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Abstract

and unstable areas.

Background: The impact of large dams on malaria has received widespread attention. However, understanding how
dam topography and transmission endemicity influence malaria incidences is limited.

Methods: Data from the European Commission’s Joint Research Center and Shuttle Radar Topography Mission were
used to determine reservoir perimeters and shoreline slope of African dams. Georeferenced data from the Malaria
Atlas Project (MAP) were used to estimate malaria incidence rates in communities near reservoir shorelines. Popula-
tion data from the WorldPop database were used to estimate the population at risk of malaria around dams in stable

Results: The data showed that people living near (<5 km) large dams in sub-Saharan Africa grew from 14.4 million

in 2000 to 18.7 million in 2015. Overall, across sub-Saharan Africa between 0.7 and 1.6 million malaria cases per year
are attributable to large dams. Whilst annual malaria incidence declined markedly in both stable and unstable areas
between 2000 and 2015, the malaria impact of dams appeared to increase in unstable areas, but decreased in stable
areas. Shoreline slope was found to be the most important malaria risk factor in dam-affected geographies, explaining
41-82% (P<0.001) of the variation in malaria incidence around reservoirs.

Conclusion: Gentler, more gradual shoreline slopes were associated with much greater malaria risk. Dam-related
environmental variables such as dam topography and shoreline slopes are an important factor that should be consid-
ered in efforts to predict and control malaria around dams.
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Background

Rainfall variability disrupts agricultural productivity, con-
tributes to disasters associated with floods and droughts,
and hinders economic growth in Africa [1, 2]. To cope
with these challenges and provide a platform for advanc-
ing water security and sustainable development, the Afri-
can continent has entered a new era of dam construction
[3]. A great number of large and small dams are currently
under construction particularly in sub-Saharan Africa
(SSA)—the region with the lowest per capita water use in
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the world [4]. To support Africa’s dam building plans, the
World Bank has renewed its financial support over recent
years [5].

Dams alter landscapes, increasing the abundance of
standing water and drastically changing aquatic eco-
systems and the ecological functions associated with
rivers. Inevitably these changes result in a range of con-
sequences beyond the direct envisioned benefits of
infrastructure development. Dams’ impacts on the trans-
mission of vector-borne diseases such as malaria com-
prise a particularly pressing public health challenge in
Africa. A number of studies document that dams often
increase the rate of malaria in communities living close
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to reservoirs (hereafter referred as reservoir communi-
ties), especially in areas of unstable malaria transmission
[6-12].

Dams’ impact on malaria typically results from the
expansion of habitats suitable for Anopheles mosquito
breeding. Availability of breeding habitats in the vicinity
of dams and the reservoirs they form is often dramati-
cally exacerbated by the expansion of agricultural activi-
ties that create numerous breeding habitats for mosquito
vectors [12]. Nonetheless, the effect of the expansion of
such habitats is context specific since climatic and bio-
physical factors governing malaria transmission remain
important. Rainfall creates breeding habitats that may
affect the abundance of breeding sites, even in reservoir
communities [13]. Temperature determines the rate of
growth of a mosquito’s aquatic stage and the sporogonic
development of the malaria parasite inside adult mos-
quitoes [14, 15]. Similarly, biophysical factors such as
geography and land use can influence the suitability of
habitats for mosquito development.

Landscape features and ecologic variables have widely
been used to explain and predict the spatial variation of
malaria incidence in a certain geographical area [16-20].
For instance, several studies indicated that distance to
breeding habitats contributed to the heterogeneity in
malaria risk across regions [16—18]. In Dakar, Senegal,
a study showed that malaria incidence in households
within 160 m from a permanent marsh was 74% while the
incidence in those located at 900 m were only 17% [18].
Similarly, evidence suggests that village distance to reser-
voir shoreline and wind direction are significantly corre-
lated with malaria incidence around Ethiopian dams [21,
22]. In the specific context of water storage reservoirs,
Jobin [23] suggested that topographical maps may be
useful to gauge suitability for vector development along
shoreline sites. In controlled laboratory experiments,
Endo et al. [24] identified that the steeper the slope of
the shoreline, the less suitable they are for vector devel-
opment. A recent study, noted that the impact of dams
on malaria transmission varies in different ecological set-
tings due to local topographic and climatic factors [21].

To better understand the impact of dams on malaria,
recent efforts have moved beyond identification of ele-
vated malaria in the vicinity of individual reservoirs to
estimate their aggregated contribution to population
at risk and disease transmission in Africa [9, 25]. Keiser
et al. [9] estimated that 9 million people were at risk of
malaria transmission due to large dams in Africa. Kibret
et al. [25] conservatively estimated that the presence
of 1286 large dams across the region increased the risk
for at least 15 million people and were associated with
more than 1.1 million additional malaria cases annually.
Another recent study further predicted that, without
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further control measures, transmission around reservoirs
could triple by the 2080s as a consequence of climate
change and population increases [26].

While efforts to improve understanding of the malaria
consequences of large dams mark important progress,
past efforts toward Africa-wide analysis have been lim-
ited in three ways: (i) reliance on a crude rectangular
approximation for reservoir delineation; (ii) assumption
that recent levels of malaria transmission are static,
whereas actual conditions are dynamic and evolving; and
(iii) insufficient focus on the interactions between envi-
ronmental variables and reservoir presence that influence
transmission levels.

In order to devise appropriate malaria control meas-
ures, it is crucial to accurately determine the effect of
dams on malaria and understand the underlying factors
that lead to increased or decreased malaria incidence
in their vicinity. This paper reports on the findings of a
study to determine the effect of large dams on malaria in
sub-Saharan Africa using an approach that incorporated
precise reservoir delineation and explicitly considered
evolving transmission levels. The study also explored the
role of environmental factors in determining the rate of
malaria disease incidence in the vicinity of reservoirs.

