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ABSTRACT

Aflatoxin is a mycotoxin produced by tiepergillus flavus fungi that can severely contaminate
corn grain. The U.S. Food and Drug Administratiéibf) have set a limit of 20 ppb, total
aflatoxin, for interstate commerce of food and fesdt can induce liver cancer in humans and
animals. Contamination is exacerbated by high teatpees, drought conditions and light-
textured soil which are all common in Georgia (Glégck of irrigation infrastructure can further
amplify drought stress and aflatoxin contaminatidocurate aflatoxin assessment requires the
collection of multiple corn samples, is expensind aonducted at harvest which does not allow
for the use of in-season mitigation strategies @duce the risk. Given the expense of
measurement and the consequences of crop losspmortant goal for agricultural extension
services is the prediction and identification ofagge and counties at higher risk of aflatoxin
contamination. This would allow growers to deplogmagement tactics to reduce risk and to
reduce unnecessary expense on aflatoxin testinidrresearch, aflatoxin levels were analysed
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by Poisson kriging and used to validate a strategydentifying high risk years and counties. It
is based on mapping risk factors (Maximum June &atpres, June rainfall, % corn planted
area and % soil drainage types) that are abovetlk@gholds. The aflatoxin data used were
county level, collected unevenly in space and tiram 1977 to 2004 in 53 counties in southern
GA. Averaging and typical geostatistical methodsrevanreliable for producing a temporal
summary of the spatial patterns because aflatoata dere highly skewed and approached a
Poisson distribution, and averages for countiegdam fewer observations are less reliable.
Poisson kriging down-weights the influence of thesevariogram computation and the
estimation process. Comparison tests confirmedifgignt differences in aflatoxin levels
between counties and years that were identifiedaaeg different levels of risk using the risk
factors approach. Sensitivity analysis for Poiskdged aflatoxin risk showed that the more
years of data are clearly better for this analybi#, fewer than 15 years of data were not

advisable.

Keywords: Aflatoxin, Corn, June Maximum Temperature, June Rainfall, Southern

Georgia, Geostatistics, Poisson Kriging, Soil typ&oil drainage

1. Introduction

Aflatoxin is a mycotoxin produced by fungiAgpergillus flavus or Aspergillus
parasiticus) which can contaminate several staple crops supleasut, (Brenneman et al. 1993),
millet (Wang et al. 2010, Wilson et al. 1993), ri@gdbas et al 2005), sorghum (Adegoke et al.

1994), wheat (Patriarca et al. 2014) and corn (Pa¥892). Aflatoxin can cause liver cancer in

2



47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

humans and animals (Barrett, 2005 and FDA, 2018¢ Food and Drug administration office
(FDA) of the USA have set a limit of 20 ppb, totdlatoxin, to restrict use of corn, peanut
products, cottonseed meal, and other animal feedsfeed ingredients intended for dairy
animals, for animal species or intended for immatmimals. There is also a limit of 100 ppb
restricting use of corn and peanut products intdrfde breeding beef cattle, swine, or mature
poultry (FDA, 2015). Infection of corn withA. flavus or A. parasiticus is exacerbated by high
temperatures, drought and high net evaporation (&w. 2008, Horn et al. 2014 and Payne,
1992) associated with particular climatic areash@bet al. 2007, Patriarca et al. 2014), agro-
ecological zones (Setamou et al. 1997) and sodgy{alumbo et al. 2010). Statistically, there
are 16-31 times more deaths from liver cancerss eveloped countries due at least in part to
aflatoxin contamination of food (Liu and Wu, 201@nhd many of these countries are
predominantly hot and often drought prone (Wu anangwiset, 2010). Several studies have
examined possible increased contamination ratesruiohate change scenarios (Medina et al.
2014 and Medina et al. 2015) and suggest thatoaflatcontamination will increase in many
areas as temperatures rise.

In Georgia (GA) and throughout the southern USAnas planted as a summer crop and
is highly susceptible to aflatoxin contaminationi@dtrom et al. 1996). Rainfall variability and
high temperatures in this region during summemg@laith light textured soils that exacerbate
drought or water stress, all influence contamimatidlso, lack of irrigation infrastructure in
some areas can further aggravate water stressn@®raan et al. 1993). Salvacion et al. (2011)
found that June maximum temperatures and predipitaivere key predictors of aflatoxin
contamination in southern Georgia (GA), USA. Darndanet al. (2015) found that the risk of

aflatoxin contamination changes specifically withrrc hybrid planted, soil type and the weather
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conditions before and after the mid-silk growthgstawhich usually occurs in June across the
Southeast US. Using the drought index, ARID, aaf&toxin risk predictor, they also found that
a 0.1 increase of in-field drought, as quantifigdARID, during key weeks before and after mid-
silk, increased the probability of aflatoxin contaation over the FDA threshold of 20 ppb.

