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We explored the use of the European Remote Sensing Satellite 2 Synthetic

Aperture Radar (ERS-2 SAR) to trace the development of rice plants in an

irrigated area near Niono, Mali and relate that to the density of anopheline

mosquitoes, especially An. gambiae. This is important because such mosquitoes

are the major vectors of malaria in sub-Saharan Africa, and their development is

often coupled to the cycle of rice development. We collected larval samples,

mapped rice fields using GPS and recorded rice growth stages simultaneously

with eight ERS-2 SAR acquisitions. We were able to discriminate among rice

growth stages using ERS-2 SAR backscatter data, especially among the early

stages of rice growth, which produce the largest numbers of larvae. We could also

distinguish between basins that produced high and low numbers of anophelines

within the stage of peak production. After the peak, larval numbers dropped as

rice plants grew taller and thicker, reducing the amount of light reaching the

water surface. ERS-2 SAR backscatter increased concomitantly. Our data

support the belief that ERS-2 SAR data may be helpful for mapping the spatial

patterns of rice growth, distinguishing different agricultural practices, and

monitoring the abundance of vectors in nearby villages.

1. Introduction

Malaria is one of the most common and devastating diseases in the tropics. The

situation is especially acute in sub-Saharan Africa, where 250–450 million clinical

cases and over one million deaths occur each year (Greenwood and Mutabingwa,

2002). The disease is transmitted by mosquitoes of the genus Anopheles; in sub-
Saharan Africa the principal vectors are An. gambiae and An. funestus. Throughout

this region their presence depends largely on suitable habitats and standing water for

their larvae to develop. Remote imaging can be used to characterize climates and to

identify bodies of water. Accordingly, it shows promise as an important tool for

monitoring and potentially controlling vector numbers (Hay et al. 2000, Rogers et al.
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2002). However, vector abundance is just one of the parameters influencing malaria

transmission and the effect on vector control on reducing malaria risk is not

straightforward (Diuk-Wasser et al. 2005). Nearly all such studies to date have used

optical satellite data, such as Landsat sensor data.

Our goal in this study was to determine whether radar data, in particular data

derived from the European Remote Sensing Satellite 2 Synthetic Aperture Radar

(ERS-2 SAR), can be used to identify and monitor environmental factors that

influence malaria vector populations. SAR has several advantages over Landsat

sensor data. In particular, images from ERS-2 SAR used in this study are available

every 35 days and are not affected by clouds. This provides a regular and highly

reliable source of satellite data from remote tropical regions. Other studies have

shown that SAR is sensitive to a number of features thought to be important for

mosquito production, e.g. areas cultivated with rice (Kurosu et al. 1995, Kurosu

et al. 1997, Panigrahy et al. 1997, Okamoto and Kawashima 1999), different cultural

practices of rice cultivation (Chakraborty et al. 1997), local variation in planting

dates, and several agronomic parameters of the developing rice (Le Toan et al. 1997,

Liew et al. 1998). In particular, SAR can detect differences in rice plant height and

biomass due to growth or variety, factors known to affect larval densities through

changes in light, temperature, mechanical obstruction, and nutritional state of the

water (Chandler and Highton 1975, 1976, Snow 1983).

Our study site was in the Niger Delta Region of Mali near the city of Niono. Niono

is one of the most important rice producing areas of Mali. The irrigated fields there

produce very large numbers of anopheline mosquitoes—sometimes exceeding 550 bites

per person per night in the villages adjacent to the fields. As a result, malaria prevalence

is high (34% of the inhabitants each year). Several large studies of mosquitoes and

malaria have been conducted in this area (see Dolo et al. 2004, Sissoko et al. 2004,

Diuk-Wasser et al. 2005), so, there is a repository of information about the malaria

vectors, although very little work has been done with remote sensing.

