
Assi et al. Malaria Journal 2013, 12:233
http://www.malariajournal.com/content/12/1/233
RESEARCH Open Access
Inland valley rice production systems and malaria
infection and disease in the forest region of
western Côte d’Ivoire
Serge-Brice Assi1*, Marie-Claire Henry1, Christophe Rogier2, Joël Dossou-Yovo1, Martine Audibert3,
Jacky Mathonnat3, Thomas Teuscher4 and Pierre Carnevale1
Abstract

Background: This study aimed to determine the epidemiological impact of rice cultivation in inland valleys on
malaria in the forest region of western Côte d’Ivoire. The importance of malaria was compared in terms of
prevalence and parasite density of infections and also in terms of clinical malaria incidence between three
agro-ecosystems: (i) uncultivated inland valleys, (R0), (ii) inland valleys with one annual rice cultivation in the rainy
season, (R1) and (iii) developed inland valleys with two annual rice cultivation cycles, (R2).

Methods: Between May 1998 and March 1999, seven villages of each agro-ecosystem (R0, R1 and R2) were
randomly selected among villages pooled by farming system. In these 21 villages, a total of 1,900 people of all age
groups were randomly selected and clinically monitored during one year. Clinical and parasitological information
was obtained by active case detection of malaria episodes carried out during eight periods of five consecutive days
scheduled at six weekly intervals and by cross-sectional surveys.

Results: Plasmodium falciparum was the principal parasite observed in the three agro-ecosystems. A level of
holoendemicity of malaria was observed in the three agro-ecosystems with more than 75% of children less than
12 months old infected. Geometric mean parasite density in asymptomatic persons varied between 180 and 206
P. falciparum asexual forms per μL of blood and was associated with season and with age, but not with farming
system. The mean annual malaria incidence rate reached 0.7 (95% IC 0.5-0.9) malaria episodes per person in R0, 0.7
(95% IC 0.6-0.9) in R1 and 0.6 (95% IC 0.5-0.7) in R2. The burden of malaria was the highest among children under
two years of age, with at least four attacks by person-year. Then malaria incidence decreased by half in the two to
four-year age group. From the age of five years, the incidence was lower than one attack by person-year. Malaria
incidence varied with season with more cases in the rainy season than in the dry season but not with farming system.

Conclusion: In the forest area of western Côte d’Ivoire, inland valley rice cultivation was not significantly associated
with malaria burden.
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Background
Africa has the highest population growth rate of any
continent [1]. This explosive rate of population growth
requires a great increase in food production. The severe
pressure to feed the growing population has lead many
African governments to look for better methods of
expanding agriculture production, such as irrigation.
Irrigation may be the most effective way to increase crop
production through increased yield, acreage, number of
cropping cycles per year, and by reducing the risk of crop
failure [2]. However, in sub-Saharan Africa, water resource
development projects affect many waterborne diseases. In
the case of malaria, irrigated rice cultivation favours the
development of Anopheles gambiae s.l. populations.
Furthermore, the epidemiological impact of rice cultiva-
tion varies according to the local malaria situation [3]. A
review of the literature shows that high vector density
does not necessarily imply an increased risk of exposure
to malaria parasite. In some areas, it can be associated
with an increase in malaria transmission and morbidity,
such as in Burundi and the highlands in Madagascar [4,5].
Conversely, irrigated rice cultivation does not seem to
affect malaria transmission or its incidence in northern
Cameroon, in the Senegal River valley, and in the
Kou valley in Burkina Faso [6-9]. Most of these studies
limit themselves in explaining aspects of relation between
irrigated rice cultivation, transmission level, Plasmodium
infection and malaria morbidity at the local level.
However, to predict the consequences of rice cultivation
development and to control its possible negative
aspects, it is necessary to improve understanding of
the interrelations between irrigated zones, environment
and public health [10].
Thus, an interdisciplinary study of relationships between

rice cultivation systems and malaria was conducted
between 1997 and 1999 at regional level in three West
African important settings: Sahel, savannah and forest.
The Sahel study carried out in Mali showed that rice
cultivation altered the transmission pattern from
seasonal to perennial and reduced the incidence of
malaria fevers in children aged less than 14 years
[11]. In savannah in Côte d’Ivoire, irrigated rice
cultivation did not modify the annual incidence of
malarial attacks despite its seasonal influence on malaria
risk [12].
The present study was carried out thirteen years ago