Accurate aflatoxin assessment usually requirescttiection of multiple grain samples.
There are several methods available but most er@¢onsuming and expensive (Papadoyanis,
1990) and conducted at harvest which does not dligslementation of in-season management
practices to reduce risk. Given the expense oftafla measurement, an important goal for
agricultural extension services and crop consudtarduld be the ability to identify those years
and counties most at risk of contamination to redurtnecessary expense on testing in years and
areas when there is little risk of contaminatiodenitification and prediction of years and
counties at risk would allow the implementationnednagement strategies such as irrigation in
season to reduce contamination risk and the usesaftant varieties (Chen et al. 2002, Chen et
al. 2006, Guo et al. 2011 and Menkir et al. 20@8)ther goal of agricultural extension services
could be to provide an easy to use, computatioreffigient, online decision support tool to
assess aflatoxin contamination risk that could workarge datasets and crop consultants would
require a simple approach to determining risk tdoatld be executed in commercially available,
user-friendly software.

The purpose of this research was to apply geotatisnethods to develop a predictive
tool using a risk factors approach for identifyipgpblematic years and counties with a longer
term view to being able to implement the tool ad p&an online decision support system. To
validate the risk factors approach, a space-tinmensary of aflatoxin risk is needed. Similar to

soil contaminants, aflatoxin data, as a crop t@dan be expected to be highly skewed. In soil
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contamination studies, indicator kriging (Goovae&809) has been used to map the risk of
exceeding a particular contamination threshold (@eds et al. 1997). Indicator kriging,
however, requires sufficient data to compute abddi variogram for each year and would result
in a risk map for each year with no practical wayproduce a space-time risk summary.
Aflatoxin data collected from regional sampling aien skewed and approaches a Poisson
distribution. Practitioners often analyze data thas been collected by third parties, but do not
consider potential geostatistical investigationgniyl times, such data have also been collected
irregularly in space and time. The 27 year Geoafliatoxin survey appears to fit these criteria,
and these data are perhaps better understood Bsisgon kriging. Poisson kriging was first
developed by Monestiez et al. (2006) to investigate whale sightings, which tend to have a
Poisson distribution, and had been observed iraglyuin space and time. Poisson kriging has
been further adapted for use with sightings of iotiaee animals (Kerry et al., 2013), used in
studies of mortality rates from rare diseases (@ede 2005, 20Q%) and the investigation of
crime rates (Kerry et al., 2010). Poisson (Goowwa2006 ;) and Binomial kriging (Oliver et al.
1998) have been used interchangeably in the litexaior mapping rates of rare disease and
although superficially different, often lead to dan results (Flanders and Kleinbaum., 1995) .
Even though Binomial kriging may be more theoréycappropriate in certain cases where the
characteristics of the data are knowpriori, it adds an extra layer of complexity requiring an
additional parameter to computations. Indeed, asntimber of trials increases, the Binomial
distribution approaches the Poisson distributioailithg et al. 2010) and its use can be justified
here since assumptions about the prevalence oftosfta are avoided. Furthermore
implementations are not available in user-friendynmercially available software packages.

Spatially irregular observations or the analysisaik or proportion data can suffer from the
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‘small number problem” (Haining et al., 2010) arelunreliable in areas that have received less
sampling effort or are sparsely populated. For gptamf a given county was only sampled in a
particularly high risk year but other counties weeanpled over several years, the county with
just one measurement would seem to have very Highoxin levels. Binomial or Poisson
kriging can be used to give a space-time summaaflafoxin contamination data collected over
a 27 year period (1977-2004) in 53 counties in lsaut GA that takes account of the “small
number problem”, but here the latter will be useé tb computational simplicity with a view to
the eventual implementation in an online decisipp®rt tool or use by agricultural consultants
using commercially available software. Due to itkeg sampling in space and time there are
insufficient data to employ other geostatisticaltmoels for individual years. The space-time
summary of aflatoxin contamination in southern GAduced by Poisson kriging will be used to
assess the viability of a risk factors approachidentifying the counties and years at greatest
risk of aflatoxin contamination. Based on existiitgrature, several key risk factors namely
Maximum June temperatures (June TMax) (Salvacioal.et2011), June Rainfall (June RF)
(Salvacion et al., 201Damianidis et al., 2015; Windham et al., 2009)), amount of corn grown
and proportion of droughty soil types (Damianidiske, 2015) are examined and key thresholds
related to aflatoxin contamination identified. Ahet secondary aim of this research is to
conduct a sensitivity analysis of the number ofrgeaf data used to create a Poisson kriged

space-time summary of risk.

2. Methods

2.1. Data Collection
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Between 1977 and 2004, corn grain samples wereatetl at harvest to measure within
county aflatoxin content. Samples were collecteadgua grab sampling technique where 10 ears
were collected for each sampling and there wasvanage of 3 replications per county. The
study area was 53 counties in southern GA (Fig. Matoxin levels in ppb were measured by
the USDA-ARS Crop Protection and Management Rekddnit and the University of Georgia,
Natural Products Laboratory in Tifton, GA. Aflatoxievels were not measured in every county
in every year. Data were collected for a maximum4bfcounties in 1978 (Fig. 1C) and a
minimum of 23 counties in 1990 (Fig. 1D) with areeage of 37 counties sampled each year that
measurements were made. Fig. 1A shows that affatwas measured in the fewest years in the
north eastern counties of southern GA. Measuremgats not made in any counties in 1979-
1980 and 1986-1989. For all years combined there aveotal of 705 measurements and these
data approached a Poisson distribution (Fig. 2).

