the Minimus complex
comprise outdoor host-seeking An. minimus and An. harrisoni that exhibit zoophilic
and variable endophilic (Ismail, Phinichpongse & Boonrasri, 1978; Rwegoshora et al., 2002),
exophilic and exophagic behaviours (Sungvornyothin et al., 2006; Tananchai et al., 2019b)
and opportunistic host seeking preferences (Sinka et al., 2011; Sungvornyothin et al., 2006).
The frequency of indoor biting (Ismail, Phinichpongse & Boonrasri, 1978) and human biting
(Suthas et al., 1986) both decreased following DDT spraying which may be explained either
by the differential biting behaviors of Minimus complex species (Garros et al., 2005;
Tananchai et al., 2019a) or shifts in species composition (Carnevale & Manguin, 2021;
Durnez & Coosemans, 2013; Garros et al., 2005) and feeding and resting behavior over
time (Durnez & Coosemans, 2013; Rwegoshora et al., 2002). Behavioural heterogeneity of
anthropophily and zoophilywith varying biting periodswas reported in theGreaterMekong
subregion (GMS) (Kwansomboon et al., 2017; Manh et al., 2010; Trung et al., 2005).

Differences in responses to insecticides can result in diverse exposure rates of species
or subpopulations of the Minimus complex to the insecticide. For example, An. minimus
showed very strong repellency responses to several insecticides and would have a higher
survival chance in the presence of insecticides compared to An. harrisoni, which shows
a much lower repellency response (Potikasikorn et al., 2005). Also, indoor residual spray
(IRS) caused a shift to earlier and outdoor biting in Thailand (Ismail, Phinichpongse &
Boonrasri, 1978), whereas on the other hand, in the foothills where An. minimus s.l. was
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the main vector, no effect of DDT was seen on the already early-biting An. minimus s.l.
population (Ismail, Phinichpongse & Boonrasri, 1978). Widespread use of IRS resulted in
different behavior by An. minimus s.l. for example, marked zoophily compared to villages
with lower DDT pressure in Thailand (Nustsathapana et al., 1986) which probably reflects
a species shift from An. minimus to An. harrisoni, as also observed in Vietnam due to the
widespread use of insecticide treated nets (Garros et al., 2005).

Monitoring these diverse behaviors requires special attention as little is known about
the responses of these vectors to novel control measures, such as volatile pyrethroids
with airborne effects. Next-generation vector surveillance tools are needed to monitor
these behaviors for more cost-effective and successful malaria control (Farlow, Russell &
Burkot, 2020; WHO, 2019). The traditional human landing catch method (HLC) is still
regarded as the standard reference method for sampling host-seeking malarial mosquitoes
(Burkot et al., 2019; Lima et al., 2014), requiring all-night supervision of trained collectors
who are exposed to potentially infective mosquitoes (Gimnig et al., 2013; Kilama, 2010).
A safer collection option is the human double net trap (HDNT) method, consisting of
two untreated white box-type nets, with the inner net touching the ground protecting the
human ‘bait’ and a second larger net which is placed directly over the inner net. The outer
net is raised off the ground so that mosquitoes attracted to the human-bait are collected
between the two nets.When the same person is used both as bait and collector, the collection
effort is reduced, as well as the exposure to infectious mosquito bites during a short 15 min
collection in the space between the inner and outer nets. Recent field evaluations of HDNT
tested against the HLC method in Lao PDR and Ethiopia showed that the HDNT collected
similar numbers of Anopheles as the HLC (Degefa et al., 2020; Tangena et al., 2015). In the
Lao evaluation, the HDNT method collected a greater diversity of mosquito species than
HLC, and both the HLC and HDNT capture rates were comparable at both high and low
mosquito densities (Tangena et al., 2015). Validating alternative trap types to measure the
human landing rate in the field and in SFS are needed prior to examining the effectiveness
of alternative trap types for assessing the impact of personal protection interventions on
mosquito landing (Neil Lobo, pers. comm.). However, whether the HDNT method could
replace HLC for measuring human landing rates in an SFS has not yet been explored in the
Asia-Pacific region. As rigorous data of performance of the NextGen vector surveillance
tools are required for the target product profile, it is desirable to evaluate and describe the
performance characteristics of the HDNT method in various eco-epidemiological settings
following the framework of Farlow, Russell & Burkot (2020). Thus, the aim of the current
study was to compare the efficacy of an alternative surveillance method (HDNT) relative
to HLC against laboratory and wild-caught strains of An. minimus in an SFS system.

MATERIALS AND METHODS
Anopheles minimus : laboratory (L) strain
Anopheles minimus s.s. (KU) originated in Rong Klang district, Prae province, northern
Thailand in 1993, and was maintained at a field insectary for the semi-field experiment in
Pu Tuey village (14◦20′N; 98◦59′E) following standard handling procedures and conditions
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(25 ± 2 ◦C, 80 ± 10% relative humidity and 12:12 h daylight:darkness cycle) (Boonyuan
et al., 2017; Chareonviriyaphap, Prabaripai & Bangs, 2004). Larval food (TetraMin R©,
TetraGmbH, Germany) was provided three times daily. Pupae were harvested daily,
placed in small holding cups and the adults were allowed to emerge in wire-mesh cages
(30×30×30 cm) where they were provided ad libitum with 10% sucrose (w/v) solution.
Female adult mosquitoes were denied sucrose solution and provided with a water-soaked
cotton pad ∼12 h before blood feeding. An artificial membrane feeding technique using
human whole blood was used to maintain the self-mating mosquito colony (Phasomkusolsil
et al., 2013). The pathogen-free blood supplied by Thai Red Cross Society was handled in
the KU insectary following a written standard operating procedure (Sukkanon et al., 2020).

Anopheles minimus s.l. wild (W) strain
Feral populations of An. minimus s.l. were collected using the double-cow net trap design.
Briefly, a cow was tethered inside the inner of a double-net (inner: 2.5 m H× 3 m L× 3 m
W, outer: 2 mH× 5 m L× 5 mW) (Laurent et al., 2016; Sukkanon et al., 2021)—similar to
the human-baited double net design ofTangena et al. (2015)—and served as a bait for unfed
mosquito collections. Mosquitoes resting on the interior walls of the double-cow net trap
were collected using mouth aspirators by a well-trained local collector from 18:00 to 24:00
h for 15min each hour. Collectedmosquitoes were held in plastic holding cups topped with
a cotton pad soaked with 10% sucrose solution and transferred to a field insectary located
50 m from the collection site for morphological identification (Rattanarithikul et al., 2006).
Identified mosquitoes were deprived of sucrose and provided with a water-soaked cotton
pad for approximately 6 h prior to testing. One hundred active An. minimus s.l. mosquitoes
were released per replicate (night) and 25 unfed mosquitoes were held in the field insectary
as the control for 12 h.

Semi-field screen system
A semi-field screen house system (SFS) measuring 40 m L × 3.5 m H × 4 m W was
supported by metal frames on a concrete block foundation with corrugated iron roofing
(Fig. 1A). Several entry points and internal sliding double doors facilitated movement
between the chambers by the data collectors. The enclosure could be modified into as
many as four separate chambers using collapsible screen partitions (Sukkanon et al., 2021).
In this study, two compartments were used with designated as chambers ‘a and d’, 30
m apart for the placement of HDNT and HLC. The floor in both rooms was lined with
white plastic sheeting to facilitate observations and the recovery of knockdown mosquitoes
(Salazar et al., 2012); each room was covered with an untreated mosquito net (2 m H× 10
m H × 4 m W, mesh size 1.5 mm) to prevent mosquitoes from escaping.

Mosquito trap collections
The experiment was conducted during the hot season from early March to June, 2021. On
the first day of the trial, the HDNT and HLC traps were randomly assigned to either end
of SFS rooms ‘a and d’, each containing an untreated mosquito net. Collectors wore shorts
up to the knee and a long-sleeve shirt and refrained from smoking, alcohol consumption
and washing with soap (Fig. 1B). All collectors were trained and signed the consent form
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Figure 1 Experimental facility and traps. (A) Semi-field system consists of four compartments (a, b, c,
and d). (B) A collector performing human landing catches (HLC). (C) Human double net trap (HDNT)
setup using PVC pipe.

Full-size DOI: 10.7717/peerj.13865/fig-1
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prior to the study. Mosquitoes attracted to the human bait and resting on the interior walls
of the two nets were collected by trained collectors (who acted as bait and the collector).

Experimental design
Human landing catch (HLC) was performed by a healthy adult volunteer, acting as both
bait and the collector (Chareonviriyaphap et al., 2003). Briefly, collectors sat on a chair with
the lower limbs exposed from foot to knee and collected released mosquitoes landing on
the legs of the collector before the mosquitoes commenced feeding. The human double net
trap (HDNT) consisted of two stitched inner and outer nets. The inner net (97 cm H ×
200 cm L× 100 cmW) protected a human volunteer who served as the bait and slept on a
mattress (Fig. 1C). The outer net (100 cm H × 250 cm L × 150 cm W, mesh size 1.5 mm)
was stitched to the inner net and raised 30 cm off the ground. For ease of installation, blue
PVC pipe (outer diameter 25 mm) was used as the frame and pole to hang the double net.

