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Abstract

Background: Environmental conditions affect the biology of mosquito vectors. Aedes albopictus is a major vector
of many important diseases including dengue, Zika, and chikungunya in China. Understanding the development,
fecundity, and survivorship of Ae. albopictus mosquitoes in different environmental conditions is beneficial for the
implementation of effective vector control measures.

Methods: Aedes albopictus larval and adult life-table experiments were conducted under natural conditions in
indoor, half-shaded, and fully shaded settings, simulating the three major habitat types in Hainan Province, a tropi-
cal island in the South China Sea. Temperature, humidity, and light intensity were recorded daily. Larval rearing used
habitat water and tap water, with and without additional artificial food. Development time, survivorship, pupation
rate, and adult emergence rates were monitored. Adult mosquito survivorship and fecundity were monitored daily
and reproductive rates were determined, and age-dependent survivorship and reproduction were analyzed.

Results: The pupation time and male and female emergence times were significantly shorter in indoor conditions
than in shaded and half-shaded conditions for both tap water with added food and habitat water with added food
groups. For habitat water with added food, the shaded environment had the lowest pupation rate among the set-
tings. For tap water with added food group, the shaded environment had the lowest pupation rate. The mean survival
time of females was 27.3 0.8 days in the indoor condition, which was significantly longer than that in the half-
shaded (18.4 £ 0.6 days) and shaded (13.8 £ 1.2 days) conditions. Adult mortality was age-dependent, and the rate of
change in mortality with age was not significantly different among different environmental conditions. The mean net
replacement rate (R,) of female mosquitoes showed no significant difference among the three conditions, whereas
the per capita intrinsic growth rate (1) in the shaded condition was 42.0% and 20.4% higher than that in the indoor
and half-shaded conditions, respectively. Female daily egg mass was also age-dependent in all the settings, decaying
L exponentially with age.
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Conclusions: Our results imply that half-shaded conditions are likely the best natural condition for adult emergence
and female reproduction, and food supply is crucial for larval development and pupation. The results provide new
avenues for integrated mosquito management in indoor and outdoor areas, especially in half-shaded areas.

Keywords: Aedes albopictus, Tropical area, Life table, Survivorship, Development time, Reproduction, Indoor, Shaded,
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Background

Aedes albopictus is a strongly exophagic and exophilic
mosquito with high mammalian affinity [1-3]. As one of
the most invasive mosquito species, it has spread world-
wide and emerged as a global public health threat [4].
Aedes albopictus is one of the major vectors of dengue,
chikungunya, and Zika viruses, especially within the
regions of Southeast Asia [5-7]. Control of Aedes-trans-
mitted diseases depends largely on the control of the vec-
tors [8]. Integrated and comprehensive descriptions of
the mosquito life traits such as larval development time,
adult survivorship, fecundity, and life expectancy in dif-
ferent environmental conditions are important for a bet-
ter understanding of vector biology, which is necessary
for effective vector control.

In the tropics and subtropics, potential Ae. albopictus
larval habitats are diverse and include several types of
containers, such as vases, flower pots, and retired tires
in urban areas [9-13], as well as rubber plantations and
agricultural fields (e.g. under banana plants) within the

forested areas [14, 15]. Although habitat types may vary
among different ecological settings, such as in different
areas of urbanization [10, 16], these diverse aquatic habi-
tats can generally be divided into the following four cate-
gories: (1) indoor environments, such as flower pots, jars,
and water containers, which are common in the tropics
and subtropics [17-20]; (2) semi-shaded environments,
for example retired tires and rice fields [21, 22]; (3) nearly
fully shaded areas, for example, aquatic habitats within
banana fields or forested areas [14]; and (4) nearly fully
open areas, such as drainage ditches and open containers
[10, 23]. Similarly, adult Ae. albopictus can be found in
diverse places, sometimes indoors although more often
outdoors [24-26], including forested areas [27, 28]. Stud-
ies on Anopheles mosquitoes have found that the four
aquatic environmental settings have different impacts on
mosquito biology, such as larval development, adult sur-
vivorship, and reproductive potential [29-33].

