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Background. Irrigated agriculture enhances food security, but it potentially promotes mosquito-borne disease transmission
and affects vector intervention effectiveness. This study was conducted in the irrigated and nonirrigated areas of rural Homa
Bay and Kisumu Counties, Kenya.

Methods. We performed cross-sectional and longitudinal surveys to determine Plasmodium infection prevalence, clinical
malaria incidence, molecular force of infection (mm0lFOI), and multiplicity of infection. We examined the impact of irrigation on

the effectiveness of the new interventions.

Results. We found that irrigation was associated with >2-fold higher Plasmodium infection prevalence and 3-fold higher
clinical malaria incidence compared to the nonirrigated area. Residents in the irrigated area experienced persistent, low-density
parasite infections and higher molFOI. Addition of indoor residual spraying was effective in reducing malaria burden, but the
reduction was more pronounced in the nonirrigated area than in the irrigated area.

Conclusions. Our findings collectively suggest that irrigation may sustain and enhance Plasmodium transmission and affects

intervention effectiveness.

Keywords. indoor residual spraying; irrigation; malaria; molecular force of infection; Plasmodium infection prevalence.

Despite substantial gains in malaria control since the early 21st
century, facilitated by mass distribution of insecticide-treated
nets, indoor residual spraying (IRS), and artemisinin-based
combination therapies, global progress in reducing the malaria
burden has stagnated [1]. Malaria remains endemic in 87 coun-
tries worldwide, with >90% of malaria cases and deaths occur-
ring in Africa [1]. At the same time, millions of people in
sub-Saharan Africa are affected by food insecurity, largely due
to overreliance on traditional rain-fed agriculture [2-4]. To pro-
mote food security and alleviate poverty, numerous dams, mi-
crodams, and irrigation schemes have been developed in
Africa in the past 2 decades [5-7]. Although irrigated agricultur-
al development has clear socioeconomic benefits [3, 8, 9],
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environmental modifications resulting from such developments
may promote the transmission of vector-borne diseases [10-14].
Flood irrigation, in particular, creates additional potential breed-
ing habitats for malaria vectors [15-17]. Understanding the re-
lationships between irrigated agriculture and malaria
transmission dynamics in the context of intensified antimalarial
interventions is vital to mitigating potential ramifications of fu-
ture agricultural development projects on malaria control.

In previous studies, researchers have found associations be-
tween agricultural irrigation development and increased
indoor-resting mosquito density and entomological inocula-
tion rate [18-20]. However, changes in malaria vector popula-
tions do not necessarily translate into increased malaria risk. A
recent cross-sectional study in Western Kenya reported signifi-
cantly higher malaria parasite prevalence in an irrigated area
compared to the adjacent nonirrigated area during the dry sea-
son, implying that irrigation may help to sustain the malaria
transmission [21]. However, crucial evidence from longitudinal
and clinical malaria data are lacking [8, 12, 17, 22].

Few studies have examined the impact of irrigation on the ef-
fectiveness of malaria vector interventions [17]. The mass dis-
tribution of free long-lasting insecticidal nets (LLINs) in 2006
in malaria-endemic African countries marked the scale-up
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era of malaria interventions [23, 24]. Due to widespread vector
resistance to pyrethroid insecticides [25], new, enhanced inter-
ventions using insecticides with different modes of actions such
as IRS with the organophosphate-based Actellic and piperonyl
butoxide-treated LLINs have more recently been implemented
in African countries [26-28]. Few studies have addressed how
scaled-up and newer malaria interventions may mitigate the
risks posed by irrigated agriculture [26-28].

In this study, we investigate how irrigation affects malaria
ecology and IRS effectiveness in Western Kenya using a combi-
nation of field epidemiological and laboratory molecular inves-
tigations. The findings of this study will be important for
guiding the implementation of enhanced malaria interventions
to mitigate risks associated with irrigation.

METHODS

Study Area

This study was conducted in the Lake Victoria shore area of
Western Kenya (Supplementary Figure 1), which reports a bi-
modal rainy season: a long rainy season from late March to
June and a short rainy season from October to November
[29]. Malaria transmission in the region is perennial and peaks
during the long rainy season [30, 31].

We selected clusters of households in Homa Bay County (n=
20) and Kisumu County (n = 9). Ten clusters each were randomly
selected from the irrigated and nonirrigated areas of Homa Bay
(Supplementary Figure 1). A cluster is defined as a village or group
of villages covering an area of approximately 2 km? and a popula-
tion of 600-1000 residents. Clusters are separated by a buffer zone
of approximately 1 km. Nonirrigated clusters were selected at
>3-km distance from irrigation schemes. Homa Bay County
has received ongoing IRS interventions using Actellic 300CS in-
secticides once per year in February since 2018 with >95% cover-
age [27, 32]. We additionally selected clusters of households in
Kisumu County, with neither IRS intervention nor irrigation
(Supplementary Figure 1A), as a comparison group. Kisumu
site practices traditional rain-fed agriculture (ie, no irrigation),
with maize as a staple crop along with scatter of bananas and veg-
etables (Supplementary Figure 1A). Major malaria vectors in both
areas are Anopheles gambiae sensu lato and Anopheles funestus
sensu lato [27, 30, 32, 33].

Epidemiological Investigations

Longitudinal Household Visits, Active Case Surveillance of
Clinical Incidence. To evaluate the impact of irrigation on clinical
malaria incidence, active case surveillance (ACS) was conducted
on a prospective cohort across all 20 clusters in Homa Bay
(Supplementary Figure 2) [34]. All residents who were willing to
participate and who provided signed consent and/or assent (for mi-
nors under the age of 18) were included in the study. Participants
were visited biweekly and screened for clinical malaria [34]. The

age and sex of each participant were recorded during the first visit.
A clinical malaria case was defined as an individual with uncompli-
cated malaria-related symptoms (fever with axillary temperature
>37.5°C or subjective fever within the previous 2 days, chills, mal-
aise, headache, myalgia) at the time of examination and laboratory
confirmed Plasmodium-positive by rapid diagnostic test (RDT)
[34]. Rapid diagnostic tests were administered on site for partici-
pants who exhibited malaria symptoms, and RDT-positive cases
were referred to the nearest health facility for free treatment accord-
ing to governmental guidelines [35]. The ACS cohort was followed
from October 2019 to November 2021. Malaria incidence rate was
calculated as cases/1000 person-years based on RDT results.

