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Malawi is one of the poorest countries in the world, with high levels of malnutrition and little domestic mycotoxin regulation. Domestically grown maize is the largest single source of calories in the country and a large contributor to the economy. This research uses Regional Climate Models (RCMs) to determine the climatic conditions in the three regions of Malawi (Northern, Central and Southern) in 2035 (2020–2049) and 2055 (2040–2069) as compared to the baseline climate of 1971–2000. This climatic data is then used as inputs to the Food and Agriculture Organization's (FAO) AquaCrop model to assess the impact on the growth cycle of two maize varieties grown in each region and sown at three different times during the planting season. Finally, AFLA-maize, a mechanistic model, is applied to determine the impact of these projected changes on the aflatoxin B1 (AFB1) contamination risk. We find that Malawi's climate is projected to get warmer (by 1–2.5°C) and drier (reduction of 0–4% in annual rainfall levels) in all regions, although some uncertainty remains around the changes in precipitation levels. These climatic changes are expected to shorten the growing season for maize, bringing the harvest date forward by between 10 and 25 days for the short-development variety and between 25 and 65 days for the long-development variety. These changes are also projected to make the pre-harvest conditions for Malawian maize more favorable for AFB1 contamination and risk maps for the studied conditions were drawn. Exceedances of EU safety thresholds are expected to be possible in all regions, with the risk of contamination moving northwards in a warming climate.
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INTRODUCTION

Food crops are an ideal substrate for fungal mold growth, and this is a major cause of spoilage in the food supply chain (Adeyeye, 2016). These molds can impact both the quality and quantity of the crop yield, and can contaminate the edible part of the crops with toxic secondary metabolites called mycotoxins (Bhat and Miller, 1991; Magan et al., 2011). Exposure to mycotoxins, either through skin contact, inhalation or ingestion can cause a range of symptoms and illnesses in humans, both acute and chronic, ranging from cold and flu like symptoms to immune deficiency, organ failure, cancer and even death (Peraica et al., 1999; Hussein and Brasel, 2001; Udomkun et al., 2017). The young, elderly and those with compromised immune systems are more vulnerable to the negative health effects of mycotoxins (Bennett and Klich, 2003). While early estimates from the Food and Agriculture Organization (FAO) suggested that mycotoxin contamination effected 25% of global crops, more recent estimates show that this may be as high as 60–80% (Eskola et al., 2019).

The main food crops grown in Malawi are unfortunately not safe from mycotoxin contamination (Misihairabgwi et al., 2017) and with much of the population reliant on un-regulated subsistence farming, and no regulation on levels of mycotoxins found in domestically grown food sold in local markets (Mwalwayo and Thole, 2016), the population is at risk of dangerous levels of mycotoxin exposure. Furthermore, high levels of malnutrition and incidence of communicable diseases such as HIV/AIDS, tuberculosis and malaria (IHME, 2018), make the population of Malawi particularly vulnerable to the adverse health effects of mycotoxin exposure.

The molds which produce mycotoxins tend to flourish in hot and humid environments, therefore the sub-tropical climate of Malawi creates conditions conducive to growth (Misihairabgwi et al., 2017). Multiple drivers impact the type and concentration of mycotoxin which is produced, including the nutritional composition and genetic susceptibility of the host plant, moisture content, humidity, water activity, aeration, temperature, acidity level, fungal population, and physical condition of the crop (e.g., damage due to insects or other stress factors) (Matumba et al., 2014a). However, meteorological conditions are the most important factor in the production of mycotoxins and therefore, climate change is likely to induce significant changes in the distribution, type, and concentration of mycotoxins (Paterson and Lima, 2010).