Methods

Study area

This study focused on sub-Saharan Africa (SSA)—geo-
graphically, the area of the African continent that lies
south of the Sahara Desert. The region accounts for 90%
of the global malaria burden where Plasmodium falcipa-
rum, the most virulent human malaria parasite species,
is predominant [27]. Annually, an estimated 174 million
malaria cases occur in SSA [28]. However, recent efforts
toward increasing provision of bed nets and application
of indoor residual spraying resulted in a 40% reduction
in clinical malaria cases between 2001 and 2015, and
a reduction of 1.6 million malaria deaths in that same
period [27].

Dam and biophysical data

In this article, a large dam is defined as a dam with a
height of 15 m or greater from lowest foundation to crest,
or a dam between 5 m and 15 m high impounding more
than 3 million cubic meters [29]. To obtain locations of
large dams, the United Nations Food and Agriculture
Organization (FAO) African Dams Database [30] and
the International Rivers Database [31], which together
contain 1286 georeferenced large dams, were utilized.
The accuracy of dam locations was first verified with
Google Earth. When the location of a dam did not pre-
cisely match the coordinates stipulated in the two data-
bases, manual corrections were made by adjusting the
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coordinates of a dam to its location as shown in Google
Earth. Dams for which precise locations could not be
determined, as well as dams without reservoirs (i.e., run-
of-river schemes), were removed from the analysis. Ulti-
mately, a total of 884, 892, 907 and 919 large dams in year
2000, 2005, 2010 and 2015, respectively, were included
in this study. Locations of more than 80 percent of these
dams required correction; in most cases, corrections
were minor (<2 km).

Reservoir perimeters were extracted from the Euro-
pean Commission’s Joint Research Center (JRC) global
surface water datasets [32], published through Google
Earth Engine. This dataset includes maps of the location
and temporal variability in global surface water coverage
from 1984 to 2015. The Yearly Seasonality Classification
collection contains a year-by-year classification of the
seasonality of water based on occurrence values detected
throughout the year. The seasonally submerged area for
each year between 2000 and 2015 was examined using
Google Earth to identify the annual maximum extent
of each reservoir each year. These 16 annual maximum
water extent layers were jointly examined to determine
the maximum extent of the reservoirs. The 16-year
(2000-2015) permanent water extent layer was also used
to determine the areas permanently submerged through-
out thel6 years. The difference between maximum and
permanent water surface area was estimated to calculate
‘seasonally submerged area’ for each of the large dams.
These data were imported to ArcGIS.

Although JRC Monthly Water Classification History
v1.0 dataset contains maps of the location and temporal
distribution of surface water from 1984 to 2015, some
reservoirs were partially or fully not covered by the
respective monthly surface water layer in certain months
due to cloud cover or unavailability of Landsat satellite
images; a “0-no data” value displayed in images to rep-
resent those areas. When area of “0-no data” was less
than 30% of maximum surface water area of a reservoir,
monthly surface area was extracted from the layer and it
was used in our analysis. When “0-no data” was greater
than 30% of maximum surface water area of a reservoir, it
was recorded as “No Sufficient Data” and removed from
analyses.

The elevation and slope of reservoir shorelines were
extracted from the Shuttle Radar Topography Mission
(SRTM) database [33]. SRTM was flown aboard the space
shuttle Endeavour February 11-22, 2000. This mission
used single-pass interferometry, which acquired two sig-
nals at the same time by using two different radar anten-
nas. Differences between the two signals allowed the
calculation of surface elevation. Endeavour orbited Earth
16 times each day during the 11-day mission, completing
176 orbits over 80% of the Earth’s land surface between
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60° north and 56° south latitude with data points posted
every 1 arc-second (approximately 30 m). This SRTM
30 m digital elevation model (DEM) was used to deter-
mine the elevation of each reservoir at maximum water
level.

Slope is one of the important topographic param-
eters that could influence the abundance and suitabil-
ity of puddles that serve as mosquito larval habitat. It is
defined as the rate of change of elevation of the land per
unit distance. To determine the slope of the draw-down
zone of each reservoir, the seasonally-submerged areas
were determined by comparing the maximum extent
of the reservoir area with the permanently-submerged
area, using data from the European Commission’s Joint
Research Center (JRC) [32]. The shape of the season-
ally-submerged area was demarcated and overlaid on
the DEM. The slope was calculated as the average slope
over the entire area of the seasonally submerged part of
each reservoir. The slope was not calculated by using the
altitude values at maximum and permanent water levels.
Instead, the DEM provided altitude data at pixel level
(30 m spatial resolution). The pixel-wise slope was calcu-
lated from SRTM 30 m DEM. The slope of each pixel is
calculated using the altitude values of that pixel and its
eight surrounding neighbouring pixels. These pixel-wise
slope values were averaged for the seasonally submerged
areas to get the average slope of each reservoir. Average
slope was treated as the average of the DEM pixels com-
prising the seasonally-submerged area.