Cross-Sectional ~ Seasonal Asymptomatic Plasmodium
Infection Prevalence. To measure the Plasmodium infection in
different irrigation areas and seasonal changes, parasite infection
surveys were conducted in Homa Bay (20 clusters) in February,
June, and/or November from 2017 to 2020 (Supplementary
Figure 2). During each survey, 80-100 participants were randomly
selected from each cluster. Finger-prick blood sampling was con-
ducted to prepare filter paper dried blood spots (DBS) and thin
and thick blood smears [30]. Blood smears were examined using
microscopy, and DBS were screened for parasite infections using
18-second quantitative polymerase chain reaction (QPCR) [21].
Parasite prevalence was calculated as the number of positive sam-
ples divided by the total samples examined.

Longitudinal  Cohort,
Molecular Study. To examine the effects of irrigation on tempo-

Plasmodium Infection, and

ral patterns of infection, molecular force of infection (molFOI)
and infection complexity, we conducted monthly finger-prick
blood sampling and collected filter paper DBS from approxi-
mately 700 randomly selected participants from the ACS cohort
(Supplementary Figure 2). Parasite infection was assessed by
18-second qPCR for Plasmodium malariae and Plasmodium
ovale and varATS qPCR for Plasmodium falciparum [21]. A
new infection episode was defined as a positive qPCR result de-
tected at least 28 days after a previous infection [36].

To study malaria infections at the clone level, amplicon deep se-
quencing of the P falciparum cpmp gene was used to identify and
differentiate parasite clones based on existing protocols [33, 37].
The limit of detection for minority clones was set at 2%. Median
and mean infection complexities were determined at the
individual-level and compared between irrigation and nonirriga-
tion zones using Wilcoxon rank-sum tests with a Bonferroni cor-
rection [38]. The molFOI was calculated as the number of newly
acquired clones per individual per year. Difference in molFOI be-
tween study areas was compared using a generalized estimating
equation model assuming AR1 autocorrelation.

Impact of Irrigation on Malaria Ecology and Interventions

To examine how irrigation affects the effectiveness of new IRS
interventions, indoor-resting mosquito populations were mon-
itored monthly from November 2017 to December 2021 in 4
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randomly selected clusters each from the irrigated and nonirri-
gated areas in Homa Bay and in 3 clusters in Kisumu. Each
month, 10 houses were randomly selected per cluster and mos-
quitoes were collected using the pyrethrum spraying catch
method [30].

Longitudinal monthly parasitological surveys were conduct-
ed from November 2017 to December 2021 to determine
Plasmodium infection dynamics in school-aged children
(Supplementary Figure 2), the group with the highest infection
prevalence [34]. Each month, school children aged 6-13 from 3
to 4 clusters were randomly selected (80-120 children/cluster)
from both the irrigated and nonirrigated areas in Homa Bay as
well as from Kisumu. Finger-prick blood samplings were con-
ducted for the preparation of thin and thick blood smears [30].
Blood smears were examined using microscopy, and monthly
infection prevalence was calculated as described earlier [30].

Data Statistical Analysis

A y* test was used for the comparisons of incidence and parasite
prevalence between irrigated and nonirrigated areas or between
age and sex groups. To analyze longitudinal surveillance data,
we used Poisson regression (cluster-based) to compare differ-
ences in Plasmodium infection prevalence between study sites.
AR1 autocorrelation was assumed. Regarding the biweekly
ACS data, we compared uncomplicated malaria incidence rates
between irrigated and nonirrigated areas using Poisson regres-
sion, assuming an AR1 autocorrelation.

The potential impact of irrigation on the effectiveness of IRS
was analyzed through risk ratio (RR) assessment. We compared
3 indicators, ie, vector density, Plasmodium infection preva-
lence, and uncomplicated clinical malaria incidence, before
and after IRS and used the Kisumu site as a non-IRS control
(Supplemental File 1). The correlation between IRS and ob-
served transmission dynamics was analyzed using the general-
ized additive model (Supplemental File 1). All data analyses
were completed using R 4.0.3 (The R Foundation for
Statistical Computing, Vienna, Austria).

Scientific and Ethical Clearance

Ethical clearance was obtained from the Ethical Review
Committee of Maseno University, Kenya (MSU/DRPI/
MUERC/00778/19) and the Institutional Review Board of the
University of California, Irvine, Calfornia (HS# 2017-3512).
Volunteers were enrolled from primary schools in the study sites
through school administrators with the permission of the division
office of the Ministry of Health. Written assent for children
(<18 years of age) was obtained by the participants and their par-
ents or guardians. For parasitological surveillance, written consent
and assent for households was obtained from the head of the
household and each individual who was willing to participate in
the study. Inclusion criteria included providing informed consent
and having no reported chronic or acute illness except malaria.

Individuals who were unwilling to participate and infants under
the age of 6 months were excluded from the study. According
to the standard malaria treatment guidelines of the Ministry of
Health of Kenya, asymptomatic infections were not treated with
antimalarials, whereas symptomatic volunteers were referred to
the local government hospital or clinic for diagnosis and treat-
ment free of charge. For entomological surveillance, oral consent
was obtained from the head of the household for each participat-
ing household. In all surveillance activities, personal identifiers
were not included in the data.

RESULTS

Plasmodium Infection Prevalence: Irrigation Verus Nonirrigation

In Homa Bay, infection prevalence decreased substantially in
both the irrigated and nonirrigated areas (Figure 1). The RR,
ie, the ratio of Plasmodium infection prevalence detected by
PCR in the irrigated area over that in the nonirrigated area, in-
creased slightly from 1.53 (95% CI, 1.31-1.80) in 2018 to 1.78
(95% confidence interval [CI], 1.30-2.44) in 2021 ()* test P<
.0001 for all), indicating a slightly greater reduction in preva-
lence in the nonirrigated area between 2018 and 2021.