After mosquitoes had been released in both rooms (50 mosquitoes per room) at 17:30
h, two trained local collectors (one each in the middle of the net in Rooms A and D) sat
performing HDNT for 10 mins every hour and HLC for 50 mins every hour, respectively.
Volunteers performed HLC or HDNT collections uninterrupted hourly using a flashlight
and mouth aspirator to collect the specimens (WHO, 2013) from 18:00 to 06:00 h, 12 h per
night with regular supervision. Ambient temperature (◦C) and relative humidity (% RH)
were recorded daily using a HOBO data logger at hourly intervals from 18:00 to 06:00 h.
Recaptured landing mosquitoes were placed in separate labelled holding cups specific for
HDNT and HLC in rooms A or D for each collection period, provided with 10% sucrose
solution and held at optimum temperature and humidity conditions for 24 h of mortality
observation in the field insectary. During the breaks (10 min), volunteers collected any
knockdown/dead mosquitoes on the plastic sheet floor. At 06:00 h, the volunteers collected
the remaining mosquitoes resting in both rooms with Prokopack aspirators and kept them
in separate, clean, labelled cups. The HDNT and HLC collection methods were rotated
between Rooms A and D every alternate night and volunteers were also rotated between the
two traps nightly. Thirty consecutive replicates were conducted for releases of wild-caught
An. minimus s.l. or lab-reared An. minimus.

Data analysis
To compare the efficacy of HDNTwithHLC, the number of recaptured landingmosquitoes
by HLC was adjusted by multiplying by 1.2 (60/50 min). However, numbers of recaptured
resting mosquitoes in HDNT were not adjusted as the resting collection was independent
of catching effort.

The mean densities of mosquitoes (landing and resting) caught per night using HDNT
were compared with those caught from HLC using the summation of the raw number of
recapturedmosquitoes per trap at quarterly intervals (18:00 –21:00, 21:00–0:00, 0:00–03:00,
and 03:00–06:00 h, per night for analysis using the Mann Whitney U test (Wilcoxon Rank
Sum test). The Kruskal–WallisH test for multiple comparisons was used to compare mean
mosquito densities recaptured every quarterly. Data were summarized and reported as
numbers of mean recaptured mosquitoes with 95% confidence intervals. The box-and-
whisker plot in the SPSS software package compared the median, first and third quartiles,
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minimum and maximum of mosquitoes recaptured quarterly per night. The abundance
of mosquitoes landing in HDNT and HCL were pooled and analyzed for correlation with
mean temperature and relative humidity using Spearman’s correlation coefficient.

To determine whether HDNT correlated with the reference method (HLC), the log10
(x +1) transformations of the total numbers of mosquitoes caught by the alternative
methods were analyzed using Spearman’s correlation coefficient. As the number released
per night was 100 and not considered as a ‘sparse’ mosquito count, the relative sampling
efficiency (RSE) was estimated from the log ratio of the total number of mosquitoes
caught by HDNT to the number caught by the reference method HLC (log10(HDNT
+1) −log10(HLC +1)) plotted against the average mosquito abundance, calculated as
[log10(HDNT+1)+log10(HLC+1)]/2 (Hollis, 1996; Smith, 1993). Simple linear regression
analysis was performed to determine the relationship between the RSE and the average
mosquito abundance. The coefficient of determination (R2) derived from the analysis was
interpreted as an estimate of the proportion of deviation from perfect linear correlation
due to density-dependence rather than random error, with a high and significant value
indicating density-dependence (Degefa et al., 2020). To test whether the RSE depended
on mosquitoes, the mean log ratio and its antilog geometric mean ratio were calculated
to estimate conversion factors between the HDNT and the HLC reference method for
mosquito species (Kenea et al., 2017).

The influences of trapping method, volunteer and mosquito strains, as well as their
interactions, on mosquito density, were also analyzed using the log likelihood ratio test
(LRT). The difference in Anopheles mosquito density between the different trapping
methods was compared using a generalized linear model (GLM) based on a negative
binomial distribution. The number of mosquitoes was fitted as the independent variable,
whereas, trap type, volunteers, chambers and mosquito strain were treated as the
independent variables in the evaluation. The estimated marginal mean (EMM) density of
Anophelesmosquitoes was determined for each trap using the negative binomial regression
with adjustment for volunteer and species strain. Bonferroni corrections for multiple
comparisons were performed to determine the statistical significance of differences in
numbers of nightly mosquito recaptures among traps. The actual number of recaptured
mosquitoes (unadjusted number of mosquitoes in the HLC) were used in this analysis.
Data were analyzed using the SPSS version 20.0 (SPSS, Inc., Chicago, IL, USA) statistical
package. All levels of statistical significance were set at 5% (p < 0.05).

Molecular identification of An. minimus sensu lato
DNA extraction was performed individually on a 10% (251/2,580) sample of the
morphologically identified An. minimus complex from the outdoor collection of double-
cow net trap based on the protocol of (Manguin et al., 2002). Multiplex allele-specific
polymerase chain reaction assay was performed for molecular species identification within
the Minimus complex and related species following the protocol of (Sungvornyothin et al.,
2006). Briefly, in a final volume of 25µl, the polymerase chain reaction (PCR) amplification
conditions were: 1X reaction buffer, 0.2 mM of dNTPs, 1.5 mM of MgCl2, 0.2 µM of each
primer, 2.5 units of Taq DNA polymerase (Invitrogen), and 1 µl of DNA template. The
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PCR cycles were: one cycle at 94 ◦C for 2 min, follow by 40 cycles of a denaturation step
at 94 ◦C for 30 s, annealing at 50 ◦C for 30 s, and extension at 72 ◦C for 40 s, and a final
extension at 72 ◦C for 5 min. Lastly, the PCR product was subjected to electrophoresis on
a 3% agarose gel at 100 V for 30 min and stained with ethidium bromide.

Ethics approval and consent to participate
Ethics approval for the study was provided by the Research Ethics Review Committee
for Research Involving Human Research Participants, Kasetsart University (Certificate of
Approval No. CAO63/035). Formal ethical clearance of the study protocol and volunteer
collector informed consent were obtained before commencing the trials. For the HLC
method, assisted guidance was provided to ensure probing mosquitoes were collected prior
to biting, including information, awareness of the risks of wild mosquitoes in pathogen
transmission, and a guarantee of medical care for the duration of the study.

RESULTS
Estimation of variables from general linear modeling
Themean abundance ofAnopheles species varied significantly by trap type (LRTX 2

= 39.46,
p < 0.001), volunteer (LRT X 2

= 25.98, p < 0.001), mosquito strains (LRT X 2
= 403.23,

p < 0.001), and across trap types and volunteer (LRT X 2
= 5.42, p = 0.020), as shown in

Table 1.
Overall, HLC yielded 27.00% (95% CI [1.21–1.43], p < 0.001) more anophelines

compared to HDNT (Table 2, Fig. 2C). Significantly, 21.00% (95% CI [0.75–0.88],
p < 0.001) more anophelines were attracted to volunteer 1 relative to volunteer 2 (Tables
2 and 3, Fig. 2B). A significantly higher abundance level of 85.00% (95% CI [2.15–2.55],
p < 0.001) of the laboratory strain (An. minimus) was collected in both traps compared to
wild strains (An. harrisoni), as shown in Table 2 and Table S1. However, chamber did not
affect the experiment (p = 0.202), as shown in Table 2 and Fig. 2A.

Semi-field trials with wild strain of An. harrisoni
Recapture rate
Overall, 2,580 female An. minimus s.l. mosquitoes comprising An. harrisoni (82.80%),
An. minimus (15.30%), An. aconitus (0.015%), and An. varuna (0.004%) were collected
for 30 nights using the HDNT and HLC methods. The total numbers of An. harrisoni
recaptured in landing collections in HDNT and HLC were 465 (15.50%) and 777.60
(26.80%), respectively. The lower numbers of An. harrisoni (n= 2136) were significantly
recaptured using HDNT (15.50 per night, 95% CI [12.48–18.52]) relative to HLC (25.32
per night (95% CI [22.28–28.36]), p < 0.001 (Table 4).

Resting rate
The total numbers of resting An. harrisoni recaptured using Prokopack aspirators in the
HDNT and HLC rooms were 804 (26.80%) and 678 (22.60%), respectively (Table 4 and
Table S1). The mean temperature and relative humidity during the trials were in the ranges
28.78–26.67 ◦C and 79.87–91.11%, respectively, from 18:00 to 00:00 h and 25.56–24.94 ◦C
and 94.91–96.78%, respectively, from 00:00 to 06:00 h, (Table 5). Overall, remaining
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Table 1 Loglikelihood ratios for two Anopheles species whose abundance levels were influenced by
trap, volunteer, andmosquito strains, and interaction between traps-volunteermosquito strains.

Variable χ2 df p-value

Trap (HLC - HDNT) 39.46 1 <0.001
Chamber (a - d) 1.63 1 0.202
Volunteer (1–2) 25.98 1 <0.001
Mosquito strain (W - L) 403.23 1 <0.001
Trap * Chamber 0.80 1 0.372
Trap * Volunteer 5.42 1 0.020
Trap * Mosquito strain 1.15 1 0.283

Notes.
HLC, human landing catch; HNDT, human double net trap; W, wild; L, laboratory.

Table 2 Parameter estimates of mosquito collection from semi-field system (SFS).