Malaria, population and climate data
Data for vector distribution were obtained from the
Malaria Atlas Project (MAP) database [34]. The MAP
database contains a georeferenced illustration of the
major malaria vector species in different malaria-
endemic areas in Africa. It comprises a combination
of aggregated raw data and modelled data to in-fill. It is
widely used for regional scale analyses [9, 25, 26] since
real field data at the continent scale are not available.
Annual malaria incidence data were obtained from
the MAP database [27]. Data were acquired for the years
2000, 2005, 2010 and 2015. These years were selected to
align with updates to Worldpop population data [35],
which are recomputed every 5 years. MAP produced a
1 km resolution map of annual malaria incidence from
Africa based on 33,761 studies across the region. These
data were imported to ArcGIS for analysis. Annual
malaria incidence was calculated as the number of clini-
cal malaria cases per 1000 person-year at risk. To ascer-
tain the impact of dams on malaria incidence rates as a
function of distance, four distance zones were created:
0-1 km, 1-2 km, 2-5 km and 5-10 km (control) relative
to the highest water level of the reservoirs. Populations



Kibret et al. Malar J (2019) 18:303

residing more than 5 km from a reservoir perimeter
were considered as not at risk from dam induced malaria
transmission since the maximum mosquito flight range is
considered to be 5 km [36]. The 5-10 km zone served as
a control.

Annual population data of SSA were obtained from the
Worldpop database [35]. A 1x 1 km gridded population
map was imported to ArcGIS for analysis. The total num-
ber of people living in each distance zone was determined
for each reservoir every 5 years for the period 2000-2015.

Mean annual rainfall and minimum temperature
data were used for climate analyses. Rainfall data were
abstracted from the Climate Hazards Group InfraRed
Precipitation with Station (CHIRPS) database—which
is a 30+ year quasi-global rainfall dataset [37]. CHIRPS
incorporates 0.05° (approximately 5 km) resolution satel-
lite imagery with in situ station data to create a 5x 5 km
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applied to determine differences in malaria incidence
among the four zones.

The annual number of malaria cases associated with
dams was determined for areas of both unstable and sta-
ble transmission. The number of annual malaria cases
attributable to dams was calculated as (I;-I,) P, whereas
I, and P are malaria incidence and total human popula-
tion in communities living within 5 km of reservoirs, and
I, is malaria incidence in communities living between 5
and 10 km from reservoirs.

Relative risk (RR) was used to compare annual malaria
incidences in communities close to (<5 km) and further
from (5 to 10 km) reservoir shorelines in both stable and
unstable areas in different years. It is calculated by divid-
ing malaria incidence in<5 km by incidence in 5-10 km
as follows:

RR = <No. annual malaria cases in < 5 l(m) / (No. annual malaria cases in < 5—10 km)

No. people living in < 5 km

No. people living in < 5—10 km

gridded rainfall time series. Mean minimum surface air
temperature data were abstracted from the GHCN CAMS
high-resolution (0.5 x 0.5°) global land surface tempera-
ture database. Monthly data (in °C) were used to calculate
the mean annual minimum temperatures for each year
and data were then imported to ArcGIS.

The same projected coordinate system was used
throughout the whole analysis for the whole continent
(WGS 84 Web Mercator). All the datasets used were
from the same coordinate system. Most datasets in this
study (MAP, Population, Climate) come in WGS 84 for-
mat which simplified the analyses.

Data analysis

To illustrate the locations of reservoirs with respect to differ-
ent Anopheles species, malaria vector distribution obtained
from the MAP database [34] was overlaid on the SSA’s
dam-malaria map to show the risk of malaria transmission
around reservoirs in areas of different vector composition.

Areas were categorized as stable (>0.1 malaria cases per
1000 person-year), unstable (<0.1 cases per 1000 person-
year) and no malaria (zero malaria incidence) based on
the level of malaria incidence in each of four years: 2000,
2005, 2010, and 2015 [38]. The number of dams in each
of the three stability categories for each of the four years
was determined, as well as the population at-risk (<5 km
of reservoir shorelines) of dam-related malaria.

The number of annual malaria cases was estimated for
each distance zone (0-1 km; 1-2 km; 2—5 km and > 5 km)
by multiplying malaria incidence rates by the population
in each zone. A non-parametric Mann—Whitney test was

To determine any correlation between environmental
variables and malaria incidence around dams (<5 km) in
stable and unstable areas, univariate associations were
first examined by regressing single explanatory factors
(i.e. environmental variables) against malaria incidences.
The cross-correlation association between the independ-
ent variables was tested for collinearity (see Additional
file 1) and the results showed that correlation coefficients
were <0.6 for all variables. Those variables with signifi-
cant (P<0.05) relationship with the dependant variable
in univariate regression were further analysed using mul-
tivariate linear regression to identify the environmen-
tal factors that best explained malaria incidence in each
region. Only those variables with a significant correla-
tion (P<0.05) with malaria incidence were added in the
multiple regression models. All variables were tested for
normal distribution before analysis. All variables were
normally distributed except annual malaria incidence and
slope. Nonparametric Mann—Whitney U test was applied
to determine differences in malaria incidence between
stable and unstable areas as well as between reservoir and
non-reservoir communities. All analyses were done using
Microsoft Excel and SPSS version 22.

Results

Anopheles arabiensis, Anopheles funestus and Anopheles
gambiae are the major vectors around large dams in SSA
(Fig. 1). Anopheles arabiensis frequently predominate in
the vicinity of dams in unstable areas, whereas An. ara-
biensis, An. gambiae and An. funestus often coexist in the
vicinity of dams in stable areas.
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Fig. 1 Distribution of dams with respect to major malaria vectors across sub-Saharan Africa

Overall, the population living close to (i.e., <5 km) large
dam reservoirs in SSA increased by about 4.3 million (i.e.,
from 14.4 million to 18.7 million) between 2000 and 2015
(Table 1). During this period, the number of dams for
which geo-referenced data were available increased from
884 in 2000 to 919 in 2015. A total of 18.7 million people
lived close to the large dams investigated in 2015. Nearly
75% of the population resides in malarious areas. There
was a substantial increase in the population in unstable

areas where the number of people living around the
dams doubled between 2000 and 2015, as a result of both
growing population and growing area of unstable trans-
mission. Nonetheless, large dams in areas of stable trans-
mission tend to be located in more densely populated
regions, resulting in greater population at risk around
dams in areas of stable transmission.