Age and sex distribution of infections showed different patterns
between irrigated and nonirrigated areas in Homa Bay (3 test,
P <.05) (Supplementary Figure 3). Parasite species were more di-
verse in the irrigated area of Homa Bay (ie, higher proportion of
mixed infections; X2 test, P < .05) (Supplementary Figure 4).

Uncomplicated Plasmodium Clinical Incidence: Irrigated Versus
Nonirrigated

Over the 23-month ACS period in Homa Bay, we made 220230
person-visits to homes. We detected 8480 fever cases and 984
RDT-confirmed malaria cases (Table 1). The clinical incidence
rate was 3-fold higher in the irrigated area compared to the
nonirrigated area (odds ratio [OR] =2.66; 95% CI, 2.33-3.02;
x> =239.76; d.f.=1; P<.0001) (Table 1).

Clinical incidence was consistently higher in irrigated areas
compared to nonirrigated areas (Poisson regression, Rao statistic
=3240.7,d.f. =1, P <.0001) (Figure 2A). The decline in clinical in-
cidence was more pronounced in nonirrigated areas compared to
irrigated areas (incidence rate ratio: 2.39 in 2020 and 3.00 in 2021).
Clusters with high incidence (>100 cases/year per 1000
population-at-risk) were concentrated in the irrigated area, where-
as most clusters (8 of 10) in the nonirrigated area had an incidence
of <100 cases/year per 1000 population-at-risk (Figure 2B).

Parasite Infection Dynamics, Molecular Force of Infection, and
Multiplicity of Infection

From the cohort study, a total of 11 157 blood samples were an-
alyzed by qPCR. The overall parasite infection rate was 6.6%
(400 of 6037) in the irrigated area compared to 2.3% (119
of 5120) in the nonirrigated area (OR=3.0; 95% CI, 2.4-3.6;
x2=115.58; df.=1; P<.0001) (Supplementary Figure 5A).
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Figure 1.
detected by microscopy (A) and 18S rDNA polymerase chain reaction (PCR) (B).

(A and B) Seasonal changes in Plasmodium infection prevalence in different irrigation areas in Homa Bay (10 clusters each in irrigated and nonirrigated areas)

Table 1. Summary of Active Case Surveillance in Homa Bay, January
2020 to November 2021

Iltems Irrigated Nonirrigated
N clusters 10 10
Population enrolled 1828 3066
Visits (person-times) 82264 137966
Fever cases 4406 4074
RDT positive cases 602 382
Incidence rate (95% Cl) 148.9 56.3
(cases/1000 people/year)® (132.5-165.2) (48.2-64.5)

Abbreviations: Cl, confidence interval; RDT, rapid diagnostic test.

#Uncomplicated malaria incidence rate was calculated as an average over the 10 clusters,
and time-at-risk was based on actual visits.

To calculate the molFOI, a total of 330 samples were sequenced,
resulting in 221 unique clones. The molFOI was approximately
7.5-fold higher in the irrigated group than the nonirrigated
group (0.643 vs 0.085 clones/individual per year) (Wald statis-
tics =32.50, d.f. =1, P<.0001) (Supplementary Figure 5B).
Temporal patterns of infections showed that individuals in
the irrigated area more commonly experienced a higher num-
ber of consecutive months with malaria infections compared to
individuals in the nonirrigated area (Supplementary
Figure 5C). The MOI was persistently higher in the irrigated
area compared to the nonirrigated area, but the difference
was statistically insignificant (Supplementary Figure 6).
Mean parasitemia was significantly lower in the irrigated area
than in the nonirrigated area (F;40,=6.77, P=.0096)

(Supplementary Figure 7).

Trend Analysis and Potential Indoor Residual Spraying Impact

Monthly Indoor-Resting Anopheles Dynamics

In Homa Bay, indoor-resting Anopheles density was consistent-
ly higher in the irrigated area than in the nonirrigated area

(analysis of variance with repeated measures, F;gg=102.64;
P<.0001) (Figure 3A). Anopheles density showed a clear
peak each year approximately May-July in Kisumu; the same
trend was not observed in Homa Bay (Figure 3A). Overall,
Anopheles density declined significantly in both the irrigated
area (F,30=4.47, P=.020) and the nonirrigated area of
Homa Bay (F,30=3.91, P=.031) from 2018 to 2021, but the
decline was more pronounced in the nonirrigated area. In
Kisumu, Anopheles density increased significantly from 2018
to 2021 (F,.30= 16.86, P<.0001).

Dynamics of Infection Prevalence in School-Aged Children
Infection prevalence was stable and high in Kisumu, with a
peak season approximately May every year (Figure 3B). In
Homa Bay, infection prevalence in the irrigated area was sim-
ilar to that in Kisumu in January 2018, but prevalence began de-
clining substantially in Homa Bay during the study period
(Figure 3B). The absolute difference in infection prevalence be-
tween the irrigated and nonirrigated areas in Homa Bay dimin-
ished over the follow-up period; however, the difference
between the 2 zones remained significant (Poisson regression
Wald statistics 7.54, P=.0060) (Figure 3B).

Potential Indoor Residual Spraying Impact
At the beginning of this study from November 2017 to
February 2018 (before IRS), Plasmodium infection prevalence
was 2-fold higher in the irrigated than in the nonirrigated
area in Homa Bay (20.7% vs 10.2%; OR =2.29; 95% CI, 1.76-
2.99; xz =39.51; d.f.=1; P<.0001) (Figure 3), indicating that
the effectiveness of routine LLIN interventions (before IRS)
was potentially compromised by irrigation.

Direct comparison between 3 months pre-IRS (December to
February) and 9 months post-IRS (March to November) re-
vealed increases in infection prevalence and vector abundance
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Figure 2. Active case surveillance in Homa Bay: (4) biweekly dynamics of clinical malaria incidence (cases/1000 people/month) in the irrigated and nonirrigated areas, with
shaded areas representing 95% confidence intervals; and (B) distribution of average clinical incidence in each study cluster. Each dot represents 1 cluster.

during post-IRS months in Kisumu (no IRS throughout) but not
in Homa Bay, where IRS was implemented (Supplement File 1).