Variable Effect Estimate SE OR 95% Exp(B)
Confidence interval

z-score p-value

Lower Upper

(Intercept) (Intercept) 3.32 0.02 27.43 26.28 28.61 152.27 <0.001
Trap HLC - HDNT 0.27 0.04 1.31 1.21 1.43 6.26 <0.001
Chamber a - d −0.05 0.04 0.95 0.87 1.03 −1.28 0.202
Volunteer 2 - 1 −0.21 0.04 0.81 0.75 0.88 −5.09 <0.001
Mosquito L - W 0.85 0.04 2.34 2.12 2.55 19.61 <0.001
Trap * Chamber HLC - HDNT * a - d −0.07 0.08 0.93 0.79 1.09 −0.89 0.372
Trap * Volunteer HLC - HDNT * 1 - 2 0.19 0.08 1.21 1.03 1.43 2.33 0.020
Trap * Mosquito HLC - HDNT * L - W −0.09 0.08 0.91 0.77 1.08 −1.07 0.284

Notes.
HLC, human landing catch; HNDT, human double net trap; W, wild; L, laboratory.

mosquitoes caught resting in both rooms had a significantly higher recapture rate of An.
harrisoni in HDNT (26.80 per night, 95% CI [24.20–29.40]) than HLC (22.60 per night,
95% CI [20.06–25.13]), p = 0.026 (Table 4).

Quarterly collections
Quarterly night collections showed significantly lower numbers of An. harrisoni in HDNT
(1.73 per night, 95% CI [1.08–2.39]) relative to HLC (5.72 per night, 95% CI [4.13–7.31]),
p < 0.001 during 18:00–21:00 h. A similar pattern was seen during 21:00–00:00 h for
HDNT (4.37 per quarter, 95% CI [3.10–5.64]) relative to HLC (9.44 per quarter, 95% CI
[7.61–11.27]), p < 0.001. No significant difference in the mean density of An. harrisoni
was seen during 00:00–03:00 h between HDNT (5.20 per quarter, 95% CI [3.66–6.74])
and HLC (6.88 per quarter, 95% CI [5.53–8.23]), p = 0.055, and during 03:00–06:00 h
between HDNT (4.20 per quarter, 95% CI [3.13–5.27]) and HLC (3.28 per quarter, 95%
CI [2.10–4.46]), p = 0.160), as shown in Table 5 and Fig. 3A.

Correlation between HDNT and HLC
Spearman’s correlation coefficient for the relationship between HDNT and HLC of landing
and resting An. harrisoni caught per trap showed weak, negative relationships with r =
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Figure 2 Loglikelihood ratio tests. (A) Total numbers of mosquitos collected using human double net
trap (HDNT) and human landing catches (HLC) within chambers. (B) Number of mosquitoes recap-
tured by volunteers 1 and 2 within the traps. (C) Prediction of different mosquito strains on traps. W, wild
strain; L, laboratory strain.

Full-size DOI: 10.7717/peerj.13865/fig-2
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Table 3 Estimates of a negative binomial regression for comparison of semi-field system (SFS) host-seeking anopheline density between hu-
man landing catches (HLC) and human double net trap (HDNT) and volunteers.

Species (strain) Traps Number
collected

EMM (95%CI) OR p-value

An minimus (L) HDNT 1,136 37.87 (34.62-41.11)a 0.79 <0.001
HLC 1,410 47.09 (32.79-67.63)b 1.00

An harrisoni (W) HDNT 465 15.50 (12.48-18.52)a 0.73 <0.001
HLC 633 20.90 (14.48-30.15)b 1.00

Two species
Volunteer 1 HDNT 681 20.50 (18.70-22.50)a 0.69 <0.001

HLC 970 29.60 (27.30-32.10)b 1.00
Volunteer 2 HDNT 920 27.90 (25.70-30.30)a 0.84 0.015

HLC 1,073 33.30 (30.80-36.00)b 1.00

Notes.
HLC, human landing catch; HNDT, human double net trap; W, wild; L, laboratory.
Different lowercase superscripts (a and b) in columns indicate significant differences between groups using Bonferroni Post Hoc test (p< 0.05).

Table 4 Mean of recaptured mosquitoes landing and resting in rooms set up for human double net trap (HDNT) and human landing catches
(HLC) methods in semi-field system (SFS).

Molecular
species

Preferences
of recapture

Night HDNT room HLC room z-score p-value**

Total
recaptured*

Mean
recaptured/
night
(95% CI)

Total
recaptured*

Mean
recaptured/
night
(95% CI)

An. harrisoni Landing 30 465 15.50 (12.48–18.52) 777.60 25.32 (22.28–28.36) −4.02 <0.001
An. minimus Landing 30 1,136 37.87 (34.62–41.11) 1,692 56.40 (55.37–57.43) −6.64 <0.001
An. harrisoni Resting 30 804 26.80 (24.20–29.40) 678 22.60 (20.06–25.13) −2.23 0.026
An. minimus Resting 30 263 8.77 (5.76–11.77) 26 0.87 (0.35–1.38) −5.11 <0.001

Notes.
HLC, human landing catch; HNDT, human double net trap.
*Total number of mosquitoes recaptured by volunteers for 30 nights in each trap.
**Mann Whitney U test (p< 0.05).

−0.02, p = 0.926 and r = −0.08, p = 0.672, respectively (Figs. 4A & 4E, Table S3). The
R2 values of HDNT versus HLC in landing recapture (R2

= 0.24, p = 0.006) suggested that
the RSEs of the HDNT was dependent on landing mosquito density, but resting recapture
(R2
= 0.09, p = 0.109) was not dependent on mosquito density (Figs. 4B & 4F, Table

S3). The mean log ratios of HDNT compared to HLC in landings caught were negative,
suggesting that the alternative trap was less effective than HLC in collecting An. harrisoni.
However, the mean log ratio was positive in recapture of resting mosquitoes remaining in
the SFS room. Based on the geometric mean ratios (GMR), the number of catches from
HDNT was the same as that of HLC from both landing and resting collections (Table S4).

Association with ambient temperature and relative humidity
Data from both trapping methods were pooled to determine the interaction between
temperature, relative humidity and quarterly mosquito density. An. harrisoni abundance
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Table 5 Mean of quarterly recaptured landing mosquitoes in human double net trap (HDNT) and human landing catches (HLC) for 30 nights per quarter in SFS.

Molecular species Time of
night

Mean
temperature,
(◦C)
(95% CI)

Mean relative
humidity (%),
(95% CI)

HDNT HLC z-score P-value***

Total
recaptured*

Mean
recaptured/
quarter h**

(95% CI)

Total
recaptured

Mean
recaptured/
quarter h**

(95% CI)

An. harrisoni Quarter I
(18:00–21:00)

28.78
(28.26–29.31)

79.87
(74.26–85.49)

52 1.73 (1.08–2.39)a 171.60 5.72 (4.13-7.31)a,b −4.37 <0.001

Quarter II
(21:00-00:00)

26.67
(26.18–27.15)

91.11
(87.83–94.39)

131 4.37 (3.10–5.64)b 283 9.44 (7.61–11.27)c −3.93 <0.001

Quarter III
(00:00–03:00)

25.56
(25.08–26.05)

94.91
(92.85–96.97)

156 5.20 (3.66–6.74)b 172 6.88 (5.53–8.23)b,c −1.92 0.055

Quarter IV
(03:00–06:00)

24.94
(24.39–25.50)

96.78
(95.33–98.23)

126 4.20 (3.13–5.27)b 98.40 3.28 (2.10–4.46)a −1.40 0.160

An. minimus Quarter I
(18:00–21:00)

29.62
(29.25–29.98)

84.82
(81.66–87.89)

583 19.43 (16.97–21.90)a 1369.20 45.64 (41.99–49.29)a −6.49 <0.001

Quarter II
(21:00–00:00)

28.39
(28.13–28.65)

93.59
(91.50–95.27)

314 10.47 (8.43–12.50)b 267.60 8.92 (6.21–11.63)b −1.10 0.270

Quarter III
(00:00–03:00)

27.90
(27.65–28.16)

96.45
(95.19–97.72)

172 5.73 (4.05–7.41)c 50.40 1.68 (0.35–3.01)c −4.63 <0.001

Quarter IV
(03:00–06:00)

27.41
(27.16–27.65)

98.00
(97.15–98.45)

67 2.23 (1.30–3.17)d 4.80 0.16(−0.67–0.39)c −4.48 <0.001

Notes.
HLC, human landing catch; HNDT, human double net trap; W, wild; L, laboratory.
*Total number of mosquitoes recaptured by volunteers over 30 nights in each trap.
**Different lowercase superscript letters (a, b, c, and d) in columns indicate significant differences between species-specific doses using Kruskal-Wallis H test for multiple comparisons (p< 0.05).
***Comparison mean of mosquito within row using Mann Whitney U test (p< 0.05).
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Figure 3 Mean of mosquitoes recaptured every quarter by both trap methods human double net trap
(HDNT) and human landing catches (HLC). (A) Wild strain An. harrisoni. (B) Laboratory strain An.
minimus. The middle horizontal line of the box represents the median and the error bars represents the
95% confidence interval value of mosquitoes caught per trap per quarter. The circle and asterisk represent
the outlier value of mosquitoes caught per trap per quarter.
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Figure 4 Spearman’s correlation coefficient for the relationship among log-transformed of landing
and resting mosquitoes caught per trap. (A) Landing An. harrisoni; (B) RSE of Landing An. harrisoni;
(C) landing An. minimus; (D) RSE of landing An. minimus; (E) resting An. harrisoni; (F) RSE of resing An.
harrisoni; (G) resting An. minimus; (H) RSE of resting An. minimus. (A, C, E, G) Correlation and density-
dependence of human double net trap (HDNT) relative to human landing catches (HLC) for recapture
of mosquitoes. (B, D, F, H) Relative sampling efficiency (RSE) of HDNT relative to HLC in collection of
landing and resting An. harrisoni and An. minimus.
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was not correlated with temperature (r = −0.08, p= 0.412), but had a weak, positive
correlation with relative humidity (r = 0.23, p = 0.011), as shown in Table S5. Nightly
abundance was correlated to increased relative humidity (r = 499, p = 0.005), but not
affected by temperature (r = 0.09, p = 0.065), as shown in Table S6 and Figs. S1B, 1D.