Monthly weather data were obtained for each yea74Z04 from the Georgia Weather

Network (http://georgiaweather.net), with weath@tiens delineated as black points in Fig. 1A.

All counties do not have a weather station, sonwe maore than one and the weather stations are
not located at the center of the county. There8&réor the state as a whole, but the installation
date of stations varies so data are not availablalf stations in all years. Monthly maximum
temperatures for June (June Tmax, °C) and Juné&lladtata (June RF, mm) (Salvacion et al.,
2011), were  collected and summarized  from  the thogr  stations.
The area planted with corn per county was deteminime@ng The CropScape - Cropland data
layer produced by the National Agricultural Statist Service (NASS,

http://nassgeodata.gmu.edu/CropScape/). Unfortlyn#tes information was not available for
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1977-2004 so the proportion of land in each coymdyted as corn had to be determined from
the 2008-2009 growing season which was the fieivgrg season with full coverage in southern
GA. This assumes that the areas growing corn itheou GA have not changed markedly in the
study period. Non-spatial data relating to the akaorn grown in each county by year were
available using the quick stats tool of USDA-NASS
(https://lwww.nass.usda.gov/Statistics_by_State/@afublications/County_Estimates/2016/G

ACornl14_15.pdf) for correlation analysis. These vabd strong, positive and significant

(p=0.05) correlations between the area of corn it €acinty for all years in the study and 2008.
This means that the highest corn producing courdiesquite consistent in time and that our
assumption above about the CropScape data is edasotowever, the larger the gap between
two years, the lower the correlation coefficientsv&owing that there will be most uncertainty
in the corn data for this study for 1977. This wibo have an effect on the uncertainty of the soll

data mentioned below.

A geo-corrected 1:250,000 map of soil associat{dRCS, 2006) was simplified and used
to generate a map with 3 drainage classes: exedgswell and poorly drained soil. The
percentage of land areas with soil in each draimdages in the 2008/2009 corn growing area (as

identified using CropScape above) was calculateédch county.

2.2. Satistical Methods

As weather data and aflatoxin data were not aJaildbr every county each year,

geostatistical methods were applied to estimatsingssalues and fill these data gaps.
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The first step in geostatistical analysis was tmgote an experimental variogram using the
standard method of moments estimator (Matheron5,1B§uation (1)) to characterize the spatial

structure of the variation. The formula estimatesgemi-variances, at a given lag distanch,

m(h)

o1 i P2
y(h)—m;{z(xi) 2(x; +h)}? (1)

wherez(x;) andz(x; + h) are the observed valuesétx; andx; + h andm(h) is the number of
pairs of data points separated by theHayVebster and Oliver, 2007). In other words, caesnti
that are located close together show less varidggtween them than counties that are separated
by larger distances.

A continuous model is then fitted to the experimaémariogram using weighted least
squares and then parameters of the variogram marg@elused in kriging, the geostatistical
interpolation process. As the standard method ofmemds variogram estimator is based on
variances (Equation 1) it is sensitive to largdierd or tails in a distribution (Kerry and Oliver,
2007,). A typical variogram where the semi-variance @ases as the separating distance
between points increases, up to a sill where samances stay the same with increasing
separation distance, indicates that the data ngeloshow spatial autocorrelation once they are a
certain distance apart (Fig. 1B). Webster and @I(#©92, 1993) found that variograms based
on fewer than 50 observations are of little wontld @&ecommended that at least 100 data points
are needed to compute a reliable variogram foringigThe number of samples needed to
compute a reliable variogram does however, dependhe form of variation (Webster and

Oliver, 1992) present, spatial configuration of faenples and the probability distribution of the
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data (Kerry and Oliver, 20Qp). Weather data are derived from well-establishaatefully
located stations and variation often displays gpitedictable patterns in relation to latitude,
proximity to coasts and elevation. Variograms fonel TMax and June RF in Georgia showed
good spatial structure (Fig. 5A,B) with markedlysdethan 100 data values for each year.
Because the data were approximately normally Oisted, the variograms were used for
Ordinary Kriging of June TMax and June RF for egelar to the centroid of each county in
southern GA to fill in data gaps for some countied also to a 1 km grid. The kriging variance
maps for weather data in 1977 and 2001 (Fig. 1EH®w that the spatial uncertainty in the
kriged weather data varies according to the nurabdrlocation of weather stations with data for
a given year. Kriging data to a 1 km grid was usedee if there were areas smaller than the
county level that were at the greatest risk of aomhation. Ordinary kriging, a well-documented
geostatistical interpolation method (Goovaerts,7199aaks and Srivastava, 1989; and Webster
and Oliver, 2007), was also used to estimate tloe&b planted area and each soil drainage class
for the cells of the 1 km grid. Kriging of countgviel risk factors and aflatoxin data (areal
support) to a 1 km grid (point support) represantiange in support. When there is good reason
to believe that the size and shape of areal uhise(counties) are somehow related to the
phenomena of interest, then the size and shapeecdreal units should be taken into account
during variogram computation and kriging (Kerryatt 2016). This could be achieved using
Area-to-Point Poisson kriging (Goovaerts 2Q0&erry et al. 2010) and Area-to-Point ordinary
kriging (Kyriakidis, 2004) for the aflatoxin andsk factor data, respectively. While natural
features like rivers sometimes partially delineateunty boundaries, they are largely
administrative and not related to environmental noimeena that might influence aflatoxin