Overall, recent years have seen a growing number
of dams situated in areas with unstable transmission
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Table 1 Summary of number of dams, area and population living close to large dams in stable, unstable and no malaria

areas in sub-Saharan Africa

Year Stable Unstable No malaria Total
2000

No. dams (%) 264 (29.9) 199 (22.5) 421 (47.6) 884 (100)

Area (km?) 13,617,900 5,682,270 14,138,000 33,438,170

No. population (%) 7,964,430 (55.3) 2,588419(17.9) 3,870,794 (26.8) 14,423,643 (100)
2005

No. dams (%) 258 (28.9) 214 (24.0) 420 (47.1) 892 (100)

Area (km?) 12,503,300 6,800,650 14,134,400 33,438,170

No. population (%) 8,228,448 (52.4) 3,292,887 (21.0) 3,870,794 (26.8) 14,423,643 (100)
2010

No. dams (%) 249 (27.5) 238(26.2) 420 (46.3) 907 (100)

Area (km?) 9,428,080 9,875,990 14,134,300 33,438,170

No. population (%) 9,757,276 (53.4) 4,044,075 (22.1) 4,475,911 (24.5) 18,277,262 (100)
2015

No. dams (%) 234 (25.5) 265 (28.8) 420 (45.7) 919 (100)

Area (km?) 8,504,050 10,800,100 14,134,300 33,438,170

No. population (%) 8,302,235 (44.4) 5,652,124 (30.2) 4,762,324 (25.4) 18,716,683 (100)

(Fig. 2). The number of dams situated in areas of stable
transmission reduced from 264 in 2000 to 234 in 2015
while the number of people living close to these reser-
voirs increased from 7.9 million to 8.3 million (Table 1).
The number of dams located in unstable areas grew dur-
ing the same period (199 in 2000 and 265 in 2015; a 33%
increase), as did the population living close to them (2.6
million in 2000 to 5.6 million in 2015; a 218% increase).
In contrast, the number of dams situated in no malaria
areas remained virtually the same between 2000 (n =421)
and 2015 (n=420).

Annual malaria incidence has declined markedly
between 2000 and 2015 in both reservoir and control
communities (Table 2). In communities close to (<5 km)
large reservoirs in stable areas, incidence decreased from
43.3 cases per 1000 person-year to 29.7 cases per 1000
person-year between 2000 and 2015 while the absolute
number of cases increased from just under 3.5 million
in 2000 to just over 3.5 million in 2015. In communities
close to (<5 km) reservoirs in unstable areas, the inci-
dence of malaria roughly halved from just over 25 cases
per 1000 person-year in 2000 to just under 12 cases per
1000 person-year in 2015 while the absolute number of
cases increased from just over 481,000 in 2000 to just
over 639,000 in 2015. Absolute numbers of malaria cases
increased over this period, due mainly to population
growth.

Against a background of declining incidence, the
impact of dams appears to decrease in stable areas and
increase in unstable areas, between 2000 and 2015

(Fig. 3). In stable areas, in 2000, the average annual
malaria incidence in communities close to (<5 km) reser-
voir shorelines were more than 1.7 times higher (P<0.05)
than communities farther away (5-10 km). In 2015, the
Relative Risk (RR) of malaria incidence in communities
living close to the reservoirs (<5 km) was only about 1.3
when compared to those living farther away (P=0.05). By
contrast, in unstable areas, analogous RR increased from
just over 1.5 in 2000 to more than 1.9 in 2015 (P<0.05).

The absolute number of malaria cases associated with
large dams was more than 1.6 million in 2000. The mag-
nitude of impact may partially result from relatively
low transmission in control communities in 2000. Sub-
sequent years followed a more logical trend: 679,000
cases in 2005, 798.000 cases in 2010, and 1.2 million
cases in 2015 (Fig. 4). The majority of cases were found
around dams in stable areas, due to the greater popula-
tion and higher incidence in these areas.

Different environmental factors were assessed to
determine their relationship with malaria transmis-
sion around dams (Table 3). The correlation between
malaria incidence and slope and seasonally-submerged
shoreline area were highly significant (P<0.001). Rain-
fall and minimum temperature were also significantly
(P<0.05) correlated with malaria incidence. Slope had
the highest negative correlation; the steeper the slope,
the lower the malaria incidence.

Slope alone was found to be the most important fac-
tor explaining 46.8% (P <0.001) of the variation in malaria
incidence around large dams (Table 4). A unit degree
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Fig. 2 Temporal distribution of dams in relation to malaria stability in sub-Saharan Africa

increase in slope was associated with a 9.4 and 12.5
unit decrease in malaria incidence in stable and unsta-
ble areas, respectively. Slope, rainfall and minimum

temperature together explained 74.2% and 81.3% of the
variation in malaria transmission around reservoirs in
stable and unstable areas, respectively.
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Table 2 Annual malaria incidence (expressed as the number of clinical cases per 1000 person-year) and number
of annual malaria cases around large dams in sub-Saharan Africa

Distance 2000 2005 2010 2015
cohort (km)
Malaria No. cases Malaria No. cases Malaria No. cases Malaria No. cases
incidence incidence incidence incidence
Stable <5 43.3% 3,448,500 42.4% 3,485,490 39.3% 3,832,743 29.7% 3,511,483
0-1 52.1 543,332 50.6 595,494 451 593,448 36.8 453,107
1-2 48.3 731,648 471 749,875 40.6 796,294 315 563,976
2-5 40.2 2,173,520 392 2,140,121 37.7 2,443,001 283 2,494,400
5-10 25.2 3,708,154 34.1 3,921,842 311 3,899,928 224 3,492,512
Unstable <5 254 481,626 19.1 473,660 141 486,790 1.7 639,143
0-1 328" 136,061 26.9" 122,680 19.2% 113,286 169° 152,670
1-2 29.8 113,619 20.1 91,603 16.5 104,727 12.8 148,981
2-5 21.1 231,946 16.6 259,376 121 268,777 99 337,492
5-10 16.2 419,324 11.8 388,561 94 380,143 6.1 344,780