Semi-field trials with laboratory strain of An. minimus
Recapture rate
A high recapture rate of 94.50% of the laboratory strain An. minimus (n= 3,000 released)
was recorded in HDNT and HLC over 30 nights (Table S2). The total numbers of landing
Anopheles collected using HLC and in HDNT were 1,410 (47.00%) and 1,136 (37.87%),
respectively (Table 3). The mean landing mosquito abundance recaptured in HDNT was
significantly lower (37.87 per night, 95% CI [34.62–41.11]) relative to HLC (56.40 per
night, 95% CI [55.37–57.43]), p < 0.001 (Table 4).

Resting rate
The total numbers of resting An. minimus recaptured using the Prokopack aspirators in the
HLC andHDNT rooms were 26 (0.87%) and 263 (8.77%), respectively (Table 4). Themean
temperature and relative humidity levels during the trials were in the ranges 29.62–28.39 ◦C
and 84.82–93.59%, respectively, during 18:00–00:00 h and 27.90–27.41 ◦C and 96.45–98%,
respectively, during 00:00–06:00 h (Table 5). Similarly, the mean abundance of resting An.
minimus was significantly higher in HDNT (8.77 per night, 95% CI [5.76–11.77]) relative
to HLC (0.87 per night, 95% CI [0.35–1.38]), p < 0.001 (Table 4).

Quarterly collections
Quarterly night collections show significantly lower numbers of resting An. minimus in
HDNT during 18:00–21:00 h (19.43 per quarter, 95% CI [16.97–21.90]) relative to HLC
(45.64 per quarter, 95% CI [41.99–49.29]), p< 0.001. No significant difference in the
mean density of An. minimus was seen during 21:00–00:00 h between HDNT (10.47 per
quarter, 95% CI [8.43–12.50]) and HLC (8.92 per quarter, 95% CI [6.21–11.63], p =
0.270). However, during 00:00–03:00 h, significantly higher recaptures were recorded of
An. minimus in HDNT (5.73 per quarter, 95% CI [4.05–7.41]) relative to HLC (1.68 per
quarter, 95%CI [0.35–3.01]), p < 0.001. A similar pattern was observed during 03:00–06:00
h in HDNT (2.23 per quarter, 95% CI [1.30–3.17]) and HLC (0.16 per quarter 95% CI
[−0.67 to −0.39]), p < 0.001 (Table 5, Fig. 3B).

Correlation between HDNT and HLC
There was a weak, negative correlation between HDNT versusHLC for collection of landing
An. minimus (r = −0.09, p = 0.636) and a weak positive correlation for resting collection
(r = 0.17, p = 0.372) (Figs. 4C& 4G, Table S3). The R2 values of HDNT versus HLC
in landing recapture (R2

= 0.87, p < 0.001) suggested that the RSEs of the HDNT were
dependent on landing mosquito density, but resting recapture (R2

= 0.03, p = < 0.329)
was not dependent on mosquito density (Figs. 4D& 4H, Table S3). The mean log ratios of
HDNT versus HLC in the landing catch was negative, suggesting that the alternative trap
was less effective than HLC in collecting An. minimus. However, the mean log ratio was
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positive in recapture of resting mosquitoes remaining in the SFS room. The mean GMR
for catches from HDNT was 0.063 and the same as that from HLC in landing and resting
collections, respectively (Table S4).

Association with ambient temperature and relative humidity
Data from both trapping methods were pooled to determine the interaction between
mosquito density, temperature, and relative humidity. Abundance of An. minimus was
significantly positively correlated with nightly temperature (r = 0.61, p < 0.001); however
it was significantly negatively correlated with relative humidity (r = −0.58, p < 0.001),
as shown in Table S5. No association of nightly abundance of An. minimus was observed
between a decrease in temperature (r = 0.13, p= 0.482) and relative humidity (r = 0.16, p
= 0.394), respectively (Table S6, Figs. S2B, S2D).

DISCUSSION
This study evaluated the feasibility of estimating conversion factors between an exposure-
free alternative to the HLC method for the surveillance of outdoor, host-seeking, Asian
malaria vectors. The ultimate aim was to examine if HDNT and HLC conducted in an SFS
could provide reliable estimates of biting rates of humans by mosquitoes for entomological
surveillance in the National Malaria Control Programmes as this study respond to a
‘‘wider array of surveillance methods’’ that is recommended for different vector behaviors,
particularly outdoor host-seeking ones (van de Straat et al., 2021). The results, based on
analyses by both simple regression analysis and GLM statistical approaches (Altman &
Bland, 1983; Hollis, 1996; Kenea et al., 2017), indicated that reliable conversion factors
between HDNT and HLC could not be calculated despite adequate mosquito densities
in the SFS. The poor correlation between the two collection methods was not surprising.
The GLM analysis confirmed that the percentage of nightly mosquito catches per trap was
significantly affected by the HDNT method relative to HLC, as shown by the low values of
the RSEs, GMRs and mean log ratios. The RSE was dependent on mosquito density since a
fixed number of mosquitoes were released per night, resulting in a high recapture rate and
a narrow, expected range of 95% individual ratios of HDNT:HLC. This result differed from
another HLC:CDC light trap study in northern Thailand (Somboon, 1993) as the variations
and the biases of mosquito collection could be controlled in the current study, such as
an enclosed environment sharing similar climatic conditions to the natural ecosystem
and the consistent use of standardized baited trapping methods with good supervision.
In Thailand, sympatric populations of An. minimus and An. harrisoni are considered
zoophilic with variable indoor and outdoor biting behaviors (Durnez & Coosemans, 2013;
Sungvornyothin et al., 2006; Tananchai et al., 2019b) which suggests highly opportunistic
habits and considerable plasticity in host selection (Edwards et al., 2019; Sinka et al., 2011)
after the discontinuation of IRS since 2006 (Garros et al., 2006; Sungvornyothin et al., 2006).
In the absence of an animal or alternative host, it is inevitable these mosquitoes would
display a high degree of anthropophily in the SFS.

In the absence of a net in the SFS, An. minimus and An. harrisoni could easily seek
humans and directly land on hosts performing HLC compared to the HDNT method,
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as the latter has two nets separating the collector from the mosquitoes. However, with
a human bait inside the HDNT, a large proportion of mosquitoes seeking a blood meal
are deterred from entry due to the physical barrier, thus reducing the overall sensitivity
of the HDNT because these nets interfere with host seeking behavior and underestimate
the abundance of An. minimus and An. harrisoni. In Lao PDR, anthropophilic mosquitoes
attracted to HDNT were seeking shelter and entering the bed net accidentally with greater
numbers collected in HDNT compared to HLC (Tangena et al., 2015). However, HLC was
more productive than other alternative traps (CDC-light traps, animal-baited traps, and
host decoy traps) in south-central Ethiopia (Kenea et al., 2017), Indonesia (St Laurent et
al., 2018) and South Sulawesi (Davidson et al., 2020) for sampling Anopheles species.

For more than four decades, HLC was the most frequently used and preferred
sampling method (Silver, 2008; van de Straat et al., 2021) because it directly estimates
the epidemiologically relevant indicators of exposure of humans to biting mosquitoes
(Farlow, Russell & Burkot, 2020). The HLC method has other drawbacks: (1) extremely
labor-intensive and the risk of exposing collectors to malaria (Gimnig et al., 2013) and
arboviral pathogens; (2) high level of supervision tomaintain quality and collector efficiency
(Lima et al., 2014), and (3) natural human variations in attractiveness to mosquitoes, thus
impacting the accuracy and representativeness of human exposure (Briet et al., 2015; Lima
et al., 2014; Tangena et al., 2015). To a large extent some of these biases can be addressed
by standardizing the mosquito age and sequential releases of single species of An. minimus
complex in sufficient numbers in the SFS. Low Anopheles abundance in outdoor settings
have undermined the evaluation of HDNT and HLC in Lao PDR (Tangena et al., 2015) and
Vietnam (Ratchadawan, submitted); and CDC-light traps baited with CO2 and octenol in
Brazil (Lima et al., 2014).

HDNT was described by (Gater, 1935) and tested in Africa, Asia, and South America
with varying outcomes (Rubio-Palis & Curtis, 1992; Service, 1977). In African settings
dominated by Anophelines, HLC collected almost 2.9 times asmanyAn. gambiae in Nigeria
(Service, 1963) and 5.4 times as many An. gambiae in Cameroon (Le Goff et al., 1997) as
did HDNT. In western Venezuela, HDNT trapped only three anophelines compared with
1,237 collected using HLC for 36 h in night surveillance. In fact, HDNT was discarded
due to its poor efficiency in the collection of Anophelines compared with HLC (Le Goff
et al., 1997; Rubio-Palis & Curtis, 1992). However, HDNT successfully captured 2.5 times
more daytime host-seeking Aedes albopictus relative to HLC (HDNT 1093: HLC 428) in
Shanghai, China (Gao et al., 2018). The number of Anopheles mosquitoes captured using
HDNT was 1.2 times higher than for HLC in Lao PDR (Tangena et al., 2015). The current
study produced similar findings as the African and Venezuela studies, with the number of
recaptured An. minimus and An. harrisoni being significantly lower than for HLC by 1.5
and 1.7 times, respectively.