contamination or the risk factors investigated. cAl#rea-to-Point kriging is more
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computationally intensive, an undesirable feature developing an efficient online decision
support tool, so the change in support was nontak® account here when producing the 1 km
grid data.

Analysis and interpretation of the GA corn aflatoxiata with geostatistical methods is
problematic. A variogram of aflatoxin contaminatifor each year for all counties in southern
GA must be computed with an average of 37 datatpaind as few as 23 (Fig. 1D). Variograms
for individual years were unreliable and showetelispatial structure. This is typical of highly
skewed (Kerry and Oliver, 2004 and sparse data (Webster and Oliver, 1992). Tla&=in
data were highly positively skewed and approachd@osson distribution (Fig. 2). Poisson
kriging (Monestiez et al. 2006) is ideal for datéhaa Poisson distribution, which have been
irregularly observed in space or time as these klav@ been. The proportion of years a county
had aflatoxin levels > 20ppb and > 100 ppb wered$twm kriged to county centroids and also to a
1 km grid. Ratios were calculated where, the nutoemaas the number of times aflatoxin levels
were above one of the thresholds in a given coantithe denominator was the number of years
aflatoxin was measured in that county. The infleeraf ratios for counties with fewer
observations was down-weighted in variogram contprtaand kriging. The influence of these

unreliable proportions on the variogram was redunedsing the following weighted estimator:

R ) 1 N(h) d(v,)d(vg) ~ e (2)
yR"(h)_ZNW d(v,)d(vs) ;ﬂ{d(va)m(vﬁ)[r(v”) ) m}

a5 d(vg) +d(vy)
whereN(h) is the number of pairs of countiegff ) whose centroids are weighted by the
number of years with observations to homogenizer thariance (Goovaerts, 20§6are
separated by the vectbyandms is the denominator-weighted mean (weighted byntimaber of

years with observations) of ti¢ area ratios. The usual squared differencgs, )i r(vﬁ)]z, are

11
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weighted by a function of their respective denonanaizes,d(v,)d(vs )/[d(v.)+d(vp)], which
gives more importance to more reliable data paasetd on larger denominators (Moneséeal .
2006, Goovaerts, 2005, 2Q0p Poisson kriging is a form of kriging with nonssgmatic errors
and is parametric, modelling the noise attacheeatth observation with a Poisson distribution.
Observations with small denominators receive lesght in kriging, the estimation process, by
adding an error variance term to the diagonal &f khiging system. For more details see
Monestiez et al. 2006 and Goovaerts, 2005, 2Q0&eostatistical methods were carried out

using SpaceStat (Jacquez et al. 2014).

2.3. Risk Factors Approach

By applying kriging, risk factor (June TMax, Juné&,R6 Corn planted area and Soill
drainage type) data were generated for each camtyeach node in a grid with 1 km spacing.
These data were then converted to indicators (#fpgnding on whether each variable exceeded
certain thresholds or not. Table 1 shows the tlmldshchosen for each variable. The thresholds
for June TMax and June RF were selected on thes lmdsB0-year normals in southern GA;
values assigned a (1) show hotter or drier yeas ttormal. The indicator thresholds for other
risk factors were determined based on examinatibrhistograms of these variables in
association with natural marked breaks in the ihistion or values associated with the tails of a
normal distribution. In each case the conditiont tvauld be expected to increase aflatoxin
contamination was assigned ‘1’ and the conditiomt thvould constitute less risk of
contamination a ‘0’. An additive approach was thieed with the indicator data to determine the

number of risk factors above/below the specifieteghold for each county and year. The
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relationship between these additive indicator datd the Poisson kriged aflatoxin data was
assessed. This suggested broad groupings of yedrsoanties with different levels of aflatoxin
contamination risk. These broad groupings were ueedefine grouping variables (Table 2)
based on risk factors for Mann-Whitney U and Kruskallis H comparison tests (VSN
International, 2015) to determine if there werengigant differences in aflatoxin levels based on

these thresholds identified by the risk factorsrapph.