Little research has so far examined the effect future climate change may have on mycotoxins in Africa as a whole, let alone in specific nations such as Malawi. However, some assessment of current prevalence and impact of mycotoxins in Malawi has been made. The majority of these studies concentrate on aflatoxins due to their significant health impacts and the relative ease of detection (Chipinga, 2014). Aflatoxins are a group of mycotoxins produced primarily by Aspergillus flavus and A. parasiticus, with A. flavus a widespread contaminant in arable agriculture (Payne and Brown, 1998; Santini and Ritieni, 2013). While there are many different types of aflatoxins, studies often concentrate on aflatoxin B1 (AFB1) as it is the most toxic of the compounds1, and is a known carcinogen, causing liver cancer, growth suppression, immune system modulation, and malnutrition in both humans and livestock (Payne and Brown, 1998; Rushing and Selim, 2019). Due to its ability to suppress the immune system, AFB1 exposure is also believed to be linked with the increased HIV viral load in those infected, and faster progression of the HIV infection to AIDS (Jolly, 2014). While data on the exact impacts of aflatoxin exposure in Malawi are unknown, the Partnership for Aflatoxin Control in Africa (PACA, 2020) estimates that over 2,100 cases of liver cancer and 75,400 healthy life years are lost annually in Malawi due to aflatoxin exposure. In addition to the main health concerns for people involved, this causes an annual loss of up to USD 393.6 million to the local economy (PACA, 2020).

The few studies available that explore the current prevalence of aflatoxin contamination in Malawian food have highlighted a worrying situation. Analysis of a range of locally processed maize-based foods sold in popular Lilongwe markets found multiple incidence of aflatoxins, including AFB1, at concentrations which exceeded EU health safety levels, including in all 36 samples of locally processed maize-based baby foods (Matumba et al., 2014b) (see Supplementary Table 1). With infants being particularly susceptible to the negative effects of aflatoxins, and cereal based foods forming a significant part of many infants' diets, these findings are very concerning.

The presence of different mycotoxins and the levels of mycotoxin contamination differ by climatic region in Malawi. A study by Chipinga (2014) found that the Southern region, which tends to be warmer in all seasons (Met Malawi, 2006), has more incidence of mycotoxin contamination in general, with samples more likely to contain fumonisins, aflatoxins, deoxynivalenol, and/or ochratoxin, while incidences were lower in the relatively cooler Central region, and the contaminant more likely to be zearalenone. These findings are in line with Matumba et al. (2014c) who found that 75% of samples taken from hotter regions of the country were contaminated with at least one mycotoxin, whereas cooler zones had a much lower incidence of mycotoxin contamination at 17%. These studies highlight that the climatic conditions not only have an important role in whether mycotoxin-producing molds will be present, but also which species will grow and how prolific they will be.

With increasing temperatures and more erratic rainfall predicted (Mittal et al., 2017; Warnatzsch and Reay, 2020), it is likely that climate change will impact mycotoxin occurrence in Malawi in terms of their type, geographic distribution and concentration. These changes may negatively impact the quality and quantity of food grown, and therefore raise key issues for human health, food security, and climate change adaptation. This paper aims to quantify the current and future risk of pre-harvest AFB1 contamination of maize in the three main growing regions of Malawi of this staple food crop.

Aflatoxin risk is a main concern in Malawi and it could become even more serious in the future; predictions highlight an increase in maize contamination in Europe (Battilani et al., 2016), therefore suggesting possible critical scenarios for aflatoxin contamination of maize in other geographic areas. Domestically grown maize represents 48 percent of the calorie intake of Malawi's population, with 32, 54, and 14 percent of that maize grown in the Southern, Central and Northern regions, respectively (Arya et al., 2005; FAOSTAT, 2018). A change in contamination risk could therefore have large impacts to food security and safety at regional and national levels and may require anticipatory actions (Battilani et al., 2016). The modeling approach is a crucial tool for policy makers and farmers to support strategic decisions and reinforce aflatoxin management, both of them aimed to prevent human and animal exposure to this compound with acute and chronic toxic effects.

In each of the three regions, two varieties of maize were chosen for assessment, one slow- and one fast-developing. Three different sowing dates, early, medium and late, were also assessed.