These diverse environments may affect the microcli-
matic conditions as well as larval food supply, which in
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turn affects larval development, adult emergence, adult
survivorship, and reproductive potential [14, 19, 31, 34].
For example, Alam and Tuno [35] found that extreme
heat and/or extreme low humidity significantly reduced
Ae. albopictus female reproductive capacity even if they
could take blood meals. In addition to microclimatic con-
ditions [30-32], studies of Anopheles mosquitoes found
that food addition is important for immature mosquito
development and pupation rates [29, 33, 36, 37]. For
example, Munga et al. [33] found that adding food to
the habitats in forested areas (nearly fully shaded) could
increase Anopheles gambiae pupation rates from 2 to
23%. These previous studies suggest that both microcli-
matic conditions and food supply are important for lar-
val development and mosquito reproduction. Although
the impact of environmental conditions on mosquito life
traits has been studied in life-table experiments, with
many conducted under laboratory conditions, simulated
natural conditions, semi-natural conditions, or even
natural conditions [10, 30, 38], and some with in-depth
details such as impact on gonotrophic time, reproduc-
tive potential, and vectorial capacity [31, 32, 39], it is not
known how different environmental conditions affect
Ae. albopictus life traits, such as larval development and
adult survivorship.

The aim of this study was to evaluate the impact of dif-
ferent environmental conditions (indoor, half-shaded,
and fully shaded) and food addition on larval develop-
ment and adult survival of Ae. albopictus mosquitoes in
a tropical area. The results not only provide new insights
into the development and survival characteristics of this
mosquito vector in tropical areas, but are also useful for
implementing effective vector control strategies.

Methods

Study sites

The experiment was conducted in an urban area in Hai-
kou City, Hainan Province, China. The area has a tropical
climate, with an annual average temperature of 21.6 °C
and annual precipitation of 1980 mm, which is ideal for
the development and reproduction of most mosquito
species [40]. The larval and adult Ae. albopictus life-table
experiments were conducted in three settings: indoor,
half-shaded, and fully shaded (Additional file 1: Figure
S1). We selected an indoor environment because flower
pots and water tanks are usually placed indoors or under
the shade and are ideal for mosquito larval breeding in
the study area. Larval rearing containers and adult rear-
ing cages were set inside the large microcosms. Experi-
mental microcosms were laid on the ground under the
three environmental settings (Additional file 1: Figure
S1). All microcosms were covered with insect-proof mesh
to prevent mosquito escape or entry. All experiments,
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including indoor experiments, were conducted in uncon-
trolled conditions, i.e., temperature, humidity, and light
were all under natural conditions. Experiments were
not conducted in a fully open setting due to the exces-
sive heat in the area during the middle of summer, which
does not allow for Ae. albopictus survival in fully open
settings.

Source of mosquitoes

In the first 2 weeks of July 2019, field strains of Ae.
albopictus larvae (regardless of stage) were collected
from>20 breeding habitats in several residential areas
in Longhua District (19°53'51” N, 110° 20'12" E) of Hai-
kou City, Hainan Province, China. Field-collected larvae
were placed into a bucket and transferred to the study
sites. Larvae were reared in microcosms in the three set-
tings as described above, where abiotic conditions were
all natural. Emerged adults were mixed and allowed to
mate freely within the experimental cages. This mixing
of adults from different habitats reduced the bias due to
differences in the larval source and inbreeding. Aedes
albopictus adults were identified morphologically under
a stereomicroscope using taxonomic keys [41]. The mos-
quitoes were reared to F1 eggs under semi-field condi-
tions. Eggs were mixed in the rearing basins, then reared
in natural habitat water until the start of experiments.

Larval life-table experiments

For each experiment, 30 newly hatched (<24 h old) larvae
were placed in each plastic bucket (16 cm caliber, 16 cm
bottom diameter, and 18 cm height). The bucket was
set insides the microcosms. Larvae were reared under
three rearing conditions: (1) 1.5 L tap water (dechlorin-
ated) stored overnight with added food; (2) 1.5 L habitat
water with added food; and (3) 1.5 L habitat water with-
out added food. Five replicates were conducted for each
of the three rearing conditions in each of the indoor,
half-shaded, and shaded settings. Each day, the surviv-
ing larvae were counted, and their stage was recorded.
A total of 1350 larvae were used: (30 larvae) x (3 rear-
ing conditions) x (3 environmental settings) x (5 repli-
cates). In the food addition conditions, larvae were fed
1:1 yeast/fish food (by weight) every day, at an average of
0.1 g per bucket per day for all experiments. Water levels
in the bucket were checked daily and maintained by add-
ing the same type of water as needed. Water temperature
and light intensity were measured using HOBO MX2202
data loggers (Onset Computer Corp., Bourne, MA, USA)
placed about 2 cm below the water surface. The pupae
were counted and removed daily. The emergence time of
each mosquito (male and female) was recorded daily.
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Adult life-table experiments

