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Abstract
Mycotoxins are toxins produced by fungi which are harmful to humans and animals and can
contaminate staple crops. A�atoxins are particularly toxic and can cause liver cancer so the permitted
levels in foodstuffs are legislated. Batches of grain where average a�atoxin concentrations are higher
than legislative thresholds are rejected or sold at a lesser price for a more limited range of use. High
maximum temperatures and low rainfall have been shown to increase contamination. For corn grown in
Southern Georgia, USA, June weather is particularly important as this coincides with the sensitive mid-silk
growth stage. An AFs survey and weather data have been used to show the association between AFs and
June weather [1]. The risk factors were June maximum temperatures >33˚C and June rainfall <50mm, the
30-year normals for the region. Future climate data were estimated for each year (2000-2100) and county
in southern GA using the RCP 4.5 and RCP 8.5 emissions scenarios and weather risk factors were
calculated. The number of counties with June maximum temperatures >33˚C and rainfall <50mm
increased signi�cantly between 30-year time periods. The percentage of years that counties exceeded
thresholds was greater for the RCP 8.5 than the RCP 4.5 scenario. A change in the spatial distribution of
high-risk counties was seen over time. The results suggest the need for changes in the where crops are
grown or the employment of adaptation strategies such as planting more resistant varieties, improving
irrigation and planting earlier to avoid increasingly frequent rejection of grain batches. There were
signi�cantly more counties with June maximum temperatures >33˚C and June rainfall <50mm in 2010-
2040 compared to 2000-2030. This suggests that adaptation strategies should be employed as soon as
possible.

Introduction
Climate change threatens future food security due to the probable increase in temperature and changes
in precipitation patterns which could affect the distribution of where different crops may be viably grown
[2, 3]. Land suitability and capability classi�cations are used to evaluate the best growing areas for
speci�c crops and to identify factors that might limit their growth (FAO, 1976, 2007). Key factors in
determining these classi�cations include �uctuations in moisture availability and temperature regimes.
Land suitability and capability classi�cations for particular crops in a given region with or without
irrigation need recalculating to take account of future climate change scenarios. In addition to such
classi�cations that are based on the optimum growing conditions for a given crop, increased
susceptibility to diseases from bacteria or fungal pathogens are limiting factors which need to be
considered. Of particular importance in corn is infection by members of the Aspergillus section Flavi
during the silking period and concomitant contamination of the cobs with AFs [4, 5, 6, 7].

AFs, especially a�atoxin B1 (AFB1) are class 1a carcinogens which cause liver cancer in humans and
animals [8, 9, 10]. The key species responsible for AFs contamination in corn are Aspergillus �avus and
sometimes A. parasiticus, which are able to colonize ripening cobs, especially via pest damage at 30–
35°C during the milky ripe to dough ripeness stages of the kernels. This is especially prevalent when the
corn plants are under drought stress [7, 11, 12, 13]. Thus, interacting climatic conditions in some years of
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higher than normal maximum temperatures and lower than normal rainfall represent conditions
conducive to AFs contamination [1, 14]. Because of the extreme toxicity of AFB1 and AFs generally, many
countries have strict legislative limits on the maximum permitted concentrations of these two categories
of toxins in cereals and other foodstuffs for human or animal consumption [15, 16]. The United States
Food and Drug Administration (FDA) has a limit of 20 ppb total AFs in corn, peanuts, cottonseed and
other feed/feed ingredients intended for animal consumption, particularly for immature animals. The
limit is higher (100 ppb) for use of corn and peanut products for beef cattle, pigs and mature poultry [17].
The European Union (EU) generally has the strictest limits of permissible total a�atoxins in various
foodstuffs with a maximum of 4–15 ppb [18, 19].

Thus, all batches of grain are sampled for AFs by taking numerous samples from throughout the batch,
then mixing the grain and determining the ‘average’ AFs concentration of the batch based on one bulked
sample [18]. If the average contamination level of this one sample is above the legislative limits then the
whole batch of grain is rejected. The impact of climate-related abiotic factors may result in more stress
on corn production in a particular region thus increasing the potential for rejection impacting the viability
of growing corn in a speci�c area.