in the forest region of western Côte d’Ivoire. Its objective
was to compare malaria burden in three inland valley
rice production systems in terms of prevalence and
parasite density of infection, and also in terms of
clinical malaria incidence. Furthermore the results of
the present study may be put in perspective with the
situation in Côte d’Ivoire after implementation of malaria
control strategies.
Methods
Study zone
A longitudinal study was carried out in the forest zone
in the west of Côte d’Ivoire (Figure 1). The methodology
for selecting the study villages was reported by Briët and
colleagues [13]. All the villages were classified according
to the farming systems in their surrounding inland
valleys within a two kilometres radius: (R0) no (rice)
cultivation; (R1) no water control, suitable for one cycle
of rice cropping during the rainy season; (R2) partial or
full water control which permits two cycles of rice
cropping per year. The three categories of farming
practice are referred to below as “agro-ecosystems”.
Seven villages of each agro-ecosystem (R0, R1 and R2)
were randomly selected among 97 villages pooled by
farming system. All R1 and R2 villages were situated
in the Department of Danané where all inland valleys
were cultivated. The R0 villages where inland valleys
were not at all farmed were situated in the Department of
Guiglo close by. In the West of Côte d’Ivoire, most of the
natural forest has been replaced by coffee and cocoa plan-
tations. Moreover in the area south of Danané, numerous
inland valleys were previously improved for rice cultiva-
tion. However water control was only partial in the inland
valleys because of lack of maintenance. In this area, popu-
lation belonged mostly to the Yacouba ethnic group. In
the region west of Guiglo, population belonged to the
Guéré ethnic group. Rainfall regime is long-monomodal
with a maximum in September and a minimum in January
[14]. Only the village of Zéalé has a centre of health.

Sample size calculation
The same methodology of sampling as the one used in
the savannah area was applied here [12]. The population
required was estimated at 80,000 person-days to detect a
relative risk below 0.5 by Poisson regression analysis with
a power of 80%, a significance level of 5%, a maximum
incidence of 0.64 malarial attacks per person-year [15] in
the reference ecosystem and including 30% of participants
lost to follow-up. This sample size was attained by
selecting 285 persons in each village and monitoring them
clinically for 40 days distributed over one year. People were
selected from randomly sampled compounds. Children
born during the study period were not included. Each
family head and each person included in the study or their
legal guardian gave informed consent. Ethical approval for
the project was given by the Ivorian Ministry of Public
Health and Hygiene. During the monitoring periods,
patients of villages participating or not in the study were
treated free of charge by the medical team.

Parasitological and clinical measurements
Active case detection (ACD) for malaria episodes was
done during eight periods of five consecutive days at



Figure 1 Map of the study area showing the geographic position of the villages classified by rice farming systems (R0: no rice
cultivation. R1: single rice cropping and R2: double rice cropping).
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six-weekly intervals in the year. During these periods
the monitoring was made as described previously
[12]. Briefly a nurse assisted by two health workers
from the village who were recruited and trained for
the purpose of the study visited every day all households
covered by the study. A physician provided permanent
supervision of the teams. The presence, absence and
health condition of each included person were recorded
daily by the nurse on a specially prepared form (one form
per household). The nurse examined any detected sick
person at home and registered clinical observations on an
ad-hoc sheet. A thick blood film was taken systematically
and patients were treated according to the clinical
diagnosis made by the nurse. When malaria was
suspected, the patient was treated with amodiaquine
at the dose of 25 mg/kg body weight for three days
in agreement with the guidelines of the National Malaria
Control Programme [16]. Cross-sectional surveys (CSS)
were held during each of the eight monitoring periods. A
thick blood film was taken systematically from each asymp-
tomatic participant (after checking the absence of fever) the
second day of each period to make sure that he/she
was free of illness during the days before and after
the blood sampling.

Laboratory procedures
Thick blood smears were stained with Giemsa in the field
and examined using a microscope (ocular 10X, lens 100X)
at Institut Pierre Richet (IPR) in Bouaké by six experienced
technicians under the supervision of a parasitologist.
Plasmodium species were identified and asexual forms
of each species counted on 200 leucocytes. The parasite
density was calculated by assuming an average of 8,000
leucocytes/μL of blood. A randomly selected 10% sample
of the thick smears was double-read for quality control.
The readings of the six technicians were compared using
a set of blood smears.

Data analysis
Demographic, clinical, parasitological and attendance
data were double-entered independently in an Access
database (ver.7 1995). Data were analysed using Stata
V11 software. Only one blood sample per person per
monitoring period was considered for the analysis.
When a pathological condition was detected, it was the
blood sample taken during the clinical episode that was
considered for the analysis. When several blood samples
from an asymptomatic period were available, one of them
was randomly selected for the analysis. Parasitological data
were analysed separately in terms of (1) prevalence of
Plasmodium falciparum, Plasmodium malariae and
Plasmodium ovale asexual blood forms, (2) density of P.
falciparum asexual blood forms in parasite-positive thick
smears, and (3) prevalence of P. falciparum gametocytes.
A generalized estimating equation (GEE) approach was
used for statistical analysis of repeated measures [17]. The
GEE approach allows some departure from the hypothesis
about the distribution of the dependent variable and gives
robust estimates of regression coefficients taking into
account the interdependence of observations made
within the same person.
The prevalence of asymptomatic malaria infection and

the prevalence of P. falciparum gametocyte presence were
analyzed as a binomial response in logistic regression
model. The parasite density was log transformed and
analysed with a link function for a linear regression model.
These two dependent variables were analysed according
to demographic (age groups 0–1, 2–4, 5–9, 10–19, 20–39
and > =40 years), seasonal and agro-ecosystem variables.
The association between the parasite density and the