Rice fields near Niono are not always suitable for breeding anophelines. An.

gambiae, the most abundant vector in our study area, thrives in the exposed shallow,

inundated fields during ploughing, transplanting, and the first weeks of the growing

period. When the rice becomes tall and dense it shades the water so the sun-loving

larvae cannot develop, and numbers decline. After harvest the fields are again

exposed to sunlight, so if there is any water left, the conditions may become suitable

for the mosquitoes once more (Chandler and Highton 1975, 1976, Mather 1984,

Snow 1983, Asimeng and Mutinga 1993, Takagi et al. 1996, Mutero et al. 2000).

In a previous study we explored how Landsat 7 ETM + data might be used to

identify the different stages of rice production in the fields surrounding Niono

(Diuk-Wasser et al. 2004). Our investigations have built on the pioneering work of

Byron Wood and colleagues in Northern California (Wood et al. 1991a, b, 1992).

Using Landsat sensor data, they found higher anopheline larval production in rice

fields that were located near bloodmeal sources (e.g. pastures with cattle) and that

showed early season canopy development. That suggested we should find more or

less similar phenomena, though in a very different geographical setting, and using

not Landsat sensor data, but SAR data. Here we extended those studies to see:

1. How SAR might be used to identify the stages of rice production in an African

country.

2. To explore the ability of SAR imaging to capture the abundance of

anopheline vectors of malaria in villages situated near these rice fields.
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3. To examine the relationship between ERS-2 SAR backscatter and biophysical

parameters known to affect anopheline breeding from previous reports.

2. Materials and methods

2.1 Study area

It is located in the Northern Sudan region of Mali, at 14u189 N and 5u599 W, about

330 km north-east of Bamako. The Office du Niger in the Niono district of Mali

constitutes the largest rice irrigation project in Mali, overseeing irrigation from a

dam on the Niger river. The climate of Niono is typical of the Sahel, with a wet

season of about three months (July to September), a cold dry season (October to

February), and a hot dry season (March to June). The average annual precipitation
is 400 mm. The short rainy season normally restricts mosquito breeding in the

region, but the introduction of irrigation schemes and construction of dams provides

additional semi-permanent water surfaces, which can serve as mosquito breeding

sites.

2.2 Rice cultivation

The schedules of rice cultivation near Niono differ a bit from one group of fields to
another, largely because the beginning of each cropping cycle is scheduled according

to the water distribution scheme (see, for example, Klinkenberg et al. 2003.). Most

fields are cultivated once a year, during the rainy season, though some farmers

cultivate a second crop during the dry season (between January and May). Breeding

sites for anopheline mosquitoes are therefore available throughout most of the year

(Klinkenberg et al. 2003. Dolo et al. 2004).

The International Rice Research Institute (IRRI, 2002) has proposed that nine

standard growth stages of rice maturation can be identified. We were able to

distinguish only four of them (plus the pre-cultivation and after-harvest periods)

with remote sensing. We categorized the typical cycle into: (0) fallow or ploughed

fields; vegetative period (45–60 days), which can be subdivided into (1) early

vegetative stage—including seedling transplanting and tilling and (2) late vegetative

or stem elongation stage; (3) reproductive stage (20–30 days)—during which plants
stop growing and orient towards the development of the panicles and grains; (4)

ripening stage (35–65 days), when plants senesce and their water content drops; and

(5) an after-harvest period when the fields lie fallow.

In the autumn 2001 cropping season we recorded information on rice growth

stages in 164 basins near nine different villages. Basins are subdivisions of rice fields.

Each basin is approximately 1500 m2 in size, is managed more or less independently
and shows a single (or clearly dominant) rice growth stage. In the spring 2002 season

we re-sampled 47 of the basins that had been sampled earlier (those with double

cropping) and added 31 basins from four additional villages. There was a sensor

malfunction in the ERS-2 SAR satellite during March 2002, so only two ERS-2

SAR acquisitions matched our spring larval collections.