*In stable area, annual malaria incidence rate differenced significantly in communities <5 km and 5-10 km from the dam for all years (Mann-Whitney test, P <0.05 for

all comparisons after the Bonferroni corrections for multiple comparisons)

# In unstable area, annual malaria incidence differed significantly among the four distance cohorts for all years (Mann-Whitney test, P < 0.05 for all comparisons after

the Bonferroni corrections for multiple comparisons)
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Fig. 3 Relative risk of annual malaria incidence in communities close
to (<5 km) reservoir shorelines to those living farther away (5-10 km).
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**P<0.001 for comparison of the relative risk of communities in stable
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Fig. 4 Number of annual malaria cases attributable to presence of
dams in stable and unstable areas of sub-Saharan Africa

Table 3 Univariate correlation between environmental
factors and malaria incidence in communities living
in <5 km and further away from the reservoirs

Factors Stable area Unstable area
Pearson’s P Pearson’s P
correlation correlation

Dam communities (<5 km)

Slope () —048 <0.001 -=0.73 <0.001

Elevation (m) —0.26 <0.05 —0.56 <0.001

Receding shoreline 039 <0.001 045 <0.001
area (m?)

Rainfall (mm) 0.25 <0.05 0.37 <0.05

Minimum tempera- 0.27 <0.05 0.39 <0.05
ture (°C)

Humidity (%) 0.16 >0.05 0.28 <0.05

Non-dam communities (5-10 km)

Slope (%) —041 <0.001 —064 <0.001

Elevation (m) —032 <0.05 —0.59 <0.001

Receding shoreline 0.19 >0.05 0.16 >0.05
area (m?)

Rainfall (mm) 048 <0.001 0.67 <0.001

Minimum tempera- 0.22 <0.05 0.37 <0.05
ture (°C)

Humidity (%) 0.18 >0.05 039 <0.05

Gentler, more gradual slopes in the seasonally-sub-
merged areas of reservoirs are associated with much
greater malaria transmission (Fig. 5). Considering com-
munities around dams (<5 km) in both stable and unsta-
ble zones, malaria incidence dropped from 68 cases per
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Table 4 Multivariate regression analysis between annual malaria incidence and environmental factors

Area Model Standardized coefficient (95% ClI) Adjusted R? P

Slope Rainfall Temperature

Stable malaria 1 —74(—56,—-92) 0.41 <0.001
2 —36(=3.2,-41) 46(39,53) 0.55 <0.001
3 —42(=31,—-53) 35(28,4.2) 24(18,30) 0.74 <0.001

Unstable malaria 1 —125(=118,—-13.2) 048 <0.001
2 —84(—6.5,—103] 6.2(44,81) 0.56 <0.001
3 —66(—6.0,—72) 4.1(3.2,50) 36(23,49) 0.81 <0.001

Dependent variable was annual malaria incidence in this analysis

©
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(%]
o

w
o

=

<1 1-5' 5-10' >10'
Slope (degree)

Annual malaria incidence
(cases per 1000 person year)
—

o

Fig. 5 Box plot of malaria incidence against reservoir slope (the
boxes show the 25th percentile, median and 75th percentile, and

value ranges)

1000 person-year to 45 cases per 1000 person-year when
slope increased from<1° to 1-5°. Slopes between 5 and
10°, and greater than 10°, were associated with around 30
cases per 1000 person-year. Ultimately, therefore, slopes
less than 5 degrees, and especially less than 1° seem
extremely conducive for malaria transmission.

Discussion

In the present study, the findings indicated that
659,000—1.6 million annual malaria cases were attrib-
utable to large dams and that 14.4—18.7 million people
were at risk of contracting malaria due to large dams
in Africa each year. These numbers generally trended
upwards over the years of analysis. The study also
found that the relative impacts of large dams in areas of
unstable transmission are not just statistically greater
but such impacts are trending upwards even more than
in stable areas. Finally, the present findings reveal that
topography around a specific dam site (slope) is the
most important factor affecting malaria incidence. The
steeper the slope the lower the chance to create tran-
sient shallow puddles for mosquito breeding. Reser-
voir water levels typically fluctuate through a year and
during periods of drawdown (i.e. falling water-levels)

flat shorelines often create numerous long-lived pud-
dles disconnected from the main water body, which are
often ideal for mosquito breeding [12].

Consistent with broader evidence on the results of
the Roll Back Malaria (RBM) program in Africa [28],
the present study highlighted how malaria incidence
is decreasing in both dam and non-dam communities.
Unlike previous work [25], the results herein point to a
greater aggregate effect of dams in areas of stable trans-
mission, due to the considerably greater population in
such areas. Generally, the impact of dams on relative
risk of malaria tends to be greater as transmission levels
decrease. According to the World Health Organization
report [27], annual malaria incidence decreased by 52%
between 2000 and 2015. Around African dams, a simi-
lar magnitude reduction of malaria incidence was esti-
mated during the same period in unstable areas (54%)
but only a 31% reduction was estimated in stable areas.
Intensive malaria control is thus required to reduce the
malaria impact of dams in stable and unstable areas.