Several studies of ripening corn and stored corn have investigated the impact of climate-related abiotic
factors on AFs or AFB1 contamination [7, 20, 21, 22]. These suggest that elevated temperatures (+ 4–5°C
above optimum), drought stress and exposure to increased CO2 levels (400 vs 1000 ppm) resulted in an
increase in contamination with AFB1. Summer corn crops are very prone to AFs contamination in the
Southern USA [23] due to high temperatures, rainfall variability, light textured soils and lack of irrigation
infrastructure [5]. All these factors compound crop water stress and subsequent remedial actions often
do not alleviate the impacts on yield or contamination with these toxins. In Southern GA, the temperature
and rainfall conditions in the critical month of June, which corresponds to the key mid-silk growth stage
of corn growth, have been linked to the risk of AFs contamination [24, 25].

Kerry et al.[1] developed a spatio-temporal model for estimating the risk of AFs exceeding the FDA
legislative levels in corn crops in southern GA, based on a > 20-year county-level AFs survey. Based on
their approach Navarro et al. [26] developed a decision support tool that could be useful to extension
services to help determine the counties at greatest risk of AFs contamination during a given growing
season. Information on the potential contamination risk in a given area could enable farmers to employ
various management strategies before the season, during crop development and at harvest. Such
strategies include (1) planting resistant varieties or varying seeding rates in high risk zones at the start of
the season, (2) varying irrigation and fungicide applications during the season and (3) at harvest
separating grain from zones with different contamination risk prior to storage [14]. In addition, knowing
the characteristics of years with different levels of risk could reduce spending on expensive a�atoxin
testing surveys in low risk years and in individual counties. Kerry et al.[1] found a strong relationship (r = 
0.802) between the percentage of counties exceeding 2 weather risk factor thresholds (June rainfall
(June RF) less than, and June average maximum temperatures (June TMax) greater than 30-year



Page 4/17

normals) and the percentage of counties with > 20 ppb AFS. This relationship was used to identify high
and low risk years for toxin contamination for the 1977–2004 period.

Battilani et al.[27] looked at the impacts of temperature changes of 2°C and 5°C on model simulated AFs
contamination of maize in Europe but they did not investigate the combined probable impact of
temperature and rainfall changes. Future climate projections (temperatures and rainfall) can be
estimated based on the IPCC (Inter-governmental Panel on Climate Change) greenhouse gas models
(IPCC, 2019): RCP 4.5 (Representative Concentration Pathway) is an intermediate emissions scenario and
RCP 8.5 is a high emissions scenario. The IPCC climate change summary [28] suggests that under the
RCP 4.5 scenario mean changes in mean global surface temperature compared with the 1986–2005
reference period would be 1.4°C and 1.8°C for the 2046–2065 and 2081–2100 periods, respectively.
Under the RCP 8.5 scenario mean changes in mean global surface temperature compared with the 1986–
2005 reference period would be 2.0°C and 3.7°C for the 2046–2065 and 2081–2100 periods, respectively.
The range of temperature increases could, however, be as high as 4.8°C for the RCP 8.5 scenario [28]. The
RCP 4.5 and RCP 8.5 emissions scenarios were used to predict June TMax and June RF for each county
in southern GA for 30-year periods from 2000 to 2100. The aim of this study was to explore how climate
change abiotic factors could affect patterns of AFs risk, both spatially and temporally in southern GA,
USA under the RCP 4.5 and RCP 8.5 scenarios compared to the 1977–2004 county level AFs and weather
survey. The thresholds for June RF and June TMax developed by Kerry et al.[1] to de�ne high and low risk
years and counties were used in this process. The purpose of this investigation of future AFs
contamination risk was to help inform whether the location of zones where corn is grown in southern GA
will need to be changed due to climate change or if management practices need to be adjusted to
minimise the levels of these toxins in corn.

Results

Past Patterns of Corn Growth, Weather and A�atoxin
Contamination
Figure 1a shows the percentage area currently dedicated to corn crops in southern GA. Counties in the
south-west and north-east have the highest density of corn crops and the central and north-western
counties the lowest density of corn crops. Figure 1b shows the percentage of years each county had two
weather risk factors (June TMax > 30°C and June RF < 50 mm) for historical (1977–2004) climate data.
The percentage of years with two weather risk factors is greatest across the central parts of southern GA
along a north-west to south-east trajectory. Figure 1c and d show the Poisson kriged percentage of years
that historical (1977–2004) AFs concentrations were greater than the FDA 20 ppb and 100 ppb limits,
respectively. The northern and central counties in a roughly north-south trajectory have the largest
percentages of years with AFs concentrations greater than both 20 ppb and 100 ppb. These central
counties are where least corn is grown (Fig. 1a) and show the greatest weather risk of AFs contamination
(Fig. 1b) and were the most contaminated when surveyed (Fig. 1c and d). This suggests that in terms of
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land suitability, more frequent drought conditions in these counties limited the production of corn with
low AFs contamination risk.

