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Climate changes are altering patterns of temperature
and precipitation, potentially affecting regions of malaria
transmission. We show that areas of the Amazon Basin with
few wetlands show a variable relationship between pre-
cipitation and malaria, while areas with extensive wetlands
show a negative relationship with malaria incidence.

lobal models of malaria can be used to forecast the

impact of climate change on malaria, a highly climate-
sensitive disease that causes >1 million deaths worldwide
each year, mostly in children. However, a limitation of
these models is the application of a uniform malaria—pre-
cipitation relationship to geographically diverse regions
(1-3). Moreover, the Millennium Ecosystem Assessment
has recognized a lack of knowledge about climate-sensitive
diseases such as malaria and has called for a “more system-
atic inventory, by region and country, of current and likely
population health impacts of ecosystem change” (4). Un-
derstanding malaria—precipitation relationships at regional
levels will enhance predictability of ecosystem or climate
change impact on population health.

Precipitation and surface hydrology are key factors in
determining the abundance of Anopheles mosquito vectors
for malaria. Mosquitoes require pools of water to complete
their life cycle, and malaria models have estimated chang-
ing transmission by setting minimum levels of precipita-
tion below which mosquito populations are (theoretically)
suppressed. However, using a uniform hydrologic thresh-
old for malaria does not capture critical characteristics of
landscape, soil, and rainfall (i.e., intensity, frequency), all
known contributors to the abundance, persistence, and spa-
tial distribution of mosquito habitats.
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In the Amazon Basin, the predominant malaria vector
is Anopheles darlingi. Short longitudinal studies show that
human-landing catches of An. darlingi, which breeds along
the edges and in debris of clear, partially sunlit pools, are
closely associated with local malaria rates (5,6). These ob-
servations establish that biting rates are elevated in regions
of elevated malaria risk. Likewise, biting rates correlate
with abundance of larvae and larval habitats and proximity
of humans to larval habitats (7,8).

Local observations demonstrate the existence of dif-
ferent seasonal patterns for malaria. In a 3-year study in
Roraima, 8 municipalities showed increased risk for ma-
laria during the middle of the dry season or shortly after
the wet season (9). Other literature on seasonal patterns is
limited to local and short (<3 years) longitudinal studies
that lack statistical analysis. Although different seasonal
patterns emerge in graphs, the collage of different data
sources makes formulating a cohesive picture of these pat-
terns in the Amazon region difficult.

At the regional level, interannual climatologic cycles
provide insight into low-frequency malaria patterns. In
Columbia, El Niflo events (caused by warming sea surface
temperatures in the central tropical Pacific) are associated
with warmer temperatures, higher dew points, and less pre-
cipitation and river discharge. These climate changes have
been associated with increases in malaria during the second
half of El Nifio years and during the following year (10).
Similarly, malaria incidence has increased during the year
after an El Nifio event in Venezuela and Guyana (11).

Using monthly reports of malaria and precipitation
from across the Brazilian Amazon Basin, we demonstrate
that malaria incidence and precipitation patterns vary
throughout this large region and are influenced by the ex-
tent of wetlands.

The Study

We used monthly reports of slide-confirmed malaria
and annual census—based population data from 434 coun-
ties (municipios) in the Brazilian Amazon region for
1996-1999, during which no coordinated national malaria
interventions occurred (12). To study the relationship of
reported malaria cases to climate, we used monthly pre-
cipitation and temperature from the CRU TS 2.1 gridded
climate data set for selected states (13) (Figure 1). To con-
sider how the precipitation—malaria relationship depends
on surface water conditions, including the extent of open
water and wetlands, we used 100 m x 100 m maps from
the JERS-1 Synthetic Aperture Radar satellite and calcu-
lated the percentage of maximum inundatable open water
and wetland coverage for each county (Figure 2, panel A)
(14). In this region, monthly temperatures were between
24.6°C and 29.4°C (well within the range for optimal ma-
laria transmission) for 95% of the observations (18,416 of