METHODOLOGY

To assess the potential impact of climate change on the risk of pre-harvest AFB1 contamination of maize crops over time and geographic spread, it was first important to understand how the climate is projected to change in the three regions of Malawi: Southern, Central and Northern. Here we first assess the baseline climate of each region as the 1971–2000 period, and two future time periods representative of the 2035 (2020–2049) and 2055 (2040–2069) climates under Representative Concentration Pathway (RCP) 4.5 and 8.5. These two future time horizons were chosen as they are long enough to allow for adaptation measures to be implemented, and short enough to be relevant to current farmers, consumers, and policy makers.

As an assortment of maize cultivars are grown in Malawi and planting occurs during a “season” rather than on a specific date, this assessment considers the changes in pre-harvest AFB1 contamination risk on two varieties of maize, one with a slow-development and one with a fast-development period, which are sown on three separate dates within the main summer growing season, November 15, December 10 and December 30 (Warnatzsch and Reay, 2020).

A modeling approach was used to predict the risk of AFB1 contamination of each variety of maize in each time-period and region depending on sowing date. The model applied was AFLA-maize, a mechanistic weather-driven model which determines the daily risk of A. flavus infection and AFB1 contamination of maize from silk emergence through to harvest (Battilani et al., 2013). This model has been shown to be effective in predicting aflatoxin contamination in maize crops grown in Italy (Battilani et al., 2013), it was effectively used to assess the impact of climate change on mycotoxin risk in Europe (Battilani et al., 2016), and recently the model was successfully adapted to predict AFB1 occurrence in pistachio-nuts in Greece (Kaminiaris et al., 2020). A site-specific validation for Malawi was not managed; however, mechanistic models, such as AFLA-maize, are designed to consider the cause-effect relationship between variables and no calibration is required when used in different geographies (De Wolf et al., 2003; Camardo Leggieri et al., 2013).

To run the AFLA-maize model it was necessary to obtain daily climatic data for each time-period and RCP scenario, as well as information on the crop development, namely the sowing date, the emergence date and the harvest date. The methodologies for determining these model inputs, and the process for utilizing the model are described in the sections below.


Climatic and Environmental Conditions

The daily temperature, precipitation and relative humidity data used in this assessment were output from a set of atmospheric Regional Climate Models (RCMs) from the African domain of the Coordinated Regional Climate Downscaling Experiment (CORDEX) initiative (see list of RCMs in Supplementary Table 2). Within this initiative, all currently publicly available models which provide projections for both RCP 4.5 and 8.5 were selected, with one exception2.

Limited by the resolution of the models3, and the need to use a rectangular boundary, the assessment includes spatial data that are larger than the actual geographical boundary of the three Malawi regions, and some overlap in the three regions also exists, as shown by the shaded areas in Figure 1.
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FIGURE 1. Map of Malawi represented with geographical coordinates (left) and based on actual land boundary (right). The map on the left shows the data boundary used in this assessment. Northern Malawi is indicated by the hatched area at the top (32.5 to 35 degrees East and −8.5 to −12.5 degrees South), Central Malawi is indicated by the dotted area in the center (32.5 to 35.5 degrees East and −11.5 to −15 degrees South), and Southern Malawi is indicated by the hashed area at the bottom (34 to 36.5 degrees East and −14 to −17.5 degrees South). Black lines show national borders and the solidly shaded gray-blue area is Lake Malawi. The map on the right shows the actual land boundary and the district borders (white lines) with Northern Malawi in the darkest shade, Central Malawi in the mid-shade, and Southern Malawi in the lightest shade.


Direct comparison of individual CORDEX model outputs is possible as the initiative sets a standard grid, domain size, experiment protocols, and data format (Giorgi et al., 2009; Nikulin et al., 2012). However, the CORDEX initiative does not dictate the calendar format resulting in some of the RCMs using a complete 366-day calendar (includes leap-days in relevant years), while others have a 365-day calendar or a 360-day calendar (assumes all months are 30 days). Before any direct comparisons or ensemble means could be calculated from the daily data outputs, it was necessary to make all the calendar formats the same. There is no standard method to do this, however the models used in this assessment require either a 365-day year (for AquaCrop) or 366-day year(for AFLA-maize). Therefore, in order to make the calendar formats comparable the methodologies established by Warnatzsch and Reay (2020) were applied.