The present study found a growing number of dams
in areas with unstable transmission while the number
of dams situated in areas of stable transmission reduced
between 2000 and 2015. The changing estimates of
number of dams in different transmission zones evi-
denced between 2000 and 2015 is explained primarily
by shifting boundaries of malaria transmission stabil-
ity. Changes in boundaries of stability may result from
improved malaria control efforts and climate changes
that have lowered transmission in some areas such that
they have moved from stable to unstable transmission.
Ultimately, expansion of unstable areas and contraction
of stable areas has resulted in an increase in the num-
ber of dams in unstable areas.

Juxtaposing central findings from this study—(i)
rates of malaria are declining, near and far from dams,
(ii) the number of dams in unstable zones of malaria
transmission is increasing, and (iii) the relative impact
of dams in areas of unstable transmission intensifies
with decreased transmission—suggests that dams may
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pose a significant barrier to malaria reduction and
eradication in Africa. Indeed, it would appear that the
more progress is made to reduce malaria transmission
through national, regional and international programs,
the more the confounding impact of dams will become.
Therefore, intense, direct focus on reducing dams’
impacts is called for, and the time for sidelining dams’
impacts as a relatively peripheral issue to malaria con-
trol may soon be over.

Direct focus on dams’ impacts likely requires a central
focus on reservoir shoreline slope. Hydrologically, slope
acts as a proxy for the likelihood of an area to retain sur-
face water. Gentle slope generally corresponds to poor
drainage, thereby promoting persistence of surface water
bodies and the formation of stable pools convenient
for mosquito breeding. In contrast, steeper slope facili-
tates drainage and reduces the likelihood that pools will
form for periods of sufficient duration for mosquitoes to
complete their aquatic stages. The findings presented in
this paper are consistent with scant evidence from else-
where. A study in Zambia [39] showed a small change
in slope affects the risk of malaria; households with
malaria positive residents were on flatter areas (slope of
0.024°£0.014°) than malaria negative households (slope
of 0.031°+0.023°; P=0.04). In western Kenya, valleys
with gentle slopes were characterized by slow moving riv-
ers, poor drainage and with large surfaces to hold water
suitable for larval breeding while valleys with steeper
slopes were characterized by fast running rivers in the
valley bottoms, that were unsuitable for mosquito breed-
ing [40]. Jobin [23] acknowledged the importance of the
shoreline topography on malaria transmission around
dams as gauged from professional judgement, and Endo
et al. [24] explored this issue in laboratory experiments.

Reservoirs also affect the groundwater table. The pres-
ence of the reservoir induces higher groundwater levels
close to the reservoir than further away. Surface pools
that can serve as mosquito breeding habitats tend to be
stable in areas where drainage may be inhibited because
the groundwater level is high and close to the surface.
Depending on micro-topography, sometimes groundwa-
ter will seep into depressions creating longer-lived, semi-
permanent pools [40]. Such stable habitats are often rich
in nutrients and maybe partly covered by vegetation
thereby creating ideal breeding habitat for malaria mos-
quitoes. Moreover, agricultural practices are more com-
mon on gently sloping shorelines and such activities tend
to increase the availability of breeding habitat for malaria
mosquitoes. For example, livestock grazing on the shore-
line of the Koka reservoir in Ethiopia created numerous
water filled hoof prints: ideal habitat for mosquito larvae
[12].
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The findings regarding shoreline slope are particularly
relevant for impact assessment, mining water storage
facilities and environmental control dams. Scuddler [41]
indicated the critical need for impact assessment stud-
ies to determine social, environmental and institutional
costs of large dams. The present work further adds the
public health challenges associated with large dams if left
unchecked during planning and implementation.

The present study has several limitations. First, aver-
age shoreline slope was used in our calculations. In real-
ity shoreline slope will vary around a reservoir and may
affect where communities are located which will in turn
affect the overall impact of any dam. Second, 25% of the
existing supposedly georeferenced dams could not be
correctly located so were excluded in this study. Overall,
application of a rigorous approach for reservoir deline-
ation led to substantial modifications to dam locations
and considerable reductions in the number of dams uti-
lized relative to previous work [25]. Considering that the
initial set of georeferenced dams represents only about
two-thirds of the total number of dams that are known
to exist in Africa [29], findings generated from this
work may ultimately comprise less than half of the total
number of currently existing large dams in Africa. The
impacts identified herein, therefore, reflect a conserva-
tive estimation of large dams’ impact. Third, MAP data
fills in “no-data” areas with model extrapolation using,
amongst others, rainfall and temperature data. Thus, it is
not surprising that our results showed significant correla-
tion with these variables. However, slope is not an envi-
ronmental factor used in the MAP modelling, so the fact
that slope emerged as such a strong explanatory variable
for variation in malaria incidence—despite potentially
inflated model predisposition toward climate variables—
underlines the significance of this paper’s major finding.
Because this study was a statistical investigation, rigor-
ous exploration of the biophysical processes that explain
these relationships should be the central focus of follow-
on work.

Conclusion

As global malaria efforts continue to shrink malaria dis-
tribution, dam associated reservoirs in sub-Saharan
Africa will continue to offer foci for malaria transmission.
In particular, large reservoirs with shallow shoreline slope
seem to facilitate malaria transmission by enhancing
breeding habitat for malaria vector mosquitoes. This calls
for more rigorous impact assessments to determine likely
malaria impacts while planning African dams. Explicit
consideration of the presence and degree of topographic
characteristics at potential dam sites could enable water
managers, in collaboration with health planners, to better
address the pervasive water—malaria challenge.



Kibret et al. Malar J (2019) 18:303

Supplementary information

Supplementary information accompanies this paper at https://doi.
org/10.1186/512936-019-2933-5.

Additional file 1. Cross-correlation of environmental variables (values
shown are r values).