2.3 Satellite data pre-processing

We acquired nine ERS-2 SAR precision corrected images (PRI), four during

autumn 2001, four during spring 2002, and one on 9 September 2002. The ERS-2
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SAR sensor acquires SAR data at C-band (5.3 GHz), VV polarization and at an

incidence angle of 23u. Pixel size of the PRI product was 12.5m. We re-sampled all

ERS-2 scenes by a factor of 2 to reduce speckle noise, using a nearest neighbour

algorithm. We calibrated the ERS-2 images by converting the digital number (DN)

values to normalized cross sections in dB units using equation (1):

so~10 log 10 DN2
�

K
� �

ð1Þ

where so is the backscatter coefficient, and K is a calibration constant, equal to

9,440,000 for the Italian Processing and Archiving Facility that supplied our images

(Appendix D in Laur et al. 2002).

We then co-registered all ERS-2 SAR images to a reference Landsat 7 ETM +
image from 18 September 2000 (RMS between 0.3 and 0.6) using a nearest

neighbour algorithm. This base image had been previously geometrically calibrated

by registration to ground reference data using 80 ground control points, with a root

mean square (RMS) error of 0.1 pixels.

2.4 Ground data collection

We recorded larval numbers and rice growth stages coincident with the 2nd, 3rd and

4th ERS-2 SAR acquisitions in the autumn of 2001 and spring of 2002. The first

ERS-2 SAR acquisition was scheduled before the first larval collection in order to

observe whether backscatter had a generally increasing or decreasing trend when we

started collecting larvae. A larval sample consisted of the total numbers collected in

20 dips evenly spaced around each basin, using a standard Bioquip mosquito larvae

dipper (350 ml white plastic container with a wooden handle), as recommended by

Service (1993). In a sub-sample, we discriminated among the anopheline species

collected (An. gambiae s.l., An. funestus, An. pharoensis and An. rufipes) using

descriptions from the keys in Gillies and DeMeillon (1968). We collected a total of

7330 anopheline larvae during both seasons. Due to poor preservation of some

specimens, we were only able to distinguish among species in a sub-sample of 3567

larvae, yielding 89.7% An. gambiae s.l., 7% An. pharoensis, 3% An. rufipes and 0.3%

An. funestus. We present here the results for all anopheline species pooled (numbers

were insufficient to analyse each separately). Therefore, the patterns we observed are

mostly representative of An. gambiae. Data presented are the average of two larval

collections per ERS-2 SAR acquisition, one obtained three days before, and a

second, three days after, the date of the satellite overpass.

We performed an additional study in the autumn of 2002 to provide more detail

on how rice growth stages and ERS-2 backscatter relate to agronomic parameters

associated with larval production. We selected 23 sites at different rice growth stages

that were homogenous over a large area (at least 2500 m2) and mapped them using

GPS. In each site, we randomly selected a location away from the site’s borders and

delimited a 1 m2 plot in which we measured the height of the rice plants, the depth

of the water at the centre and collected the aerial portion of all rice plants. We

measured fresh biomass immediately after harvest and dry biomass after oven-

drying for three days.

2.5 Data analysis

We used a generalized estimating equation (GEE) algorithm (STATA 6.0, Stata

Corporation 1999) to examine the relationship between larval samples, rice growth
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stages and ERS-2 SAR backscatter over three subsequent months and two seasons.

GEEs are based on generalized linear models (GLM), which are a unified

framework that allows a relaxation of the assumptions of linear models by

restructuring the relationship between the linear predictor and fit. GEE models or

‘panel data’ analyses look at a sampling unit, the ‘panel,’ on more than one

occasion, allowing the user to specify the within-group correlation structure for the

panels (Hardin and Hilbe 2003). In our study, the sampling units were the rice basins

and the time intervals were the 35 days between ERS-2 SAR acquisition dates. We

treated rice stage as a categorical variable and used a forward coding system to

compare the mean larval counts in one rice stage to the mean in the next (adjacent)

level.

Because there were no ERS-2 SAR data acquired on 18 March, we only fit the

regression models to the autumn 2001 data. In addition, some of the basins were

drained prematurely due to channel maintenance work at the end of the spring 2002

cropping season, when most of the rice was in the ripening phase. We used this as an

opportunity to evaluate whether ERS-2 SAR data is sensitive to the presence/

absence of water under the canopy of plants in the later developmental stages, by

comparing the radar response of flooded and drained rice paddies.