659



THE AMAZON REGION

A

[=
S 9 E
s Fo
=
o o | e £
g« LV E
o -
c
S 24 88
§ o %
] Lo @
=4 - a
2 =
£ Z
£ S
S =
=
1996 1997 1998 1999 2000
B 5. i
2 o C
5 Fs
5 S E
§ N E
[ =4
g 88
< 84 s
g ° Lo ®
) - o
o >
2 £
- c
zb g
1996 1897 1998 1999 2000
C 5%, :
8 s
2 & & E
[=] -
f=1 c—
SR -8 8
e ko)
= =
@ o o 2
g o8
@ T a
o =
o =
£ £
c
=
= [=]
£~
£ =
2
1996 1997 1998 1999 2000

mmmm \\lalaria incidence [l EI Nifio
= Precipitation La Nifa

Figure 1. Malaria incidence per 1,000 population (black lines) and
mean monthly precipitation (blue lines) during La Nifia (orange
bars) and El Nifio (red bars) events for the states of A) Amazonas,
B) Mato Grosso, and C) Roraima.

19,364) included in the analysis (temperature relationships
not shown).

Evaluation of seasonal patterns requires comparabil-
ity of the models across regions. If the lag and the rain-
fall coefficient vary across regions, meaningful geographic
comparisons would be difficult to achieve because neither
the lag nor coefficient have consistent meanings across
models. To interpret results, either the coefficient must be
fixed and the lags varied (difficult to do) or the lags must be
fixed and the coefficients varied (relatively easy to do). The
aim is to describe the variable patterns of malaria incidence
and precipitation, not create a highly predictive model. We
chose to fix the lag and vary the coefficients.
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DISPATCHES

To assess the association between malaria incidence
and precipitation data, we estimated the rate ratio of ma-
laria incidence associated with 1 SD-increase in monthly
precipitation (=14 cm) for each county by using the fol-
lowing Poisson regression model, which includes a flexible
temporal trend represented as a natural cubic spline with 6
degrees of freedom (Figure 2, panel B):

malaria, ~ Poisson(y,)
log p, = log pop, + a, + B,precip, + f(t)
B, ~ Normal(g(lat,, lon)), %)

The (estimated) regression coefficients from the
county-specific models were then modeled as a spatially
smooth surface, a thin-plate spline. Degrees of freedom for
the thin-plate spline were selected using generalized cross-
validation (Figure 2, panel C).

The relationships between precipitation and malaria
incidence in the Amazon Basin are spatially varied and
change signs, depending on the region. Positive correla-
tions between monthly precipitation and malaria incidence
(rate ratios >1) occur in the upland regions of the southwest
and central Amazon Basin, whereas negative correlations
between precipitation and incidence (rate ratios <I) oc-
cur in the north, largely along the main waterways of the
Amazon River and the major wetland regions of the Basin
(Figure 2). For a =14-cm increase in monthly rainfall, the
malaria rate can double in the upland area, yet decrease by
up to 80% along the main Amazon channel. The p values
of the precipitation coefficient are 0.0002—0.0009 along the
main waterways and 0.004-0.10 in uplands areas.

We hypothesize that this reversal of the malaria—pre-
cipitation relationship from positive to negative is related
to the extent of open water and wetlands in the Basin. Mos-
quito habitats in wetlands or along large rivers may wash
out or become too deep during months with high precipita-
tion, but in areas with fewer wetlands, mosquito habitats
are limited by precipitation.

To test this hypothesis, we compared the malaria—
precipitation association for 338 counties that reported >80
cases of malaria over the 48 months against the estimated
percentage of open water and wetland cover for each coun-
ty (Figure 2, panel D). As expected, the precipitation-linked
risk for malaria fell as the percentage of wetland in each
county increased, but the risk for malaria varied in counties
with low percentages of wetlands. The central-east region
had the lowest level of malaria incidence, which may ex-
plain why this region also lacked a malaria-precipitation
relationship.