occurrence of clinical episodes was tested using a random
effect logistic regression model for each agro-ecosystem,
taking clinical status (pathological episode versus asymp-
tomatic state) as dependent variable, and parasite density,
age and season as independent variables. In this type of
model, a random intercept variable is allowed to vary with
subjects and this random subject-specific intercept allows
taking into account the interdependency of observations
made on the same person. For each clinical episode, the
probability that it was caused by malaria was estimated by
the Attributable Fraction (AF) calculated from the odds
ratios associated with the estimated parasite density in
each logistic model [18]. The pathological episodes were
defined by a high axillary temperature (≥37.5°C), a feeling
of fever, sweat, shiver, headache, nausea or vomiting [19]
or by a history of fever during the preceding 48 hours
or for infants, anorexia or any pathological condition
described by the mother [20].
For individuals the number of malarial attacks over a

given period was estimated by the sum of probabilities
that pathological episodes were due to malaria, depending
on the parasite density. The malaria incidence density was
calculated through the ratio of estimated number of
malaria attacks and villagers’ person-days present during
each monitoring period. The clinical malaria incidence in
a standardized population was calculated, for each
agro-ecosystem, by multiplying the averaged age specific
incidence densities estimated in each agro-ecosystem with
the number of subjects belonging to age groups of a
virtual population of 1,000 persons with an age-distribution
identical to the age-distribution of the populations of the
three studied agro-ecosystems as a whole. Clinical
malaria incidence densities observed in the different
agro-ecosystems, age groups and seasons were compared
using the likelihood ratio statistic in a Poisson regression
model, with the estimated number of malarial attacks
as dependent variable and the cumulative number of
monitoring days as exposure variable.
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Results
Population description
A total of 5,771 persons were selected in the three agro-
ecosystems, 1,915, 1,971 and 1,885 in the villages R0, R1
and R2, respectively. The study was carried out between
May 98 and March 99. The average of age of people was
28 (27–29) years in R0 and 22 (21–23) years in R1 and
R2. The female/male ratio was 1.20 in R0, 1.02 in R1
and 1.03 in R2 (Table 1). These people were clinically
and parasitologically monitored during 46,168 person-
weeks of which 34% were lost for different reasons: 22%
not found because inhabitants were working in camps
far from the village during the passage of the medical
team and 10% of refusals because people feared that
thick blood films of healthy persons could be used for
magic. One hundred ten persons (1.2%) died. There were
0.8% of missing observations mainly because of unknown
clinical status (Table 2). The villages Vetouo, Finneu and
Zoleu classified as R2 (based on previous years) had little
Table 1 Distribution of population sample by age group acco

Agro-ecosystem Villages 0-1 year 2-4 years 5-9 years 10-1

R0 Pohan 8 29 40

Douandrou 5 28 48

Ziglo 16 32 38

Zouan 12 30 42

Douedy-Guezon 7 20 47

Beoue 10 34 46

Glopaoudy 16 28 31

Total 74 201 292

R1 Danta 7 39 56

Yotta 12 22 47

Bepleu 12 23 63

Seileu 17 21 55

Bietouo 10 45 51

Meantouo 14 31 47

Gbontegleu 15 34 42

Total 87 215 361

R2 Zealé 6 28 38

Zoleu 15 36 55

Finneu 11 30 53

Pepleu 14 36 53

Vetouo 9 25 61

Batouapleu 15 26 44

Boueneu 17 19 53

Total 87 200 357

Total 248 616 1,010 1

R0 no rice cultivation, R1 single rice cropping and R2 double rice cropping.
or no off-season rice cultivation during the study because
water control is only partial in these inland valleys, and as
a result, the agricultural calendar is strongly dependent on
rainfall [13].

Parasitological indexes of asymptomatic subjects
observed during CSS
Plasmodium falciparum was largely predominant on P.
malariae and P. ovale in the three agro-ecosystems. The
mean annual prevalence of P. falciparum asymptomatic
infections was 48.1% (95% CI: 44.8-51.4) in R0, 44.9%
(95% CI: 41.7-48.2) in R1 and 47.1% (95% CI: 45.6-48.7)
in R2 (Table 3). In the multivariate GEE logistic regression
model, age of asymptomatic subjects, but not the season,
were significantly associated with the prevalence of infec-
tion (Table 4). Everywhere, more than 75% of children
aged 0 to 4 years were parasite-positive. From five years,
the prevalence of infection quickly decreased with age.
The subjects of 5–9 years, of 10–19 years and of 20 years
rding to villages and rice farming systems

9 years 20-39 years > = 40 years Total Geographic position

Lat. North Long. West

60 57 80 274 6°32’59” 7°56’22”

43 65 7 259 6°32’16” 7°54’39”

41 73 84 284 6°33’29” 7°48’26”

58 62 76 280 6°32’34” 7°35’33”

62 57 80 273 6°33’50” 7°45’43”

49 68 72 279 6°32’43” 7°38’58”

44 69 78 266 6°32’43” 7°38’07”

357 451 540 1,915

74 96 61 333 7°01’16” 8°10’11”

63 71 58 273 7°05’13” 8°10’48”

65 70 57 290 6°56’48” 8°01’47”

47 89 42 271 7°02’51” 8°10’37”

55 71 45 277 6°54’20” 8°07’25”

72 57 39 260 6°55’09” 8°06’57”

45 85 46 267 6°58’15” 8°13’51”

421 539 348 1,971

56 88 58 274 6°59’07” 8°09’28”

45 74 44 269 7°03’30 8°10’03”

50 72 54 270 7°00’57” 8°08’43”