Given the lack of power to detect a relationship between total mosquito numbers
caught using HDNT and HLC in Lao PDR (Tangena et al., 2015), and greater numbers of
anthropophilic mosquitoes caught in HDNT compared to HLC, our study standardized
the sample size by releasing a fixed number of mosquitoes (n= 100) per night in the
SFS, thus enabling high recapture rates of 91.67% and 88.93% for HLC and HDNT,
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respectively. Despite this, and the lack of a correlation between the two methods, we
concluded that the variability of recaptured mosquitoes was attributable to several factors,
such as mosquito species, seasonal variation, and weather conditions. For example,
temperature and wind movement can influence mosquito activity patterns (Bowen,
1991), abundance (Ram et al., 1998; Wu et al., 2007), and survival (Ciota et al., 2014). An
increase in environmental temperature was associated with increased host seeking activity
of Culex pipiens, Aedes detritus and Aedes caspius (Drakou et al., 2020) and Anopheles
populations (Asgarian, Moosa-Kazemi & Sedaghat, 2021). Therefore, it accelerated the
blood digestion, increased human biting frequency, shortened the gonotrophic cycle of An.
minimus and An. balabacensis balabacensis (now An. dirus) during the dry and cool seasons
(Ismail, Phinichpongse & Boonrasri, 1978; Ismail, Notananda & Schepens, 1975) and the
extrinsic incubation period (Shaw, Marcenac & Catteruccia, 2021), and increased disease
transmission efficiency (Afrane et al., 2006; Githeko et al., 2000) during the dry and cool
season in a forested area of Saraburi province, Thailand (Ismail, Phinichpongse & Boonrasri,
1978).

The association between the quarterly and nightly pooled abundance of HLC and
HDNT mosquitoes and climate variables varied due to the significant inverse correlation
of An. minimus densities to the relative humidity only. There was a similar correlation
reported between nightly abundance of Anopheles species with relative humidity (range:
27.00–56.40%) and ambient temperature (range: 29.20 ◦C–30.00 ◦C) during the peak
biting period (Asgarian, Moosa-Kazemi & Sedaghat, 2021). Significant direct correlations
of paired An. harrisoni density and relative humidity and An. minimus density and
temperature associations were observed for quarterly pooled abundance in our study
site and were consistent with a study in Saraburi province, Thailand (Ismail, Phinichpongse
& Boonrasri, 1978) and of An. gambiae s.l. in southeastern Senegal (Diallo et al., 2019).
A similar correlation of An. harrisoni density and relative humidity for nightly pooled
abundance in Pu Tuey was observed in Bangladesh (Bashar & Tuno, 2014), Saudi Arabia
(Jemal & Al-Thukair, 2018), and Sri Lanka (Yasuoka & Levins, 2007). Our study was
consistent with other finding in Pu Tuey, western Thailand (Chareonviriyaphap et al., 2003;
Tisgratog et al., 2012) and central Vietnam (Edwards et al., 2019), where a decrease in the
An. minimus density from a peak in the first quarter (18:00–21:00) to the fourth quarter was
associated with a mean temperature drop from 29.62 ◦C–27.41 ◦C, and with an increase in
the mean relative humidity from 84.82% to 98%, respectively. However, there was no clear
relationship between temperature (range: 22.00 ◦C–24.00 ◦C) and the number of Anopheles
caught using outdoor HLC, which was due to heavy rainfall, as this factor is a predominant
driver of low mosquito abundance during elevated relative humidity observed in October
2021 in Mondulkiri, Cambodia (Neil Lobo, pers. comm., March 2022). Although a
decrease in humidity corresponded with low median survival of An. gambiae by 5–7 days
in western Kenya, mosquitoes exhibited an enhanced reproductive fitness by 40% over the
course of their life span (Afrane et al., 2006), partly due to faster blood-meal digestion and
frequent blood-feeding (Afrane, Githeko & Yan, 2012). Based the climate model projection
of (Lindsay & Dahlman, 2021), a 0.6 ◦C increase in environmental temperature during the
previous four decades since 1972 (historical data of (Ismail, Notananda & Schepens, 1975;
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Ismail, Phinichpongse & Boonrasri, 1978) would have implications for malaria elimination
programmes and future vulnerable populations (Bureau of Vector Borne Disease DoDC,
2019), as people move into areas more suitable for transmission risk in Thailand and the
GMS (Sudathip et al., 2021). Given the limitation of this evaluation, we suggest a future
study comparing pairedHDNT andHLCmethods in the SFS and an outdoor setting during
the peak season of high abundance of the An. minimus complex, using a Latin square.

CONCLUSION
This study did not provide support for a relationship between HDNT and HLC in an
SFS, presumably due to differences in environmental conditions and the physical barriers
associated with the HDNTmethod. Further studies are required to investigate and compare
the sampling efficacy of HLC and other sensitive, cost-efficient, exposure-free, surveillance
tools to estimate the rate humans are bitten by mosquitoes.

ACKNOWLEDGEMENTS
The authors would like to express their gratitude to the study volunteers who tirelessly
devoted their time and effort to this study and the Medical Entomology Laboratory,
Department of Entomology, Faculty of Agriculture, Kasetsart University for assistance
with this research.

ADDITIONAL INFORMATION AND DECLARATIONS

Funding
This research was funded by the Kasetsart University Research and Development Institute
(KURDI), Bangkok, Thailand (Grant # FF (KU) 14.64) and the Office of the Ministry of
Higher Education, Science, Research and Innovation; and the Thailand Science Research
and Innovation through the Kasetsart University Reinventing University Program 2021.
The funders had no role in study design, data collection and analysis, decision to publish,
or preparation of the manuscript.

Grant Disclosures
The following grant information was disclosed by the authors:
Kasetsart University Research and Development Institute (KURDI), Bangkok, Thailand: #
FF (KU) 14.64.
The Office of the Ministry of Higher Education, Science, Research and Innovation; and the
Thailand Science Research and Innovation through the Kasetsart University Reinventing
University Program 2021.

Competing Interests
The authors declare there are no competing interests.

Yan et al. (2022), PeerJ, DOI 10.7717/peerj.13865 19/27

https://peerj.com
http://dx.doi.org/10.7717/peerj.13865


Author Contributions
• Chanly Yan conceived and designed the experiments, performed the experiments,
analyzed the data, prepared figures and/or tables, authored or reviewed drafts of the
article, and approved the final draft.
• Jeffrey Hii conceived and designed the experiments, analyzed the data, prepared figures
and/or tables, authored or reviewed drafts of the article, and approved the final draft.
• Ratchadawan Ngoen-Klan analyzed the data, prepared figures and/or tables, authored
or reviewed drafts of the article, and approved the final draft.
• Manop Saeung performed the experiments, authored or reviewed drafts of the article,
and approved the final draft.
• Theeraphap Chareonviriyaphap conceived and designed the experiments, authored or
reviewed drafts of the article, and approved the final draft.

Human Ethics
The following information was supplied relating to ethical approvals (i.e., approving body
and any reference numbers):

Ethics approval for the study was provided by the Research Ethics Review Committee
for Research Involving Human Research Participants, Kasetsart university (Certificate
of approval No. CAO63/035). Formal ethical clearance of study protocol and volunteer
collector informed consent was obtained before commencing trials. For the HLC method,
assisted guidance was provided to ensure probingmosquitoes were collected prior to biting,
including information, awareness of the risks of wild mosquitoes in pathogen transmission,
and guarantee of medical care during the duration of the study.

Data Availability
The following information was supplied regarding data availability:

The raw data are available in the Supplementary Files.

Supplemental Information
Supplemental information for this article can be found online at http://dx.doi.org/10.7717/
peerj.13865#supplemental-information.

REFERENCES
Afrane YA, Githeko AK, Yan G. 2012. The ecology of Anophelesmosquitoes under cli-

mate change: case studies from the effects of deforestation in East African highlands.
Annals of the New York Academy of Science 1249:204–210
DOI 10.1111/j.1749-6632.2011.06432.x.

Afrane YA, Zhou G, Lawson BW, Githeko AK, Yan G. 2006. Effects of microclimatic
changes caused by deforestation on the survivorship and reproductive fitness
of Anopheles gambiae in western Kenya highlands. American Journal of Tropical
Medicine and Hygiene 74:772–778 DOI 10.4269/ajtmh.2006.74.772.

Altman DG, Bland JM. 1983.Measurement in medicine: the analysis of method
comparison studies. Journal of the Royal Statistical Society: Series D 32:307–317.

Yan et al. (2022), PeerJ, DOI 10.7717/peerj.13865 20/27

https://peerj.com
http://dx.doi.org/10.7717/peerj.13865#supplemental-information
http://dx.doi.org/10.7717/peerj.13865#supplemental-information
http://dx.doi.org/10.7717/peerj.13865#supplemental-information
http://dx.doi.org/10.1111/j.1749-6632.2011.06432.x
http://dx.doi.org/10.4269/ajtmh.2006.74.772
http://dx.doi.org/10.7717/peerj.13865


Amaratunga C, Lim P, Suon S, Sreng S, Mao S, Sopha C, Sam B, Dek D, Try V, Amato
R, Blessborn D, Song L, Tullo GS, FayMP, Anderson JM, Tarning J, Fairhurst
RM. 2016. Dihydroartemisinin-piperaquine resistance in Plasmodium falciparum
malaria in Cambodia: a multisite prospective cohort study. Lancet Infectious Diseases
16:357–365 DOI 10.1016/s1473-3099(15)00487-9.

