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Abstract.

The reasons for the resurgence of malaria in the African highlands have been subject of debate. Because

vector abundance is important for malaria transmission, gaining a better understanding of vector biology is a key to
understanding the mechanisms of highland malaria. We studied vector productivity in relation to the highland environ-
ment and compared productivity between lowland and highland sites. We found lower vector productivity in the
highland and in wetlands where the temperature was lower. Immature stage development time was significantly longer
in the highland site. Development time was significantly shorter in aquatic habitats in cultivated areas than in wetlands,
and survival rate was significantly higher in cultivated areas. Fecundity was significantly lower in the highland site. These
findings suggest that changes in local temperature and land use contribute to an increase of malaria vectors in the

highland.

INTRODUCTION

Malaria, a major human health threat, occurs globally in
tropical and sub-tropical regions. The threat is mounting, a
fact witnessed by increased numbers of malaria outbreaks in
the Kenyan highlands (elevation > 1,500 m), where malaria
was previously rare.' Malaria outbreaks occurred sporadi-
cally in the highlands of western Kenya from the 1920s to the
1950s.%* Since 1988, however, malaria epidemics have oc-
curred with heightened frequency throughout the Kenyan
highlands, causing serious mortality and morbidity.'~

Vector densities and transmission intensity in the highlands
are generally much lower than in the adjacent lowland ar-
eas.*® During the 1998 malaria epidemics in the highland of
southwestern Uganda, the density of Anopheles gambiae s.1.
was reported as low as 0.25 mosquitoes per house.”’ On the
other hand, the perennial malaria transmission in the low-
lands has been attributed to high vector densities throughout
the year.® Inhabitants of the basin region of Lake Victoria in
western Kenya experience up to 300 infective bites per
year.”'® Recent studies suggested that residents of highland
areas generally lack immunity to Plasmodium falciparum and
are particularly vulnerable to malaria infection.'''* The pro-
portion of asymptomatic individuals is usually lower in high-
lands than in high-transmission areas where there is small
among-season variation in P. falciparum prevalence and para-
site densities.'® Thus, a small increase in the abundance of
vectors may lead to a significant malaria outbreak in the high-
lands.

An increase in malaria vectors in the highlands can be par-
tially attributed to changes in land cover.'*"!” Larvae of ma-
laria vectors occur more frequently in temporary sun-lit pools
in cultivated areas than in indigenous forests and natural wet-
lands characterized by tall aquatic plants such as papyrus
(Cyperus papyrus).'®'® Recent studies also have identified
correlations between malaria incidence and climatic factors.
Malaria epidemics in the highlands are associated with el-
evated minimum temperature in Ethiopia.?® In some highland
sites of East Africa, climate variability (temperature and rain-
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fall) could explain a significant proportion of incidence of
hospital malaria cases.?! Thus, recent land modifications and
climate changes may alter conditions in a manner that favors
vector survival and production.

These findings suggest that malaria transmission is more
susceptible to environmental changes in the highlands than in
the lowlands because vector production is apparently limited
by the cool highland climate.® Production of malaria vectors is
determined by their development time, survival rate, and fe-
cundity, as well as habitat availability. It is well known that
temperature is the major factor affecting these biologic fea-
tures under laboratory conditions.?>** However, little is
known about the development time, survival rate, and fecun-
dity of malaria vectors in the highlands. The aim of this study
was to examine these biologic features in malaria vectors at
highland and lowland sites. Gaining a better understanding of
vector biology is a key to understanding the mechanisms of
highland malaria. The biologic information is also useful for
developing effective vector control methods in the highlands.
Because malaria vaccine development is slow, and parasite
resistance to anti-malarial drugs is developing rapidly, vector
control is still the most practical method for reducing malaria
transmission in developing countries.***

MATERIALS AND METHODS

Study sites. We studied development time, survival, and fe-
cundity of A. gambiae sensu stricto, the primary malaria vec-
tor in Africa, to estimate vector productivity in a highland site
(Marani in Kisii district: 1,500-1,650 m above sea level) and in
a lowland site (Kombewa in Kisumu district: ~1,200 m above
sea level) in western Kenya. Marani (34°48" E, 00°35" S) is
located on the highland plateau adjacent to the Lake Victoria
Basin and 17 km north of Kisii. Malaria epidemics have oc-
curred frequently in this area for the last 15 years. Kombewa
(34°30" E, 00°07" S) is located in the malaria holoendemic
area of the Lake Victoria Basin and 62 km northwest of Ma-
rani. A study area (4 x 4 km) was established within each site.
Although both areas have experienced extensive deforesta-
tion and wetland reclamation because of recent rapid popu-
lation growth, a few patches of wetlands still remained along
streams. Larvae of A. gambiae occur mainly in ditches and
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puddles in farmlands and pastures that were converted from
forests and wetlands.'8?