Abbreviations

CHIRPS: Climate Hazards Group InfraRed Precipitation with Station; DEM:
digital elevation model; FAO: United Nations Food and Agriculture Organiza-
tion; JRC: European Commission’s Joint Research Center (JRC); MAP: Malaria
Atlas Project; RR: relative risk; SRTM: Shuttle Radar Topography Mission; SSA:
sub-Saharan Africa.

Acknowledgements

We would like to thank Salman Siddiqui and Kiran Chandrasekharan from
International Water Management Institute for their assistance in gathering and
validating the satellite data.

Authors’ contributions

SK, JL, MM and GY conceived the study, SK and JL collected and interpreted
the data and drafted the manuscript. MM and GY participated in study design,
data interpretation and manuscript preparation. LN analysed the data. All
authors read and approved the final manuscript.

Funding

This project was supported by a CGIAR Water Land Ecosystems (WLE) project
entitled "Dams and Malaria in Africa: From impacts to actions”and grants from
the National Institutes of Health (NIH) (U19 Al129326, D43 TW001505 and RO1
Al050243).

Availability of data and materials
The raw data will be made available upon request as the study is ongoing.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

! Program in Public Health, University of California Irvine, Irvine, CA 92697,
USA. 2 International Water Management Institute, Pretoria, South Africa. * Inter-
national Water Management Institute, Vientiane, Laos.

Received: 8 June 2019 Accepted: 23 August 2019
Published online: 03 September 2019

References

1. Thornton PK, Jones PG, Owiyo T, Kruska RL, Herrero M, Kristjanson P et al.
Mapping climate vulnerability and poverty in Africa. 2006. http://www.
dfid.gov.uk/research/mapping-climate.pdf. Accessed 15 Sept 2017.

2. Sadoff CW, Hall JW, Grey D, Aerts JCJH, Ait-Kadi M, Brown C, et al. Secur-
ing water, sustaining growth: report of the GWP/OECD task force on
water security and sustainable growth. UK: University of Oxford; 2015.

3. Union African. Programme for infrastructure development in Africa. Addis
Ababa: African Union; 2015.

4. White WR. World water: resources, usage, and the role of man-made
reservoirs. 2010. http://www.fwr.org/wwtrstrg.pdf. Accessed 15 Aug 2019.

5. International Rivers. 2015. The World Bank and Dams. https://www.inter
nationalrivers.org/sites/default/files/attached-files/world_bank_and_
dams_fact_sheet_web.pdf. Accessed 15 Feb 2019.

20.

21

22.

23.

24,

25.

26.

27.

28.

29.

30.

Page 11 of 12

Atangana S, Foumbi J, Charlois M, Ambroise-Thomas P, Ripert C. [Epide-
miological study of onchocerciasis and malaria in Bamendjin dam area
(Cameroon)](in French). Med Trop. 1979;39:537-43.

Oomen J. Monitoring health in African dams: The Kamburu dam as a test
case. Ph.D. Thesis; Rotterdam University. 1981.

King C. The incorporation of health concerns into African River Basin Plan-
ning. MIT Ph.D. thesis, Massachusetts Institute of Technology, Cambridge;
1996.

Keiser J, Castro MC, Maltese MF, Bos R, Tanner M, Singer BH, et al. Effect
of irrigation and large dams on the burden of malaria on a global and
regional scale. Am J Trop Med Hyg. 2005;72:392-406.

. Lautze J, McCartney M, Kirshen P, Olana D, Jayasinghe G, Spielman A.

Effect of a large dam on malaria risk: the Koka Reservoir in Ethiopia. Trop
Med Int Health. 2007;12:982-9.

. Yewhalaw D, Legesse W, van Bortel W, Gebre-Silasie S, Kloos H, Duchateau

L, et al. Malaria and water resource development: the case of Gilgel-Gibe
hydroelectric dam in Ethiopia. Malar J. 2009;8:21.

. Kibret S, Lautze J, Boelee E, McCartney M. How does an Ethiopian dam

increase malaria? Entomological determinants around the Koka Reservoir.
Trop Med Int Health. 2012;11:1320-8.

. Kibret S, Wilson GG, Ryder D, Tekie H, Petros B. Malaria impact of large

dams at different eco-epidemiological settings in Ethiopia. Trop Med
Health. 2017,5:4.

. Blanford JI, Blanford S, Crane RG, Mann ME, Paaijmans KP, Schreiber KV,

et al. Implications of temperature variation for malaria parasite develop-
ment across Africa. Sci Rep. 2013;3:1300.

. Abiodun GJ, Maharaj R, Witbooi P, Okosun KO. Modelling the influence

of temperature and rainfall on the population dynamics of Anopheles
arabiensis. Malar J. 2015;15:364.

. Cano J, Descalzo MA, Moreno M, Chen Z, Nzambo S, Bobuakasi L, et al.

Spatial variability in the density, distribution and vectorial capacity of
anopheline species in a high transmission village (Equatorial Guinea).
Malar J. 2006;5:21.

. Beck LR, Rodriguez MH, Dister SW, Rodriguez AD, Rejmankova E, Ulloa

A, et al. Remote sensing as a landscape epidemiologic tool to iden-
tify villages at high risk for malaria transmission. Am J Trop Med Hyg.
1994,51:271-80.

. Trape JF, Lefebvre-Zante E, Legros F, Ndiaye G, Bouganali H, Druilhe P,

et al. Vector density gradients and the epidemiology of urban malaria in
Dakar, Senegal. Am J Trop Med Hyg. 1992;47:181-9.

. Carter R, Mendis KN, Roberts D. Spatial targeting of interventions against

malaria. Bull World Health Organ. 2000;78:1401-11.

Thomas CJ, Cross DE, Begh C. Landscape movements of Anoph-

eles gambiae malaria vector mosquitoes in rural Gambia. PLoS ONE.
2013;8:268679.

