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Abstract

Peanut is the main legume crop of Mali, West Afrit@an be contaminated by aflatoxin, a
natural toxin that may develop due to drought cbhowié at pre-harvest stage and also due to
temperature- and humidity-related factors that wegur during the post-harvest storage.
Consumption of aflatoxin-contaminated peanut carsediver diseases, such as jaundice,
hepatitis, or cancer. In this paper, we presemtsa study for Mali, West Africa, and identify
weather and satellite based variables that coeilalsled to indicate aflatoxin presence in peanut.
Based on such monitoring and predicting, a warmiag be issued against eating contaminated
peanuts to keep the public health from deteriogafithe Normalized Difference Vegetation
Index (NDVI) composites, that were derived from Advanced Very High Resolution
Radiometer (AVHRR) satellite data, were averagedte reproductive phase of peanut and
were examined for their relationship with the arlmpeanut yield, an indicator of drought and
aflatoxin. The relationship was found to be mode(& = 0.56). The commencement and
termination dates for the reproductive phase ohpeaere determined by using a crop
simulation model. Aflatoxin amounts were measum@doeanut samples collected from various
locations across Mali and were found to be linlethe NDVI, total precipitation, and

maximum temperature averaged over the reproduptiase of peanut.
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1. Introduction

Aflatoxin is a natural toxin that can contaminaggigus food crops (for example, peanut, maize,
sorghum, and wheat) due to the growth of a fungillsaAspergilus flavus. People who
consume food grains contaminated by aflatoxin epented to have developed liver diseases,
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such as jaundice, hepatitis B, or cancer (Wild.et2093, Key et al. 2004). Between January and
June of 2004, 125 deaths were reported in eastereentral provinces of Kenya due to the
consumption of aflatoxin-contaminated maize thdtttean outbreak of jaundice (CDC 2004). If
aflatoxin can be predicted around harvest time&piild be possible to warn the national and
local governments and the general public agairtsigeaontaminated food grains. As an
alternative, supplemental food grains could be neadéable by the governmental, non-
governmental, or international agencies to keepiphbkalth from deteriorating. In this paper,
we attempt to identify the AVHRR and weather datadul variables that could be used to
monitor or predict aflatoxin in peanur@chis hypogaea L.). Using the potential indicators of
aflatoxin, an international agency could develo@fatoxin early warning system for Africa.
This study is only a preliminary step toward achmewhat goal.

1.1 Study Area and Objectives

We present a case study for Mali in West Africagvehagriculture is the main economic
activity and contributes to about half the natiogralss domestic product (GDP). Most of the
agriculture in Mali is practiced in its southerntpdecause the northern area falls within the sub-
Saharan region and is unsuitable for agricultueanit is the most important legume crop of
Mali and is mainly grown in five of its provincelsgyes, Koulikoro, Sikasso, Segou, and Mopti;
Figure 1). Most of the peanut crop in Mali is cledegized as rainfed; that means its water
requirement is met primarily by rainfall. Peanutigially sown during May-June when the rainy
season begins and is harvested in September-October
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Figure 1. Map of Mali showing the peanut growingaraflatoxin sites, and the locations of
weather stations.



There are frequent observations of peanut contdimman Mali. However, the Malian
Government does not have any systematic plan totaraflatoxin on a regular basis.
Whenever there are reports of aflatoxin contamamata limited number of peanut samples are
collected for aflatoxin measurements. Hence theeatipractice of aflatoxin monitoring in Mali
is not effective and needs improvement. In thegarestudy, an attempt is made to improve
aflatoxin monitoring by using satellite data. Adtlgh there are no concrete plans at present to
use satellite data by a governmental agency in,datellite data are consistently used by
international agencies, such as Famine Early WgrSystem (www.fews.ngto monitor crop
health conditions in Africa. The specific objectvef this study are: i) to monitor peanut yield
using a crop simulation model and the AVHRR satetliata, and ii) to identify weather and
AVHRR-based variables that are linked to aflataripeanut.

2. Data Collection

Aflatoxin is likely to develop in peanut under tti®ught or moisture-deficit conditions (Cole et
al. 1989, Sanders et al. 1993). This aflatoxin-ghauink is also supported by Sinha and Sinha
(1991) who collected 416 samples of various foadrgrin India during 1987-1989. Out of the
416 samples, 162 were found to be aflatoxin pasitfihe maximum amount of Aflatoxin was
found in the samples collected in 1987, which waes of the worst drought years recorded for
India (Rao and Boken 2005). Considering the drowadllatoxin link, we focused on the weather
and satellite data that are capable of effectimabyitoring drought conditions over large areas
and collected the AVHRR satellite data, daily weathbservations, peanut yield, and aflatoxin
data for the peanut-growing region in Mali.