Asgarian TS, Moosa-Kazemi SH, Sedaghat MM. 2021. Impact of meteorological
parameters on mosquito population abundance and distribution in a former malaria
endemic area, central Iran. Heliyon 7:e08477 DOI 10.1016/j.heliyon.2021.e08477.

Ashley EA, DhordaM, Fairhurst RM, Amaratunga C, Lim P, Suon S, Sreng S, Anderson
JM, Mao S, Sam B, Sopha C, Chuor CM, Nguon C, Sovannaroth S, Pukrit-
tayakamee S, Jittamala P, Chotivanich K, Chutasmit K, Suchatsoonthorn C, Run-
charoen R, Hien TT, Thuy-Nhien NT, Thanh NV, Phu NH, Htut Y, Han KT, Aye
KH,Mokuolu OA, Olaosebikan RR, Folaranmi OO,MayxayM, KhanthavongM,
Hongvanthong B, Newton PN, OnyambokoMA, Fanello CI, Tshefu AK, Mishra N,
Valecha N, Phyo AP, Nosten F, Yi P , Tripura R, Borrmann S, Bashraheil M, Peshu
J , Faiz MA, Ghose A, HossainMA, Samad A, RahmanMR, HasanMM, Islam A,
Miotto O, Amato R, MacInnis B, Stalker J, Kwiatkowski DP, Bozdech Z, Jeeyapant
A, Cheah PY, Sakulthaew T, Chalk J, Intharabut B, Silamut K, Lee SJ, Vihokhern B,
Kunasol C, ImwongM, Tarning J, TaylorWJ, Yeung S,Woodrow CJ, Flegg JA, Das
D, Smith J, VenkatesanM, Plowe CV, Stepniewska K, Guerin PJ, Dondorp AM,
Day NP,White NJ, Tracking Resistance to Artemisinin Collaboration (TRAC).
2014. Spread of artemisinin resistance in Plasmodium falciparummalaria. New
England Journal of Medicine 371(5):411–423 DOI 10.1056/NEJMoa1314981.

Bashar K, Tuno N. 2014. Seasonal abundance of Anophelesmosquitoes and their associ-
ation with meteorological factors and malaria incidence in Bangladesh. Parasites and
Vectors 7:442 DOI 10.1186/1756-3305-7-442.

BoonyuanW, Sathantriphop S, TainchumK,Muenworn V, Prabaripai A, Bangs MJ,
Chareonviriyaphap T. 2017. Insecticidal and behavioral avoidance responses of
Anopheles minimus and Culex quinquefasciatus (Diptera: Culicidae) to three synthetic
repellents. Journal of Medical Entomology 54:1312–1322 DOI 10.1093/jme/tjx081.

BowenMF. 1991. The sensory physiology of host-seeking behavior in mosquitoes. An-
nual Review of Entomology 36:139–158 DOI 10.1146/annurev.en.36.010191.001035.

Briet OJ, Huho BJ, Gimnig JE, Bayoh N, Seyoum A, Sikaala CH, Govella N, Diallo DA,
Abdullah S, Smith TA, Killeen GF. 2015. Applications and limitations of Centers for
Disease Control and Prevention miniature light traps for measuring biting densities
of African malaria vector populations: a pooled-analysis of 13 comparisons with
human landing catches.Malaria Journal 14:247 DOI 10.1186/s12936-015-0761-9.

Bureau of Vector Borne Disease DoDC. 2019. Guide to malaria elimination for Thai-
land’s local administrative organizations and the health network. Available at http:
//malaria.ddc.moph.go.th/downloadfiles/Guide%20to%20Malaria%20Elimination%
20for%20Thailand%20LAO_EN.pdf (accessed on 05 June 2022).

Yan et al. (2022), PeerJ, DOI 10.7717/peerj.13865 21/27

https://peerj.com
http://dx.doi.org/10.1016/s1473-3099(15)00487-9
http://dx.doi.org/10.1016/j.heliyon.2021.e08477
http://dx.doi.org/10.1056/NEJMoa1314981
http://dx.doi.org/10.1186/1756-3305-7-442
http://dx.doi.org/10.1093/jme/tjx081
http://dx.doi.org/10.1146/annurev.en.36.010191.001035
http://dx.doi.org/10.1186/s12936-015-0761-9
http://malaria.ddc.moph.go.th/downloadfiles/Guide%20to%20Malaria%20Elimination%20for%20Thailand%20LAO_EN.pdf
http://malaria.ddc.moph.go.th/downloadfiles/Guide%20to%20Malaria%20Elimination%20for%20Thailand%20LAO_EN.pdf
http://malaria.ddc.moph.go.th/downloadfiles/Guide%20to%20Malaria%20Elimination%20for%20Thailand%20LAO_EN.pdf
http://dx.doi.org/10.7717/peerj.13865


Burkot TR, Farlow R, MinM, Espino E, Mnzava A, Russell TL. 2019. A global analysis of
national malaria control programme vector surveillance by elimination and control
status in 2018.Malaria Journal 18:399 DOI 10.1186/s12936-019-3041-2.

Carnevale P, Manguin S. 2021. Review of issues on residual malaria transmission. The
Journal of Infectious Diseases 223:S61–S80 DOI 10.1093/infdis/jiab084.

Chareonviriyaphap T, Prabaripai A, Bangs MJ. 2004. Excito-repellency of deltamethrin
on the malaria vectors, Anopheles minimus, Anopheles dirus, Anopheles sawadwong-
porni, and Anopheles maculatus, in Thailand. Journal of the American Mosquito
Control Association 20:45–54.

Chareonviriyaphap T, Prabaripai A, Bangs MJ, Aum-Aung B. 2003. Seasonal abundance
and blood feeding activity of Anopheles minimus Theobald (Diptera: Culicidae) in
Thailand. Journal of Medical Entomology 40:876–881 DOI 10.1603/0022-2585-40.6.876.

Ciota AT, Matacchiero AC, Kilpatrick AM, Kramer LD. 2014. The effect of temperature
on life history traits of Culex mosquitoes. Journal of Medical Entomology 51:55–62
DOI 10.1603/me13003.

Davidson JR, Baskin RN, Hasan H, Burton TA,WardimanM, Rahma N, Saputra
FR, Aulya MS,Wahid I, Syafruddin D, Hawkes FM, Lobo NF. 2020. Charac-
terization of vector communities and biting behavior in South Sulawesi with
host decoy traps and human landing catches. Parasites and Vectors 13:329
DOI 10.1186/s13071-020-04205-z.

Degefa T, Yewhalaw D, Zhou G, Atieli H, Githeko AK, Yan G. 2020. Evaluation of
human-baited double net trap and human-odour-baited CDC light trap for outdoor
host-seeking malaria vector surveillance in Kenya and Ethiopia.Malaria Journal
19:174 DOI 10.1186/s12936-020-03244-2.

Diallo D, Diagne CT, BuenemannM, Ba Y, Dia I, Faye O, Sall AA, Faye O,Watts
DM,Weaver SC, Hanley KA, Diallo M. 2019. Biodiversity pattern of mosquitoes
in Southeastern Senegal, epidemiological implication in arbovirus and malaria
transmission. Journal of Medical Entomology 56:453–463 DOI 10.1093/jme/tjy204.

Drakou K, Nikolaou T, VasquezM, Petric D, Michaelakis A, Kapranas A, Pap-
atheodoulou A, KoliouM. 2020. The effect of weather variables on mosquito
activity: a snapshot of the main point of entry of Cyprus. International Journal of
Environmental Research and Public Health 17:1403 DOI 10.3390/ijerph17041403.

Durnez L, CoosemansM. 2013. Residual transmission of malaria: an old issue for new
approaches. In: Manguin S, ed. Anopheles mosquitoes—new insights into malaria
vectors. Rijeka: Intech, 671–704.

Edwards HM, Chinh VD, Duy BLe, Thanh PV, Thang ND, Trang DM, Chavez I, Hii
J. 2019. Characterising residual malaria transmission in forested areas with low
coverage of core vector control in central Viet Nam. Parasites and Vectors 12:454
DOI 10.1186/s13071-019-3695-1.

Farlow R, Russell TL, Burkot TR. 2020. Nextgen vector surveillance tools: sensitive,
specific, cost-effective and epidemiologically relevant.Malaria Journal 19:432
DOI 10.1186/s12936-020-03494-0.

Yan et al. (2022), PeerJ, DOI 10.7717/peerj.13865 22/27

https://peerj.com
http://dx.doi.org/10.1186/s12936-019-3041-2
http://dx.doi.org/10.1093/infdis/jiab084
http://dx.doi.org/10.1603/0022-2585-40.6.876
http://dx.doi.org/10.1603/me13003
http://dx.doi.org/10.1186/s13071-020-04205-z
http://dx.doi.org/10.1186/s12936-020-03244-2
http://dx.doi.org/10.1093/jme/tjy204
http://dx.doi.org/10.3390/ijerph17041403
http://dx.doi.org/10.1186/s13071-019-3695-1
http://dx.doi.org/10.1186/s12936-020-03494-0
http://dx.doi.org/10.7717/peerj.13865


Gao Q,Wang F, Lv X, Cao H, Zhou J, Su F, Xiong C, Leng P. 2018. Compari-
son of the human-baited double net trap with the human landing catch for
Aedes albopictusmonitoring in Shanghai, China. Parasites and Vectors 11:483
DOI 10.1186/s13071-018-3053-8.

Garros C, Marchand RP, Quang NT, Hai NS, Manguin S. 2005. First record of
Anopheles minimus C and significant decrease of An. minimus A in central
Vietnam. Journal of the American Mosquito Control Association 21:139–143
DOI 10.2987/8756-971X(2005)21[139:FROAMC]2.0.CO;2.