Newly emerged (<24 h) adults were used in the
adult life-table experiments, with protocols simi-
lar to those described in previous studies [30, 34].
Briefly, 40 female and 40 male adult mosquitoes within
24 h post-emergence were placed in a microcosm
(32.5 cm x26.5 ¢cm x26.5 cm). The microcosm was
covered with nylon mesh to prevent the mosquitoes
from escaping. Five replicates were used for each of the
three environmental settings. The mosquitoes were pro-
vided with 10% glucose daily, and from day 5 and every
7 days thereafter, a mouse was placed in each cage for
approximately 3 h for blood-feeding of mosquitoes. The
cages were examined daily to count the number of liv-
ing and dead mosquitoes, and the dead mosquitoes were
removed. Eggs laid in each cage were collected using
moist filter paper and counted daily under a microscope.
HOBO MX2301A and MX2202 data loggers (Onset
Computer Corp., Bourne, MA, USA) were placed inside
the cages to record hourly temperature, relative humid-
ity, and light intensity during the entire duration of the
experiment.

Egg hatching rate observation

Briefly, 100 eggs collected from the field within 7 days
were placed in a 200-ml plastic cup with the addition of
100 ml tap water (dechlorinated) and stored overnight.
The cup was covered with nylon mesh to prevent the
emerged mosquitoes from escaping. Five replicates (500
eggs in total) were used for each of the three environ-
mental settings. The cups were examined daily until day
7 to count the number of hatched larvae, and larvae were
removed daily.

Data analysis

One-way analysis of variance (ANOVA) was used to
determine the differences in larval development time,
emergence rate, adult mosquito survival time, and aver-
age number of eggs laid per female during its life-time in
the indoor, half-shaded, and shaded settings and between
different food supply status under different settings. The
post hoc Tukey honestly significant difference (HSD)
test was used to determine the significance of differ-
ences among the three settings. Daily average tempera-
ture, light intensity, and relative humidity were calculated
from the hourly records.

Adult survivorship was evaluated using Kaplan—
Meier survival analysis [36]. The log-rank test was used
to compare the difference in survival curves between
different settings. One-way ANOVA with post hoc
Tukey HSD test was used to determine the differ-
ences in water temperature, water light intensity, air
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temperature, air light intensity, relative humidity, lar-
val development time, emergence rate, adult mosquito
survival time, egg hatching time, and daily mean pro-
duction (log-transformed eggs/female/day) among the
indoor, shaded, and half-shaded settings. Student’s
t-test was used to compare differences in the rates of
change in age-dependent mortality and age-dependent
egg mass between different experimental settings. All
statistical analysis was carried out using JMP 9.0 statis-
tical software (JMP, SAS Institute Inc., Cary, NC, USA).

Results

Variations in the experimental conditions

Water temperature and light intensity during the larval
experiments

Water temperature and light intensity under the
shaded, half-shaded, and indoor settings are shown
in Table 1. The temperature in indoor (29 °C) settings
was significantly higher than that in the shaded (27.2
°C) and half-shaded (27.6 °C) settings (ANOVA, F,
147)=166.68, P<0.0001; Tukey HSD, P<0.05). How-
ever, in our indoor environment, we did not use any
artificial light source, and thus relied solely on natu-
ral light, which resulted in the lowest light intensity in
the indoor setting in all experiments (Table 1). Among
the three treatment groups, the light intensity in the
half-shaded setting was significantly higher than that
in the other two settings (ANOVA, Fy 1,01y =262.74,
P<0.0001; Tukey HSD, P<0.05).

Table 1 Mean water temperature and light intensity during the
larval experiments

Development Study site Temperature  Light intensity
condition Q) (lux) (mean £ SE)*
(mean =+ SE)*
Tap water 4 food
Shaded 272+0.1a 563+57a
Half-shaded 27.440.1a 1178+£190b
Indoor 293+0.1b 136+20c¢
Habitat water
Shaded 280+0.1a 80.2+87a
Half-shaded 27.940.1a 1549+£130b
Indoor 296+0.1b 128+06¢
Habitat water +food
Shaded 20.8+06a 358+5.1a
Half-shaded 206406a 3200+37.7b
Indoor 228+05b 78+20a

*Tukey HSD comparison of temperature and light intensity among the three
settings for the same treatment. Numbers connected with different (same)
letters indicate significant (non-significant) differences among the three settings
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Air temperature, relative humidity, and light intensity

in the adult experiments

Air temperature, relative humidity, and light intensity for
the adult experiments are shown in Fig. 1 and Table 3.
The temperature indoors was significantly higher than
that in the shaded and half-shaded settings (ANOVA, F,,
143)="79.48, P<0.0001; Tukey HSD, P<0.05). The relative
humidity in shaded conditions was significantly higher
than that in the other settings (ANOVA, F, 143, =596.31,
P<0.0001; Tukey HSD, P<0.05). The light intensity in
the half-shaded area was significantly higher than that in
the other settings (ANOVA, F, ;34 =158.50, P<0.0001;
Tukey HSD, P<0.05).