3. Results

3.1 Rice stage and larval production

Larval counts were significantly different among rice growth stages for both the

autumn 2001 and spring 2002 seasons (X2 5 109.14, df 5 5, p , 0.0001 in the

autumn, X2 5 90.53, df 5 5, p , 0.001 in the spring) (figure 1). There was high

within-stage variability, with stage 1 (early vegetative) the most productive and

variable stage. Using forward difference coding, we then compared each stage with

the adjacent one. Stages 2, 3 and 4 were not significantly different from each other

in the autumn and only stages 0 and 5 could be significantly distinguished from the

intermediate ones in the spring.

ERS-2 SAR responses varied significantly with rice growth stage (X2 5 182.93,

df 5 5, p , 0.0001) for the autumn 2001 season, with all stages significantly different

from the adjacent ones (figure 2). Ricefields at stage 2 (late vegetative) showed the

lowest response. During spring 2002, there was a sensor malfunction in March 2002.

We could therefore not obtain backscatter data for rice at stage 1. We showed the

resulting backscatter for the others stages in figure 2, although the lack of data on

rice stage 1 and high variability of stage 0 precludes clear interpretation.

In the spring, basins suffering from water shortage during the ripening stage

(n 5 42) showed a significantly lower radar response than normally flooded ones

(n 5 19) in a one-tailed t-test with unequal variances (t 5 2.66, df 5 44.44, p , 0.01).

These basins also showed significantly lower larval counts (one-tailed t-test with

unequal variances, t 5 4.37, df 5 18.8, p , 0.001).

Although adjacent rice stages could generally be distinguished by their radar

responses, rice fields at early stages were sometimes indistinguishable from those at

later ones (e.g. stage 0 with stage 3 or 4 in figure 2). To overcome this limitation, we

examined temporal profiles of mean backscatter to distinguish between rice planted

at different times or ‘cohorts’ (as in Diuk-Wasser et al. 2004). Since we did not have

information on the exact planting dates, we labelled the basins that were at stage 1

on 20 August as ‘late’ (n 5 38); those at stage 2 as ‘on time’ (n 5 90) and those
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already at stage 3 as ‘early’ (n 5 25) (figure 3). Both ‘on time’ and ‘late’ basins

reached the lowest backscatter when they were at stage 2 (in 20 August and 24

September, respectively).

We then enquired whether we could distinguish between those fields producing

high vs. low larval numbers at stage 1 by their temporal profile of mean backscatter.

After ranking all the basins at stage 1 (‘late’ basins) by their larval production, we

calculated separate means for the top seven basins (producing 50% of all larvae) and

the lower 31 ones. The high producing basins had a different temporal profile than

the low producing ones (figure 4). Similarly to ‘on time’ basins, high producing ‘late’

basins showed the lowest radar response at stage 2, while low producing ones

reached their lowest at stage 1.

Radar response values extracted from 23 sites showed a positive relationship with

fresh biomass (F 5 8.13, df 5 22, p 5 0.01, R2 5 0.28) (figure 5) and rice plant height

(F 5 20.53, df 5 22, p , 0.001, R2 5 0.49) (figure 6). Lower response from maturing

vs. reproductive plants could be explained by their lower relative water content

(figure 7).

Figure 1. Mean number of anopheline larvae collected during the autumn 2001 and spring
2002 rice cropping seasons. Rice stages are: 0 (fallow or ploughing); 1 (early vegetative);
2 (late vegetative); 3 (reproductive); 4 (ripening); 5 (harvested). Rice stages not significantly
different from the adjacent stage(s) are labelled with the same letter (fall 2001). In the spring
2002 season, only stages 0 and 5 were significantly different from the intermediate ones (see
details in text). Error bars show 95% confidence interval (CI) of the mean.
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4. Discussion

ERS-2 SAR was sensitive to differences in rice growth stages relevant to anophe-

line larval production, with the early vegetative stage being both the most

productive and variable. We were able to further discriminate a group of basins

with very high mosquito numbers within those at the early vegetative stage based

on their temporal profile of their radar response. Rice biomass and height were

positively correlated to radar response. We discuss below the changes occurring at

each rice growth stage, focusing on the autumn 2001 data, with a more complete

dataset.