Dynamics of uncomplicated Plasmodium clinical incidence,
infection prevalence, and vector density were significantly neg-
atively correlated with the number of rounds of IRS in the
Homa Bay area but not in Kisumu (Table 2, Supplement File
1). Relatively higher reduction (ie, lower adjusted RR) in un-
complicated clinical malaria incidence, Plasmodium infection
prevalence, and vector density were observed in the nonirrigat-
ed clusters compared to the irrigated clusters in Homa Bay
(Table 2, Supplemental File 1).

DISCUSSION

New and enhanced vector control measures are being rolled out
across Africa to complement core vector control interventions
and to reinvigorate progress towards malaria elimination [39].
Simultaneously, African governments are expected to increase
investment in agricultural development (eg, irrigation
schemes) to combat food insecurity and to accommodate rapid
population growth. Although agricultural development confers
clear economic benefits to local communities [9, 17, 19],
irrigation-induced environmental changes can lead to en-
hanced malaria transmission that, in turn, may compromise
the effectiveness of elimination efforts. In this study, we con-
ducted comprehensive cross-sectional and longitudinal epide-
miological and molecular investigations in both irrigated and
nonirrigated areas exhibiting perennial malaria transmission.
We found higher clinical malaria incidence and greater preva-
lence of Plasmodium infections in irrigated area. Irrigation
filled the transmission gaps during the dry season by facilitating
persistent and diverse low-parasitemia infections year-round.
More importantly, we found that IRS with Actellic insecticide
was effective in reducing malaria burden in both irrigated

and nonirrigated areas, but the reduction in disease burden
was less pronounced in the irrigated area, likely due to persis-
tent residual outdoor transmission [32]. Most of the previous
studies have provided direct evidence regarding the impact of
irrigation on vector bionomics and infection prevalence [17].
Through longitudinal active surveillance, we demonstrate
here that irrigation indeed increased clinical malaria incidence
and sustained persistent Plasmodium infections. Thus, we con-
clude that irrigation likely compromised the effectiveness of the
enhanced vector intervention in our study area.

Although some previous studies concluded that irrigation
increased malaria risk only in areas of unstable transmission
[17, 40], other studies did not support this conclusion [19]. We in-
vestigated the effects of irrigation on malaria risk in Homa Bay,
where malaria transmission is perennial and stable [29]. Over the
4-year study period, all malaria transmission indicators—communi-
ty parasite prevalence, clinical malaria, and molFOI—were signifi-
cantly higher in the irrigated area than in the nearby nonirrigated
area. Furthermore, communities in the irrigated area suffered persis-
tent asymptomatic malaria infections characterized by lower parasi-
temia and higher parasite genetic diversity compared to those in the
nonirrigated areas. The lower-parasitemia infections in the irrigated
communities indicate potentially higher level of herd immunity ac-
quired through more frequent infections [41, 42]. In addition, gene-
flow studies have indicated that irrigated areas serve as a reservoir of
parasites for nearby nonirrigated areas [21], which may explain the
near identical mean/median MOI between the irrigated and the
nonirrigated areas, ie, parasites in both areas are from the same
source. These findings show that even in areas of stable malaria
transmission, the introduction of irrigation can have a great impact
on malaria burden, making transmission more stable.

Prospective cohort active case surveillance provided impor-
tant longitudinal information on the patterns of malaria infec-
tions in both irrigated and nonirrigated areas. Clinical malaria
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Figure 3. (A) Monthly dynamics of indoor-resting malaria vector density in Homa Bay and in Kisumu. (8) Monthly changes in Plasmodium infection prevalence of school-age
children in different irrigation areas of Homa Bay and Kisumu detected by microscopy. Blood sampling was not done in most months from March 2020 to July 2021. Four
clusters were selected in each irrigation zone of Homa Bay and 3 clusters in Kisumu for both surveys. The yellow arrows indicate the months when IRS was carried out in

Homa Bay; no indoor residual spraying (IRS) was carried out in Kisumu.

Table 2. Modeling of Malaria Transmission Risks Against IRS?

Kisumu (No IRS) Irrigated, Homa Bay Nonirrigated, Homa Bay
Indicator
Variable Risk Ratio (95% Cl) P Risk Ratio (95% Cl) P Risk Ratio (95% Cl) P
Malaria Incidence
Seasonality 1.04 (.92-1.24) 5228 0.95 (.74-1.23) .6955 0.56 (.31-1.02) .0562
IRS [9M-post/3M-pre] 4.80 (1.45-26.94)° .0099 0.94 (.85-1.05) 2722 0.70 (.54-0.90) .0058
Months since last IRS 1.38(.86. 2.29) 1741 0.98 (.97-1.01) .0681 0.95 (.91-0.99) .0277
Rounds of IRS 1.14 (.91-1.45) .2613 0.82 (.75-.90) <.0001 0.63 (.50-0.78) <.0001
Infection Prevalence
Seasonality 1.72 (1.20-2.49) .0047 1.64 (1.06-2.60) .0272 1.15 (.62-2.13) .6496
IRS [9M-post/3M-pre] 0.94 (.80-1.10) 4267 0.67 (.55-0.81) .0001 0.71 (.52-0.96) .0238
Months since last IRS 0.97 (.94-1.02) .0997 0.95 (.91-0.99) .0230 0.97 (.90-1.03) .3222
Rounds of IRS 0.91 (.82-1.02) .0754 0.37 (.30-0.44) <.0001 0.41 (.31-0.51) <.0001
Mosquito Density
Seasonality 1.75 (.41-10.07) 4513 0.82 (.43-1.62) .bb47 0.88 (.34-2.41) .7970
IRS [9M-post/3M-pre] 2.25 (142-3.74) .0012 1.05 (.84-1.33) .6576 0.89 (.60-1.29) 56205
Months since last IRS 1.00 (.92-1.09) 9712 0.96 (.92-0.99) .0484 0.91 (.83-1.29) .0144
Rounds of IRS 1.91 (1.45-3.10) <.0001 0.76 (.68-0.84) <.0001 0.46 (.29-0.61) <.0001

Abbreviations: Cl, confidence interval; IRS, indoor residual spraying.

Risk ratio <1 equivalent to negative B-values. 9M-post/3M-pre: 9 months postintervention (March-November) against 3 months baseline (December to February).