2.1 AVHRR Satellite Data

The AVHRR data are available in five spectral chgls with daily temporal resolution,

a spatial resolution of about 1 km, and a very vadath width. Due to these characteristics, the
AVHRR data have been used for monitoring vegetatmmditions over large areas (Tucker et. al
1984, Goward et al. 1991, Gutman 1991, Weigank 89@1, Williams and Jenlinski 1996,
Boken and Shaykewich 2002, Kogan 2002, and Knudi®d P In particular, two of the AVHRR
channels, in red and infrared ranges, have beahtaggenerate various vegetation indices for
monitoring vegetation effectively. Out of the vargovegetation indices, some of which are
described in Anyamba et al. (2005), the NDVI praggbby Rouse et al. (1974) has been most
widely used for monitoring crop conditions in Afaic and other countries. NDVI is expressed as
the ratio of the difference to the sum of the pwales in the visible and near-infrared
wavelengths.

Rasmussen (1997) estimated pre-harvest yielddarl millet in Senegal using NDVI
data integrated over the reproductive period anddaa strong correlation R 0.72) between
peanut yield and the integrated NDVI. NDVI was raledl as a function of time and then
integrated between time limits corresponding to k@mcement and termination of the
reproductive phase. Lewis et al. (1998) used NV lelstimating maize yield for 36 agricultural
district of Kenya for the 1982-90 period.
Sannier et al. (1998) found that 10-day compositd¢DVI were significantly correlated with
maize production in the main agricultural regiorzambia. Using other AVHRR based indices,
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Vegetation Condition Index and Temperature Conditialex, Unganiai and Kogan (1998)
monitored drought conditions by estimating maizeldyfor South Africa.

In recent years, realizing the potential of AVHR&alfor vegetation monitoring over
large areas, the National Aeronautics and Spaceirisimation (NASA) has generated NDVI
data sets, with 8 km resolution, for differentiog of the world (Tucker et al. 2005). These
datasets were generated under a Global Invetoryithlog and Modeling Studies (GIMMS)
project. For the African continent, the 10-dayk@#al) composites of NDVI images are
available from the Africa Data Dissemination Seevi2005). These composites were generated
to minimize the cloud coverage. We downloaded #leadal NDVI-GIMMS data for Africa for
the period from 1985 to 2000 and extracted datéh®desired region using a geographic
information system as discussed in the methododegtion.

2.2 Weather Data

We obtained the daily observations for maximum terapure (Tay, Minimum temperature
(Tmin), precipitation (P), and sunshine hours for fiveather stations (Bamako, Bougouni,
Kayes, Segou, and Sikasso; Figure 1) from the DimedNational de la Meteorologie of Mali for
the period from 1985 to 2000. The weather statwe® within or close to the peanut growing
region.

2.3 Peanut Yield Data

The AGRHYMET Regional Center has compiled agriaakuhydrological, and meteorological
(i.e., AGRHYMET) data for a few countries in subkh@ean regions (AGRHYMET, 2002). We
obtained data pertaining to the yield and the retedearea of peanut from the AGRHYMET
Centre. While the national level data were avagdbt the 1985-2000 period, the provincial
level data were available only for 1985-1987, 19893, and 1999. No data were available at
county or district levels.

2.4 Aflatoxin Measurements

Peanut samples were collected in 1999 from diffelaations across the peanut growing region
of Mali. The aflatoxin amount was measured for ¢hesmples using the Enzyme-Linked
Immunosorbent Assay (ELISA) test and was foundatme from 4.5 to 12.1 ppb. This range
may be considered moderate yet unacceptable comgjdbe policy of zero-tolerance of
aflatoxin already enforced in many countries.

3. Methodology

3.1. Georeferencing and Averaging of NDVI Data

The AVHRR-derived NDVI data at the dekadal levettpmed to the entire African continent
and were not georeferenced. We geo-referenced MiBS® images using the ‘Georeferencing’
module of the ArcGIS v8.2 software (Environmentgst®ms Research Institute, Redlands, CA).
Using the ‘Spatial Analyst’ module of the ArcGISewhen averaged the NDVI values within the
peanut-growing region for each dekad throughougtiogving period (May through October) for
every year from 1985 to 2000. This was done tordete if the NDVI, during the crop growing
period, could be used as an indicator of the excgt®f aflatoxin in peanut. To enhance the
contribution of NDVI data to vegetation monitorirggcrop simulation model was used.