Future Weather Patterns and Risk of A�atoxin
Contamination - Temporal Analysis
Future climate projections for June TMax and RF were estimated assuming both RCP 4.5 and RCP 8.5
emission scenarios for each year from 2000 until 2100. Risk factors (June Tmax > 30°C and June RF < 
50mm) were calculated and analysed for 30-year periods until 2100. The percentage of counties which
exceeded both risk factor thresholds (June Tmax > 33°C and June RF < 50mm) was calculated for each
year. For each 30-year period, box-whisker plots were generated to show the distributions of the
proportion of counties exceeding thresholds in each year (Fig. 2). The RCP 4.5 (Fig. 2a) and RCP 8.5
(Fig. 2b) emissions scenarios both show increases over time in the median percentage of counties with
two weather risk factor thresholds being exceeded. Under the RCP 4.5 scenario the median percentage
peaks at around 2040. For the RCP 8.5 scenario there is a moderate increase over the whole time period.
Figure 2 also shows that the mean percentage for the RCP 8.5 scenario is always higher than the RCP 4.5
scenario. In addition, for the RCP 8.5 scenario, the distribution is more dispersed and skewed towards
high levels as in most box and whisker plots, the median line is located towards the top rather than the
middle of the box (Fig. 2b). The data for each county of the percentage of years in each 30-year period
that two weather risk thresholds were exceeded was used in Mann Whitney U comparison tests. Each 30-
year period was compared with the 2000–2030 data under the same emissions scenario. For each time
period under the RCP 4.5 scenario, there was a signi�cant (p < 0.020) difference between it and the 2000–
2030 period. For each 30-year time period under the RCP 4.5 scenario, the percentage of counties
exceeding two weather risk factor thresholds was greater than that for 2000–2030. The difference was
least signi�cant for the 2050–2080 period (p = 0.017). For each time period under the RCP 8.5 scenario,
there was a signi�cant (p < 0.010) difference between it and the 2000–2030 period apart from for the
2040–2070 period (p = 0.048). For each 30-year time period under the RCP 8.5 scenario, the percentage of
counties exceeding two weather risk factor thresholds was greater than that for 2000–2030. The
difference was least signi�cant for the 2050–2080 period (p = 0.017).

Figure 3 shows the difference between mean ranks for counties in each time period compared with the
2000–2030 period. This shows that the difference in mean ranks is similar under both emissions
scenarios in the �rst three time periods. Figure 3 also shows that in the 2070–2100 time period, there is a
very big difference in the proportions of counties with two risk factors compared to 2000–2030 for the
RCP 8.5 scenario.

Tables 1 and 2 show the numbers of counties (Figs. 4 and 5) with different percentages of years having 2
weather risk factors. For each time period, the percentage with the largest number of counties in it is
indicated by a *. For the RCP 4.5 emissions scenario (see Table 1), the dominant proportion of years with
two weather risk factors in 2000–2030 is 20–40%. In the other time periods, this increases so that in each
time period 70 or more counties have two weather risk factors > 40% of the time. For some periods the
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dominant proportion of years is 40–60% and for others it is 60–80% (see *s in Table 1). There are also a
small number of counties in some time periods that have 80–100% of years with two weather risk
factors. For the RCP 8.5 emissions scenario (see Table 2), the dominant proportion of years from 2000–
2030 with two weather risk factors is 0–20%. This is low in comparison to Fig. 1b from the 1977–2004
survey, where over half of the counties show have two weather risk factors 20–30% of the time. For �ve
out of seven of the other time periods, most counties have two weather risk factors 60–80% of the time.