Bold font numbers indicating P< .05.

cases reported at health facilities have been used for interven-
tion evaluation [27], but these passively detected cases likely
underestimate the true malaria incidence [34], because many
people in Western Kenya do not seek treatment at health

facilities [24]. With biweekly home visits, active case surveil-
lance should be able to capture most malaria cases. In this
study, active case surveillance revealed a 3-fold higher malaria
incidence in the irrigated area compared to the nonirrigated
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area of the Homa Bay study site, providing direct evidence of
the impact of irrigation on clinical malaria. Infection incidence
was consistently higher in the irrigated area compared to the
nonirrigated area. It is interesting to note that we observed a
steadily declining pattern in malaria incidence in the Homa
Bay site, likely due to continuous, annual IRS implementation
since 2018 [26, 43]. More importantly, monthly cohort blood
sampling detected repeated (ie, persistent) infections with
low parasitemia in the irrigated area but not in the nonirrigated
area. These results highlight the importance of longitudinal co-
hort surveillance, which has not been conducted in previous
studies [17, 19, 21, 26, 44], in assessing the impact of irrigation
on maintaining malaria transmission.

Despite high LLIN coverage, Plasmodium infection preva-
lence in the study areas was high at the beginning of the study
in early 2018. The new IRS intervention was first implemented
in 2018, covering Homa Bay County but not Kisumu County
[32, 43]. This difference in interventions provided a unique op-
portunity to evaluate how the interaction of intervention and
irrigation affects malaria ecology [26]. Evaluation of the IRS in-
tervention conducted in neighboring Migori County, Western
Kenya showed that IRS with Actellic insecticide was effective in
reducing vector density and malaria slide positivity rates at
health facilities [27]. In the Kisumu study site, where no IRS
was implemented, vector density and Plasmodium infection
prevalence all remained relatively consistent from 2017 to
2021, whereas in the Homa Bay site, Plasmodium infection
prevalence and malaria incidence in both the irrigated and
nonirrigated areas showed steady declining trends starting in
2018, likely caused by the annual IRS intervention [26, 27].
However, declines in clinical malaria incidence were less pro-
nounced in the irrigated area compared to the nonirrigated
area, implying that the impact of IRS was probably compro-
mised by irrigation. We should note that although IRS was ef-
fective in reducing An funestus population density [27], density
of An gambiae was consistently high in the irrigated area, likely
due to the outdoor-resting behavior of Anopheles arabiensis in
the study area as evidenced in previous studies [32, 45].
Mosquito habitats created by irrigation may help to sustain
the outdoor-resting vector population density, even when IRS
is effective at reducing indoor-resting and outdoor vector pop-
ulation densities, thereby maintaining malaria transmission in
irrigated areas.

The major limitation of this study is the number of irrigated
and control sites. Additional irrigated sites and sites with di-
verse ecological settings should be studied to confirm our find-
ings. However, this study included 29 clusters in the irrigated
and nonirrigated areas, and we provided extensive evidence
to support our conclusions through large sample sizes of cross-
sectional and longitudinal parasite and clinical malaria obser-
vations. These large sample size data may help to minimize
the effect of diversity of ecological settings. Another limitation

is the RDT-based estimation of malaria incidence. The RDT
tests have a lower sensitivity in detecting low-parasitemia infec-
tions compared with PCR [46, 47]. Thus, malaria incidence was
likely underestimated by using RDT results. However, RDT is
the fastest method for malaria infection diagnosis and leads
to quicker treatment in field settings, hence many
malaria-endemic African countries, including Kenya, have
adopted the policy of universal diagnosis using RDT in health
facilities and communities [35, 43, 48]. Because the same type
of RDTs were administrated in all ACS clusters, differential
misclassification was unlikely. Indeed, we observed comparable
declines in malaria incidence between irrigated and nonirrigat-
ed areas.

CONCLUSIONS

In conclusion, the irrigated area supported more and longer-
lasting aquatic habitats [45], which likely contributes to stable,
perennial malaria transmission. Higher parasite prevalence and
malaria incidence were observed in the irrigated area than in
the nonirrigated area. The current Actellic IRS intervention
was less effective at reducing clinical malaria in the irrigated
area compared to the nonirrigated area. Continuous effective
interventions, including but not limited to larval source man-
agement and personal protection, are essential to achieving
and maintaining low transmission, especially in irrigated areas.

Supplementary Data

Supplementary materials are available at The Journal of
Infectious Diseases online. Consisting of data provided by the
authors to benefit the reader, the posted materials are not copy-
edited and are the sole responsibility of the authors, so ques-
tions or comments should be addressed to the corresponding
author.

Notes

Acknowledgments. We thank our colleagues and field staff at
the Kenya Medical Research Institute in Kisumu and Tom
Mboya University College in Homa Bay who were involved
in the project. We acknowledge the assistance provided by
the Homa Bay and Kisumu County division office of the
Ministry of Health and local healthcare facilities. We thank
the local communities for their willingness to participate in
the project.

Author contributions. G. Z. and G. Y. contributed to con-
ceptual ideas this paper. G. Z., E. H.-S,, and B. J. drafted it
with contributions from G. Y. G. Z,, M.-C. L, D. Z,, H. A,
J.L. G, B.M. O, P. O, A. K. G, and J. K. provided field and
clinical data. E. H.-S,, B. J,, X. W, D. Z,, Y. L, L. B, R. D,,
and S. R. G. helped with molecular analyses. G. Z., M.-C. H,,
E. H.-S., and B. J. participated in the analysis and reviewed

Irrigation Sustain Malaria Transmission ¢ JID « 7

2202 1990100 €0 U0 Jasn auiAl| ‘eluiofje) Jo Aysiaaiun Agq 98€1.699/19¢0eIl/SIpIUIEE0 L 0 L/10p/a[o1e-8ouBApe/pl/wod dnoojwapede//:sdiy woly papeojumo(


http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiac361#supplementary-data

the findings, together with G. Y. who contributed to the
interpretation.

Disclaimer. The funders had no role in study design, data

collection and analysis, decision to publish, or preparation of

the manuscript.