The ability of these RCMs to hindcast daily mean temperature in Central Malawi was evaluated in a previous study. It was found that, while they are able to replicate relative changes in temperature well, they are not able to adequately simulate absolute temperatures (Warnatzsch and Reay, 2019). To account for this modeling bias, the temperature and precipitation projections were re-baselined using methods applied by the Met Office's United Kingdom Climate Projections (UKCP18) (Met Office, 2018) and the observed datasets detailed in Supplementary Table 3 (Warnatzsch and Reay, 2020). An adequate observed database for historical relative humidity could not be found for Malawi and as such, the relative humidity data have not been re-baselined and the authors acknowledge that these data are a source of uncertainty.

As reference evapotranspiration (ETo) is not a climatic variable, the CORDEX-Africa models do not have an output for it. The reference evapotranspiration data for each time period were therefore determined using the FAO's Penman-Monteith (FPM) method (Allen et al., 1998a,b), details of which can be found in the Supplementary Material. This methodology was tested for application in Malawi (Wang et al., 2011) and Southern Malawi more specifically (Ngongondo et al., 2012) and deemed appropriate for use.

Data for leaf wetness, an important variable for determining mycotoxin risk, were also not available for any region or time frame in Malawi. As such, an established empirical model to simulate leaf wetness was applied. This model assumes that if relative humidity was ≥ 90%, or there was any precipitation (≥ 0 mm) during that day, the leaf wetness would be equal to one (1), otherwise it was assumed to be zero (0). Evaluation of this model in various parts of the world has found that, in the absence of measured data, this empirical model performed better than other methods, although some over or under estimation was observed (Sentelhas et al., 2008). While the authors acknowledge that this is a source of uncertainty, Battilani et al. (2016) carried out a sensitivity analysis which found that the model accuracy was not significantly affected by adjusting leaf wetness within a realistic range.

Previous analysis on the performance of climate models to simulate precipitation in Malawi have found the model outputs to be highly divergent and not well-correlated to observed precipitation levels (Mittal et al., 2017; Warnatzsch and Reay, 2019). However, in both the Warnatzsch and Reay (2019) and Mittal et al. (2017) a clustering of model outputs was seen around the ensemble mean, making this scenario more likely than either a minimum or maximum scenario. Based on these findings, the current study assessed future impacts on Malawi's three regions using an ensemble mean precipitation scenario. With regards to temperature, Warnatzsch and Reay (2019) found that the ensemble average adequately represented the temperature records of Malawi once adjusted for the bias, as described above. Therefore, our impact assessment was based on climatic scenarios built upon the bias-adjusted ensemble average outputs for daily precipitation rate, temperature, the ensemble mean relative humidity rates, and calculated reference evapotranspiration and leaf wetness. The full details of these climate scenarios can be found in Supplementary Tables 4, 5.

All data were formatted and output from the RCMs using a Python interface and a variety of open source Python libraries and packages. The code used for each assessment can be found in the author's GitHub repository4.



Crop Development

A crop model (AquaCrop) was used to determine the emergence date and the harvest date of two varieties of maize (slow- and fast-development) under the different climatic conditions (set out in section Climatic and Environmental Conditions) and initial sowing dates in each region of Malawi. The calibration of AquaCrop in this analysis was based on earlier calibration carried out by Warnatzsch and Reay (2020). Full details of the calibration for the two crop models is given in Supplementary Tables 6, 7.

With a broader geographic range, the calibration of AquaCrop for soil in this study differed slightly from Warnatzsch and Reay (2020). The dominant soil texture in Malawi is classified as sandy clay loam, accounting for over two thirds of the soil distributed across the country (Li et al., 2017). Li et al. (2017) found that the Northern Region also had a sandy loam texture in a tenth of the soil, while the Central Region had just under a tenth of its soil texture described as sandy loam. Other soil textures were found to account for only a small proportion of the soils. Therefore, the AquaCrop model was run using the sandy clay loam, sandy loam and sandy clay default AquaCrop soil models. However, the soil choice was found to have no impact on the crop development dates in any region.