Garros C, Van Bortel W, Trung HD, CoosemansM,Manguin S. 2006. Review of
theMinimus complex of Anopheles, main malaria vector in Southeast Asia: from
taxonomic issues to vector control strategies. Tropical Medicine and International
Health 11:102–114 DOI 10.1111/j.1365-3156.2005.01536.x.

Gater BAR. 1935. Aids to the identification of anopheline imagines in Malaya. Singapore:
Goverment of the Straits Settlement and the Malaria Advisory Board, Federated
Malay states.

Gimnig JE, Walker ED, Otieno P, Kosgei J, Olang G, OmbokM,Williamson J, Mar-
wanga D, Abong’o D, Desai M, Kariuki S, Hamel MJ, Lobo NF, Vulule J, Bayoh
MN. 2013. Incidence of malaria among mosquito collectors conducting human
landing catches in western Kenya. American Journal of Tropical Medicine and Hygiene
88:301–308 DOI 10.4269/ajtmh.2012.12-0209.

Githeko AK, Lindsay SW, Confalonieri UE, Patz JA. 2000. Climate change and vector-
borne diseases: a regional analysis. Bulletin of the World Health Organization
78:1136–1147.

Hollis S. 1996. Analysis of method comparison studies. Annals of Clinical Biochemistry
33:1–4 DOI 10.1177/000456329603300101.

Ismail IA, Notananda V, Schepens J. 1975. Studies on malaria and responses of Anophe-
les balabacensis balabacensis and Anopheles minimus to DDT residual spraying in
Thailand. Acta Tropica 32:206–231.

Ismail I, Phinichpongse S, Boonrasri P. 1978. Responses of Anopheles minimus to DDT
residual spraying in a cleared forested foothill area in central Thailand. Acta Tropica
35:69–82.

Jemal Y, Al-Thukair AA. 2018. Combining GIS application and climatic factors for
mosquito control in Eastern Province, Saudi Arabia. Saudi Journal of Biological
Sciences 25:1593–1602 DOI 10.1016/j.sjbs.2016.04.001.

Kenea O, BalkewM, Tekie H, Gebre-Michael T, DeressaW, Loha E, Lindtjorn B,
Overgaard HJ. 2017. Comparison of two adult mosquito sampling methods
with human landing catches in south-central Ethiopia.Malaria Journal 16:30
DOI 10.1186/s12936-016-1668-9.

KilamaWL. 2010.Health research ethics in malaria vector trials in Africa.Malaria
Journal 9(Suppl 3):S3 DOI 10.1186/1475-2875-9-s3-s3.

Kwansomboon N, Chaumeau V, Kittiphanakun P, Cerqueira D, Corbel V, Chare-
onviriyaphap T. 2017. Vector bionomics and malaria transmission along the

Yan et al. (2022), PeerJ, DOI 10.7717/peerj.13865 23/27

https://peerj.com
http://dx.doi.org/10.1186/s13071-018-3053-8
http://dx.doi.org/10.2987/8756-971X(2005)21[139:FROAMC]2.0.CO;2
http://dx.doi.org/10.1111/j.1365-3156.2005.01536.x
http://dx.doi.org/10.4269/ajtmh.2012.12-0209
http://dx.doi.org/10.1177/000456329603300101
http://dx.doi.org/10.1016/j.sjbs.2016.04.001
http://dx.doi.org/10.1186/s12936-016-1668-9
http://dx.doi.org/10.1186/1475-2875-9-s3-s3
http://dx.doi.org/10.7717/peerj.13865


Thailand-Myanmar border: a baseline entomological survey. Journal of Vector
Ecology 42:84–93 DOI 10.1111/jvec.12242.

Laurent BS, Oy K, Miller B, Gasteiger EB, Lee E, Sovannaroth S, Gwadz RW, An-
derson JM, Fairhurst RM. 2016. Cow-baited tents are highly effective in sam-
pling diverse Anophelesmalaria vectors in Cambodia.Malaria Journal 15:1–11
DOI 10.1186/s12936-015-1044-1.

Le Goff G, Carnevale P, Fondjo E, Robert V. 1997. Comparison of three sampling
methods of man-biting anophelines in order to estimate the malaria transmission
in a village of south Cameroon. Parasite 4:75–80 DOI 10.1051/parasite/1997041075.

Lima JB, Rosa-Freitas MG, Rodovalho CM, Santos F, Lourenco-de Oliveira R. 2014. Is
there an efficient trap or collection method for sampling Anopheles darlingi and other
malaria vectors that can describe the essential parameters affecting transmission
dynamics as effectively as human landing catches? - A review.Memórias do Instituto
Oswaldo Cruz 109:685–705 DOI 10.1590/0074-0276140134.

Lindsay R, Dahlman L. 2021. Climate change: global temperature. Available at https:
//www.ncei.noaa.gov/access/monitoring/monthly-report/global/202013 (accessed on
12 April 2021).

Manguin S, Kengne P, Sonnier L, Harbach RE, Baimai V, Trung HD, CoosemansM.
2002. SCAR markers and multiplex PCR-based identification of isomorphic species
in the Anopheles dirus complex in Southeast Asia.Medical and Veterinary Entomology
16:46–54 DOI 10.1046/j.0269-283x.2002.00344.x.

Manh CD, Beebe NW, Van VN, Quang TL, Lein CT, Nguyen DV, Xuan TN, Ngoc AL,
Cooper RD. 2010. Vectors and malaria transmission in deforested, rural communi-
ties in north-central Vietnam.Malaria Journal 9:259 DOI 10.1186/1475-2875-9-259.

Nustsathapana S, Sawasdiwongphorn P, Chitprarop U, Cullen J. 1986. The behavior
of Anopheles minimus Theobald (Diptera: Culicidae) subjected to differing levels
of DDT selection pressure in northern Thailand. Bulletin of Entomological Research
76:303–312 DOI 10.1017/S0007485300014772.

Phasomkusolsil S, Tawong J, Monkanna N, Pantuwatana K, Damdangdee N, Khongtak
W, Kertmanee Y, Evans BP, Schuster AL. 2013.Maintenance of mosquito vectors:
effects of blood source on feeding, survival, fecundity, and egg hatching rates. Journal
of Vector Ecology 38:38–45 DOI 10.1111/j.1948-7134.2013.12006.x.

Potikasikorn J, Chareonviriyaphap T, Bangs MJ, Prabaripai A. 2005. Behavioral
responses to DDT and pyrethroids between Anopheles minimus species A and C,
malaria vectors in Thailand. American Journal of Tropical Medicine and Hygiene
73:343–349 DOI 10.4269/ajtmh.2005.73.343.

Ram S, Khurana S, Kaushal V, Gupta R, Khurana SB. 1998. Incidence of dengue fever in
relation to climatic factors in Ludhiana, Punjab. Indian Journal of Medical Research
108:128–133.

Rattanarithikul R, Harrison B, Panthusiri P, Peyton EL, RE C. 2006. llustrated keys to
the mosquitoes of Thailand: III, Genera Aedeomyia, Ficalbia, Mimomyia, Hodgesia,
Coquillettidia, Mansonia, Uranotaenia. Southeast Asian Journal of Tropical Medicine
and Public Health 37:1–10.

Yan et al. (2022), PeerJ, DOI 10.7717/peerj.13865 24/27

https://peerj.com
http://dx.doi.org/10.1111/jvec.12242
http://dx.doi.org/10.1186/s12936-015-1044-1
http://dx.doi.org/10.1051/parasite/1997041075
http://dx.doi.org/10.1590/0074-0276140134
https://www.ncei.noaa.gov/access/monitoring/monthly-report/global/202013
https://www.ncei.noaa.gov/access/monitoring/monthly-report/global/202013
http://dx.doi.org/10.1046/j.0269-283x.2002.00344.x
http://dx.doi.org/10.1186/1475-2875-9-259
http://dx.doi.org/10.1017/S0007485300014772
http://dx.doi.org/10.1111/j.1948-7134.2013.12006.x
http://dx.doi.org/10.4269/ajtmh.2005.73.343
http://dx.doi.org/10.7717/peerj.13865


Rubio-Palis Y, Curtis CF. 1992. Evaluation of different methods of catching anopheline
mosquitoes in western Venezuela. Journal of the American Mosquito Control Associa-
tion 8:261–267.

Rwegoshora RT, Sharpe RG, Baisley KJ, Kittayapong P. 2002. Biting behavior and
seasonal variation in the abundance of Anopheles minimus species A and C in
Thailand. Southeast Asian Journal of Tropical Medicine and Public Health 33:694–701.

Salazar FV, Achee NL, Grieco JP, Prabaripai A, Eisen L, Shah P, Chareonviriyaphap
T. 2012. Evaluation of a peridomestic mosquito trap for integration into an Aedes
aegypti (Diptera: Culicidae) push-pull control strategy. Journal of Vector Ecology
37:8–19 DOI 10.1111/j.1948-7134.2012.00195.x.

Service MW. 1963. The ecology of the mosquitos of the Northern Guinea Savannah of
Nigeria. Bulletin of Entomological Research 54:601–632
DOI 10.1017/S000748530004904X.

Service MW. 1977. Critical-review of procedures for sampling populations of adult
mosquitos. Bulletin of Entomological Research 67:343–382
DOI 10.1017/S0007485300011184.

Silver JB. 2008. Sampling the larval population. In:Mosquito ecology: field sampling
methods. Dordrecht: Springer, The Netherlands, 137–338.