Financial support. This study was funded by the National

Institutes of Health (Grants R01 A1050243, D43 TWO001505,
and U19 AI129326).

Potential conflicts of interest. All authors: No reported con-

flicts of interest. All authors have submitted the ICMJE Form
for Disclosure of Potential Conflicts of Interest.

References

1.

10.

World Health Organization. World malaria report 2021.
Geneva: World Health Organization, 2021. Available at:
https://apps.who.int/iris/rest/bitstreams/1398397/retrieve.
Accessed 5 April 2022.

. Baro M, Deubel TF. Persistent hunger: perspectives on vul-

nerability, famine, and food security in sub-Saharan
African. Ann Rev Anthropol 2006; 35:521-38. doi:10.
1146/annurev.anthro.35.081705.123224.

. Domeénech L. Improving irrigation access to combat food

insecurity and undernutrition: a review. Glob Food Sec
2015; 6:24-33. do0i:10.1016/j.gfs.2015.09.001.

. Kijne JW. Preserving the (water) harvest: effective

water use in agriculture. Water Sci Technol 2001; 43:
133-9.

. Blank HG, Mutero CM, Murray-Rust H, eds. The changing

face of irrigation in Kenya: opportunities for anticipating
change in eastern and Southern Africa. Colombo,
Sri Lanka: International Water Management Institute,
2002. Available at: https://www.joinforwater.ngo/sites/
default/files/library_assets/W_LAN_E13_Changing_Face.
pdf. Accessed 5 April 2021.

. Food and Agriculture Organization of the United Nations.

AQUASTAT-FAQ’s Global Information System on Water
and Agriculture. Available at: http:/www.fao.org/nr/
water/aquastat/dams/index.stm. Accessed 5 April 2021.

. Hussain I, Hanjra MA. Irrigation and poverty alleviation:

review of the empirical evidence. Irrig Drain 2004; 53:
1-15. doi:10.1002/ird.114.

. Baeza A, Bouma M]J, Dhiman RC, et al. Long-lasting tran-

sition toward sustainable elimination of desert malaria un-
der irrigation development. PNAS 2013; 110:15157-62.
doi:10.1073/pnas.1305728110.

. Passarelli S, Mekonnen D, Bryan E, Ringler C. Evaluating

the pathways from small-scale irrigation to dietary diver-
sity: evidence from Ethiopia and Tanzania. Food Secur
2018; 10:981-97. d0i:10.1007/s12571-018-0812-5.

Afrane YA, Klinkenberg E, Drechsel P, Owusu-Daaku K,
Garms R, Kruppa T. Does irrigated urban agriculture influ-
ence the transmission of malaria in the city of Kumasi,

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Ghana? Acta Trop 2004; 89:125-34. doi:10.1016/j.
actatropica.2003.06.001.

Haileselassie W, Zemene E, Lee MC, et al. The effect of ir-
rigation on malaria vector bionomics and transmission in-
tensity in Western Ethiopia. Parasite Vector 2021; 14:516.
doi:10.1186/s13071-021-04993-y.

Jaleta KT, Hill SR, Seyoum E, et al. Agro-ecosystems im-
pact malaria prevalence: large-scale irrigation drives vector
population in Western Ethiopia. Malar ] 2013; 12:350. doi:
10.1186/1475-2875-12-350.

Mangani C, Frake AN, Chipula G, et al. Proximity of resi-
dence to irrigation determines malaria risk and anopheles
abundance at an irrigated agroecosystem in Malawi. Am ]
Trop Med Hyg 2021; 106:283-92. doi:10.4269/ajtmh.21-
0390.

Rumisha SF, Shayo EH, Mboera LEG. Spatio-temporal
prevalence of malaria and anaemia in relation to agro-
ecosystems in Mvomero District, Tanzania. Malar ] 2019;
18:228. d0i:10.1186/512936-019-2859-y.

Mboera LEG, KP, Mayala BK, et al
Spatio-temporal variation in malaria transmission intensi-

Senkoro

ty in five agro-ecosystems in Mvomero District, Tanzania.
Geospat Health 2010; 4:167-78. d0i:10.4081/gh.2010.198.
Patz JA, Daszak P, Tabor GM, et al. Unhealthy landscapes:
policy recommendations on land use change and infectious
disease emergence. Environ Health Perspect 2004; 112:
1092-8. doi:10.1289/ehp.6877.

Sanchez-Ribas J, Parra-Henao G, Guimaries AE. Impact of
dams and irrigation schemes in anopheline (Diptera: culi-
cidae) bionomics and malaria epidemiology. Rev Inst Med
Trop Sao Paulo 2012; 54:179-91. doi:10.1590/s0036-
46652012000400001.

Githeko AK, Service MW, Mbogo CM, Atieli FK, Juma FO.
Plasmodium falciparum sporozoite and entomological in-
oculation rates at the Ahero rice irrigation scheme and
the Miwani sugar-belt in Western Kenya. Ann Trop Med
Parasitol 1993; 87:379-91. doi:10.1080/00034983.1993.
11812782.

Muriuki JM, Kitala P, Muchemi G, Njeru I, Karanja J, Bett
B. A comparison of malaria prevalence, control and man-
agement strategies in irrigated and non-irrigated areas in
Eastern Kenya. Malar J 2016; 15:402. doi:10.1186/512936-
016-1458-4.

Mwangangi JM, Shililu J, Muturi EJ, et al. Anopheles larval
abundance and diversity in three rice agro-village com-
plexes Mwea irrigation scheme, Central Kenya. Malar ]
2010; 9:228. doi:10.1186/1475-2875-9-228.
Hemming-Schroeder E, Zhong D, Kibret S, et al
Microgeographic epidemiology of malaria parasites in an
irrigated area of western Kenya by deep amplicon sequenc-
ing. J Infect Dis 2021; 223:1456-65. doi:10.1093/infdis/
jiaa520.