Before transplanting (stage 0), fields laid fallow or were being ploughed, with very

low larval counts. From stage 0 to 1 (flooding and transplanting), there was a sharp

drop in the radar response, most likely caused by the flooding of the fields, since the

dielectric rough surface represented by the non-flooded fallow land or pasture would

produce a higher backscatter than the smooth flooded surface. Our results agreed

with previous studies that found larger numbers of An. gambiae larvae during the

early stages of the rice growth cycle, which later decreased with canopy development

(Chandler and Highton 1975, 1976, Snow 1983, Asimeng and Mutinga 1993,

Mutero et al. 2000).

Figure 2. Mean ERS-2 synthetic aperture radar (SAR) backscatter of the rice growth stages
present at the time of the ERS-2 SAR acquisition, during the autumn 2001 and spring 2002
cropping seasons. Due to sensor malfunction, no ERS-2 SAR backscatter data were collected
during March 2002, when all records of rice at stage 1 occurred.
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Unlike other reports in the literature (e.g. Le Toan 1996), we found that mean

backscatter continued to decrease in most fields after transplanting. This was

probably due to the draining of some fields between stages 1 and 2, a procedure used

by some farmers to stimulate the production of side-shoots or tillers. Draining the

fields would reduce the reflectivity of the surface that caused the double-bounce

effect, reducing the overall response. Typically, double bounce from water surface is

much stronger than volume scattering alone, even if volume scatterers are getting

denser in more advanced rice stages. Volume, or diffuse, scattering, causes the

microwave energy to be scattered in all directions, and so a small portion makes it

back to the radar receiver. Conversely, double bounce is the result of two specular

reflections, in which all of the energy is focused in a given direction (backscatter). So

even if the total scattered power in the diffuse case is larger, the portion of it in the

backscatter direction is still small compared to double bounce.

Draining of the fields would result in a large number of sunlit pools and puddles,

which form ideal breeding habitats for An. gambiae s.l. (Mogi and Miyagi 1990,

Mogi 1993). It was then important to distinguish the fields that were drained from

those that were not. Although we did not have field data to distinguish these two

groups, high- and low- larval producing fields had very different temporal profiles of

their radar response, which may indicate differences in their cultivation patterns.

High producing fields showed an initially higher radar response, which decreased

Figure 3. Multitemporal radar response of basins starting cultivation at different times
during the fall 2001 season. Rice stages at each date are indicated in the grey boxes. The
basins were classified according to the stage recorded on 20 August—rice labelled as ‘late’
(n 5 18) was at stage 1 on 20 August; ‘on time’ (n 5 90) was at stage 2 and ‘early’ rice (n 5 25)
was at stage 3. Greyed out are estimated trajectories for earlier stages of the ‘on time’ and
‘early’ rice, based on the signature observed for the ‘late’ rice.
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steadily up to stage 2. In contrast, low producing fields showed a drop in the

response at stage 1 and then steadily increased (figure 4). The drop in radar response

at stage 2 may indicate that those high producing fields were drained and therefore

hosted large number of larvae in the remaining pools. Further study is necessary

including field data on drainage status of the paddies.

Differences in cultivation practices may partially explain the lower dynamic range

in this study compared to that of Le Toan et al.’s (1997) study, due mainly to

different minimum backscatter values (211 dB in our study, 218 dB in Le Toan’s).

In our study area, fields were only flooded for a very short time before
transplanting, which resulted in a combination of flooded and non-flooded pixels

in any one basin or group of basins from which we extracted SAR values. In

contrast, to rice was sowed rather than transplanted in Le Toan et al.’s (1997) study,

which would extend the time of very low radar backscatter due to a calm water

surface.