Table 1
Number of counties with different percentages of years with 2 weather risk factor thresholds exceeded

under the RCP 4.5 scenario

  Number of counties

% of years with 2
risk factors

2000–
2030

2010–
2040

2020–
2050

2030–
2060

2040–
2070

2050–
2080

2060–
2090

2070–
2100

0–20 35 28 25 26 25 29 31 30

20–40 42* 26 25 22 31 29 25 24

40–60 34 41* 41* 35 33 44* 40* 33

60–80 17 31 32 42* 39* 26 32 39*

80–100 0 2 5 3 0 0 0 2

*Dominant proportion of years with 2 risk factors for 30-year period

Table 2
Number of counties with different percentages of years with 2 weather risk factor thresholds exceeded

under the RCP 8.5 scenario

  Number of counties

% of years with 2
risk factors

2000–
2030

2010–
2040

2020–
2050

2030–
2060

2040–
2070

2050–
2080

2060–
2090

2070–
2100

0–20 41* 31 21 19 27 27 14 3

20–40 24 20 23 29 28 28 28 15

40–60 33 28 22 21 38* 32 46* 29

60–80 28 46* 59* 58* 35 39* 39 51*

80–100 2 3 3 1 0 1 1 30

Spatial Analysis
In each 30-year time period, both climate risk factors (June TMax > 30°C and June RF < 50mm) were
calculated for each year in each county. The percentage of years which exceeded both risk factor
thresholds was calculated for each county and plotted as maps for the RCP 4.5 and RCP 8.5 emissions
scenarios, respectively (Figs. 4 and 5). Figure 4 shows that the greatest increase in AFs contamination
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risk over time is in the north east of the study region, but several counties in the south-western part of the
region are also predicted to exceed thresholds in 20–60% of years rather than 0–40% of years as in
2000–2030. Spatially, it is interesting to note that the weather risk is increasing most in the south west
and north east of the region (Fig. 4) and may be decreasing in the central part of the region which was
highest risk in the 1977–2004 survey. As the temporal data suggested, the risk of AFs contamination
under the RCP 8.5 scenario is generally more severe. Risk is greatest in the north west of the region with
many counties in this area predicted to experience two weather risk factors in 60–80% of years. The
number of counties in the south west of the region, currently the dominant corn growing area (Fig. 1a),
which have > 40% of years with two weather risk factors increases over time. The number of counties
with < 40% of years with two weather risk factors is small for the 2070–2100 period.

Discussion
Over time, particularly for the RCP 8.5 scenario, the main corn growing counties are increasingly at risk of
AFs contamination and exceed two weather risk factors in increasing proportions of years. The spatial
patterns for the RCP 4.5 and 8.5 scenarios also suggest a shift away from the central counties in
southern GA being at the highest risk and a move towards the north east and south-western counties
being at greater risk from toxin contamination. These are currently (Fig. 1a) the dominant corn growing
areas in southern GA. There are many uncertainties associated with the future climate predictions under
both the RCP 4.5 and 8.5 scenarios as evidenced by the large spread in the distribution of the box and
whisker plots. The whiskers for most time periods extend from 0-100% and the boxes are 40–60% in
height. The exact process of downscaling of weather data to the county level and monthly data used in
the Climate toolbox (https://climatetoolbox.org/tool/future-time-series) needs further investigation and it
would be useful to have a more up to date county-level AFs survey for southern GA to see if patterns in
actual contamination/risk have changed since the 1977–2004 period as the projected climate data for
2000–2030 suggest they have.

In spite of the uncertainties and potential inaccuracies in the modelling approaches used here, the
�ndings are clear and statistically signi�cant. They suggest a general increase in the number of counties
at risk of high levels of AFs contamination over the next 80 years and a shift in the spatial patterns of
highest risk counties towards those that currently grow most corn. Battilani et al.[27] had similar results
for simulated corn a�atoxin contamination risk in Europe based on temperature-based modelling under
increases of average temperature above pre-industrial levels of 2 and 5°C. They noted that the level of
contamination risk would increase overall and that larger areas, northerly areas previously not at risk,
would be at greater risk of contamination. It would be interesting to see how their results might change if
the impact of climate change on precipitation patterns were also factored into their modelling approach
as it was here. The pattern with latitude within Georgia is however, the reverse of that observed by
Battilani et al.[27] with locations further north and west being at greatest risk and risk decreasing in a
southerly direction. This pattern shows the ameliorating effect of proximity to the coast (found on the
south-eastern edge of the state) on high temperatures and drought conditions, but also shows that this
effect is lessened as mean global temperatures increase. Nevertheless, both pieces of research suggest
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an increase in general contamination risk and a shift in the locations at risk which suggests that land
capability and suitability classi�cations may need revising with a�atoxin contamination as a potential
limiting factor and that farmers may need to re�ne the zones where they grow corn or alter their
management strategies.