Egg hatching rate and time

The egg hatching rates in the shaded, half-shaded, and
indoor settings were 67.8%+4.6%, 52.4%+8.6%, and
67.6%+2.1%, respectively (ANOVA, F, 15=2.36,
P=0.137) (Fig. 2a). However, the egg hatching time
under indoor conditions was statistically longer than
that under both the shaded and half-shaded conditions
(ANOVA, F, 15,=24.85, P<0.0001; Tukey HSD, P<0.05)
(Fig. 2b).
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Immature and adult development time

In the tap water with added food group, the average
larval-to-pupal development times were 6.0+0.1 days,
6.01+0.1 days, and 5.2+0.1 days for the shaded, half-
shaded, and indoor settings, respectively (Table 2). The
larval-to-pupal development time under indoor condi-
tions was significantly shorter than that under shaded
and half-shaded conditions (ANOVA, F 54 ="54.32,
P<0.0001; Tukey HSD, P<0.05). In most cases, female
and male adult development time in indoor settings was
significantly shorter than that under shaded and half-
shaded settings (female development time: ANOVA, F,
120)=9.65, P=0.0001; Tukey HSD, P<0.05; male devel-
opment time: ANOVA, F, 135 =42.27, P<0.0001; Tukey
HSD, P<0.05) (Table 2). In the habitat water without
added food group, larval-to-pupal development time
and female and male adult development time were long
compare to the other two treatments, and they were
not significantly different among shaded, half-shaded,
and indoor settings (larval-to-pupal development time:
ANOVA, F5, 62=0.54, P=0.583; female development
time: ANOVA, F, 14=0.23, P=0.8003) (Table 2). For
both the habitat water with added food and tap water
with added food groups, the average larval-to-pupal

Fig. 1 Air temperature, humidity, and light intensity in adult Aedes albopictus experiments in the three study settings. a Daily average temperature.
b Daily average relative humidity. ¢ Daily average light intensity. d—f Hourly average temperature in shaded, half-shaded, and indoor settings,
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Fig. 2 Egg hatching rate and hatching time of Aedes albopictus in
the three study settings. a Egg hatching rate of Ae. albopictus. b Egg
hatching time of Ae. albopictus. Error bars represent standard error of
the mean. Bars labeled with different letters within the same panel
are significantly different from each other (P<0.05)

development time and female and male adult develop-
ment time in the indoor setting were significantly shorter
than that in the shaded and half-shaded settings (habitat
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water with added food group: average larval-to-pupal
development time: ANOVA, F 395 =40.68, P<0.0001,
Tukey HSD, P<0.05; female development time: ANOVA,
Fiy, 192=42.68, P<0.0001, Tukey HSD, P<0.05 male
development time: ANOVA, Fj ,;)="54.69, P<0.0001,
Tukey HSD, P<0.05 / tap water with added food group:
average larval-to-pupal development time: ANOVA, F,
126)=54.32, P<0.0001, Tukey HSD, P<0.05; female devel-
opment time: ANOVA, F(, 159=9.65, P=0.0001, Tukey
HSD, P<0.05; male development time: ANOVA, F,
136)=42.27, P<0.0001, Tukey HSD, P<0.05).

Pupation and adult emergence rates

In the tap water with added food group, no signifi-
cant differences in the pupation rates were observed
among the three study settings (ANOVA, F, 15 =1.18,
P=0.345) (Fig. 3a). In contrast, within the same treat-
ment group, the adult emergence rates differed signifi-
cantly among different settings, with the indoor setting
having the highest emergence rates (88.0+£1.7%) and
the fully shaded setting having the lowest emergence
rates (40.0+2.1%) (ANOVA, F, 15=79.56, P<0.0001;
Tukey HSD, P<0.05) (Fig. 3d). In the habitat water
without added food group, both pupation rates and
adult emergence rates were <30%, and the half-shaded
setting had the highest pupation (28.0 +5.8%) and adult
emergence (21.3+5.3%) rates (pupation rate: ANOVA,
Fpy, 12=6.87, P=0.0103; Tukey HSD, P<0.05; adult
emergence rate: ANOVA, Fp 15,=12.10, P=0.0013;
Tukey HSD, P<0.05) (Fig. 3b and e). Once food was
added to the habitat water, both pupation and adult