A significant advance in the capability to distinguish between different land cover

types and rice stages is expected with a new generation of polarimetric satellites

(ENVISAT and RADARSAT-2). RADARSAT-1 has been successfully used to
study rice (Shao et al. 2001) and malaria (Kaya et al. 2004). Although Ribbes and

Le Toan (1999) found that RADARSAT-1 data had lower dynamic range than

Figure 4. Multitemporal signature of ‘late’ basins showing high or low numbers of larvae
when at stage 1 (20 August). Rice stages at each date are indicated in the grey boxes. The high
production group is the mean of the seven top-ranking basins that concentrate 50% of the
larval production during the peak production stage, while the low production one is the mean
of the remaining 31 basins.
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Figure 5. ERS-2 SAR backscattering coefficient as a function of fresh biomass in 21
samples collected on 9 September 2002 around Niono, Mali. Symbols represent rice stages.
Note: Two outliers are excluded from the graph for clarity: one was at stage 3 and had a fresh
biomass of 5665.1 g/m2 and the other one was at stage 2 and had a dry biomass of 1617.4g/m2.

Figure 6. ERS-2 SAR backscattering coefficient as a function of above-water plant height in
21 samples collected on 9 September 2002 around Niono, Mali. Symbols represent rice stages.
Note: Two outliers are excluded from the graph for clarity: one was at stage 3 and had a fresh
biomass of 5665.1 g/m2 and the other one was at stage 2 and had a dry biomass of 1617.4g/m2.
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ERS, more work need to be done with the complementarity of C-HH and C-VV

polarization. Multi-frequency and multi-polarization SAR will certainly offer the

best rice discriminating capability and reduce the number of data acquisitions

required for accurate discrimination accuracy (Shao et al. 2001).

We designed our research to look at changes in larval numbers with rice

development. The significant (although weak due to small sample size) relationship

between SAR backscatter and structural features of the rice plants (biomass and

height) provide evidence that we are measuring a biologically significant parameter

that affects larval habitat preferences (Chandler and Highton 1975, 1976, Snow

1983). Future research should more explicitly address the effects of draining the

fields in both larval numbers and radar response. Intermittent irrigation has been

proposed as a method of larval control. A recent review (Keiser et al. 2002)

concluded that this could be effective if the fields are drained of all surface water.

This requirement may be relaxed if the large numbers of larvae in leftover puddles

have low survivorship due to regular disturbance (as in Mutero 2000). Keiser et al.

(2002) found no negative effects on yield of intermittent irrigation, and proponents

of the System of Rice Intensification (SRI) even claim that it can greatly increase

rice yields. This is subject to current debate (Surridge 2004).

Our findings agreed with the studies of Wood et al. (1991a, b, 1992) using

Landsat, in that it is easier to discriminate between differentially-producing rice

fields early in the cropping season. These studies, however, focused on discriminat-

ing high and low producing fields in California, which were all planted at about the

same date. In their case, spectral differences were mainly related to different early

Figure 7. Fresh vs. dry biomass. The regression line was fitted only to samples at stages 1 to
3. The two samples at stage 4 were not included since rice plants had already partially dried
out before being sampled and they are therefore not expected to fit the same relationship.
Symbols represent rice stages. Note: Two outliers excluded from the graph for clarity: one was
at stage 3 and had a fresh biomass of 5665.1 g/m2 and the other one was at stage 2 and had a
dry biomass of 1617.4g/m2.
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developmental rates. Our work in Africa showed an additional level of complexity,

i.e. inter-field differences in cultivation schedule, due to the spatial variability in

developmental patterns, rice variety and growing conditions. In order to identify rice

growth stages using ERS-2 SAR in such a system, it was first necessary to separate

the fields into cohorts, which we achieved by using multi-temporal ERS-2 SAR

data.

Our studies relate two traditionally separate lines of research—studies of African

rice field mosquitoes, based mostly on fieldwork, and studies with remote sensing of

rice plants using Landsat or SAR. The latter have been conducted primarily in Asia.

Our results should provide background for mapping high anopheline producing

fields, to explore the potential of intermittent irrigation, and to validate these

methods in other irrigation schemes.
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