63 65 41 272 6°56’27” 8°11’36”

54 66 60 275 6°57’31” 8°06’58”

75 46 38 244 6°57’40” 8°11’32”

71 76 45 281 6°55’20 8°13’57”

414 487 340 1,885

,192 1,477 1,228 5,771



Table 2 Participation in monitoring

R0 R1 R2 Total

N selected persons 1,915 1,971 1,885 5,771

N expected observations
person-week*

15,320 15,768 15,080 46,168

Refusal 1,876 1,134 1,610 4,620 (10%)

Dead 262 131 161 554 (1.2%)

Lost of view 4,541 2,903 2,710 10,154 (22%)

Missing information 118 140 109 367 (0.8%)

N effective observations
person-week

8,523 11,470 10,490 30,483

Asymptomatic subjects 8,189 11,020 10,121 29,330

Sick patients 334 450 369 1,153

* N people x 8 surveys.
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and more were 2, 4 and 10 times less infected than the
infants, respectively. The prevalence of infection was
slightly lower in the R1 farming system than in the R0
farming system (P = 0.025) and did not differ significantly
between the R0 and the R2 farming systems.
The geometric mean parasite density in positive asymp-

tomatic persons varied in the three agro-ecosystems
between 180 and 206 P. falciparum asexual forms per μL of
blood. According to multivariate GEE linear regression
model, parasite density was associated with season and with
age, but not with farming system (Table 5). Parasite density
was higher in the rainy season than in the dry season
(208 (95% CI: 190–227) versus 171 (95% CI: 159–184))
asexual forms per μL of blood and significantly decreased
with age.
The mean annual gametocyte rates were similar between

the 3 farming systems, 2.1% (95% CI: 1.8-2.4) in R0, 2.5%
(95% CI: 2.2-2.7) in R1 and 2.2% (95% CI: 1.9-2.5) in R2,
respectively. The highest rates were observed in the 0–4
old children (P < 0.0001). Prevalence of P. falciparum
gametocytes was higher in the rainy season than in
the dry season (OR: 1.45; 95% CI: 1.16-1.81; P = 0,003).
The plasmodial formula on the 13,746 Plasmodium-

positive thick blood films of asymptomatic subjects was
0.994, 0.042 and 0.007 for respectively P. falciparum,
P. malariae and P. ovale. According to multivariate
GEE linear regression model, the prevalence of P.
malariae infections was similar in R0 (2.3%) and R1
(2.0%) (OR: 0.76 (95% CI: 0.52-1.11); P = 0,151), but
slightly lower in R2 (1.7%) than in R0 (OR: 0.67 (95%
CI: 0.48-0.93); P = 0.019). Children 0–4 years old were
the most frequently infected (P < 0.0001). According
to season prevalence of P. malariae species was
higher in dry season (2.5%) than in wet season (1.7%)
(OR: 0.66 (95% CI: 0.49-0.87); P = 0.006). The P. ovale
asymptomatic infection rates were similar in the three
agro-ecosystems (P = 0.564) and seasons (P = 0.654).
Children 0–4 years old were the most frequently
infected (P < 0.0001).

Clinical malaria incidence observed by ACD method
During the study 1,153 pathological episodes were
detected in the three agro-ecosystems. A total of 756
episodes were parasite positive: 695 individuals with P.
falciparum alone, three with P. malariae alone and 58
individuals with mixed infection (48 P. falciparum, P.
malariae positive infections, seven P. falciparum/P. ovale
positive infections, three P. falciparum/P. malariae/P.
ovale positive infections). The P. malariae infections
showed densities of 100 and 40 parasites/μL. Among 47
out of the 58 mixed infections P. falciparum was more
frequent than the other plasmodial species. Whatever
the age group sick patients had higher geometric mean
parasite densities than healthy people (Figure 2).
Among the 1,153 pathological episodes, there were

234 episodes attributable to P. falciparummalaria (Table 6).
The mean annual incidence rate was 0.7 (95% CI: 0.5-0.9)
in R0, 0.7 (95% CI: 0.6-0.9) in R1 and 0.6 (95% CI: 0.5-0.7)
clinical malaria episode per person (Table 6). According to
the Poisson regression model clinical incidence rates
significantly varied with age and season but not with
farming system (Table 7). The burden of malaria was
the highest among children under two years of age,
with at least 4 attacks by person-year. Then malaria
incidence decreased by half in the two to four years
age group. From the age of five years, the incidence
was lower than one attack per person-year. The incidence
of clinical malaria was significantly higher in the rainy
season than in the dry season. The clinical incidence rates
in all three farming systems varied nearly in the same way
as the seasons went (Figure 3).

Discussion
This prospective longitudinal study carried out in
western Côte d’Ivoire allowed to measure in the forest
area the impact of inland valley rice cultivation on malaria
infection and disease.