Table 2 Aedes albopictus development time under different treatments in different settings

Treatment Location Immature stage Female Male
N pupae Mean = SE N Mean = SE N Mean = SE
Tap water +food
Shaded 141 60+£0.1a 33 85£0.1a 27 86£02a
Half-shaded 141 60+0.1a 36 80+02ab 43 83+02a
Indoor 147 52+01b 63 76+0.1b 69 6.9+0.1b
Habitat water
Shaded 13 286+24a 2 295+7.5a 2 29.0+80
Half-shaded 42 2544+18a 18 278+ 2.6a 13 295424
Indoor 10 243+35a 2 33.0+2.0a 1 36.0
Habitat water +food
Shaded 125 75+0.1a 61 116£02a 62 116+£02a
Half-shaded 144 72+£01a 68 1224+02a 74 11.2+02a
Indoor 132 63+0.1b 66 100£02b 68 92+02b

N: number of emerged females or males. Development times of females and males for the habitat water without added food treatment were not compared due to the

small number of individuals

T Tukey HSD comparison of development time among the three settings for the same treatment. Numbers connected with different (same) letters indicate significant
(non-significant) differences among the three settings. Comparison was not done for male development time for habitat water experiments because only one male

emerged in indoor experiments



Cui et al. Parasites Vectors

(2021) 14:568

Page 7 of 14

Pupation rate (%)

100 -

80

60

40

20

Adult emergence rate (%)

Indoor

Tap water with added food

A A

Half -
shaded

Shaded

Habitat water no added food

b

Half -
shaded

Indoor

Shaded

Fig. 3 Aedes albopictus pupation (top panel) and emergence (bottom panel) rates under different treatments in the three study settings. a, d
Tap water with added food treatment. b, e Habitat water with no added food treatment. ¢, f Habitat water with added food treatment. Error bars
represent standard error of the mean. Bars labeled with different letters within the same panel are significantly different from each other (P<0.05)

Habitat water with added food

c

- A A

Half -
shaded

Indoor Shaded

emergence rates increased markedly, and their differ-
ences among settings became less significant (ANOVA,
Tukey HSD, at significance level of 0.05) (Fig. 3c and f).

Effects of different environmental conditions on adult
mosquito survivorship
Both males and females had significantly different
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longevity of male mosquitoes was 17.3+0.6 days in
the half-shaded setting, which was significantly longer
than that in the indoor (13.8+0.3 days) and shaded
(12.7+1.2 days) settings (ANOVA, F, ,=28.36,
P=0.0053; Tukey HSD, P<0.05; Table 3). The mean
longevity of females was 27.3£0.8 days under the
indoor condition, which was significantly longer
than that under the half-shaded (18.4+0.6 days) and
shaded (13.8+1.2 days) conditions (ANOVA, F,
12)=60.06, P < 0.0001; Tukey HSD, P <0.05; Table 3).

We found that both male and female adult mos-
quito mortality is age-dependent regardless of envi-
ronmental conditions (Fig. 5). Significant positive
values of slope (the rate of change in mortality with
age) in the model suggested that the mortality rate was
higher in older mosquitoes than in the younger ones
(Fig. 5, Table 3). For female mosquitoes, the rates of
change in mortality with age were similar between the
shaded and half-shaded conditions (¢-test, £(53=0.44,
P=0.660), marginally different between indoor and
half-shaded conditions (t-test, £;3=1.97, P=0.053),
and significantly higher indoors than in shaded areas
(t-test, t6=2.02, P=0.048) (Table 3). However, for
male mosquitoes, the rates of change in mortality with
age were similar among the three settings (¢-tests, all
P>0.05) (Table 3).
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Effects of different environmental conditions on mosquito
reproduction

Female reproductive duration was the longest in the
indoor setting (51.6+0.75 days), followed by the half-
shaded setting (39.2+0.37 days), and shortest under
the shaded conditions (29.2+1.11 days) (ANOVA, F,
12=194.72, P<0.001; Tukey HSD, P<0.05, Table 3).
In contrast, female daily mean production, measured
as average eggs laid per female per day, was the lowest
under the indoor conditions, similar under outdoor con-
ditions, but marginally non-significant in daily mean pro-
duction among different settings (ANOVA, Fy o5 =3.03,
P=0.053; Tukey HSD, P>0.05, Table 3).