8 o JID « Zhou et al

2202 1990100 €0 U0 Jasn auiAl| ‘eluiofje) Jo Aysiaaiun Agq 98€1.699/19¢0eIl/SIpIUIEE0 L 0 L/10p/a[o1e-8ouBApe/pl/wod dnoojwapede//:sdiy woly papeojumo(


https://apps.who.int/iris/rest/bitstreams/1398397/retrieve
10.1146/annurev.anthro.35.081705.123224
10.1146/annurev.anthro.35.081705.123224
10.1016/j.gfs.2015.09.001
https://www.joinforwater.ngo/sites/default/files/library_assets/W_LAN_E13_Changing_Face.pdf
https://www.joinforwater.ngo/sites/default/files/library_assets/W_LAN_E13_Changing_Face.pdf
https://www.joinforwater.ngo/sites/default/files/library_assets/W_LAN_E13_Changing_Face.pdf
http://www.fao.org/nr/water/aquastat/dams/index.stm
http://www.fao.org/nr/water/aquastat/dams/index.stm
10.1002/ird.114
10.1073/pnas.1305728110
10.1007/s12571-018-0812-5
10.1016/j.actatropica.2003.06.001
10.1016/j.actatropica.2003.06.001
10.1186/s13071-021-04993-y
10.1186/1475-2875-12-350
10.4269/ajtmh.21-0390
10.4269/ajtmh.21-0390
10.1186/s12936-019-2859-y
10.4081/gh.2010.198
10.1289/ehp.6877
10.1590/s0036-46652012000400001
10.1590/s0036-46652012000400001
10.1080/00034983.1993.11812782
10.1080/00034983.1993.11812782
10.1186/s12936-016-1458-4
10.1186/s12936-016-1458-4
10.1186/1475-2875-9-228
10.1093/infdis/jiaa520
10.1093/infdis/jiaa520

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Lerch A, Koepfli C, Hofmann NE, et al. Longitudinal track-
ing and quantification of individual Plasmodium falcipa-
rum clones in complex infections. Sci Rep 2019; 9:3333.
doi:10.1038/541598-019-39656-7.

World Health Organization. World malaria report 2008.
Geneva: World Health Organization, 2008. Available at:
https://www.who.int/publications/i/item/9789241563697.
Accessed 1 March 2022.

Zhou G, Hemming-Schroeder E, Gesuge M, et al. Gaps be-
tween knowledge and malaria treatment practices after in-
tensive anti-malaria campaigns in Western Kenya: 2004-
2016. Am ] Trop Med Hyg 2020; 102:1358-65. doi:10.
4269/ajtmh.19-0907.

World Health Organization. Global report on insecticide
resistance in malaria vectors: 2010-2016. Geneva: World
Health Organization, 2018. Available at: https://apps.
who.int/iris/handle/10665/272533. Accessed 1 March
2022.

Dengela D, Seyoum A, Lucas B, et al. Multi-country assess-
ment of residual bio-efficacy of insecticides used for indoor
residual spraying in malaria control on different surface
types: results from program monitoring in 17 PMI/
USAID-supported IRS countries. Parasit Vector 2018; 11:
71. doi:10.1186/s13071-017-2608-4.

Abong’o B, Gimnig JE, Torr SJ, et al. Impact of indoor re-
sidual spraying with pirimiphos-methyl (actellic 300CS) on
entomological indicators of transmission and malaria case
burden in Migori County, Western Kenya. Sci Rep 2020;
10:4518. doi:10.1038/s41598-020-61350-2.

Gleave K, Lissenden N, Chaplin M, Choi L, Ranson H.
Piperonyl butoxide (PBO) combined with pyrethroids in
insecticide-treated nets to prevent malaria in Africa.
Cochrane Database Syst Rev 2021; 5:CD012776. doi:10.
1002/14651858.CD012776.pub3.

Zhou G, Zhong D, Lee MC, et al. Multi-indicator and mul-
tistep assessment of malaria transmission risks in Western
Kenya. Am ] Trop Med Hyg 2021; 104:1359-70. doi:10.
4269/ajtmh.20-1211.

Zhou G, Afrane YA, Vardo-Zalik AM, et al. Changing pat-
terns of malaria epidemiology between 2002 and 2010 in
Western Kenya: the fall and rise of malaria. PLoS One
2011; 6:€20318. doi:10.1371/journal.pone.0020318.
Kapesa A, Kweka EJ, Atieli H, et al. Why some sites are re-
sponding better to anti-malarial interventions? A case
study from Western Kenya. Malar ] 2017; 16:498. doi:10.
1186/512936-017-2145-9.

U.S. President’s Malaria Initiative. 2020. The PMI
VectorLink Project, Kenya Annual Entomological
Monitoring Report. October 2018- September 2019.
Rockville, MD. The PMI VectorLink Project, Abt
Associates Inc. 2020. Available at: https://www.pmi.gov/
where-we-work/kenya. Accessed 5 January 2021.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Zhong D, Hemming-Schroeder E, Wang X, et al. Extensive
new anopheles cryptic species involved in human malaria
transmission in Western Kenya. Sci Rep 2020; 10:16139.
doi:10.1038/s41598-020-73073-5.

Zhou G, Afrane YA, Malla S, Githeko AK, Yan G. Active
case surveillance, passive case surveillance and asymptom-
atic malaria parasite screening illustrate different age dis-
tribution, spatial clustering and seasonality in Western
Kenya. Malar ] 2015; 14:41. doi:10.1186/s12936-015-
0551-4.

National Malaria Control Programme. Kenya Malaria
strategy 2019-2023. Kenya: Ministry of Health, 2019.
Available  at:  http://fountainafrica.org/wp-content/
uploads/2020/01/Kenya-Malaria-Strategy-2019-2023.pdf.
Accessed 5 April 2021.

Mabhittikorn A, Masangkay FR, Kotepui KU, Milanez GJ,
Kotepui M. The high risk of malarial recurrence in patients
with plasmodium-mixed infection after treatment with an-
timalarial drugs: a systematic review and meta-analysis.
Parasit Vector 2021; 14:280. doi:10.1186/s13071-021-
04792-5.

Hathaway NJ, Parobek CM, Juliano JJ, Bailey JA. Seekdeep:
single-base resolution de novo clustering for amplicon
deep sequencing. Nucleic Acids Res 2018; 46:e21. doi:10.
1093/nar/gkx1201.