2.4. Sengitivity Analysis

To determine the effect of the number of years afadused to create a space-time
summary a Poisson kriging sensitivity analysis padormed. All years with available aflatoxin
data (21 years) were sub-sampled to produce 1®@nasdib-samples with 5, 10 and 15 different
years of aflatoxin data. Each sub-sample was Poiksged and the patterns for individual sub-
samples of years and the mean patterns for a gaemple size of years were compared visually
with the Poisson kriged data generated using allabve years of measurements. The Poisson
kriged values for individual sub-samples and thami#®r a given sample size of years were also
compared statistically using Mann-Whitney U tesasdadl on high>@3 risk factors) and low (<3

risk factors) risk counties.

3. Results and Discussion

3.1. Summary Satistics of Aflatoxin Data

13
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To summarize the risk of aflatoxin contaminatianspace and time, and to verify if the
risk factor approach is useful, summary statistasthe data were calculated. The summary
statistics.showed that the mean, and to a lessentexthe median, are influenced by the
maximum value and this is particularly pronouncedthe years where a smaller proportion of
the counties were observed (e.g. 1977, 1985, 188@1 and 2004) (Fig. 3). This suggests that
‘the small number problem’ (when proportions foyear are unreliable because they are based
on measurements in fewer counties) affects summafiaflatoxin by county (Fig. 4). Counties
with the smallest number of sampling years (e.gndBa, Clinch, Emmanuel, Laurens,
Montgomery, Pulaski and Treutlen) are some of tha#é the largest and smallest mean
aflatoxin levels. This indicates that when examibgdtounty, the ‘small number problem’ is an
issue that should be addressed. Analysis and swrohdhne spatial and temporal variability of
mean aflatoxin levels by year and county does notige a reliable indication of the years and
counties at greatest risk of contamination. Thaetation coefficient between the mean and
median aflatoxin levels for years was r=0.§2{.001) and was r=0.3%%£0.015) for counties.
This clearly indicates that the ‘small number peobl is a greater complication for spatial

analysis than for temporal analysis.

3.2. Poisson kriging of Aflatoxin Data

Two examples of variograms for aflatoxin data cgpending to individual years, 1978
and 1991, are shown in Fig. 5C,D. Both have a \rgtic structure compared to a typical
variogram (Fig. 1B) due to the small sample sizeiridividual years (23-45 counties, Webster

and Oliver, 1992) and the highly skewed distribntod the data (Kerry and Oliver, 2007), which
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approaches a Poisson distribution (Fig. 2). Smathge size and skewed data cause the
variograms to have an erratic form or cause itgpear as if there is no spatial structure (ie
variogram is pure nugget, essentially a horizotited indicating no spatial autocorrelation).
Variograms were computed for all years jointly @ajcolating a summary variable such as the
mean or median aflatoxin for 1977-2004 for eachntp(Fig. 5E,F) and there were more data
(705). Although these variograms are a little ldsspure nugget variograms than the individual
years (Fig. 5C,D), they are erratic in form and swtable for kriging. This was due to the mean
and median data exhibiting high skew values: 274 246, respectively, and the histograms
(not shown) approaching a Poisson distributioncdntrast, when the proportions of aflatoxin
values exceeding two critical thresholds (20 ppth 800 ppb) were examined using the Poisson
variogram (Fig. 5G,H), variograms showed good gpatructure with approximate ranges of 54
km and 33 km, respectively. These ranges showttigatireas with > 100 ppb aflatoxin are on
average smaller than those with >20 ppb.

The Poisson variograms (Fig. 5G,H)were used tosBaikrige the proportion of years
that aflatoxin exceeded 20 ppb and 100 ppb andndyes produced for a 1 km grid are show in
Fig. 9J and K, respectively and can be used tdy#re risk factors approach for identifying the

highest risk counties outlined below.

3.3. Analysis of Risk Data

3.3.1. Temporal Patterns
Analysis of temporal patterns for the risk of afbéih contamination is primarily centered

on analyzing the risk associated with weather W& specifically June TMax and June RF

15
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(Salvacion et al. 2011, Damianidis et al., 2019)ijcl help identify the specific years at greatest
risk of contamination. Weather data for June Tmac 2une RF in 2001, were ordinary kriged to
county centroids and displayed on a county basgs @A,B). Fig. 1F shows the kriging variance
associated with these data and where they arg likdde most reliable. Applying the thresholds
of June Tmax > 33°C and June RF < 50 mm (Tablevliich are based on 30 year normals for
the region, it was observed that in 2001 most deantere not hotter than normal (Fig. 6C) and
about one third of counties were drier than nor(ra. 6D). A combined analysis of these two
weather factors, indicated that no counties ar@ lagh (2) risk of aflatoxin contamination and
about one third of counties have a medium risk (@y. 6E). Fig. 6F shows the measured
aflatoxin values for 2001 and the majority of vawee below 20 ppb showing this was a low
risk year for aflatoxin (Mean = 8.5 ppb and MedmB ppb, Fig. 3A,B). In contrast, Fig. 7A,B
show the Ordinary kriged June Tmax and June RA %377 on al km grid. Fig. 1E shows the
kriging variance associated with these data andeviey are likely to be most reliable and that
there is generally greater uncertainty in the 1®@dther data than that for 2001 (Fig. 1F) as data
were available at fewer weather stations. Fig. 7idBcate how transition zones between high
and low values may look and affect values withinrmtges. Using the same thresholds (Table 1)
as for 2001, Fig. 7C shows that in 1977 all cowntiere hotter than normal (> 33°C) and Fig.
7D shows that the majority of counties were drieBQ mm) than normal. Fig. 7E shows that
when the indicators for the two weather factors@mmbined the majority of southern GA is at
high risk (2) of aflatoxin contamination in 1977hi$ agrees with the majority of measured
aflatoxin levels being over 20 ppb and many beingr 00 ppb (Fig. 7F) as well as the mean