In addition, we found that female daily egg mass pro-
duction was age-dependent in all settings (Fig. 6). Signifi-
cant positive slope values (the rate of change in egg mass
with age) in the model suggested that older mosquitoes
had lower egg mass production than the younger ones
(Fig. 6). The rates of change in egg mass with age were
similar between the shaded and half-shaded settings
(z-test, ts0=1.57, P=0.123, Fig. 6), but significantly
lower under the indoor conditions compared to those in
the half-shaded (¢-test, ty=2.01, P< 0.05) and shaded
(t-test, £(g5,=3.22, P<0.01) conditions (Fig. 6).

Overall, despite the differences in life span and repro-
ductive duration of female mosquitoes in different envi-
ronmental conditions, no significant difference was
found in the mean net reproductive rates (R,) among

Table 3 Survival and reproductive characteristics of Aedes albopictus in different settings

Parameters Detail Indoor Shaded Half-shaded
Mean air temperature ('C) 29.7+02a 2644+02Db 276+0.1c
Mean air humidity (%) 756£05a 984+04b 959+06¢
Mean air light intensity (lux) 70+05a 4554+38b 188.1+£135¢
Mean survival time (days) Male 13.84+03a 127+12a 173+06b
Female 273+08a 138+12b 184+06cC
Daily survival rate Male 0924001 a 0.92+001a 0944001 a
Female 0.95+£0.01 a 0.93£0.01a 0.95£0.01a
Male survival model parameters Intercept 0.009 0.011 0.008
Slope 0076 a 0072 a 0.061 a
Female survival model parameters Intercept 0.007 0.003 0.0004
slope 0.098 a 0.099 a 0.088a
Longest survival time of females (days) 70 34 46
Female productive duration (days) 5164+0.75a 2924+1.11b 3924037 c
Female daily mean production (eggs) 53+12a 124+18b 182+17b
ROT 61.7+30a 545+80a 742+59a
s 0.19+£001 a 032+£002b 0.25+0.02c

Numbers indicate mean =+ SE. Tukey HSD comparison of parameter values among the three settings. Numbers connected with different (same) letters indicate

significant (non-significant) differences among the three settings

* Ry is the mean net replacement rate (number of offspring per female per generation)

S ris intrinsic per capita growth rate (number of offspring per female per day)
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Fig. 5 Age-specific Aedes albopictus mortality in three study sites. a Male mosquito. b Female mosquito. The value of r represents the proportion of
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these three settings (ANOVA, F, 15,=2.79, P=0.101,
Table 3). However, the per capita intrinsic growth rates
(r) were significantly different among the three settings,
with the highest in the shaded areas and lowest in the
indoor setting (ANOVA, F, 15 =38.50, P<0.0001; Tukey
HSD, P<0.05, Table 3).

Discussion

Understanding the biology of mosquito vectors and
exploiting their survival behavior in nature is important
in implementing an integrated approach for the control
and management of mosquitoes. Development times
and survivorship of various stages of mosquitoes under
different environments are of particular importance, as
they affect the vectorial capacity, which is tightly linked
to mosquito-borne disease transmission [42—45]. In our
study, Ae. albopictus life trait parameters were estab-
lished; age-specific mortality and age-specific egg mass
models were constructed to predict the survivorship and
fecundity capacity of the mosquito under different envi-
ronmental conditions. Many of the details regarding Ae.
albopictus female survivorship and reproduction under
different environmental condition were reported for the
first time. For example, female reproductive duration and
daily mean reproduction have never been reported.

Indoor, outdoor, and different shading status in out-
door environments have different impacts on microcli-
mate, such as temperature and humidity, which in turn
affects vector ecology [10, 46-50]. In this study, we found
that shading significantly increases humidity but reduces
temperature. In contrast, indoor environments reduce
humidity but have less impact on temperature. These
differences may have profound impacts on larval devel-
opment and adult survivorship and reproduction [30,
31, 33, 35]. Although the indoor average temperature of
29.7 °C was about 3 °C higher than that in the shaded
area, temperatures under all three settings were within
the range of optimal temperature for Aedes development
and survival [37, 39, 46]. In addition, the average humid-
ity was 75.6% in the indoor setting, which is within the
WHO recommended range for laboratory mosquito
rearing [51], whereas the humidity was close to 100%
in all shaded settings, likely due the frequent rainfall in
the study area, and may not be conducive for adult sur-
vival. Temperature and relative humidity are two of the
most important abiotic factors influencing the develop-
ment and survival of insects. Very high temperature may
increase mosquito mortality [52]. Relative humidity can
also influence mosquito abundance under field condi-
tions [53, 54]. In this study, we observed constant high
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temperature in indoor settings, with an overall average of
about 30 °C and maximum likely reaching 32 °C. How-
ever, adult females survived for the longest time, indicat-
ing that the impact of temperature alone on adult survival
is limited. Further study is needed to illustrate how the
combination of temperature and humidity impacts adult
survivorship.