Zhong D, Lo E, Wang X, et al. Multiplicity and molecular
epidemiology of Plasmodium vivax and Plasmodium falcip-
arum infections in East Africa. Malar ] 2018; 17:185. doi:
10.1186/512936-018-2337-y.

World Health Organization. Global technical strategy for
malaria 2016-2030. Geneva: World Health Organization,
2019. Available at: https://www.who.int/publications/i/
item/9789240031357. Accessed 1 December 2021.

Kibret S, Wilson GG, Ryder D, Tekie H, Petros B. The in-
fluence of dams on malaria transmission in sub-Saharan
Africa. Ecohealth 2017; 14:408-19. doi:10.1007/s10393-
015-1029-0.

Fowkes FJ, Boeuf P, Beeson JG. Immunity to malaria in an
era of declining malaria transmission. Parasitology 2016;
143:139-53. d0i:10.1017/S0031182015001249.

Mugyenyi CK, Elliott SR, Yap XZ, et al. Declining malaria
transmission differentially impacts the maintenance of hu-
moral immunity to Plasmodium falciparum in children. J
Infect Dis 2017; 216:887-98. do0i:10.1093/infdis/jix370.
U.S.
Operational Plan FY 2022. Available at: http:/www.pmi.
gov. Accessed 5 March 2022.

Kyei-Baafour E, Tornyigah B, Buade B, et al. Impact of an

President’s Malaria Initiative. Kenya Malaria

irrigation dam on the transmission and diversity of
Plasmodium falciparum in a seasonal malaria transmission
area of Northern Ghana. ] Trop Med 2020; 2020:1386587.
doi:10.1155/2020/1386587.

Irrigation Sustain Malaria Transmission « JID « 9

2202 1990100 €0 U0 Jasn auiAl| ‘eluiofje) Jo Aysiaaiun Agq 98€1.699/19¢0eIl/SIpIUIEE0 L 0 L/10p/a[o1e-8ouBApe/pl/wod dnoojwapede//:sdiy woly papeojumo(


10.1038/s41598-019-39656-7
https://www.who.int/publications/i/item/9789241563697
10.4269/ajtmh.19-0907
10.4269/ajtmh.19-0907
https://apps.who.int/iris/handle/10665/272533
https://apps.who.int/iris/handle/10665/272533
10.1186/s13071-017-2608-4
10.1038/s41598-020-61350-2
10.1002/14651858.CD012776.pub3
10.1002/14651858.CD012776.pub3
10.4269/ajtmh.20-1211
10.4269/ajtmh.20-1211
10.1371/journal.pone.0020318
10.1186/s12936-017-2145-9
10.1186/s12936-017-2145-9
https://www.pmi.gov/where-we-work/kenya
https://www.pmi.gov/where-we-work/kenya
10.1038/s41598-020-73073-5
10.1186/s12936-015-0551-4
10.1186/s12936-015-0551-4
http://fountainafrica.org/wp-content/uploads/2020/01/Kenya-Malaria-Strategy-2019-2023.pdf
http://fountainafrica.org/wp-content/uploads/2020/01/Kenya-Malaria-Strategy-2019-2023.pdf
10.1186/s13071-021-04792-5
10.1186/s13071-021-04792-5
10.1093/nar/gkx1201
10.1093/nar/gkx1201
10.1186/s12936-018-2337-y
https://www.who.int/publications/i/item/9789240031357
https://www.who.int/publications/i/item/9789240031357
10.1007/s10393-015-1029-0
10.1007/s10393-015-1029-0
10.1017/S0031182015001249
10.1093/infdis/jix370
http://www.pmi.gov
http://www.pmi.gov
10.1155/2020/1386587

45.

46.

Orondo PW, Wang W, Nyanjom SG, et al. Habitat diver-
sity, stability, and productivity of malaria vectors in irrigat-
ed and non-irrigated ecosystems in Western Kenya. ] Med
Entomol 2022 (in review).

Berzosa P, de Lucio A, Romay-Barja M, et al. Comparison
of three diagnostic methods (microscopy, RDT, and PCR)
for the detection of malaria parasites in representative sam-
ples from Equatorial Guinea. Malar ] 2018; 17:333. doi:10.
1186/512936-018-2481-4.

47.

48.

Bosco AB, Nankabirwa JI, Yeka A, et al. Limitations of rap-
id diagnostic tests in malaria surveys in areas with varied
transmission intensity in Uganda 2017-2019: implications
for selection and use of HRP2 RDTs. PLoS One 2020; 15:
€0244457. doi:10.1371/journal.pone.0244457.

Abba K, Deeks JJ, Olliaro P, et al. Rapid diagnostic tests for
diagnosing uncomplicated P. falciparum malaria in en-
demic countries. Cochrane Database Syst Rev 2011; 2011:
CD008122. doi:10.1002/14651858.CD008122.pub2.

10 « JID « Zhou et al

2202 1940100 €0 U0 JasN BUIAl| ‘eluiof[ed Jo ANsIonlun A 98€ 1699/ 9EOBIISIPIUIEE0 L 0 L/I0P/SI0IIE-00UBADE/PIf/W0o"dNO"DIWSpEsE//:SdRY WOl POPEOjUMOQ


10.1186/s12936-018-2481-4
10.1186/s12936-018-2481-4
10.1371/journal.pone.0244457
10.1002/14651858.CD008122.pub2

	Irrigation-Induced Environmental Changes Sustain Malaria Transmission and Compromise Intervention Effectiveness
	METHODS
	Study Area
	Epidemiological Investigations
	Impact of Irrigation on Malaria Ecology and Interventions

	Data Statistical Analysis
	Scientific and Ethical Clearance

	RESULTS
	Plasmodium Infection Prevalence: Irrigation Verus Nonirrigation
	Uncomplicated Plasmodium Clinical Incidence: Irrigated Versus Nonirrigated
	Parasite Infection Dynamics, Molecular Force of Infection, and Multiplicity of Infection
	Trend Analysis and Potential Indoor Residual Spraying Impact
	Monthly Indoor-Resting Anopheles Dynamics
	Dynamics of Infection Prevalence in School-Aged Children
	Potential Indoor Residual Spraying Impact


	DISCUSSION
	CONCLUSIONS
	Supplementary Data
	Notes
	References