Immature stage development and survival. In addition to
comparing vector productivity between the highland and low-
land sites, we determined whether land cover types (culti-
vated areas and wetlands) affect production of A. gam-
biae.'®'* We also determined whether initial densities of lar-
vae affect productivity.

A total of 36 semi-natural habitats (6 replicates per land
cover type and density combination) were created using plas-
tic washbasins (35 cm in diameter and 15 cm deep) at each
study site. Two kilograms of dry soil was added to each wash-
basin. The dry soil was collected from a farmland in Kom-
bewa and used for both sites. Two holes (3 cm in diameter)
were created near the top edge of each washbasin to maintain
a constant water level when it rained. The holes were covered
with a screen (mesh size = 200 pm) to prevent larvae from
being washed away. One day before the experiment, the
washbasins were flooded with rainwater. Rainwater was col-
lected 1-4 days before the experiment and stored in a black
plastic container in the laboratory. Larvae were obtained at
~4 hours old from the mosquito colony maintained in the
insectary at the Kenya Medical Research Institute in Kisian,
Kisumu district, western Kenya. Six washbasins received 20
larvae. Three washbasins with 20 larvae each were placed in
randomly selected aquatic habitats in each of the two land
cover types within each study area. Similarly, washbasins that
received 60 and 100 larvae were placed in each land cover
type. Each washbasin was covered with a screen (mesh size =
1 mm) to prevent wild mosquitoes from ovipositing in the
washbasin. We counted the number of larvae surviving in
each washbasin daily. Once larvae started pupating, the wash-
basin was examined for emerged adults twice a day, at 9:00—
12:00 AM and 3:00-7:00 PM. Water temperature in each
washbasin was monitored hourly with a Stowaway Tidbit data
logger (Onset Computer, Bourne, MA). The experiment was
repeated four times in each of three periods, between April
18 and July 28, 2004, between August 9 and October 23, 2004,
and between January 28 and April 1, 2005. In total, we re-
peated the experiments 12 times.

Adult stage longevity and fecundity. Newly emerged adult
mosquitoes were obtained from the insectary and transferred
to Marani. Females and males were kept in separate cages
(30 x 30 x 30 cm) in a house for 4 days. Each cage was
provided a cotton pad with 10% sucrose solution. On day 5
(June 25, 2004), we randomly selected 50 females and 50
males and placed them in one of eight cages (in total, we had
400 females and 400 males in eight cages). Then, we placed
two cages with mosquitoes in each of four randomly selected
houses. All cages were provided the sugar solution, but fe-
males in one of two cages in each house were also fed on
rabbit blood every day. The cotton pad was changed daily to
prevent sugar fermentation. A wet filter paper (7 cm in di-
ameter) in a Petri dish was also provided in each cage as an
oviposition substrate. The filter paper was removed daily, and
any eggs laid were counted. Dead mosquitoes were removed
and counted daily. The cages were observed daily until all
females died. Indoor and outdoor temperatures were re-
corded hourly during the experiment using a Hobo data log-
ger (Onset Computer) at each house. We ran the same ex-
periment in Kombewa for comparison starting on the same

day. An identical experiment was repeated in both sites start-
ing on August 18, 2004.

Statistical analysis. We used three-way analysis of variance
(ANOVA) to examine whether total development time was
associated with land cover type, initial larval density, and
study site. Associations of survival rate with these three fac-
tors were also tested. Total development time was defined as
the total time (in days) required for first-instar larvae to be-
come adults, and survival rate was defined as the number of
adults over the initial number of larvae. Similarly, we tested
associations of these factors with age-specific development
time and survival rate for each immature developmental
stage. We also tested associations of land cover type and study
site with daily mean, maximum, and minimum temperatures
using two-way ANOVA.

For the analysis of adult stage longevity, we grouped mos-
quitoes into three categories based on food source and sex: 1)
blood-fed females, 2) sugar-fed females, and 3) sugar-fed
males. The Cox-Mantel test was used to examine differences
in survival time among the mosquito groups and between the
study sites. For fecundity, we only considered blood-fed fe-
males, because sugar-fed females did not produce eggs. A ¢
test was used to test the difference in fecundity between the
study sites.

We used immature stage survival rate, development time,
and fecundity to estimate the potential number of adult mos-
quitoes that are produced annually by a single female mos-
quito.

