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Abstract: Development of Anopheles sinensis larvae and pupae was studied in
net cages floated in rice fields or a swamp from March through November in Saga,
southwest Japan. Food supply shortened larval durations, indicating that nutrition
was suboptimal in the field condition. The development threshold and thermal
constant for larvae were ca. 10°C and 164 day-degrees, respectively, and those for
pupae ca. 6°C and 38 day-degrees. Proportions of instar durations to the whole larval
duration were independent from temperature and nutrition. Empirical equations were
given for estimating temperatures at the water surface (microhabitat of anopheline
immatures) in rice fields from air temperatures.

INTRODUCTION

Anopheles sinensis Wiedemann is a dom- ‘

inant rice field mosquito in east Asia and
has been incriminated as a vector of filari-
asis and malaria in part of China (Harrison
and Scanlon, 1975). There are many re-
ports on seasonal dynamics of populations
of An. sinensis larvae or adults from vari-
ous localities in its distribution ranging
from north temperate regions to the trop-
ics (WHO, 1989). Nevertheless, processes
underlying the seasonal dynamics have
not been analyzed, due partly to the lack
of data on development durations re-
quired for life-table analyses.

Since Huffaker’s (1944) classical work
on Anopheles quadrimaculatus Say, effects
of temperature on anopheline develop-
ment have been studied in the laboratory
for some malaria vectors. However, ana-
lyses of field data with laboratory devel-
opmental parameters need caution, be-
cause anopheline development in the field

may be either accelerated by cyclic tem-
perature (Huffaker, 1994) or decelerated
by suboptimal nutrition (Mogi et al., 1984,
1986). Furthermore, temperatures of shal-
low and open water in rice fields rise
above air temperatures by 3-5°C (Mogi,
1978). Description of the relationship be-
tween temperature and development in
the field also is a prerequisite for the pre-
diction of possible effects of global warm-
ing on seasonal activities and geographi-
cal distribution of disease vectors (WHO,
1990). This report presents basic informa-
tion about the development of An. sinensis
immatures in the field, which may be util-
ized for analyzing and predicting tempo-
ral and spatial dynamics of the species.

MATERIALS AND METHODS

Mosquitoes. Blood-fed females of An.
sinensis were collected at a cowshed in
Nabeshima, Saga City, northern Kyusyu,
by aspirators ground 20-21 h. They were
provided with 29§ sugar solution soaked
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on cotton balls under 27°C, 80% R.H. and
a photoperiod of 16L:8D. Approximately
5 days after the collection, a black, plastic
oviposition cup (10cm diameter, 8cm
deep), containing ca. 400 ml of aged tap
water, was provided. Egg hatch was ob-
served twice a day (9 and 21h). The
larvae hatching between 21-9 h were used
for experiments.

Field rearing. Larvae were reared in
floating cages in the suburbs of Saga City
nine times during 1980, 1981 and 1982
(Table 1). From May to October, rice fields
in two farms of Faculty of Agriculture,
Saga University (Honjo and Shimo-izumi),
were used. Both farms were located on the
central part of a rice production area de-
veloped on the alluvial plain of Saga.
There were no apparent differences in rice
field conditions among localities or years.
Rice was transplanted in middle-late June
and harvested in middle-late October.
Rice fields were treated with insecticides
(usually 3 times), herbicides (once in late
June), fungicides (3 times) and fertilizers (3
times) and frequently drained of water
after August. Rice fields used for larval
rearing were not fixed but selected by ex-
periments based on the presence of suffi-

-cient water, the absence of evidence of
preceding chemical treatments, and acces-
sibility. Two observations, one in the
spring (Exp. 8) and one in the autumn
(Exp. 9) were done in a swamp near Saga
Medical School (Nabeshima), because
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swamps are a principal larval habitat
before and after the rice cultivation
season in the Saga area. This swamp also
was located on the central part of Saga
Plain.

Floating cages of two sizes were used
for rearing. Large (30X30X10cm) and
small (10X10X10cm) cloth cages were
suspended from 30X30cm or 10X10cm
wire frames attached to the upside of
styrofoam floats (5cm in height). Each
large and small cage received 40 and 20
larvae, respectively. One large and one
small cages were put 1m apart, except
when the number of hatching larvae was
not sufficient to prepare small cages for all
the large cages. Cotton-cloth cages, initial-
ly used, were replaced by 100-mesh net
cages when all the larvae had molted to
the third instar. Cages were not covered
to ensure fall of organic detritus and air-
borne particles, which may be important
food sources for anopheline larvae.