3.2 Crop Simulation M odel

Various phenological stages, including emergeread,development, flowering, grain-filling,
ripening, and maturity, occur in a sequence duairegop growing period. These stages may be
grouped into two main phases: vegetative and retoce. The weather conditions during the
grain-filling period can significantly affect botinop yield and crop quality. Therefore, the

NDVI composites for the reproductive phase areyike contribute significantly to determining
the peanut quantity which may be indirectly relat®eduality. As stated earlier, droughts can
reducte peanut yield (or quantity) and may alsern@tate peanut quality due to aflatoxin-
contamination. The problem, however, is that thiesl for commencement and termination of a
reproductive phase are often unknown and are litceghift each year, depending on the sowing
dates and weather conditions (Kumar 1998). Helheerdsearchers attempt to use approximated
Julian dates to define the length of a reprodugtivase and then select the dates for acquiring
satellite data. Unfortunately this is not an acteiepproach, because the process of crop
development follows a weather-linked crop caleritdat is not fixed to the Julian calendar. Any
random approximation of the above mentioned datgnesult in an error in identifying the
reproductive phase and hence diminish the potenitisditellite data to crop or vegetation
monitoring. A scientifically sound approach is regd to determine the duration of a
reproductive phase to maximize the potential cflBtd data.

We used a crop simulation model to estimate thataur of the reproductive phase of peanut. A
crop simulation model simulates crop growth anddyi®msed on genetic data, crop management,
local weather and soil data. Various crop simutatitodels are available in the literature, for
example, the Decision Support System for Agrotetdgy Transfer or DSSAT (Tsuiji et al.

1998, Hoogenboom et. al. 1999, 2004), Environmelity Integrated Climate or EPIC model
(Williams et al. 1989), Agricultural Production $gs Simulation or APSIM model (APSIM
2006), and biometeorological time scale models @Rsbn 1968, Boken and Shaykewich 2002).
In this study, we used CSM-CROPGRO-Peanut modathik part of the DSSAT Version.4
software (Hoogenboom et al. 2004), to determinadtites for commencement and termination
of the reproductive phase of peanut. The input dagaired for this model were crop data (e.g.,
genetic coefficients), crop management data (gogvjng date, soil type, row spacing, and
fertilizer application) and weather data (daily nmaxm and minimum temperatures,
precipitation, and sunshine hours).

The genetic coefficients were provided by K. J. ®aaf Agronomy Department,
University of Florida. We estimated the sowing dadaring May-June by examining daily
rainfall records. It was assumed that a farmer saillv peanut if the total rainfall in two
consecutive days during May-June exceeded 20 mihinBomation was obtained from the
FAO soil map (http://www.fao.org/WAICENT/FAOINFO/ARECULT/agl/agll/dsmw.HTM
Row spacing was assumed to be 20 cm and a normaalrd of fertilizer (50 Kg N per ha) was
also assumed based on the information availab&ljoc

4. Results and Discussion

4.1 NDVI versus Peanut Yield



It is considered that aflatoxin is more likely tev@lop under drought conditions, that is, when
crop Yyields are less than the average crop yiekl c@hjecture the aflatoxin/drought link to be
primarily due to moisture-deficits during the reguative phase of the crop (Sanders et al. 1993,
Cole et al. 1989). To examine the relationship leetwthe annual peanut yield and the NDVI,

the average NDVI during crop growing period hasnbieeind to be a significant variable

affecting crop yield (Boken and Shaykewich 2002u#lony 2004). We determined the
commencement and termination dates for reproduptigse of peanut using the DSSAT
program, for the years when annual peanut yiekal(fivoduction per unit of harvested area) data
were available (i.e., 1985-1987, 1989-1993, and®1%8able 1).

Table 1. The commencement and termination datestfiuay) of the reproductive phase of peanut asmastd by the DSSAT program.

Site 1985 1986 1987 1989 1990 1991 1992 1993 1999
Bamako | 7/5-9/21| 7/2-9/17 6/5-10/6  6/27-9/127/8 - 9/24 7/2 -9/17 7/27-9/12  6/15-9/1 7/9)23

Segou 7/14 - 9/28 7/3 - 9/18 6/17 -9/3| 7/17-10/2 7/3-9/18 7/928/ 7/2 -9/17 6/13-9/12| 6/30 - 9/13
Kayes 6/18 -9/4 | 6/20 - 9/7 7/18 - 10/2  7/24-10/8 /1479/26 7/12 - 9/26 7/6 - 9/19 7/1 - 9/16 7/26F10
Bougouni| 6/24 - 9/1Q 6/11 - 8/27 | 6/26 - 9/1) 6/14-8/30 6/11 -8/27 6/B330 6/12 -8/28 | 6/30-9/1 6/19-9/2
Sikasso 6/29-9/16 6/12-9/28 6/19-9/4 6/1338/3 6/12 -8/28 6/19 - 9/3 6/8 - 8/24 6/11-8/27  6/B127