and median being well over this threshold, 470 ¥l ppb, respectively (Fig. 3A,B).

16



365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

The proportion of counties with aflatoxin levels28 ppb was calculated for each year
and correlated with the proportion of counties vatbombined weather risk of two for each year
using a scattergraph (Fig. 8). This produced aetation with a coefficient of r=0.80 which is
significant atp<0.001. Three distinct groups of years were idettifn the scatter plot by visual
empirical grouping, but statistically-based clustgrmethods could be used in the future. The
groups identified years that had high (1977, 198198), medium (1978, 1990, 1992, 1993,
1995, 1996, 2000, 2002) and low (1991, 1994, 19989, 2001, 2003, 2004) risk of aflatoxin
contamination. This grouping clearly suggests tifeiénce of weather conditions on aflatoxin

contamination.

3.3.2. Jpatial Patterns

As with temporal patterns, analysis of spatial grat of aflatoxin contamination to
identify the counties at greatest risk requiresahalysis of weather variables and their patterns
of variability. However, patterns of the percentagfeeach county growing corn and the
proportions of each county in corn production watbll- and excessively-drained soil become
relevant. These factors are relatively stable nmetibut vary considerable in space and should
help determine the counties most at risk of aflet@ontamination in corn. Figs. 9A-C show the
patterns in percent corn, well- and excessivelyagi soil and Figs. 9E-G show the indicators
produced from these data using the thresholds laleTh Based on % corn planted area, there is
greatest risk (1) in the south western part of @# (Fig. 9E). For well-drained soil, risk is
greatest in the west (Fig. 9F) and for excessidefyined soil the north is the highest risk area

(Fig. 9G). Fig. 9D shows a map where the two weatisé& factors (June TMax and June RF)
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used to identify the years most at risk of aflabogontamination have been combined and the
proportion of years with two weather risk factoastbeen kriged to a 1km grid. This analysis
provides a space-time summary of the areas mostepto drought, in southern GA. When
converted to an indicator based on the thresholdbiie 1, Fig. 9H exhibits the areas with a high
(1, >30% of years) risk of drought. Fig. 9I dis@aye percentages of years with three or more
risk factors for aflatoxin contamination where Jurmeax and June RF are considered separate
risk factors. The map has similarities to Figs 9Glifgesting that weather and excessively
drained soils are the greatest risk factors faataflin contamination. Nevertheless, the crucial
importance of both weather factors is shown bystn&ing similarity in the patterns shown in
Fig. 9D,H which show drought summary and Fig. 94/dch show the Poisson kriged summary
of aflatoxin levels in all years. Fig. 9L presetiie relationship between the proportion of years
with 3 or more risk factors and proportion of yeanth aflatoxin levels >20ppb for each county.
The correlation coefficient for this relationshipasvr=0.59, which is significant g<0.001.
Distinct groupings of counties are visible in thHet@nd have been delineated. Such groupings
were not very well defined when just weather faxtarere considered and the correlation
coefficient was lower, suggesting that the othek rfactors (% corn planted area and soil
drainage types) help to distinguish the spatidediinces between counties in addition to weather
patterns. The higher risk counties circled withidsblack/red and dashed black/green lines (Fig.
9L) are the northern most counties in southern GAwvall as those in the central area of the

northern half of the state.

3.4. Confirmatory Analysis

18



411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

A range of comparison tests (Mann-Whitney U andskal-Wallis H) were performed to
determine whether there were significant differesniceaflatoxin levels based on the risk levels
identified with the risk factor approach. Firstjaadxin for all years was compared based on
whether a county was a high risk county as idesttifby the risk factors approach &e3 risk
factors in more than 20% of years) (Table 2A). Whaeklann-Whitney U test was performed
using average aflatoxin levels for all years as t& variable, there was not a significant
difference p=0.569) in aflatoxin levels between the countiesnidied by the risk factors
approach as high risk counties and those not. Herwyavhen the Poisson kriged summary data
for % years with > 20 ppb and 100 ppb aflatoxinevesed as the test variables, the difference
between the counties identified as at risk andehast was significanp=0.002 andp=0.012,
respectively. The order of class ranks also dematest that the lowest ranks were obtained for
counties with 0-20% years with >3 risk factors. 'imdicates that the average aflatoxin levels do
not give a good summary of the counties most aast lat risk of aflatoxin contamination while
the Poisson kriged data which down-weight the grflce of proportions based on low numbers
of observations, provided an acceptable summary.