Farmers will need guidance from extension services if they are to adapt to future climate change-related
abiotic shifts and their likely effect on AFs contamination and subsequent rejection of batches of corn.
Extension services will need to provide timely advice on adaptation strategies as the percentage of times
counties exceeded two weather risk factors in the 2010–2040 period was found to be signi�cantly greater
than the 2000–2030 period. Within the state of GA, the predicted patterns of future weather risk for AFs
contamination suggest that farmers should start to grow more corn in the central and south eastern parts
of the region if there are no limiting soil or other factors in these areas. If corn distribution patterns are not
altered, farmers in the southern GA region should improve and invest in irrigation infrastructure, plant
crops earlier and use cultivars that are more resistant to A. �avus infection and have some drought
tolerance. They will probably also need to increase their fungicide budget. Land suitability and capability
classi�cation for different crops should be recalculated in general to take into account such climate
change scenarios and perhaps future land suitability classi�cations could be developed to incorporate
AFs contamination risk as a possible limiting factor to growing corn and other crops.

Methods

A�atoxin data
A 1977–2004 a�atoxin survey used by Kerry et al.[1] was used to show the links in the spatial patterns of
AFs concentrations and weather variables in southern GA over the time period. County-level a�atoxin data
were collected between 1977 and 2004 in 53 counties in southern GA, USA (Fig. 6a). The data were
collected for different numbers of the 53 counties each year. The year with samples for the minimum
number of counties was 1990 with just 23 counties being sampled. The year with most counties sampled
was 1978 with 45 counties being sampled. Corn grain samples were collected at harvest using a grab
sampling technique where 10 ears were collected for each sampling and there was an average of 3
replications per county. There is some uncertainty in the AFS measurements (ppb) as there was a change
in the laboratory methods that were used during the survey period. Thin layer chromatography was used
until the late 1990s, subsequently the VICAM A�aTest [29] was used in more recent years. AFs
measurements were made by the USDA-ARS Crop Protection and Management Research Unit and the
University of Georgia, Natural Products Laboratory in Tifton, GA.

As AFs data were not available for every county each year, geostatistical methods were used to estimate
missing values and �ll these data gaps. The histogram of the data for the survey period approximates a
Poisson distribution (Fig. 6b) with lots of low values and a long tail with small numbers of high values.
Typical method of moment variograms become erratic in the presence of highly skewed data [30] and
when there are too few data (< 100) to compute a reliable variogram for each year (Webster and Oliver,
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1992). To circumvent these problems, Poisson kriging of rate variables calculated for the whole survey
period was performed. The proportions of years with AFs concentrations greater than the FDA 20 ppb and
100 ppb thresholds were calculated and Poisson kriged [31] to the centroid of each county. The FDA also
has 200 ppb and 300 ppb thresholds for corn feeds, but these are speci�c to �nishing swine > 100 lbs and
�nishing beef cattle, respectively. The 20 ppb and 100 ppb FDA thresholds were used for this research as
they are generally applicable to more animal species. Poisson kriging down-weights the in�uence of
counties where rates are based on fewer years of observations in the variogram computation and the
estimation process. For full details of Poisson kriging in general and speci�cally related to the southern
GA AFs survey see Monestiez et al.[31] and Kerry et al.[1], respectively.

Corn Growing Area
The corn growing area for each county was calculated using the The CropScape - Cropland data layer
produced by the National Agricultural Statistics Service (NASS,
http://nassgeodata.gmu.edu/CropScape/). The �rst year this was available for southern GA was the
2008/2009 growing season so this was used as the time closest to the survey period (1977–2004). The
CropScape data layer identi�es 56 m or 30 m pixels where corn was grown for each growing season.
Isolated corn pixels were not considered, only pixels that were clustered together with at least 3 connected
56 m2 pixels or 9 connected 30 m2 pixels were considered so that the proportions of corn grown were not
re�ecting isolated mis-identi�ed pixels that were not being used for agricultural purposes. Using
CropScape data from just one year assumes that the areas growing corn in southern GA have not
changed markedly during the study period. Non-spatial data on corn area grown in each county by year
were available using the quick stats tool of USDA-NASS
(https://www.nass.usda.gov/Statistics_by_State/Georgia/Publications/County_

Estimates2016/GACorn14_15.pdf) and suggested that the highest corn-producing counties are
consistent in time and are consistent with the proportions of county area growing corn identi�ed by the
2008/2009 CropScape data.