Average | 7/6-9/15| 7/22-9/13| 7/23-9/17 6/26-9/16 6/2812 6/28 - 9/12 711 - 9/5 6/20 - 9/8 7/3 -B/2
period
NDVI- 19-26 17 -25 18 - 26 19-26 19-25 19-25 9-25 17-25 19-26

dekad$
1. Average period of the reproductive phase, 2.dé#led range corresponding to the reproductivegyttbekad 1 refers to the period
from January 1 to January 10.

We then determined the average NDVI for the repctde phase as explained in section 3.1. In
order to investigate, as a first step, if the NIDX4s linked to low yields (and hence drought and
aflatoxin), a correlation analysis was conductevben the annual peanut yield and the NDVI
averaged for the reproductive phase of pean.cbefficient of determination Rwas found

to be 0.56 (Fig. 2).
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Figure 2. The relationship between the normalizéfdrénce vegetation index averaged for the
reproductive phase for the peanut-growing regiahtae annual peanut yield averaged for four
provinces (Kayes, Koulikoro, Sikasso, Segou) tlcabant for about 90% of the total peanut area
of Mali.

The original range of the NDVI (-1 to +1) had beésmsformed to 0-255 scale. This moderate
level of relationship suggested that the averag® Nidiring the reproductive phase could be
used as a variable that could predict peanut wettihence drought or aflatoxin. The
relationship between yield and NDVI during the aghrctive phase was negative. An apparent
reason for this negative relationship could bedohko unique processes, different from other
crops, that take place during reproductive phageahut. The reproductive phase of the peanut
experiences yellow flowering which contributesaavéring the average NDVI during the
reproductive phase. After the flowers wilt, th@penter the ground and the plant energy is
partitioned between the vegetative growth duriregréproductive phase and the underground
fruit development. A higher yield therefore coulel éxpected with lower average NDVI during
the reproductive phase. However, it will dependtrer complex factors related to peanut
variety, such as the proportion of flower-canopgteen-biomass-canopy during the
reproductive phase.

4.2 Aflatoxin versus Weather variables

The amount of aflatoxin measured at a post-hastage was considered to be a function of the
annual peanut yield (an indicator of drought) arhther conditions (precipitation, averagg.d
average Fin, and average sunshine hours) during the reproduptiase of peanut. The aflatoxin
amounts measured at 18 representative sites wedgfaisregression against the variables
derived from the weather data (Table 2).

Table 2. Data used for the regression analysisdmvhe aflatoxin amount and weather
variables

State Amount of aflatoxin (ppb) Average during teproductive phase| Peanut
(11 June — 27 August) in 1999 yield
P Tmax | Tmin | Sunshine hours (kg/ha)
(mm) |co) | ¢y | (hours)
Kayes 6.8,9.2,6.1 486.1 31.8 235 6.5 1271
Koulikoro | 7.0, 5.0 590.1| 30.9| 224 6.0 963
Sikasso 7.0,10.0,5.2,4.5,10.0,9.0,712.2 | 30.1 | 21.8 6.8 1241
7.0, 10.0, 5.0, 7.0, 8.8, 12.0,
12.1

Note: P is precipitation and,Jxand T, are the maximum and minimum temperatures,
averaged for the reproductive phase of peanut.

Finally, 78 datasets were compared using diffecentbinations of aflatoxin measurements
(three in Kayes, two in Koulikoro, and 13 in Sikas®., a total of 2x3x13 or 78 datasets) and
weather parameters. Regression analyses firstpegfermed between aflatoxin amounts and
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the weather variables during the reproductive pliasal precipitation, averagenls, average
Tmin, and average sunshine hours). The coefficienetsrchination, R exceeded 0.50 (ranged
from 0.50 to 0.99) for 58% (45 cases out of 78hefdatasets in the case of total precipitation,
and 54% (42 cases out of 78) of the datasets indbe of T.ax For the remaining variables
(peanut yield, Tin, and the average sun shine hours during repragughiase), the percentage
of datasets for whichRexceeded 0.50 ranged from 38% to 46%. Figure8emts examples of
the strongest and the weakest relationships thizsnala. Hence, in addition to the NDVI
averaged for the reproductive phase, as discuasieé iprevious section, the total precipitation
and Tnhax averaged for the reproductive phase could be igsewnitor aflatoxin in peanut.