Small cages were enriched once a day
with a mixture of dried yeast and ground
pellets for cockroach rearing (ca. 0.04 and
0.2g per day for early and late instars,
respectively). To prevent fouling of water,
food residues on the bottom of cages were
removed by a pipette before the addition
of food. In contrast, the water in large
cages was kept as natural as possible by
adding dips of mosquito- and predator-
free water from outside the cages once a
day.

Table 1. Rearing of An. sinensis larvae in field cages.

Exp Start

Place*

No. cages
Enriched

Habitat**
Natural

24 June 1980
12 July 1980
4 Oct. 1980
26 May 1981
22 June 1981
4 July 1981

. 9 July 1981
28 Mar. 1982
12 Oct. 1982

WO ~IMN UL WON —
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5
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* H, Honjo; S, Shimo-izumi; N, Nabeshima.

*k R, irrigated rice field; F, fallow rice field; S, swamp.
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Daily maximum and minimum tempera-
tures were measured at a depth of 5mm
by thermometers attached to the under-
side of styrofoam floats inside large cages.
Numbers and stages of survivors and
numbers of pupal exuviae were recorded
daily. Dead individuals were removed. Air
temperature data were obtained from
Saga Meteorological Station.

Analyses. Median larval, pupal, and
larval instar durations in each cage were
determined graphically from 509 molting
time.  Statistical procedures followed
Sokal and Rohlf (1981) unless otherwise
stated. Effects of rearing periods and nu-
trition on larval and pupal durations were
examined by a Model I two-way analysis
of variance (ANOVA) for disproportional
unequal sample sizes (Snedecor and Coch-
ran, 1967). Because the variances were
heterogeneous (P<0.05 by Bartlett's test),
Logio transformation was performed prior
to ANOVA. Some experiments (specified
in RESULTS) were excluded from
ANOVA but included in regression ana-
lyses. Standard error (S.E.) of thermal con-
stants for development (K=1/slope of
linear regression of developmental veloci-
ty on temperature) was calculated as (S.E.
of slope)/(slope)’, following the delta
method (Kuno, 1986).

REsuLTs

~ Larval duration. Table 2 shows the
mean larval duration for each experiment.
In Exp. 6, larvae in all but one natural cage
died before pupation due to insecticide
treatment. In Exp. 9, observation was dis-
continued on the 32nd day due to an acci-
dent. At that time, adult emergence had
completed in enriched cages, whereas, in
natural cages, no adult had emerged and
surviving immatures were either pupae
(5-45%) or larvae. These experiments and
Exp. 3 were excluded from ANOVA (Table
3).

Larval durations were affected by rear-
ing periods, nutrition, and their interac-
tion. Larval duration reduction (differ-
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Table 2. Larval and pupal durations (day,
mean=+standard deviation) of An. sinensis in
field cages. Experiments were arranged by
months irrespective of years,

Larva Pupa
Exp

- Natural Enriched Natural Enriched
8 324*+13 260+02 27+02 3.0=%0.1
4 121+08 124+056 1.6+02 1.9+02
5 97+10 8003 20+09 21%0.1
1 106+13 78%*04 15 2.1+03
6 111 8905 09 1.8+0.2
7 75+04 7201 16+05 1.9%+0.1
2 88+0.7 80+05 22+05 21%02
3 112 11.1 34 3.2
g9 >32 206+1.2 —_ 54*18

Table 3. ANOVA summary table.

Source df F P
Larval duration
Period (P) 5* 309.39 <0.001
Nutrition (N) 1 42.96 <0.001
PXN 5 5.36 <0.001
Error 4]
Pupal duration
Period {P) 45> 8.72 <0.005
Nutrition (N) 1 181 NS
PXxXN 4 0.238 NS
Error 25

* Excluding Exp. 3, 6 and 9.
** Excluding Exp. 1, 3, 6 and 9. NS, not signifi-
cant (P>0.05),

ence in mean durations between enriched
and natural cages divided the duration in
natural cages) by food supply was more
than 35% (=at the time of discontinu-
ance) in Exp: 9 where slowly developing
larvae in natural cages were exposed to
lower temperatures towards winter.
Large reduction also occurred in March
(Exp. 8, 20%), June (Exp. 1, 263%), and July
(Exp. 6, 209%; Exp. 5, 189%), thus was not
limited to a particular season.