Adult number =

fecundity x immature stage survival rate x 365

immature stage development time

Adult numbers were compared between the study sites and
between the land cover types using two-way ANOVA. This
analysis should be viewed in a relative sense, because it did
not account for egg mortality or mortality by predation.
Because immature stage development times and adult stage
longevities of several individuals extended over more than
one season, we excluded the seasonal factor from all analyses.
Tukey multiple comparison tests were used for post hoc
analyses. The level of significance was set at 0.05 for all tests.

RESULTS

Temperature. Daily mean, minimum, and maximum water
temperatures were significantly associated with land cover
type (Table 1). Daily mean and maximum water temperatures
were also significantly associated with study site, but mini-
mum water temperature was not significantly associated with
study site. The habitat x site interaction was not significant for
mean water temperature, but it was significant for maximum
and minimum water temperatures. The mean and maximum
water temperatures in Marani were significantly lower than
those in Kombewa (Table 2). All water temperature profiles
were significantly higher in cultivated areas than in wetlands.
Daily mean, minimum, and maximum air temperatures were
significantly lower in Marani than in Kombewa, and tempera-
tures were lower indoors than outdoors.

Immature stage development and survival. Female and
male immature stage development times ranged from 10 to 45
days and from 9 to 32 days in Marani, respectively, and from
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TABLE 1

Results of two-way ANOVA to examine the relationships of land
cover types and study site with water and air temperatures

df Land cover* Study site Interaction

Mean water

temperature 3,766 1242.14% 62.93F 0.23
Maximum water

temperature 3,766 936.16+ 92.90% 3.83+
Minimum water

temperature 3,766 87.60% 0.04 7.93+
Mean air

temperature 3,1991 457.10% 1,481.08F 158.52+
Maximum air

temperature 3,1991 813.47+ 391.36F 5.09%
Minimum air

temperature 3,1991 2,065.73F 692.137 130.24%

* Water temperature was recorded in cultivated areas and wetlands, whereas air tempera-
ture was recorded indoor and outdoor.
P <0.05.

8 to 27 days and from 8 to 24 days in Kombewa, respectively.
Three-way ANOVA revealed that female and male immature
stage development times differed significantly among land
cover type (female: F, 14, = 181.7, P < 0.001; male: F, 1, =
144.7, P < 0.001), initial larval density (female: F, 4, = 13.8,
P < 0.001; male: F, 5 = 6.6, P = 0.002), and study site
(female: F, ;s; = 81.2, P < 0.001; male: F, ;; = 79.0, P <
0.001). Female and male mean development times were sig-
nificantly shorter in Kombewa than in Marani and in culti-
vated areas than in wetlands (Table 3). Immature stage sur-
vival rate was significantly associated with land cover type
(Fy204 = 228.3, P < 0.001) and initial density (F,,,, = 41.4,
P < 0.001), but its association was not significant with study
site (Fy 504 = 2.3, P = 0.127). Immature stage survival rate
was significantly higher in cultivated areas than in wetlands.
Development times tended to be greater with a higher larval
density, and immature stage survival rate tended to be lower
(Table 3).

Age-specific development time was significantly greater in
Marani than in Kombewa at all stages except the pupal stage,
and it was significantly greater in natural swamps than in
cultivated swamps except for first instars (Figure 1). Age-
specific development time tended to be shorter with a lower
density, but the differences among the densities were insig-
nificant for first instars, pupae, and adult males. Age-specific

TABLE 2
Average (SE) daily mean, minimum, and maximum water tempera-
tures (°C) in aquatic habitats in cultivated areas and wetlands, and
mean, minimum, and maximum air temperatures of indoor and
outdoor in Marani and Kombewa

Study site Mean Minimum Maximum
Marani
Cultivated area 23.9 (0.3) 17.9 (0.2) 34.4 (0.7)
Wetland 19.2 (0.1) 16.8 (0.2) 222 (0.2)
Indoor 21.5 (0.1) 19.2 (0.1) 24.7 (0.1)
Outdoor 19.5 (0.1) 14.4 (0.1) 27.4 (0.1)
Kombewa
Cultivated area 25.0 (0.1) 18.4 (0.2) 37.3 (0.4)
Wetland 20.2 (0.1) 16.8 (0.2) 26.6 (0.5)
Indoor 23.1 (0.1) 20.1 (0.1) 26.5 (0.1)
Outdoor 22.5(0.1) 17.6 (0.1) 29.7 (0.1)

TABLE 3
Means (SE) of immature stage survival rates and development times
(day) with three different larval densities in two different land
cover types in Marani and Kombewa