Conclusions
Explanations similar to our wetlands hypothesis have
been reported. Studies have proposed that flooding created
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Figure 2. Connection of malaria incidence and precipitation risk ratios to wetlands. A) Percentage of wetlands in Amazon Basin counties
(shades of blue), counties without wetlands data (orange), and counties with <80 total malaria cases (gray). Wetland colors correspond
to percentage wetland values in panel D. B) Risk ratios for malaria incidence for 1 SD (~14 cm) change in monthly precipitation (January
1996-December 1999), plotted at each county seat of government; C) spatially smoothed risk ratios for ~14-cm changes in monthly
precipitation. In both panels, red shaded squares show reduced risk for ~14-cm increase in monthly precipitation; blue shaded squares
show increased risk for malaria with increased precipitation. D) Boxplot of risk ratios for malaria incidence for ~14-cm changes in monthly
precipitation, by percentage wetland cover. Box width is proportional to the number of counties in each box. Error bars indicate interquartile

ranges, and thick horizontal bars indicate the median.

new pools of water suitable for mosquito larvae as the wa-
ter levels slowly receded from alluvial forests along the Rio
Branco River in Roraima and the Maroni River on the fron-
tiers of Suriname and French Guiana (6,15). Our results
suggest that monthly precipitation along the Amazon Ba-
sin can have both strong positive and negative associations
with malaria incidence.

Further research is needed to address the limitations
of our study, including its short time frame and the crude
countywide approximation of percentage wetlands as an
exposure. The quality and reliability of the health data were
concerns, but we verified that the distribution of null report-
ing was unbiased temporally and spatially. Also, our study
did not quantify increasing malaria incidence in response
to increasing or decreasing precipitation or the impact of
lag factors. Instead, we focused on the seasonality of these
patterns until longer data series of malaria incidence and
climate data are available.

Emerging Infectious Diseases * www.cdc.gov/eid ¢ Vol. 15, No. 4, April 2009

Our evidence suggests that precipitation drives malaria
risk in the Amazon Basin, but the relationship varies in the
uplands (more precipitation, more/less malaria) and is neg-
ative in areas dominated by wetlands and large rivers (more
precipitation, less malaria). Our findings show the need to
account for local landscape characteristics, especially the
extent of wetlands and open water, in regional to global
projections of the effects of climate change on malaria.
Better understanding the impact of climate and landscape
on malaria will improve our ability to assess health risks.

Acknowledgments
We thank Enrique Loyola for assistance with the malaria
data, which originated from the Brazilian Ministry of Health.

This study was supported by the National Aeronautics and
Space Administration LBA-ECO program and a National Science
Foundation (NSF OISE-0623583)-Franco-American Cultural
Exchange exchange grant.

661



THE AMAZON REGION

Ms Olson is working toward a joint PhD from the University
of Wisconsin—Madison. Her course of study combines a degree
in population health from the School of Medicine and Popula-
tion Health and a degree in environment and resources from the
Nelson Institute. Her research addresses regional landscape and
climate links in the ecology of vector-borne infectious diseases.

References

1. Craig MH, Snow RW, le Sueur D. A climate-based distribution mod-
el of malaria transmission in sub-Saharan Africa. Parasitol Today.
1999;15:105-11. DOI: 10.1016/S0169-4758(99)01396-4

2. Rogers DJ, Randolph SE. The global spread of malaria in a fu-
ture, warmer world. Science. 2000;289:1763-6. DOI: 10.1126/
science.289.5478.391b

3. Guerra CA, Gikandi PW, Tatem AJ, Noor AM, Smith DL, Hay SI, et
al. The limits and intensity of Plasmodium falciparum transmission:
implications for malaria control and elimination worldwide. PLoS
Med. 2008;5:¢38. DOI: 10.1371/journal.pmed.0050038