SinkaME, Bangs MJ, Manguin S, Chareonviriyaphap T, Patil AP, TemperleyWH,
Gething PW, Elyazar IR, Kabaria CW, Harbach RE. 2011. The dominant Anopheles
vectors of human malaria in the Asia-Pacific region: occurrence data, distribution
maps and bionomic précis. Parasites and Vectors 4:1–46 DOI 10.1186/1756-3305-4-1.

ShawWR,Marcenac P, Catteruccia F. 2021. Plasmodium development in Anopheles: a
tale of shared resources. Trends in Parasitology 38(2):124–135
DOI 10.1016/j.pt.2021.08.009.

Smith RJ. 1993. Logarithmic transformation bias in allometry. American Journal of
Physical Anthropology 90:215–228 DOI 10.1002/ajpa.1330900208.

Somboon P. 1993. Forest malaria vectors in northwest Thailand and a trial of control
with pyrethroid-treated bednets. Doctoral PhD thesis, London School of Hygiene &
Tropical Medicine.

St Laurent B, Sukowati S, Burton TA, Bretz D, ZioM, Firman S, Sumardi , Sudibyo
H, Safitri A, Suwito , Asih PB, Kosasih S, Shinta , HawleyWA, Burkot TR,
Collins FH, Syafruddin D, Lobo NF. 2018. Comparative evaluation of anophe-
line sampling methods in three localities in Indonesia.Malaria Journal 17:13
DOI 10.1186/s12936-017-2161-9.

Sudathip P, Kitchakarn S, Shah JA, Bisanzio D, Young F, Gopinath D, Pinyajeerapat N,
Sintasath D, Lertpiriyasuwat C. 2021. A foci cohort analysis to monitor successful
and persistent foci under Thailand’s Malaria Elimination Strategy.Malaria Journal
20:118 DOI 10.1186/s12936-021-03648-8.

Sukkanon C, Nararak J, Bangs MJ, Hii J, Chareonviriyaphap T. 2020. Behavioral
responses to transfluthrin by Aedes aegypti, Anopheles minimus, Anopheles
harrisoni, and Anopheles dirus (Diptera: Culicidae). PLOS ONE 15:e0237353
DOI 10.1371/journal.pone.0237353.

Yan et al. (2022), PeerJ, DOI 10.7717/peerj.13865 25/27

https://peerj.com
http://dx.doi.org/10.1111/j.1948-7134.2012.00195.x
http://dx.doi.org/10.1017/S000748530004904X
http://dx.doi.org/10.1017/S0007485300011184
http://dx.doi.org/10.1186/1756-3305-4-1
http://dx.doi.org/10.1016/j.pt.2021.08.009
http://dx.doi.org/10.1002/ajpa.1330900208
http://dx.doi.org/10.1186/s12936-017-2161-9
http://dx.doi.org/10.1186/s12936-021-03648-8
http://dx.doi.org/10.1371/journal.pone.0237353
http://dx.doi.org/10.7717/peerj.13865


Sukkanon C, Tisgratog R, Muenworn V, Bangs MJ, Hii J, Chareonviriyaphap T.
2021. Field evaluation of a spatial repellent emanation vest for personal protection
against outdoor biting mosquitoes. Journal of Medical Entomology 58:756–766
DOI 10.1093/jme/tjaa213.

Sungvornyothin S, Muenvorn V, Garros C, Manguin S, Prabaripai A, Bangs MJ,
Chareonviriyaphap T. 2006. Trophic behavior and biting activity of the two sibling
species of the Anopheles minimus complex in western Thailand. Journal of Vector
Ecology 31:252–261 DOI 10.3376/1081-1710(2006)31[252:tbabao]2.0.co;2.

Suthas N, Phorn S, UdomC, Cullen J. 1986. The behavior of Anopheles minimus
Theobald (Diptera: Culicidae) subjected to different levels of DDT selection
pressure in northern Thailand. Bulletin of Entomological Research 76:303–312
DOI 10.1017/S0007485300014772.

TainchumK, KongmeeM,Manguin S, Bangs MJ, Chareonviriyaphap T. 2015. Anophe-
les species diversity and distribution of the malaria vectors of Thailand. Trends in
Parasitology 31:109–119 DOI 10.1016/j.pt.2015.01.004.

Tananchai C, Manguin S, Bangs MJ, Chareonviriyaphap T. 2019a.Malaria vectors and
species complexes in Thailand: implications for vector control. Trends in Parasitology
35:544–558 DOI 10.1016/j.pt.2019.04.013.

Tananchai C, Pattanakul M, Nararak J, Sinou V, Manguin S, Chareonviriyaphap T.
2019b. Diversity and biting patterns of Anopheles species in a malaria endemic
area, Umphang Valley, Tak Province, western Thailand. Acta Tropica 190:183–192
DOI 10.1016/j.actatropica.2018.11.009.

Tangena JA, Thammavong P, Hiscox A, Lindsay SW, Brey PT. 2015. The human-baited
double net trap: an alternative to human landing catches for collecting outdoor
biting mosquitoes in Lao PDR. PLOS ONE 10:e0138735
DOI 10.1371/journal.pone.0138735.

Tisgratog R, Tananchai C, JuntarajumnongW, Tuntakom S, Bangs MJ, Corbel V,
Chareonviriyaphap T. 2012.Host feeding patterns and preference of Anopheles
minimus (Diptera: Culicidae) in a malaria endemic area of western Thailand:
baseline site description. Parasites and Vectors 5:114 DOI 10.1186/1756-3305-5-114.

Trung HD, Bortel WV, Sochantha T, Keokenchanh K, Briët OJ, CoosemansM. 2005.
Behavioural heterogeneity of Anopheles species in ecologically different localities in
Southeast Asia: a challenge for vector control. Tropical Medicine and International
Health 10:251–262 DOI 10.1111/j.1365-3156.2004.01378.x.

Trung HD, Van Bortel W, Sochantha T, Keokenchanh K, Quang N, Cong L, Coose-
mansM. 2004.Malaria transmission and major malaria vectors in different
geographical areas of Southeast Asia. Tropical Medicine and International Health
9:230–237 DOI 10.1046/j.1365-3156.2003.01179.x.

van de Straat B, Russell TL, Staunton KM, SinkaME, Burkot TR. 2021. A global
assessment of surveillance methods for dominant malaria vectors. Scientific Reports
11:1–13 DOI 10.1038/s41598-020-79139-8.

Yan et al. (2022), PeerJ, DOI 10.7717/peerj.13865 26/27

https://peerj.com
http://dx.doi.org/10.1093/jme/tjaa213
http://dx.doi.org/10.3376/1081-1710(2006)31[252:tbabao]2.0.co;2
http://dx.doi.org/10.1017/S0007485300014772
http://dx.doi.org/10.1016/j.pt.2015.01.004
http://dx.doi.org/10.1016/j.pt.2019.04.013
http://dx.doi.org/10.1016/j.actatropica.2018.11.009
http://dx.doi.org/10.1371/journal.pone.0138735
http://dx.doi.org/10.1186/1756-3305-5-114
http://dx.doi.org/10.1111/j.1365-3156.2004.01378.x
http://dx.doi.org/10.1046/j.1365-3156.2003.01179.x
http://dx.doi.org/10.1038/s41598-020-79139-8
http://dx.doi.org/10.7717/peerj.13865


WHO. 2013.Malaria entomology and vector control. Available at http://apps.
who.int/iris/bitstream/handle/10665/85890/9789241505819_eng.pdf;jsessionid=
08BBDEEC85AD69E1DA1E4E89E6BFDC4C?sequence=1.

WHO. 2019. Guidelines for malaria vector control. Available at https://apps.who.int/iris/
handle/10665/310862.

WHO. 2020.World malaria report 2020: 20 years of global progress and challenges.
Available at https://www.who.int/publications/i/item/9789240015791.

WHO. 2021.World malaria report 2021. Available at https://www.who.int/publications/i/
item/9789240040496 .

WuPC, Guo HR, Lung SC, Lin CY, Su HJ. 2007.Weather as an effective pre-
dictor for occurrence of dengue fever in Taiwan. Acta Tropica 103:50–57
DOI 10.1016/j.actatropica.2007.05.014.

Yasuoka J, Levins R. 2007. Ecology of vector mosquitoes in Sri Lanka–suggestions for
future mosquito control in rice ecosystems. Southeast Asian Journal of Trop Med
Public Health 38:646–657.

Yan et al. (2022), PeerJ, DOI 10.7717/peerj.13865 27/27

https://peerj.com
http://apps.who.int/iris/bitstream/handle/10665/85890/9789241505819_eng.pdf;jsessionid=08BBDEEC85AD69E1DA1E4E89E6BFDC4C?sequence=1
http://apps.who.int/iris/bitstream/handle/10665/85890/9789241505819_eng.pdf;jsessionid=08BBDEEC85AD69E1DA1E4E89E6BFDC4C?sequence=1
http://apps.who.int/iris/bitstream/handle/10665/85890/9789241505819_eng.pdf;jsessionid=08BBDEEC85AD69E1DA1E4E89E6BFDC4C?sequence=1
https://apps.who.int/iris/handle/10665/310862
https://apps.who.int/iris/handle/10665/310862
https://www.who.int/publications/i/item/9789240015791
https://www.who.int/publications/i/item/9789240040496
https://www.who.int/publications/i/item/9789240040496
http://dx.doi.org/10.1016/j.actatropica.2007.05.014
http://dx.doi.org/10.7717/peerj.13865