Epidemiology
A level of holoendemicity of malaria was observed in the
three agro-ecosystems, R0 where no rice was cultivated,
R1 with single rice cropping and R2 with double rice
cropping, respectively. In all three agro ecosystems more
than 75% of children less than 12 months old were
infected by P. falciparum [21]. During nearly the same
period of the present study six entomological surveys
were performed in two villages of each agro ecosystem
[22]. A high perennial transmission was observed with
annual entomological inoculation rates (EIR) of 146, 333
and 520 infective bites per human in R0, R1 and R2,
respectively. Similar levels of transmission were reported



Table 3 Prevalence of plasmodial infection in asymptomatic subjects according to farming systems (R0: no rice cultivation; R1: single rice cropping; R2: double
rice cropping) and age groups

Plasmodium falciparum infection Plasmodium malariae infection Plasmodium ovale infection

Asexual blood stages Gametocytes Asexual blood stages Asexual blood stages

Agro-ecosystem Age groups
(years)

N Positive thick
blood smear

Prevalence
rate (95% CI)

Geometric mean
density (95% CI)

Positive thick
blood smear

Prevalence
rate (95% CI)

Positive thick
blood smear

Prevalence
rate (95% CI)

Positive thick
blood smear

Prevalence
rate (95% CI)

R0 0–1 291 219 75.3 (70.4–80.1) 903 (702–1162) 33 11.3 (7.8–14.9) 27 9.3 (5.9–12.6) 3 1.0 (0.1–2.2)

2–4 830 637 76.7 (71.8–81.7) 578 (513–651) 46 5.5 (3.6–7.5) 72 8.7 (6.8–10.6) 15 1.8 (0.9–2.7)

5–9 1,263 830 65.7(61.3670.1) 237 (216–259) 29 2.3 (1.5–3.1) 45 3.6 (2.5–4.6) 5 0.4 (0.0–0.7)

10–19 1,482 748 50.5 (45.5–55.4) 134 (123–147) 19 1.3 (0.7–1.9) 27 1.8 (1.1–2.5) 3 0.2 (0.0–0.4)

20–39 1,884 700 37.2 (32.6–41.7) 93 (82–105) 26 1.4 (0.9–1.9) 10 0.5 (0.2–0.9) 2 0.1 (0.0–0.3)

> = 40 2,439 806 33.0 (29.6–36.5) 81 (69–94) 18 0.7 (0.2–1.3) 10 0.4 (0.2–0.7) 0 0.0 (0.0–0.0)

Total 8,189 3,940 48.1 (44.8–51.4) 180 (165–195) 171 2.1 (1.8–2.4) 191 2.3 (2.0–2.7) 28 0.3 (0.2–0.5)

R1 0–1 426 325 76.3 (70.3–82.3) 843 (583–1220) 33 7.7 (3.3–12.2) 36 8.5 (5.8–11.1) 8 1.9 (0.6–3.2)

2–4 1,207 926 76.7 (74.0–79.4) 669 (551–812) 79 6.5 (4.7–8.4) 95 7.9 (6.4–9.4) 11 0.9 (0.4–1.4)

5–9 1,997 1,259 63.0 (59.3–66.8) 225 (193–262) 76 3.8 (2.2–5.4) 46 2.3 (1.6–3.0) 4 0.2 (0.0–0.4)

10–19 2,194 932 42.5 (38.0–47.0) 120 (107–135) 32 1.5 (0.7–2.3) 12 0.5 (0.2–0.9) 6 0.3 (0.1–0.5)

20–39 3,107 965 31.1 (27.4–34.7) 81 (70–94) 31 1.0 (0.5–1.5) 12 0.4 (0.2–0.6) 1 0.0 (0.0–0.1)

> = 40 2,089 545 26.1 (21.9–30.3) 71 (59–86) 20 1.0 (0.6–1.4) 15 0.7 (0.4–1.1) 0 0.0 (0.0–0.0)

Total 11,020 4,952 44.9 (41.7–48.2) 193 (194–219) 271 2.5 (2.2–2.7) 216 2.0 (1.7–2.2) 30 0.3 (0.2–0.4)

R2 0–1 448 346 77.2 (73.4–81.1) 943 (765–1163) 40 8.9 (6.5–11.3) 29 6.5 (4.2–8.8) 5 1.1 (0.1–2.1)

2–4 1,031 812 78.8 (76.5–81.1) 614 (540–698) 64 6.1 (4.9–7.3) 78 7.6 (6.0–9.2) 20 1.9 (1.1–2.8)

5–9 2,008 1,256 62.5 (60.4–64.7) 243 (225–263) 56 2.8 (2.1–3.5) 35 1.7 (1.2–2.3) 5 0.2 (0.0–0.5)

10–19 2,097 982 46.8 (44.5–49.1) 137 (126–149) 36 1.7 (1.2–2.3) 16 0.8 (0.4–1.1) 5 0.2 (0.0–0.4)

20–39 2,617 821 31.4 (29.7–33.7) 91 (82–100) 16 0.6 (0.3–0.9) 9 0.3 (0.1–0.6) 3 0.1 (0.0–0.2)

> = 40 1,920 555 28.9 (26.7–31.1) 77 (71–84) 10 0.5 (0.3–0.8) 10 0.5 (0.2–0.8) 1 0.1 (0.0–0.2)

Total 10,121 4,772 47.1 (45.6–48.7) 206 (194–219) 222 2.2 (1.9–2.5) 177 1.7 (1.5–2.0) 39 0.4 (0.3–0.5)
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Table 4 Multivariate analysis of the prevalence rates of Plasmodium falciparum asymptomatic infection determined by
cross-sectional survey