The most significant effect of shading is light intensity,
with half-shading allowing for the strongest sunlight. In
Anopheles studies, scientists have found that nearly full
shading may completely prevent adult mosquito emer-
gence, although the key driving factor is food availabil-
ity [29, 33, 36]. In all laboratory experiments, there is
usually a light/dark setting, for example, 12 h/12 h in a
day or other similar settings [38, 39, 46]. In our indoor

environment, we did not use any artificial light source,
and thus relied solely on natural light. As a result, light
intensity was very low, although the photoperiod with
light was usually around 12-13 h. In the fully shaded
area, light period and intensity were similar to indoors.
In reality, there is daytime light in residential or office
indoor environments, which may support larval develop-
ment in container habitats such as flower pots. However,
whether and to what extent these low light intensities
affect larval development and pupation is not clear. Add-
ing food to habitat water significantly increased pupa-
tion rate and accelerated larval development in all three
conditions tested. In Anopheles experiments, shading was
found to significantly reduce habitat biotic mass such as
algae, which is the key food source for Anopheles larvae
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[36, 55]. The mechanisms by which low light intensity
affects Aedes larval food sources warrant further investi-
gation. Nonetheless, it is clear that shading status is criti-
cal for larval development.

Most of the previous life-table studies used artificial
food as the larval food source [30, 31, 46]. A few studies
found that food supply is a key factor in larval develop-
ment and pupation. For example, Munga and colleagues
found that in a forested area with nearly full shading,
pupation was completely prevented without adding food
to the artificial habitat. Furthermore, even in a half-
shaded farmland area, the pupation rate can be signifi-
cantly enhanced after adding food to the habitats [33],
and adult development time is prolonged without adding
food to habitats [29, 33]. Our results corroborate previ-
ous findings for Aedes aegypti [36, 48] and Anopheles
darlingi [56].

Notably, we found little effect of water source (i.e. tap
water vs. habitat water) on the larval life-table stud-
ies once additional food supplement was available. In
most studies, especially in laboratory settings, tap water
is standard for larval rearing. In our study, in addition
to tap water, we used water collected from the habitats
in the microcosms, which is similar to Munga and col-
leagues’ experiments [33]. In both cases, not adding food
to the artificial habitats resulted in larval development
times which were extremely long (no food vs. food: 28
days vs. 11 days) and pupation rates that were extremely
low (0% vs. 20%) [33]. This finding of food limitation in
natural habitat water is puzzling, as theoretically, habi-
tat water should be able to support larval development.
This result may be explained by the changes in biotic and
abiotic content in the habitat water after the water was
transferred from the field habitats to the artificial habitats
where larvae were reared: the habitat water used in the
experiments was no longer in the original habitat water.
For example, in the case of An. gambiae experiments [33],
the major food source, green algae, may not grow well in
artificial habitats, and thus the food supply is disrupted
[29, 36]. In addition, microbiological content may have
changed after water was transferred to a semi-natural
environment, which could reduce the food supply for Ae.
albopictus. Altogether, these findings suggest that trans-
ferring natural habitat water into artificial habitat for lar-
val rearing may fundamentally change the water biotic
and abiotic content, which inhibits larval pupation. One
potential solution may be to frequently replace the “used”
habitat water with freshly collected natural habitat water.
However, the effects of habitat water transfer on larval
food supply and solutions for maintaining natural larval
food supplies in habitat water need further investigation.