Weather data for the a�atoxin survey period
Monthly weather data were obtained for each year in the AFs survey period (1977–2004) from the GA
Weather Network (http://georgiaweather.net). The locations of weather stations (82 in total) are shown as
black dots in Fig. 6a. Based on the �ndings of Salvacion et al.[25] and Kerry et al.[1], June TMax and
June RF were the weather data used for each year. Figure 6a shows that there are not weather stations in
every county so the June TMax and June RF values for each year were ordinary kriged to county
centroids to �ll these data gaps with estimates. The 30-year normal for June TMax in southern GA is
33°C and 50 mm for June RF. The ordinary kriged weather data were used to determine the percentage of
years in the 1977–2004 study period that had June TMax > 33°C and June RF < 50 mm.

Future climate projections



Page 10/17

Future climate projections for June TMax and RF were projected assuming both RCP 4.5 and RCP 8.5
emission scenarios for each variable in the year range 2000 to 2100. Projections were made using the
Climate Toolbox [32]. These projections are generated from the IPCCs Coupled Model Inter-comparison
Project (CMIP5) [33] and based on two future scenarios, all with a resolution down-scaled to 4 km for the
entire USA. From this down-scaled data, the Climate Toolbox interface gives estimates of June TMax and
RF for each county in southern GA. These were then used to calculate weather risk factors (June Tmax > 
30°C and June RF < 50mm) for all counties for each year. The percentage of counties which exceeded
both risk factor thresholds was calculated for each year.
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Figures

Figure 1

County Maps of southern Georgia, USA showing: (a) % Corn growing area, (b) % observed two weather
risk factor thresholds exceeded 1980-2004, (c) % years with >20 ppb A�atoxins, (d) % years with >100 ppb
A�atoxins Note: The designations employed and the presentation of the material on this map do not
imply the expression of any opinion whatsoever on the part of Research Square concerning the legal
status of any country, territory, city or area or of its authorities, or concerning the delimitation of its
frontiers or boundaries. This map has been provided by the authors.
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Figure 2

Average percentage (%) of counties in southern Georgia, USA predicted to exceed two weather risk factor
thresholds for 30 years periods under the (a) RCP 4.5 scenario and (b) RCP 8.5 scenarios



Page 15/17

Figure 3

Bar chart showing the difference in mean ranks for Mann Whitney U tests comparing the 2000-2030 and
different time periods for RCP4.5 and RCP8.5

Figure 4
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County maps of southern Georgia, USA, with the percentage of years predicted to exceed two weather risk
factor thresholds assuming the RCP 4.5 scenario Note: The designations employed and the presentation
of the material on this map do not imply the expression of any opinion whatsoever on the part of
Research Square concerning the legal status of any country, territory, city or area or of its authorities, or
concerning the delimitation of its frontiers or boundaries. This map has been provided by the authors.

Figure 5

County maps of southern Georgia, USA, with the percentage of years predicted to exceed two weather risk
factor thresholds assuming the RCP 8.5 scenario Note: The designations employed and the presentation
of the material on this map do not imply the expression of any opinion whatsoever on the part of
Research Square concerning the legal status of any country, territory, city or area or of its authorities, or
concerning the delimitation of its frontiers or boundaries. This map has been provided by the authors.
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Figure 6

(a) Map showing the number of years with a�atoxins observations in each county and the location of
weather stations and (b) Histogram of county level a�atoxins values <100 ppb for southern Georgia, USA,
1977-2004, 61 observations (not shown) were between 100 and 4807 ppb Note: The designations
employed and the presentation of the material on this map do not imply the expression of any opinion
whatsoever on the part of Research Square concerning the legal status of any country, territory, city or
area or of its authorities, or concerning the delimitation of its frontiers or boundaries. This map has been
provided by the authors.
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