N Positive thick
blood smear

Prevalence rate
(95% CI)

Unadjusted odds-ratio
(95% CI)

p-values Adjusted odds-ratio
(95% CI)

p-values

Agro-ecosystem 0.358 0.081

R0 8,189 3,940 48.1 (44.8–51.4) 1.00 1.00

R1 11,020 4,952 44.9 (41.7–48.2) 0.88 (0.73–1.06) 0.166 0.79 (0.64–0.97) 0.025

R2 10,121 4,772 47.1 (45.6–48.7) 0.96 (0.83–1.11) 0.583 0.85 (0.73–1.00) 0.053

Age group (years) <0.0001 <0.0001

0–1 1,165 890 76.4 (73.5–79.3) 1.00 1

2–4 3,068 2,375 77.4 (75.5–79.3) 1.06 (0.88–1.27) 0.525 1.06 (0.88–1.27) 0.518

5–9 5,268 3,345 63.5 (61.6–65.4) 0.54 (0.45–0.65) <0.0001 0.54 (0.45–0.65) <0.0001

10–19 5,773 2,662 46.1 (43.7–48.6) 0.26 (0.22–0.32) <0.0001 0.26 (0.22–0.32) <0.0001

20–39 7,608 2,486 32.7 (30.6–34.7) 0.15 (0.12–0.18) <0.0001 0.15 (0.12–0.18) <0.0001

> = 40 6,448 1,906 29.6 (27.5–31.6) 0.13 (0.11–0.16) <0.0001 0.13 (0.10–0.16) <0.0001

Season 0.741 0.705

Dry 10,537 4,883 46.3 (44.9–48.4) 1.00 1.00

Wet 18,793 8,781 46.7 (44.7–48.8) 1.01 (0.92–1.11) 0.741 1.02 (0.92–1.13) 0.705
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in the same area where considerable ecological changes
linked to the deterioration of the forest environment
occurred over the past 30 years [23,24]. In the three
agro-ecosystems An. gambiae s.l. and Anopheles funestus
s.l. were the main vectors, with a predominance of An.
gambiae [22]. The An. gambiae population density was
strongly correlated with the surface water availability in
the rice-cultivated inland valleys, but weakly correlated
with the surface water availability in the uncultivated
inland valleys [13]. Moreover the An. funestus population
density and its rate of infected bites were found to increase
Table 5 Multivariate analysis of parasite densities among positiv

N Positive thick
blood smear

Geometric mean
(95% CI)

Unadju
coe

Agro ecosystem

R0 8,189 3,940 180 (165–195)

R1 11,020 4,952 193 (171–217) 1

R2 10,121 4,772 206 (194–219) 1

Age groups (years)

0–1 1,165 890 895 (755–1059)

2–4 3,068 2,375 624 (569–684) 0

5–9 5,268 3,345 234 (218–251) 0

10–19 5,773 2,662 130 (122–138) 0

20–39 7,608 2,486 87 (81–94) 0

> = 40 6,448 1,906 77 (70–84) 0

Season

Dry 10,537 4,883 171 (159–184)

Wet 18,793 8,781 208 (190–227) 1
during the dry season but only in the rice farming systems
and especially in R2 [22]. Thus the inland valley rice
cultivation in the forest area appeared as a risk factor
for malaria transmission. Nevertheless no effect was
observed on the malaria infection and disease. The
asymptomatic infections showed similar annual mean
prevalence rates and annual mean parasite densities
in the three farming systems. The annual mean rates of
clinical incidence were also similar with 0.7 malaria
attacks per person in R0 and R1 and 0.6 in R2. This
paradox could be explained: (i) according to the model of
e asymptomatic subjects observed by cross-sectional survey

sted multiplicative
fficient (95% CI)

p-values Adjusted multiplicative
coefficient (95% CI)

p-values

0.0478 0.401

1.00 1.00

.07 (0.93–1.24) 0.325 0.95 (0.84–1.08) 0.434

.15 (1.03–1.27) 0.013 1.02 (0.93–1.11) 0.694

< 0.0001 <0.0001

1.00 1.00

.70 (0.56–0.87) 0.003 0.70 (0.56–0.87) 0.004

.26 (0.22–0.32) < 0.0001 0.26 (0.22–0.32) <0.0001

.15 (0.12–0.17) < 0.0001 0.14 (0.12–0.17) <0.0001

.10 (0.08–0.12) < 0.0001 0.10 (0.08–0.12) <0.0001

.09 (0.07–0.10) < 0.0001 0.09 (0.07–0.10) <0.0001

0.0057 0.0085

1.00 1.00

.22 (1.07–1.39) 0.006 1.21 (1.05–1.38) 0.009
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Figure 2 Annual means parasite density (95% CI) in parasite-positive asymptomatic subjects (observed during cross-section surveys)
and patients (found by active detection method) according to age groups in the three farming systems.
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Smith and colleagues [25], at a high level of transmission
the parasite prevalence does not vary much anymore, even
if the EIR increases further, (ii) people of the R0 agro
ecosystem might be infected outside their villages because
they lived more in camps to work in the coffee and cocoa
plantations than people of other both rice farming



Table 6 Incidence density of pathological episodes and malaria attacks according to age and agro-ecosystem