Aflatoxin Contamination Risk Assessment

The mechanistic model, AFLA-maize, was used to predict AFB1 contamination risk of two different maize varieties grown in the three regions of Malawi using crop development dates and the climate scenarios creating using the methodology described in sections Climatic and Environmental Conditions and Aflatoxin Contamination Risk Assessment above. The original AFLA-maize model required hourly meteorological data input (Battilani et al., 2013), however this was not available for Malawi. Therefore, the methodology applied by Battilani et al. (2016) to adapt the model to work with daily meteorological data was used in this analysis. The sensitivity of the AFLA-maize model to this adaptation was tested by Battilani et al. (2016, supplementary material) and the results were found to be comparable.




RESULTS


Projected Climate Change in Malawi

Malawi's current climate is classified as sub-tropical (Met Malawi, 2006). It has two distinct seasons: a warm and wet season in the spring and summer (October to April) and a cooler, dry season in the autumn and winter (May to September). Historic trends in Malawi's climate are shown in Supplementary Figure 1. Temperatures fluctuate by an average of 11°C over the course of the day, with a larger range in the winter months than the summer. On average, the Northern Region of the country is the coolest, and the Southern Region is the warmest. Precipitation levels vary by region and season, with almost no rain in any region during the autumn and winter months (April—October). During the spring and summer months (November—March), the Northern and Central Regions tend to see more rainfall than the Southern Region. With reference evapotranspiration linked to temperature, a similar trend is seen for this variable; overall reference evapotranspiration is higher in the spring and summer, and lower in the autumn and winter. As temperatures decrease with latitude, reference evapotranspiration rates are highest in the Southern Region, and lowest in the Northern Region. Relative humidity levels are also tied to temperature and precipitation, although the annual trend shows a lag response, with the highest rates in February and lowest in October.

The seasonality that Malawi experiences is expected to continue under both RCP 4.5 and RCP 8.5 for the 2020–2049 and 2040–2069 periods. However, temperatures are set to increase in all regions and scenarios (see Table 1).


Table 1. The historic annual mean, minimum, and maximum surface air temperatures (Tas) in the three regions of Malawi for the 1971–2000 period, and the Regional Climate Model (RCM) ensemble mean projected change (Δ) in temperature for the 2035 (2020–2049) and 2055 (2040–2069) climate periods under the Representative Concentration Pathway (RCP) 4.5 and 8.5 scenarios.
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With increasing temperatures, rates of reference evapotranspiration are also projected to increase slightly in all future time periods and regions (see Table 2). The ensemble mean shows a small decreasing trend in precipitation rate and relative humidity in all future scenarios and regions. The small change in precipitation (±5%) is supported by around half of the model projections, with a larger number projecting a reduction rather than an increase in precipitation in all future scenarios and regions.


Table 2. The historic precipitation rate, reference evapotranspiration rate (ETo) and relative humidity in the three regions of Malawi for the 1971–2000 period, and the Regional Climate Model (RCM) ensemble mean or calculated projected change (Δ) in these variables for the 2035 (2020–2049) and 2055 (2040–2069) climate periods under the Representative Concentration Pathway (RCP) 4.5 and 8.5 scenarios.
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Changes in Crop Development

Projected climate change for the 2020–2049 and 2040–2069 periods, as described in section Projected Climate Change in Malawi, is not expected to have a significant impact on the date of emergence of either the fast- or slow-developing maize varieties considered here; shifting the date forward by an average of 1 day (maximum 2 days). However, the impact on the date of harvest is larger. Both maize varieties show little difference between the two future time horizons examined in either absolute or relative terms. However, the RCP scenario does impact the results for both varieties and all sowing dates with RCP 8.5 scenario leading to a shorter development time than the RCP 4.5 scenario in the same time period (see Supplementary Tables 8, 9 for full results).