It is also worth noting the relatively long adult mos-
quito life span and reproductive period in our study.
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We found that female adult Ae. albopictus mosquitoes
can live up to 70 days indoors and that reproduction
can continue for more than 50 days. This information is
extremely important in assessing the risk of Aedes-borne
disease transmission. It has been reported that An. gam-
biae adults can live for up to 90 days indoors [31]. Thus,
our finding of Ae. albopictus living for up to 70 days
may be expected. In this study, the reproductive period
of Ae. albopictus females in the shaded areas, whether
half-shaded or fully shaded, was about 30 days and over
50 days, respectively, in the indoor environment; there-
fore, a very old female could still produce eggs, indicating
the importance of old females. We believe this informa-
tion is important when assessing disease transmission
risk. However, the net reproductive rates of Ae. albopic-
tus females were similar among the three settings, which
indicated that both indoor and outdoor conditions in
the study area can maintain Ae. albopictus population
reproduction. This is the first field study to reveal that Ae.
albopictus has similar reproductive capacity both indoors
and outdoors.

We also reported age-dependent mortality rates and
age-dependent reproductive capacity of adult Ae. albop-
ictus. For both male and female Ae. albopictus, the mor-
tality rates increased when they were aged, which is
similar to that in An. gambiae and Ae. aegypti [57-59].
Likewise, female Ae. albopictus laid fewer eggs when
they aged, a phenomenon consistent with a previous
study [60]. We also found that the amount of lifetime egg
mass of female Ae. albopictus in our study, conducted in
a tropical area, was higher than that in a similar study
conducted in Guangzhou, a subtropical city in southern
China [34], potentially due to the difference in environ-
mental and climatic conditions, since both were con-
ducted in semi-natural conditions.

For life-table studies, regardless of whether they are
conducted in laboratory controlled or semi-natural con-
ditions, adult mosquitoes are usually fed glucose solu-
tion every day. Sugar solution serves as the basic food
of adults [61]. Blood meals are also provided periodi-
cally to support the progeny, with protein for egg devel-
opment. This may range from slightly to very different
from natural mosquito diets, such as organic matter and
protein from leaf/flower nectar or a blood meal source.
The difference in the impact on adult survival is not clear
between sugar-fed mosquitoes and mosquitoes fed with
flower or leaf nectar. The current extent of our under-
standing is that adult mosquitoes’ primary food source
is flower/leaf nectar, and female mosquitoes need pro-
tein (usually from a blood meal source) before they can
lay eggs [62, 63]. In this study, the blood-feeding inter-
val with mouse blood was 1 week, but it is unknown how
the selected blood-feeding interval could affect adult
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survivorship and fecundity. Some studies report feed-
ing of mosquitoes every day [59, 64], some every other
day [57], and some once every 3 days [34]. The impact of
the blood-feeding interval on mosquito survivorship and
fecundity warrants further investigation. Furthermore,
other studies on different mosquitoes have reported that
the blood meal source affected the feeding and reproduc-
tive capacity of females [65-68]. The impact of different
blood sources on Ae. albopictus survivorship and repro-
duction is unknown. However, since we used the same
blood source and same feeding intervals during all exper-
iments, the resulting female survivorship and reproduc-
tive characteristics are comparable within this study.

One limitation of this study is that we did not evalu-
ate Ae. albopictus in fully open larval habitats. Most
Anopheles studies have found that openness better sup-
ports larval development and larval pupation due to the
direct sunlight, which increases the larval food supply
[29, 33, 55]. However, summer in our study area is very
hot, and temperatures under direct sunlight can easily
reach 35 °C, which may not be conducive to larval devel-
opment and adult reproduction of Ae. albopictus [35]. In
addition, both Ae. albopictus larvae and adult mosquitoes
have been found to hide to avoid direct expose to sun-
light [13, 69, 70]. Therefore, conducting life-table experi-
ments under direct sunlight may not be necessary, as
Ae. albopictus would likely avoid these habitats. In fact,
almost no Anopheles studies have been conducted in fully
open areas [30, 31].

Another limitation is the study sites used. In our study,
only one indoor, shaded, and half-shaded site each were
used. This may compromise the generalizability of the
findings. However, as we conducted five replications of
experiments at each site, the conclusion of the study may
not be significantly affected. Nonetheless, a more system-
atic study should be conducted in the future to explore
the impact of habitat conditions on mosquito ecology.

Conclusion

The results of this study indicate that different environ-
mental conditions affect Ae. albopictus immature devel-
opment time and adult emergence rates, as well as adult
mosquito survivorship and reproduction. Life-table
experiments in different ecological settings is one way to
examine these relationships. Although its design is per-
haps oversimplified, it reduces other confounding factors.
Overall, a half-shaded environment provides potentially
the most conducive conditions for Ae. albopictus larval
development, adult emergence rates, and female repro-
duction, although adult mosquitoes may live longer
indoors. Our findings provide insight into the potential
influence of indoor and shading conditions on the biol-
ogy of Ae. albopictus.
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