Observation Pathological episodes Malaria episodes Malaria fever in the standard
population of 1000 persons

Age groups
(years)

N Person-day N Incidence per
person-year (95% CI)

N Attributable
fraction (95% CI)

Incidence per
person-year

Population (%) Incidence per
year (95% CI)

R0 0–1 390 1,532 66 15.7 (8.8–25.4) 55 22.5 (14.2–33.9) 5.4 (3.4–8.1) 7.4% 397 (358–438)

2–4 1,008 3,909 89 8.3 (3.5–15.8) 73 24.6 (15.8–36.3) 2.3 (1.5–3.4) 9.8% 225 (197–256)

5–9 1,443 5,243 43 3.0 (0.4–8.0) 32 9.1 (4.1–17.1) 0.6 (0.3–1.2) 17.5% 111 (91–133)

10–19 1,701 5,919 21 1.3 (0.0–5.6) 7 1.0 (0.0–5.6) 0.1 (0.0–0.3) 21.4% 13 (07–22)

20–39 2,180 7,901 59 2.7 (0.4–8.0) 31 4.7 (1.4–11.0) 0.2 (0.1–0.5) 19.9% 43 (31–58)

> = 40 2,849 10,469 56 2.0 (0.1–6.4) 27 4.8 (1.4–11.0) 0.2 (0.0–0.4) 24.0% 40 (29–54)

Total 9,571 34,973 334 3.5 (0.6–8.8) 225 66.7 (51.5–84.5) 0.7 (0.5–0.9) 100.0% 696 (645–750)

R1

0–1 572 2,301 123 19.5 (11.8–30.3) 106 43.0 (30.7–57.3) 6.8 (4.9–9.2) 7.4% 505 (461–551)

2–4 1,371 5,534 95 6.3 (2.2–13.1) 80 30.3 (20.2–42.8) 2.0 (1.3–2.8) 9.8% 196 (169–225)

5–9 2,245 8,558 74 3.2 (0.6–8.8) 39 10.9 (5.1–19.0) 0.5 (0.2–0.8) 17.5% 81 (64–101)

10–19 2,484 9,080 45 1.8 (0.1–6.4) 22 4.9 (1.4–11.0) 0.2 (0.1–0.4) 21.4% 42 (30–57)

20–39 3,468 12,713 67 1.9 (0.1–6.4) 23 3.6 (0.8–9.5) 0.1 (0.0–0.3) 19.9% 21 (13–31)

> = 40 2,320 8,816 46 1.9 (0.1–6.4) 14 0.7 (0.0–4.7) 0.0 (0.0–0.2) 24.0% 07 (03–14)

Total 12,460 47,002 450 3.6 (0.6–8.8) 284 93.4 (75.1–113.9) 0.7 (0.6–0.9) 100.0% 725 (673–780)

R2

0–1 566 2,441 92 13.8 (7.3–22.9) 80 31.1 (21.1–44.0) 4.7 (3.1–6.6) 7.4% 344 (309–382)

2–4 1,210 5,143 97 6.9 (2.5–13.7) 82 25.9 (16.6–37.5) 1.8 (1.2–2.7) 9.8% 180 (155–208)

5–9 2,260 8,999 58 2.4 (0.2–7.2) 33 11.0 (5.5–19.7) 0.4 (0.2–0.8) 17.5% 78 (62–97)

10–19 2,398 9,110 38 1.5 (0.1–6.4) 16 2.6 (0.4–8.0) 0.1 (0.0–0.3) 21.4% 22 (14–33)

20–39 3,000 11,561 52 1.6 (0.1–6.4) 21 2.7 (0.4–8.0) 0.1 (0.0–0.3) 19.9% 17 (10–27)

> = 40 2,213 8,693 32 1.3 (0.0–5.6) 15 0.9 (0.0–4.7) 0.0 (0.0–0.2) 24.0% 09 (04–17)

Total 11,647 45,947 369 2.9 (0.4–8.0) 247 74.2 (58.1–92.9) 0.6 (0.5–0.7) 100.0% 589 (542–639)
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systems. A high rate of absence of inhabitants was
observed during the surveys of the medical team, especially
in the R0 villages (18% in R1 and R2 and 30% in R0).
Other species of Plasmodium, such as P. malariae and P.

ovale, were also found in the three agro-ecosystems, but
with low rates of prevalence, 2% and 0.3%, respectively.
Irrespective of the agro-ecosystem, inhabitants experi-

enced on average three pathological episodes a year of
which 20% were falciparum clinical malaria attacks. Thus,
malaria disease represented 600–700 episodes a year in
the standard population of 1,000 persons (all age groups).
To quantify malaria morbidity, the method of estimation
of the fever fraction attributable to malaria was used [18].
In the forest area where malaria transmission was around
one infected bite per person per night, the mean parasite
densities strongly differed between sick and asymptomatic
persons. Even if the distribution of parasite infection
in asymptomatic subjects includes a number of highly
infected individuals, the attributable fraction can be
estimated [20,26].
In the three farming systems, clinical malaria decreased
strongly and quickly with age. Infants were more affected
than children and from the age of five years, people expe-
rienced less than one episode a year. All the parasitological
and clinical findings indicate that the naturally acquired
immunity to falciparum malaria starts at a very early age
and the majority of infected adults and older children
rarely experience overt disease [27]. Indeed most people
are almost continuously infected by P. falciparum because
the transmission is intense throughout the year, with a
peak during the rainy season [23]. The parasitological and
clinical indices were higher in the rainy season than in the
dry season, except for the prevalence rate of asymptomatic
infections for which the seasonal difference was low and
not significant. It is the consequence of a seasonal increase
of the transmission that is perennial.