Figure 2 shows the absolute (Figure 2A) and relative (Figure 2B) change in the number of days between sowing and harvest for the two varieties of maize in the three regions. For all future scenarios in all three regions and sowing dates, the time to harvest for the slow-development variety of maize shortens by a larger number of absolute days than the fast-development variety. However, on relative terms, the impact that future climate change has on the time to harvest depends on sowing date and variety. The slow-development maize variety shows a smaller relative advance in harvest timing with later sowing dates in the Northern and Central regions, but this trend is not followed in the Southern region. For the fast-development maize variety, the relative impact on the development time to harvest is smaller with earlier sowing dates in all regions.
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FIGURE 2. Absolute (A) and relative (B) change in the number of days between sowing date and harvest date for two maize varieties planted on three different sowing dates (November 15, December 10, and December 30) in the three Malawi regions (Northern, Central, and Southern). These data are provided for two future time periods (2020–2049 and 2040–2069) and Representative Concentration Pathways (RCPs) (4.5 and 8.5) and are compared to the baseline period 1971–2000.




Changes in Aflatoxin B1 Contamination Risk

The primary output of the AFLA-Maize model—the aflatoxin risk index (AFI)—indicates the cumulative risk of AFB1 contamination in the crop during its development pre-harvest (Battilani et al., 2016). If AFI = 0 this indicates that conditions are such that no interaction between the A. flavus and the maize crop was possible, and as such no AFB1 contamination risk is possible. Where the AFI result is larger than zero, then a host interaction is possible, which indicates that AFB1 contamination is also a risk. An AFI ≥ 95 is considered consistent with an AFB1 contamination equal to or greater than the current European threshold for legal AFB1 contamination, 5 μg per kg (EU, 2006, 2010, 2014). The results of the AFLA-maize analysis are shown in Figures 3, 4 (the numerical data is presented in tabular and graphical format in the Supplementary Table 10 and Supplementary Figure 2).


[image: Figure 3]
FIGURE 3. AFI (Aflatoxin risk index) for slow-developing maize variety in each region of Malawi under differing climatic conditions and sowing dates. The first of the five rows represents the AFI under the baseline climate condition (1971–2000), the second and third row represent this risk associated with the 2035 (2020–2049) climate period under Representative Concentration Pathway (RCP) 4.5 and 8.5, respectively, and the final two rows represent this risk associated with the 2055 (2040–2069) climate period under RCP 4.5 and 8.5, respectively. The three columns represent the different sowing dates considered: 15 November, 10 December and 30th of December. The index at the bottom places the AFI results into color bands, with the deepest red indicating AFI levels which are consistent with exceedances of the EU threshold for AFB1 (5 μg/kg) contamination in food.
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FIGURE 4. AFI risk for fast-developing maize variety in each region of Malawi under differing climatic conditions and sowing dates. The first of the five rows represents the AFI risk under the baseline climate condition (1971–2000), the second and third row represent this risk associated with the 2020–2049 climate under RCP 4.5 and 8.5, respectively, and the final two rows represent this risk associated with the 2040–2069 climate under RCP 4.5 and 8.5, respectively. The three columns represent the different sowing dates assessed: 15 November, 10 December and 30th of December. The index at the bottom places the AFI results into color bands, with the deepest red indicating AFI levels which are consistent with exceedances of the EU threshold for AFB1 contamination in food.


Use of the baseline climate (1971–2000) indicates AFB1 contamination risk in both maize varieties to be possible in all regions of Malawi, with the AFI lowest in the Northern Region and highest in the South. The model indicates that the EU legal threshold of 5 μg AFB1 per kg is likely to be exceeded in the Southern Region regardless of sowing date or variety of maize, and some exceedances are possible in the Central region. Risk of EU legal threshold exceedances in the Northern region is low under these baseline climate conditions. For both maize varieties, later sowing dates in the Northern and Central regions largely result in higher contamination risk than earlier sowing dates, although this trend is not seen in the Southern region.