Linear regression of developmental ve-
locity (VL; reciprocal of larval duration in
days) on water temperature (W) averaged
for the period from the start of field rear-
ing to 50% pupation was VL=—0.0615+
0.0061W (F=145.66, df=1, 29, P<0.001)
for natural cages and VL=-—0.0635+
0.0066W (F=147.02, df=1, 33, P<0.001)
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for enriched cages (Fig. 1). A develop-
mental threshold (¢) and a thermal con-
stant (KX S.E.) for larvae in natural cages
were 10.0°C (95% confidence interval=
7.0-12.6°C) and 164114 day-degrees, re-
spectively.

Proportions (%) of instar durations to
the whole larval duration regressed on
water temperature were not significant in
natural cages within the range of ca. 15—
32°C (first instar F=0.517, P>0.25; second
instar F=2.52, P>0.10; third instar F=
0.016, P>0.75; fourth instar #=0.303, P>
0.50; df=1, 29 for all instars) (Fig. 2). For
enriched cages, the regression for the
fourth instar was significant (F=13.45,

50 ® Exp.1-8 0 Exp. 9 Enriched

® First instar

! %1 || 4
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Fig. 2. Relation between mean water temperature and proportional durations of each larval instar.
Inserted numerals indicate mean*standard deviation.
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df=1, 33, P<0.001) due to prolonged
fourth instar durations under the low tem-
peratures towards winter in Exp. 9. Exclu-
ding Exp. 9, the regression for enriched
cages also was not significant for all in-
stars (first instar F=0.253, P>0.50; second
instar £=0.193, P>0.50; third instar F=
2.70, P>0.10; fourth instar F=0.546, P>
0.25; df=1, 28 for all instars) (Fig. 2).
Mean proportions were similar between
natural and enriched cages.

Pupal duration. Mean pupal durations
are shown in Table 2. Experiment 1 was
also excluded from ANOVA (Table 3), be-
cause immatures died before adult emer-
gence in all but one cage due to insecticide
treatment or drainage of water. Pupal
durations were affected by rearing peri-
ods, but neither by nutrition nor a period
X nutrition interaction.

Linear regression of pupal develop-
mental velocity (VP, natural and enriched
cages were combined) on water tempera-
ture averaged for the period from 509
pupation to 50% adult emergence was
VP=-0.1567+0.026 W (F=38.47, df=1,
48, P<0.001) (Fig. 3). t; and K*S.E. for
pupae were 6.0°C (95% confidence inter-
val=—1.9-11.7°C) and 38+5 day-degrees,
respectively.

The lowest and highest mean tempera-
ture from the start of field rearing to 50%
adult emergence were 15.3°C (Cage 1 of
Exp. 8) and 31.7°C (Cage 4 of Exp. 7),
respectively. In July (Exp. 2, 6, 7), daily
maximum temperatures often exceeded
40°C.

Water temperature and air temperature.
Daily mean water temperature (W) was
usually higher than daily mean air tem-
perature (A) (Fig. 4). The relationship be-
tween W and A could be expressed by
the linear regression Log;o W=0.9402+
0.0196A (F=17564, df=1, 92, P<0.001).
The relationship between daily maximum
water temperature (MXW) and A also
could be expressed by the linear regres-
sion Log o MXW=1.1458+0.01464 (F=
196.2, df=1, 92, P<0.001). This computa-
tion'followed the procedure for the regres-
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Fig. 3. Relation between mean water temper-
ature and developmental velocity of An
sinensis pupae.

217

16

,g 15
14

§1s

£1.2

81

1 L | 1 § 1 '] 1 1 Il 1
Brog— 6 i 18 2= 2 30
Mean air temperature (°C)

Fig. 4. Relation between mean air temper-
ature and mean or maximum water temper-
ature. Broken line indicates water temper-
ature equal to air temperature.

sion with multiple (unequal size) depend-
ent variable values for a single independ-
ent variable value. The total number of
data regressed on 94 air temperature
values (range=7.3-29.1°C) was 536.

Discussion

Applicability to population analyses.
The present results indicate that applica-
tion of laboratory developmental parame-
ters to anopheline populations in rice
fields with shallow, open and often clear
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water needs caution. Firstly, nutrition
may be suboptimal in rice fields irrespec-
tive of seasons. Probably, the density of
organic particles and microorganisms fil-
terable by anopheline larvae at the water
surface is affected more by irregular, tran-
sient factors (e.g., rainfall, water manage-
ment, fertilizer treatment) than by regular
seasonal factors. Secondly, water temper-
ature is substantially increased by radiant
heat in rice fields. In the laboratory, water
temperature is usually lower than air tem-
perature, thus differences between water
temperatures in rice fields and that in the
laboratory could be very large under the
same air temperature.