Parasitological and clinical comparison with other sites
In the forest area the inland valley rice cultivation did
not influence the rates of malaria infection and disease



Table 7 Poisson regression analysis of malaria episodes
observed by active case detection

N Person
day

Fraction
attributable

Relative risk
(95% CI)

p-values

Farming system 0.1524

R0 9,571 34,973 66.7 1.00

R1 12,460 47,002 93.4 0.93 (0.68–1.26) 0.633

R2 11,647 45,947 74.2 0.74 (0.54–1.02) 0.066

Age groups (years) < 0.0001

0–1 1,528 6,274 96.6 1.00

2–4 3,589 14,586 80.7 0.38 (0.28–0.50) < 0.0001

5–9 5,948 22,800 31.1 0.09 (0.06–0.14) < 0.0001

10–19 6,583 24,109 8.6 0.02 (0.01–0.04) < 0.0001

20–39 8,648 32,175 11.0 0.02 (0.02–0.04) < 0.0001

> = 40 7,382 27,978 6.4 0.03 (0.02–0.05) < 0.0001

Season 0.0078

Dry 12,305 4,7038 66.8 1.00

Wet 21,373 80,884 167.6 1.46 (1.10–1.92) 0.008
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although it appeared as a risk for malaria transmission.
An economic study carried out on 750 households
(21 villages) in the three agro-ecosystems also showed
that malaria had no effect on coffee and cocoa productions
and that lowland irrigated rice cultivation was not a risk
factor for malaria infection [28].
People living in the R0 agro ecosystem where no inland

valley was cultivated spent probably more time in the
camp for working in the coffee and cocoa plantations than
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Figure 3 Clinical incidence rates (95% CI) in the three farming system
in the other agro systems. This situation could explain the
high rate of absence of inhabitants during the surveys of
the medical team (18% in R1 and R2 and 30% in R0).
Despite this potential behavioural difference and the
differences in ethnic group of the populations, there
was no significant difference in malaria burden between
the three agro-ecosystems.
Two other studies carried out within the framework of

the Health Research Consortium hosted by the West
African Rice Development Association (WARDA)
(currently known as the Africa Rice Center), following
a North–south transect in West Africa showed quite
different results. In Côte d’Ivoire in the savannah
zone where the same methodology as in the forest
zone was used, malaria was hyper-endemic. The mean
annual incidence rate reached 0.9 (95% IC: 0.8-1.0)
clinical malaria episodes per person in R0, 0.6 (95%
CI: 0.5-0.7) in R1 and 0.8 (95% CI: 0.7-1.0) in R2
[12]. The development of areas for rice cultivation did not
modify the annual incidence of malarial attacks despite the
seasonal influence on malaria risk [12]. However the lower
malaria morbidity rate in R1 was more attributable to
specific economic behaviour than to rice production sys-
tems. According to a study on the property accumulation
in rice production systems [28], the agricultural households
in R0 were less rich than those in R1 because of the poor
results obtained from cotton cultivation rather than to the
lack of rice cultivation. The agricultural households in R2
were also less rich than those in R1 which were cotton
producers and invested the most in equipment. Moreover
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the fields in R2 were much smaller than those in R1, the
reason being that double rice cropping was exhausting
[29]. Indeed this farming system asked working during the
whole year whereas households in R1 were cultivating
during only six months. On the other hand the socio-
economic transformations and the gender repositioning
induced, or facilitated, by the intensification of inland valley
irrigated rice cultivation led to a reduction of the capacity
of women to manage disease episodes, contributing
therefore to increase malaria incidence among farming
populations [29,30]. More specifically, Audibert et al.
[31,32] showed that malaria had a negative effect on
productivity and income and constituted a barrier for
property accumulation in savannah.
The study carried out in Mali in the semi-arid

sub-Saharan environment showed that irrigated rice
cultivation altered the malaria transmission pattern from
seasonal to perennial and reduced annual morbidity
incidence more than two-fold, compared to cultivation
without irrigation [11].

Conclusion
This study, together with the other studies conducted in
the framework of the Health Research Consortium in
the forest, the savannah and the Sahel were performed
on a large scale with a similar methodology in the
context of farming systems rather than in single villages.
The findings in these ecologically different zones (forest,
savannah and Sahel) clearly confirm the conclusion that
Carnevale and colleagues [3] and Ijumba and Lindsay [1]
drew from studies carried out in different sites such as
Burundi [4], Burkina Faso [9], Senegal [7], The Gambia
[33]: in a stable malaria zone irrigated rice cultivation does
not significantly affect malaria pressure, contrary to what
may occur in an unstable malaria zone.
The study also provides an important basic data set before

Côte d’Ivoire implemented the Roll Back Malaria strategies.
It should permit to put the results of the current malaria
control programme in Côte d’Ivoire into perspective.
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