In the future climate scenarios examined both varieties of maize show the same general trends: higher concentrations of AFB1 contamination and the risk of exceeding the EU legal threshold moving northward. The trend of later sowing dates resulting in higher contamination risk continues in the Northern and Central region under the future climate scenarios. However, there is still no consistent trend in the Southern region, where sowing date plays a smaller relative role in the changes observed. The only scenario where the maize shows a lower risk of contamination in a future climate relative to the baseline is in the Northern region with the earliest sowing date. This decrease in risk is linked to the shortened development time, which means the A. flavus does not have enough time to grow and produce high levels of AFB1 before the crop is harvested. This is also the reason the future climates under RCP 8.5 do not always show higher contamination risk than the RCP 4.5 climate in the same period; while the future climatic conditions are often more conducive to AFB1 contamination, the crop development is accelerated and therefore the toxin has less time to accumulate.

Similar levels of contamination risk are seen in both varieties of maize under the same climatic and sowing conditions, with no consistently strong trend seen in the Southern or Central regions between varieties. However, in the Northern region, the slow-development maize variety did show slightly higher levels of contamination risk than the fast-development maize variety which again is due to longer periods of time for the toxin to be produced before the time of harvest.




DISCUSSION AND CONCLUSION

Currently, the majority of maize is grown in the Central region of Malawi, with trade between the regions (FAOSTAT, 2018). We find that future climate change can be expected to increase the risk of pre-harvest AFB1 contamination in maize in all regions of Malawi. The risk of dangerous contamination levels (i.e., above EU legal thresholds) is expected to continue in the Southern region while also expanding northwards into the Central and Northern regions.

Our results are consistent with the findings of previous research which has shown that increasing temperatures, particularly when combined with lower precipitation levels during the early growing season, lead to higher levels of aflatoxin contamination (Battilani et al., 2008; Magan et al., 2011; Medina et al., 2014, 2017; Stepman, 2018). However, with significant uncertainty remaining around future precipitation rates, further analysis should be carried out with a range of precipitation scenarios to develop a more robust, higher resolution likelihood assessment for AFB1 contamination, and so avoid risks of maladaptation. With higher resolution climate models, it would also be possible to more confidently assess risk at a more granular level, such as using the six established agro-ecological zones of Malawi. This more detailed assessment would better align the risk assessment with regional agricultural strategy development.

Our research does suggest that changing to a faster developing variety of maize may limit the risk of AFB1 contamination at the time of harvest in parts of the country. However, this is not a solution for most of the maize growing areas and even where it is, it may not lead to lower contamination risk at the point of maize consumption. This study only looks at the cumulative risk index up to the point of harvest, however if A. flavus is present on the crop at the time of harvest or becomes contaminated with spores post-harvest, it is likely to keep growing and metabolizing toxins, particularly if storage conditions are not optimized (Channaiah and Maier, 2014; Neme and Mohammed, 2017; Mahuku et al., 2019). Erratic rainfall patterns, which are typical for Malawi, and social issues including theft of food crops before harvest, often lead to early harvesting (Matumba et al., 2014a). The crops are then frequently stored before adequate drying for extended periods of time and in facilities with inadequate or non-existent temperature and moisture control. When grain is stored with humidity and temperature suitable for fungal activity, these factors promote the further growth of molds and leads to mycotoxin production. Aflatoxin synthesis is very rapid when grain humidity is lower than 28–30% (Payne et al., 1988; Giorni et al., 2016), and these conditions are consistent with the common water content of post-harvest maize without adequate drying. The issue of post-harvest contamination in a changing climate is therefore one that requires urgent examination in Malawi.

In addition to the need for research to be expanded to include post-harvest phases, research is required to understand how climate change will impact the contamination risk of other mycotoxins on maize, as well as the impact on other food crops. Despite the significant exposure risk and vulnerability of the population, AFB1 and other mycotoxin contamination does not yet appear to be a high priority from a public health policy standpoint in Malawi. While regulations limiting aflatoxins concentrations in food stuffs do exist, they only apply to products being exported or sold in supermarkets, and no regulation currently exists for other mycotoxins (Mwalwayo and Thole, 2016). Strict mycotoxin regulations do however exist in most developed countries which means that only the least contaminated crops can be exported, and the more contaminated foodstuffs are kept for local consumption (Matumba et al., 2015; Mwalwayo and Thole, 2016; Misihairabgwi et al., 2017).