Kibret S, Wilson GG, Ryder D, Tekie H, Petros B. Environmental and mete-
orological factors linked to malaria transmission around large dams at
three ecological settings in Ethiopia. Malar J. 2019;18:54.

Endo N, Eltahir EA. Modelling and observing the role of wind in Anoph-
eles population dynamics around a reservoir. Malar J. 2018;17:48.

Jobin W. Dams and disease: ecological design and health impacts of large
dams, canals and irrigation systems. London: E&FN Spon; 1999.

Endo N, Kiszewski AE, Eltahir EA. Laboratory experiments on stranding

of Anopheles larvae under different shoreline environmental conditions.
Parasit Vectors. 2015;8:38.

Kibret S, Lautze J, McCartney M, Wilson G, Nhamo L. Malaria impact of
large dams in sub-Saharan Africa: maps, estimates and predictions. Malar
J.2015;14:339.

Kibret S, Lautze J, McCartney M, Nhamo L, Wilson GG. Malaria and large
dams in sub-Saharan Africa: future impacts in a changing climate. Malar J.
2016;15:448.

Bhatt S, Weiss DJ, Cameron E, Bisanzio D, Mappin B, Dalrymple U, et al.
The effect of malaria control on Plasmodium falciparum in Africa between
2000 and 2015. Nature. 2015;526:207.

WHO. World Malaria Report 2018. Geneva: World Health Organization;
2016.

Food and Agriculture Organization (FAQ). African dams. http://www.fao.
org/nr/water/aquastat/dams/index.stm. 2010. Accessed June 21 2017.
International Commission for Large dams (ICOLD). World register of
dams. http://www.icold-cigb.org/GB/World_register/world_register.asp
2010. Accessed Aug 15 2015.


https://doi.org/10.1186/s12936-019-2933-5
https://doi.org/10.1186/s12936-019-2933-5
http://www.dfid.gov.uk/research/mapping-climate.pdf
http://www.dfid.gov.uk/research/mapping-climate.pdf
http://www.fwr.org/wwtrstrg.pdf
https://www.internationalrivers.org/sites/default/files/attached-files/world_bank_and_dams_fact_sheet_web.pdf
https://www.internationalrivers.org/sites/default/files/attached-files/world_bank_and_dams_fact_sheet_web.pdf
https://www.internationalrivers.org/sites/default/files/attached-files/world_bank_and_dams_fact_sheet_web.pdf
http://www.fao.org/nr/water/aquastat/dams/index.stm
http://www.fao.org/nr/water/aquastat/dams/index.stm
http://www.icold-cigb.org/GB/World_register/world_register.asp

Kibret et al. Malar J (2019) 18:303

31.

32.

33.

34.

35.

36.

37.

International Rivers. African dams briefing. http://www.internationalri
vers.org/files/attached-files/afrdamsbriefingjune2010.pdf 2010. Accessed
June 21 2017.

European Commission’s Joint Research Center (JRC) global surface water
datasets https://global-surface-waterappspot.com/. Accessed May 12
2017.

Shuttle Radar Topography Mission (SRTM) 1 Arc-Second Global. https://
Ita.crusgs.gov/SRTM1Arc. Accessed May 12 2017.

Sinka ME, Bangs MJ, Manguin S, Rubio-Palis Y, Chareonviriyaphap T, Coet-
zee M, et al. A global map of dominant malaria vectors. Parasit Vectors.
2012;5:69.

Worldpop Project. World population data. http://www.worldpop.org.uk/
data/ (2014). Accessed 15 June 2014.

Kauffman C, Briegel H. Flight performance of the malaria vectors Anoph-
eles gambiae and Anopheles atroparvus. J Vector Ecol. 2004;29:140-53.
Climate Hazard Group InfraRed Precipitation (CHIRP) data archive. http://
chg.geog.ucsb.edu/data/. Accessed May 12 2017.

Page 12 of 12

38. Gething PW, Patil AP, Smith DL, Guerra CA, Elyazar IR, Johnston GL, et al.
A new world malaria map: Plasmodium falciparum endemicity in 2010.
Malar J. 2011;10:378.

39. Moss WJ, Hamapumbu H, Kobayashi T, Shields T, Kamanga A, Clennon J,
et al. Use of remote sensing to identify spatial risk factors for malaria in a
region of declining transmission: a cross-sectional and longitudinal com-
munity survey. Malar J. 2011;10:163.

40. Atieli HE, Zhou G, Lee MC, Kweka EJ, Afrane Y, Mwanzo |, et al. Topography
as a modifier of breeding habitats and concurrent vulnerability to malaria
risk in the western Kenya highlands. Parasit Vectors. 2011;4:241.

41. ScudderT. Large dams: long term impacts on riverine communities and
free flowing rivers. Singapore: Springer Nature Singapore Pvt Ltd; 2019.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC



http://www.internationalrivers.org/files/attached-files/afrdamsbriefingjune2010.pdf
http://www.internationalrivers.org/files/attached-files/afrdamsbriefingjune2010.pdf
https://global-surface-water.appspot.com/
https://lta.cr.usgs.gov/SRTM1Arc
https://lta.cr.usgs.gov/SRTM1Arc
http://www.worldpop.org.uk/data/
http://www.worldpop.org.uk/data/
http://chg.geog.ucsb.edu/data/
http://chg.geog.ucsb.edu/data/

	Malaria around large dams in Africa: effect of environmental and transmission endemicity factors
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusion: 

	Background
	Methods
	Study area
	Dam and biophysical data
	Malaria, population and climate data
	Data analysis

	Results
	Discussion
	Conclusion
	Acknowledgements
	References