Development time

Study site and habitat Density Survival rate Female Male
Marani
Cultivated area 20 059 (0.05) 142 (0.8) 134 (0.6)
60 039 (0.04) 167 (1.1) 16.1 (1.0)
100 035(0.02) 169 (0.5) 168 (0.5)
Wetland 20 027 (0.03) 222(0.9) 23.0 (1.4)
60 0.05(0.01) 27.1(1.8) 258(L7)
100 0.01 (0.00)  30.0 (2.0) 275 (2.3)
Kombewa
Cultivated area 20 0.53 (0.05) 12.1 (0.5) 11.6 (0.5)
60 036 (0.04) 137 (0.8) 13.4 (0.8)
100 0.29 (0.05) 15.0 (0.5)  14.9 (0.6)
Wetland 20 018 (0.04) 17.9(0.9) 182 (1.2)
60 0.05(0.02) 191 (1.1) 164 (1.2)
100 0.07 (0.02) 185(1.0) 17.1 (0.9)

survival rate of first instars was significantly higher in Kom-
bewa, but that of second instars was significantly lower in
Kombewa (Figure 2). The differences in age specific survival
rate between the sites were insignificant for the other stages.

Marani
14 ~s — — — — Kombewa

Cultivated area
14 & — — —— Wetland

Age specific development time (day)

| 1] n v Pupa
Developmental stage

FIGURE 1. Comparisons of age-specific development times be-
tween (A) the study sites (Marani and Kombewa), (B) land cover
types (cultivated area and wetland), and (C) initial larval densities
(20, 60, 100) at each developmental stage. *Difference is significant at
P = 0.05. When points have the same symbol, the difference between
values is not statistically significant.
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FIGURE 2. Comparisons of age-specific survival rates between
(A) the study sites (Marani and Kombewa), (B) land cover types
(cultivated area and wetland), and (C) initial larval densities (20, 60,
100) at each developmental stage. *Difference is significant at P =
0.05. When points have the same symbol, the difference between
values is not statistically significant.

Age-specific survival rate was significantly higher in culti-
vated areas than in wetlands at all stages. Among the densi-
ties, age-specific survival rate tended to be higher with a lower
density at all stages except fourth instars.

Adult stage longevity and productivity. Adult stage longev-
ity of blood fed females ranged from 5 to 89 days in Marani
and 8 to 87 days in Kombewa. Sugar-fed female and male
longevity ranged from 5 to 64 days and 1 to 57 days in Kom-
bewa, respectively. Both sugar-fed female and male longevity
raged from 1 to 51days in Marani. The Cox-Mantel test re-
vealed that the difference in female longevity was significant
between the food sources (sugar-fed female: mean = 28.2
days, SE = 2.0; blood-fed female: mean = 38.6 days, SE =
1.7, Z = 10.05, P < 0.05) and between the sites (Marani:
mean = 31.0 days, SE = 2.1; Kombewa: mean = 35.6 days,
SE = 2.3; Z = 5.85, P < 0.05). The difference in sugar-fed
mosquito longevity was significant between the sexes
(male: mean = 22.8 days, SE = 1.5; female: mean = 28.2
days, SE = 2.0; Z = 4.80, P < 0.05) and between the sites
(Marani: mean = 22.6 days, SE = 1.5; Kombewa: mean =
28.3 days, SE = 1.8; Z = 5.95, P < 0.05).

Total number of eggs laid by 50 blood-fed mosquitoes was
significantly greater in Kombewa than in Marani (Kombewa:

mean = 11,219.0, SE = 1,111.4; Marani: mean = 7,219.2,
SE = 1,541.6; t test: t = 241, df = 13, P = 0.031). The
potential number of adult mosquitoes produced by one fe-
male was significantly greater in cultivated areas than in wet-
lands (cultivated areas: mean = 526.0, SE = 39.0; wetlands:
mean = 83.8, SE = 11.4; F,,,, = 131.04, P < 0.001), and
greater in Kombewa than in Marani (Kombewa: mean =
385.3,SE = 42.9; Marani: mean = 223.0,SE = 24.6; F, 5, =
18.89, P < 0.001). The habitat x site interaction was significant
(Fi212 = 9.96, P = 0.002).

DISCUSSION

This study showed that productivity of the malaria vector
A. gambiae was lower in Marani than Kombewa because im-
mature stage development was slower and fecundity was
lower in the highland site. Accordingly, the potential number
of adult mosquitoes produced by one female was less at the
highland site than at the lowland site. These results explain
past observations of low vector density in the East African
highlands.>*%!® Low vector abundance is likely one of the
major factors contributing to low malaria transmission in the
highland, whereas the Lake Victoria Basin remains a malaria
holoendemic area with high vector densities. The shorter lon-
gevity in the highland may also reduce the chance a single
female mosquito may transmit malaria during its lifespan.