4. Millennium Ecosystem Assessment. Ecosystems and human well-
being: synthesis. Washington: Island Press; 2005.

5. Gil LH, Tada MS, Katsuragawa TH, Ribolla PE, da Silva LH. Urban
and suburban malaria in Rondonia (Brazilian Western Amazon) II.
Perennial transmissions with high anopheline densities are associ-
ated with human environmental changes. Mem Inst Oswaldo Cruz.
2007;102:271-6. DOI: 10.1590/S0074-02762007005000013

6. de Barros FS, Honorio NA. Man biting rate seasonal variation
of malaria vectors in Roraima, Brazil. Mem Inst Oswaldo Cruz.
2007;102:299-302.

7. Vittor AY, Gilman RH, Tielsch J, Glass G, Shields T, Lozano WS, et
al. The effect of deforestation on the human-biting rate of Anopheles
darlingi, the primary vector of falciparum malaria in the Peruvian
Amazon. Am J Trop Med Hyg. 2006;74:3—-11.

DISPATCHES

Vittor AY, Gilman R, Tielsch J, Glass G, Shields T, Pinedo-Cancino
V, et al. Linking deforestation to malaria in the Amazon: charac-
terization of the breeding habitat of the principle malaria vector,
Anopheles darlingi. Am J Trop Med Hyg. In press.

Chaves SS, Rodrigues LC. An initial examination of the epidemiol-
ogy of malaria in the state of Roraima, in the Brazilian Amazon Ba-
sin. Rev Inst Med Trop Sao Paulo. 2000;42:269-75. DOI: 10.1590/
S0036-46652000000500006

Poveda G, Rojas W, Quinones ML, Velez ID, Mantilla RI, Ruiz D,
et al. Coupling between annual and ENSO timescales in the ma-
laria-climate association in Colombia. Environ Health Perspect.
2001;109:489-93. DOI: 10.2307/3454707

Gagnon AS, Smoyer-Tomic KE, Bush AB. The El Nino Southern
Oscillation and malaria epidemics in South America. Int J Biome-
teorol. 2002;46:81-9. DOI: 10.1007/s00484-001-0119-6

Pan American Health Organization. PAHO Roll Back Malaria Initia-
tive in the Rainforest Region of South America. Cartagena. Wash-
ington: The Organization; 2000.

Mitchell TD, Jones PD. An improved method of constructing a data-
base of monthly climate observations and associated high-resolution
grids. Int J Climatol. 2005;25:693-712. DOI: 10.1002/joc.1181
Hess LL, Affonso AA, Barbosa C, Gastil-Buhl M, Melack JM, Novo
EM. Basinwide Amazon Wetlands Mask, 100 m, version Aug04
[map] [cited 2008 Jan 23]. Available from http://www.icess.ucsb.
edu?LBA/products/amazon_basinwide

Rozendaal JA. Relations between Anopheles darlingi breeding habi-
tats, rainfall, river level and malaria transmission rates in the rain
forest of Suriname. Med Vet Entomol. 1992;6:16-22. DOI: 10.1111/
j.1365-2915.1992.tb00029.x

Address for correspondence: Sarah H. Olson, Center for Sustainability

and the Global Environment, University of Wisconsin, 1710 University
Ave, Madison, WI 53726, USA; email: sholsonl@wisc.edu

Kaposi [kah'po-she, kap’o-sé] sarcoma

First described by dermatologist Moritz Kaposi (1837-1902) at the University of Vienna in 1872. Dr Kaposi’s
last name was originally Kohn, but to distinguish himself from other physicians of the same name, he chose a new
name in honor of the Kapos River, near his birthplace, Kaposvar, Hungary. The condition he described, Kaposi
sarcoma, is a malignant tumor of the lymphatic endothelium, characterized by bluish-red cutaneous nodules.

Human herpesvirus 8 has been implicated in its etiology.

Source: Dorland’s illustrated medical dictionary, 31st ed. Philadelphia: Saunders; 2007; http://www.hemoctoday.com/article.

aspx?rid=31545
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