A comparison of the raw measured aflatoxin levetsefach year based on the number of
risk factors identified for each year (e.g. weatfamtors), county (based on soil drainage type
and % corn planted area) and years and countiesht@mis reported in Table 2B. These results
indicate that the differences between years basewenther data is significant p&0.001,
however, the differences between counties basedtbar risk factors is not significant
(p=0.241), but does not show the expected order staianks. When the risk from weather and
other factors is combined there is a significafitedence (<0.001) in the raw aflatoxin values

and the order of class ranks shows that aflataesels for each class increase as the number of
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risk factors identified increases as expected. €laarly demonstrates the importance of weather
in an individual season for determining if a courgyat risk of aflatoxin contamination. The
temporal summaries of spatial patterns, furthefiooarthe importance of weather in determining
risk. Fig. 9B,C show the very small proportionsa@ll and excessively drained soils in southern,
particularly southeastern counties of the studg,ayet there are high proportions of years with >
100ppb aflatoxin in south central areas (Fig. 9Kjoh coincide with high proportions of years

with two weather risk factors.

Finally, Table 2C compares aflatoxin levels basedh® proportion of years there were
>3 risk factors per county split into the four group identified in Fig. 9L. When average
aflatoxin levels were used, a significant differeneas found between counties that had different
proportions of years with3 risk factors §=0.043), however the order of class ranks was not as
expected because average aflatoxin levels wergreater for counties with a greater percentage
of years with aflatoxin levels > 20 or 100 ppb. Whke comparison based on these groupings
was performed with the Poisson kriged data (propordf years aflatoxin levels were >20 and
100 ppb) as the test variables, the difference éatvthe groups was highly significap&(.001)
and showed the expected order of class ranks nathelyigher the proportion of years w8

risk factors, the larger the proportion of yearthwi 20 and 100 ppb.

3.5. Sengitivity analysis

Maps of the Poisson kriged proportion of years edagg 20 and 100 ppb aflatoxin

indicate the average patterns based on 10 randbraasuples of 5, 10 and 15 years of data (Fig.
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10A-C, E-G) and those are plotted to the same ssatbe Poisson kriged map for all years (Fig.
10D,H). It is clear from these maps that the proporof years with aflatoxin over threshold
levels is underestimated for all sub-sample sizbg degree of underestimation is also greatest
for the smallest sample of years (5, Fig. 10A,EheéWWthe same data used in Fig. 10A-Cand E-G
were plotted using quantiles (not shown) they shbgimilar patterns to one another in terms of
the highest and lowest risk counties. However ldhgest percentages were found in the central
and western counties in slight contrast to the nfapsall years (Fig. 10D,H). This shows
locational bias relating to which counties were gld in more years (Fig. 1A) and were
therefore more likely to be included in more of taedom samples of years. There appears to be
slightly less underestimation in the proportionyefrs that thresholds are exceeded and less
locational bias for the 100 ppb threshold (Fig. HEthan for the 20 ppb threshold (Fig. 10A-
D). This is probably due to the fact that 100 pplairarer occurrence than 20 ppb and Poisson
kriging was specifically designed for kriging rarecurrences.

In contrast to Table 2A, Mann Whitney U tests shawe significant differencgp$0.05)
between highX 3 risk factors) and low risk counties (< 3 riskttars) for the mean PK > 20 ppb
and > 100 ppb values for all sub-sample sizes a8 &f the individual sub-samples
(predominantly sample size 5 and 10). This suggdbstisa sample size of at least 20 years of

aflatoxin data is needed to get a reliable spane-summary of aflatoxin risk.

4. Conclusions

This research demonstrates that when data haveitvegolarly sampled in space and
time and also approach a Poisson distribution, 98aiskriging is a useful way to generate a

temporal summary of spatial patterns. Simple avesagere shown to be unreliable where fewer

21



481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

observations were made and standard geostatistetilods do not work well when data have a
Poisson distribution or have few data for individygears. Comparison tests showed that counties
and years identified as having the greatest rigkl$eusing the risk factors approach did have
significantly higher proportions of years with aflain levels over threshold levels. Average
aflatoxin, however, was not significantly differdmtween counties identified with different risk
levels due to unreliable averages because of iaegsampling. Despite the significant
differences between counties with different riskels and the similarities in patterns, sensitivity
analysis suggested that at least 20 years of dataesirable to generate reliable space-time
summaries of aflatoxin risk. Sensitivity analyslscashowed that Poisson kriged patterns are
more appropriate with smaller sample sizes whenthheshold is a rarer occurrence (eg 100
ppb).

Identification and monitoring the weather condisoand counties associated with the
highest contamination risk will allow for in-seasadaptation strategies such as irrigation to
avoid drought as temperatures and rainfall in Jamge carefully monitored in the key weeks
around the mid-silk period with respect to 30 yearmals. Also, testing can be focused in the
highest risk counties and very little expensivatafin testing will be needed in low risk years.
Also the highest risk counties should consider gngwnore drought resistant hybrids.