The findings from this study and past studies are sufficient
to conclude that low ambient temperature is primarily re-
sponsible for the low abundance of malaria vectors in the East
African highlands.®® Bayoh and Lindsay** found that, under
laboratory conditions, the development rate of A. gambiae
from one immature stage to the next increases at higher con-
stant temperatures to a peak around 28°C. Their study also
showed that adult emergence rate was greatest between 28°C
and 32°C. Although results from laboratory experiments us-
ing constant temperatures may not fully apply to our study,
the findings by Bayoh and Lindsay** support the idea that
higher water temperatures in Kombewa were more suitable
for immature stage development than the lower water tem-
peratures in Marani. The results from our study also suggest
that low air temperature in the highland may shorten adult
stage longevity of A. gambiae, which consequently reduces
the total number of eggs laid by a female.

It has been suggested that global warming has caused the
recent re-emergence of malaria in the East African high-
lands.?®?” Although recent studies found no significant asso-
ciation between global warming and malaria epidemics in the
highlands,'?!*® our results suggest that a small temperature
increase in the highlands may lead to a rapid population in-
crease of malaria vectors and consequently lead to a malaria
epidemic. The differences in water temperature between Ma-
rani and Kombewa ranged from 0.5°C for minimum tempera-
ture to 2.9°C for maximum temperature in cultivated areas
where mosquito productivity was high. In houses, where A.
gambiae mostly rests,?® the temperature differences between
Marani and Kombewa ranged from 0.9°C for minimum tem-
perature to 1.8°C for maximum temperature. An increase of
0.5-2.9°C in each temperature profile is quite possible at the
microhabitat level that mosquitoes inhabit.

Increased human activity, such as deforestation and wet-
land reclamation, has altered microclimates in the East Afri-



452 MINAKAWA AND OTHERS

can highlands. Recent studies found that larvae of A. gambiae
s.l. occur more frequently in temporary pools in cultivated
areas than in those of wetlands and forests in the highlands of
western Kenya.'®!'? Because cultivated areas without tall veg-
etation receive more sunlight than wetlands and forests, water
temperature of aquatic habitats in cultivated areas becomes
warmer. As our study showed, immature stage development
and survival rate are enhanced in cultivated swamps where
water temperature is higher. Moreover, Lindblade and oth-
ers® found that maximum and minimum air temperatures
were significantly higher in communities bordering cultivated
swamps in a Ugandan highland, and they found more malaria
vectors in houses near cultivated swamps. Thus, such envi-
ronmental changes may increase vector abundance by en-
hancing breeding habitats and also by enhancing adult stage
longevity and fecundity of A. gambiae in houses near culti-
vated areas.

Temperature varies seasonally. In general, temperature in
the highlands of western Kenya is highest in the dry season
(December to February). During the 1997-1998 malaria out-
breaks in the Kenyan highland, rain continued into the dry
season (warm season) from the short rainy season (October
and November). This created numerous mosquito breeding
sites. Because of the negative correlation between tempera-
ture and larval development, the increased number of breed-
ing sites in the warm season may have led to a rapid popula-
tion increase of malaria vectors, which consequently led to the
malaria epidemics in the highlands. Based on findings from a
study in the Usambara Mountains, Bodker and others® also
suggested that unexpected rains at the beginning of the warm
season (the dry season in a normal year) is an important
generator of highland malaria epidemics.

Because indoor vector density is generally low in the high-
land areas, larval density should also be low in habitats newly
created by unexpected rain in the warm season and by land
modifications. In particular, larval density should be low at
the beginning of the warm season or at the beginning of the
rainy period. The results indicate that immature stage survival
rate and development were enhanced with low larval densi-
ties. Gimnig and others® also reported that high densities
extended larval development time in the Lake Victoria Basin.
These results suggest that low larval densities in the highland
area may further accelerate development of a vector popula-
tion at the beginning of the season. Understanding the
mechanisms of highland malaria depends on a better under-
standing of the interactions between the highland environ-
ment and transmission. Although models of malaria transmis-
sion in highlands have considered the relationships between
temperature and parasite development, they have not incor-
porated vector abundance in relation to environmental pa-
rameters.'>>! Because vector abundance is a primary driver
of malaria transmission, it has been strongly suggested that
models need to incorporate estimates of vector densities.®
Our study provides important information for understanding
highland malaria by revealing the relationships between vec-
tor productivity and the highland environment.
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