= =
5 IS
5 R

-
S
5

Aflatoxin Level (ppb)
o
Aflatoxin Level (ppb)

IS

~

o

450 500 550 600 650 700 750 Maximun Temperature ()
Precipitation (mm)

8
8

Aflatoxin Level (ppb)
)
(ppb)

atoxin Ley

A
o N & o ®

20 205 21 215 22 225 23 235 24 5 52 5.4 56 5.8
Minimum Temperature (CT) Sunshine Hours

Figure 3. Some examples of the relationships batvedlatoxin amounts and weather
parameters averaged for the reproductive phaseasfyt during 1999; there were 78 cases for
each of the parameter.

4.3 Aflatoxin versus NDVI

A direct relationship between aflatoxin and the NRVdifferent stages of crop was also
examined. The NDVI was averaged for an area encssipgeach of the five clusters of the
aflatoxin measuring sites (Figure 1 and Table 3).



Table 3. The dekadal Normailized Difference Vedetatndex values, averaged for selected sitespndyseanut-growing period in
1999 and the amount of aflatoxin measured aftehémeest.

Aflatoxin- | Aflatoxin | NDVI averaged reproductive phase of peanut anthfoarea enclosing the aflatoxin-sites

site amount | cluster, for a dekadal period during 1999

cluster averaged| July July July Aug. | Aug. | Aug. | Sept. | Sept. | Sept. | Oct.
for the 1-10 11-20 21-31 1-10 11-20 | 21-31 | 1-10 11-20 | 21-30 | 1-10
cluster (dk19) | (dk20) (dk21) | (dk22) | (dk23) | (dk24) | (dk25) | (dk26) | (dk27) | (dk28)
(ppb,

Bamako 6.00 75.43 85.90 96.00 106.00 115.70 126.10 131.80 134.70 134.10 130.93

Kaye: 7.37| 81.9¢ 102.5: 115.1: 129.1¢ 139.8¢ 151.7¢ 153.2. 151.7¢ 145.5¢ 134.6"

Segou 7.34 65.60 72.00 79.10 86.80 97.40 104.80 110.30 113.00 112.80 110.40

Sikass: 7.€0 | 108.7( 114.9C 120.3C 125.3( 129.9( 134.6( 139.8( 144.5( 143.6( 140.4(

Bougini 10.97| 116.40 121.40 123.90 127.40 131.10 141.90 151.30 155.80 155.10 151.20
R*" 0.56 0.4¢ 03¢ 02 01z 041z 021 027 0.3% 0.3¢

* dk refers to dekad; dekad 1 is Jan. 1-10 period
* R2s the coefficient of determination obtained frthre regression between peanut yield and the ND¥tamed for the area
enclosing aflatoxin-sites cluster.

The NDVI images were analyzed using the ArcGISvgafé. The site clusters were
superimposed on an NDVI image and five polygonshe&amcompassing aflatoxin-site cluster,
were created. Using Spatial Analyst module of thfensare, the NDVI values were averaged for
each polygon. This exercise was repeated for ddi@NDVI images for 1999 to obtain average
NDVI for each cluster (Table 3). Regression analysas performed to determine at what crop
stage the NDVI image exhibited the strongest i@mtahip with aflatoxin amount. As shown in
Table 3, the NDVI-aflatoxin relationship was foutadbe most significant when peanut was at
the beginning of its reproductive phase (Julyl-I®)s relationship is presented by Figure 4.
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Figure 4. Relationship between the aflatoxin amaunat the normalized difference
vegetation index (NDVI) averaged for the aflatoximeasuring sites across Mali.




5. Conclusion

A crop simulation model was used to enhance thenpiad of satellite data for
monitoring crop health by estimating the datesarhmencement and termination of the
reproductive phase of the peanut crop. The AVHR&UaNDVI was moderately linked to
peanut yield which could be used to predict drougbditional studies are required, when yield
data are available at district level, to evalubterelationship between yield and aflatoxin.
Nevertheless, a moderate relationship was founadmat the aflatoxin amounts and NDVI
averaged for the first ten days in July i.e., epdyt of the reproductive phase. In addition, total
precipitation and average maximum temperature duha reproductive phase were found to be
linked to the post-harvest amounts of aflatoxipéanut in Mali, Africa. These variables could
be considered as potential variables to monitorpaadict aflatoxin contamination. Similar
studies should be conducted across Africa andlatoain early warning system could be
developed by an international agency. Predictitef@{in will help identify risk zones where
aflatoxin-contaminated peanuts could be kept frastriduting among the general public.
Alternatively, governmental, nongovernmental, dernational agencies could provide supplies
of quality peanuts to meet the requirement in thieskezones
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