Conditions in our natural cages may

have differed from outside conditions

with regard to anopheline nutrition. First-
ly, enclosure could either increase or de-
crease the amount of food available to
anopheline larvae. Prevention of water
surface agitation by enclosure might en-
hance the development of a surface micro-
layer enriched with bacteria consumed by
anopheline larvae (Walker and Merritt,
1993). On the other hand, isolation of
larvae from the bottom and rice plants
might reduce access to food. Secondly,
crowding effects known from laboratory
experiments on anopheline larvae (Reisen,
1975), were excluded from our experi-
ment.

Independence of proportional instar du-
rations from temperatures is inconsistent
with laboratory observations for some
Anopheles species (Huffaker, 1944; Reisen
et al., 1982), but consistent with a field
observation for Culex tritaeniorhynchus
Giles (Mogi, 1978). Subtle differences, if
any, may have been masked with large
variations in stage durations in the field.

Local variations in rice cultivation pro-
cedures also need to be considered in ap-
plication of the present results to An. sin-
ensts populations in the field. Rice plants
transplanted earlier (for example in May)
have become tall and thick in midsummer,
therefore may prevent the rise in water
temperatures by radiant heat. Flowing
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irrigation, commonly practiced in terraced
rice fields developed along streams in
narrow valleys, also may reduce the rise in
water temperatures.

Bearing these points in mind, develop-
mental parameters obtained in the natural
cages may be utilized for the analysis of
An. sinensis immature populations in rice
fields on alluvial plains of southwest
Japan and managed in a manner similar to
that in Saga. Possible procedures are to
estimate; (1) rice-field water temperature
(W) from air temperature (4) by using an
equation W=1(Q09402+001364 (9} Jarval and
pupal durations (DL and DP) by using
equations DL=1/(0.0061 W—0.0615) and
DP=1/(0.0260W—0.1567), and if neces-
sary, (3) each larval instar duration by
proportional allotment of the larval dura-
tion (0.27, 0.18, 0.21 and 0.33 for first
through fourth instar).

Winter activity in north Kyusyu under cli-
mate change: an example of predictive use.
In the temperate region, An. sinensis over-
winters as adult females in ovarian dia-
pause induced by low temperature and
short daylength conditions (Oda et al.,
1988). However, their primary follicles
develop to stage Ib and females may take
blood on warmer days in January in north
Kyushu (Oda et al., 1988; Wada et al.,
1973). The mean air temperatures in
north Kyushu is 5-6°C in January. By
extrapolating our empirical equations to
this temperature range, we obtain esti-
mates of mean (10.9-11.4°C) and mean
maximum (16.5-17.1°C) water tempera-
tures. The mean water temperature is
close to t, for larval development, but the
larvae hatching in January could develop
during the sunny daytime. However, 13
days of snow in January and February
(the mean in Saga for 1961-1990) would
be lethal to An. sinensis immatures. The
temperature rise by doubling atmospheric
CO; concentration is predicted to be
within 1.5-4.5°C for the global mean with
larger increments at higher latitudes and
in winter. If we take 5°C predicted by
either Geophysical Fluids Dynamics Labor-
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atory or United Kingdom Meteorological
Office as the increment of the winter mean
in the north temperate region including
Japan (Mitchell et al., 1990), the expected
January mean in north Kyushu is 10~
11°C. Under these temperatures compara-
ble to current late March, there would be
no snow and we have 13.7-14.3°C and
19.6-20.2°C as estimates of mean and
mean maximum water temperatures.
Thus, we can predict that An. sinensis im-
matures can develop in north Kyushu
under 5°C warming in January, even
though its physiological attributes remain
unchanged.

However, this prediction does not neces-
sarily mean the appearance of adult popu-
lations high enough to cause medical and
veterinary problems in midwinter, be-
cause, under such low temperatures, adult
emergence rates will be low due to mortal-
ity accumulated during extended imma-
ture development. In fact, An. sinensis
larvae were present but rare in midwinter
on Tanegashima, an island south of
Kyushu and on the temperate-subtropical
border, where the January mean tempera-
ture is currently 11°C (Mogi, 1996). Com-
prehensive population parameters such as
7 (intrinsic rate of natural increase) could
give more realistic predictions about
impact of global warming on mosquito
populations.
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