Future work could investigate developing an appnoatich takes into account the
spatial variation in uncertainty associated withather data availability. Also including new
variables in the risk factors approach and finengrof the thresholds of the existing non-
weather risk factors which were less reliable/inb@atrin distinguishing between aflatoxin levels
should be considered. Fine-tuning of threshold eslmight improve the identification of the

counties at greatest risk. The data kriged to anlgkid shows the potential for defining the
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smallest possible high risk areas which could redsempling cost but the potential value of
using Area-to-Point kriging to produce these ddtautd be assessed. Thresholding the risk
factor data before kriging should also be inveséidas a possible approach for pin-pointing the
smallest at risk areas. The next major step inyaigls to include in season corn NDVI and
thermal IR data in the risk factors approach tadai® in-season drought stress. This should
allow areas smaller than a county that are at higito be identified within a particular season
so that in-season adaptation strategies can bdogede An online interactive aflatoxin risk

assessment tool that uses the risk factors appmathed here is currently being developed and
will include NDVI data. There is the potential tlgtch an online tool could be adapted to other

crops, states and even farms so that aflatoxirildeway be better managed.
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Table 1. Threshold values used for Risk Factorciatdirs

Risk Factor Threshold for Indicator
(1/0)

June monthly maximum temperature (°C)* >33°C
June monthly Rainfall (mm)* <50 mm
Percent of county area growing corn (%) >1.75%
Percent of county with well-drained soils (clas$ed) (%) >90%
Percent of county with excessively drained soilagges 1-2.5) >2.5%
Percent of years with 2 weather risk factors >30 %

*Thresholds for June Tmax and June RF were chogirrespect to 30-year normal Tmax and RF in the
area to show hotter and drier years than normal



Table 2. Summary of comparison tests (Mann-Whitney U and Kruskal-Wallis H) for aflatoxin risk

Test\ariable Grouping variabl

Classes in grouping varial Order of class rank p-value
(lowest to highest)
(A) Average aflatoxin for all yea Identified as ¢ 1: 0-20% years>3 risk factors 1,z 0.56¢
low/high risk county 2: >20% year&3 risk factors
PK % years flatoxin >20pp! Identified as ¢ 1: 0-20% years>3 risk factor 1,z 0.00z
low/high risk county 2: >20% yearg3 risk factors
PK %years flatoxin >100ppl! Identified as ¢ 1: 0-20% yeare>3 risk factors 1,z 0.01:
low/high risk county 2: >20% year&3 risk factors
(B) Aflatoxin measured for individus Combined risk Number of risk factol 1,2, 3,4, <0.001
years (year and county) 1:0,2:1,3:2,4:3,5: >4
Aflatoxin measured for individual ye: County risl Number of risk factol 2,1, ¢ 0.241
1:0,2:1,3:>2
Aflatoxin measured for individual ye: Year rist Number of risk factol 1,2: <0.001
1:0,2:1,3:>2
(C) Average aflatoxin for all yea % years>3 risk factor: 1: 0-20%, 2: 2C-50%, 3,4,2,: 0.04:
3: 50-85%, 4: >85%
PK % years flatoxin >20pp! % years>3 risk factor: 1: 0-20%, 2: 2C-50%, 1,2, 3,: <0.001
3: 50-85%, 4: >85%
PK % years flatoxin >100ppl! % years>3 risk factor: 1: 0-20%, 2:2C-50%, 1,23, <0.001

3: 50-85%, 4: >85%

PK — Poisson kriged
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Fig. 9. Risk factors and their associated indicators plotted for each county kriged to a1 km grid (a, €) percent of county area growing corn, (b, f) percent of county
areawith well-drained soils, (c, g) percent of county area with excessively drained soils and (d, h) percent of years each county has 2 weather risk factors and

(i) percent of years with > 3 risk factors, (j) percent of years with Aflatoxin > 20 ppb and (k) percent of years with aflatoxin > 100 ppb for each county.

(1) Relationship between percent of years with > 3 risk factors and percent of years with > 20 ppb Aflatoxin for each county. Ellipses show visual empirical
groupings of years with low (blue/dotted), medium (green/dashed) and high risk (red/solid) of aflatoxin contamination



(a) 5yearsof data, (b) 10 years of data, (c) 15 years of data, (d) All years of data,
20 ppb threshold 20 ppb threshold 20 ppb threshold 20 ppb threshold

(e) 5yearsof data, (f) 10 yearsof data, (g) 15 years of data,
100 ppb threshold 100 ppb threshold 100 ppb threshold
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Figure 10. Poisson kriged maps of the proportion of years aflatoxin > 20ppb and 100ppb using (a, €) 5, (b, f) 10, (¢, g) 15 and (d, h) al years of available data.



Poisson kriging gives a useful spatio-temporal summary of aflatoxin contamination risk
Risk factors approach identifies distinct groups of counties with different risk

More than 15 years data needed for a good Poisson kriged space-time summary