Regulation on its own may not solve this issue as it would be likely to have little impact on the large quantity of subsistence-based farming in Malawi. Only 20 percent of maize farmers produce enough to sell their produce, with the remaining farmers only producing enough for their household's needs (Denning et al., 2009; Mwalwayo and Thole, 2016). Ambler et al. (2017) found that farmers who reported their crop to be damaged (loss of quality) predominantly did not dispose of it, but instead diverted the crop from sale and seed to instead use for their own consumption. The underlying food security and poverty issues in Malawi are compounded by undiversified diets, and an inadequate or incomplete knowledge on the risks associated with mycotoxins in the general population. A study by Matumba et al. (2016) found that while 88% of the population understood that molds posed a risk to human health, few understood what that danger was, and half believed that any toxins would be destroyed by cooking, which is generally not the case (Bullerman and Bianchini, 2007). Therefore, with insufficient knowledge on the impacts of ingesting moldy food, and most farmers selling their best product, the food remaining for household consumption is often the grain with the lowest quality and the highest probability of mycotoxin contamination (Mwalwayo and Thole, 2016).

Thus far, there have been no serious mycotoxicosis5 outbreaks reported in Malawi, possibly due to the limited reporting of cause of death and the difficulty of assigning causality to some aflatoxin affects, like immunosuppression, to the toxic ingestion. However, outbreaks have occurred in neighboring countries with similar climates (Mwalwayo and Thole, 2016), and studies indicate that the Malawian population is already consuming contaminated food (Doko et al., 1996; Matumba et al., 2009, 2014b,d; Monyo et al., 2012; Probst et al., 2014; Matumba et al., 2015; Mwalwayo and Thole, 2016). Worryingly, Malawi has very high rates of cancers which are known to be linked to mycotoxin exposure (The Global Cancer Observatory, 2019). However, while the correlation exists, no systematic study has been carried out to determine the causal factors or fully explore links with mycotoxin exposure and incidence of cancer or other health issues in Malawi (Mwalwayo and Thole, 2016).

Our study finds projected climate change is expected to cause the main food crop in Malawi, maize, to become more contaminated, with dangerous levels of AFB1 at the point of harvest in regions of the country that haven't historically faced this challenge. Unless adaptation or mitigation measures are put in place to improve or change storage, consumption and legislative conditions, this will likely lead to higher levels of toxins to be present in foods at the point of consumption. From a risk assessment perspective, the results of this paper represent a communication tool for stakeholders, including policy makers, to highlight the need for education and awareness of this risk. The approach followed in this study can significantly support emerging countries like Malawi to reduce local population exposure to aflatoxins, and therefore improve human and livestock health. Future research is required to explore what mitigation and adaptation measures are available and appropriate for use in Malawi, and the impact these may have on AFB1 contamination risk of Malawian maize crops. Further analysis of post-harvest contamination of maize, as well as the impact of climate change on other mycotoxins and food crops is now also urgently required.
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FOOTNOTES

1AFB1 has a median lethal dose [LD50] for mice in laboratory testing which ranges from 9-60mg of AFB1 per kg of body weight (Almeida et al., 1996).

2At the time of writing there was one additional RCM available that met these criteria, HIRHAM5_NorESM1-M, however this model has been excluded from this study. Based on the findings of Warnatzsch and Reay (2019), this RCM is a major outlier and does not simulate Malawi's temperature or precipitation well.

3All the RCMs used have a 0.44-degree [~50 km2] resolution.

4The author's GitHub directory can be found at: https://github.com/ErikaWarnatzsch/Maize-Aflatoxin-Risk.

5Mycotoxicosis is poisoning caused by exposure to mycotoxins.
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