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1. Introduction

Projected climate change effects undoubtedly will influence 
primary agricultural systems, including animal and plant 
production, and thus food availability. Climate change 
will affect food security directly via impacts on yields, but 
also indirectly via impacts on the safety of the available 
food (Gregory et al., 2005; Liu et al., 2015; Marvin et al., 
2013; Tirado et al., 2010; Wheeler and Von Braun, 2013). In 
addressing food security in relation to our future climate, 
food safety should, therefore, be considered. Mycotoxins 
are mentioned to be one of the most important food safety 
hazards affected by climate change (Miraglia et al., 2008).

Projected climate change effects include an increase in 
average global air temperatures and changes of precipitation 
distribution but, particularly, an increase in the variability 
of the weather with more extreme events such as heat 
waves, droughts and extreme precipitation (Field, 2012; 
IPCC, 2007; Pachauri and Reisinger, 2007). Both the 
foreseen gradual changes and extreme weather events are 
expected to influence primary agricultural production 
systems. Depending on the region, climate change effects 
will either positively or negatively influence crop yields 
and suitability of land to cultivate particular crops (Liu et 
al., 2013). However, for most of the globe, climate change 
is expected to negatively affect agricultural production 
(Pachauri and Reisinger, 2007). In a model study, climate 
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Abstract

Projected climate change effects will influence primary agricultural systems and thus food security, directly via impacts 
on yields, and indirectly via impacts on its safety, with mycotoxins considered as crucial hazards. Mycotoxins are 
produced by a wide variety of fungal species, each having their own characteristics and requirements. The geographic 
distribution of toxigenic fungi reflects their ecological needs, with thermophilic fungi prevalent at lower latitudes 
and psychrophiles at the higher latitudes. A resulting gradient of mycotoxin contamination has been repeatedly 
stressed. Changes in climatic conditions will lead to shifts in the fungal population and the mycotoxin patterns. In 
general, climate change is expected to increase mycotoxin contamination of crops, but due to the complexity of 
mycoflora associated to each crop and its interaction with the environment, it appears rash to draw conclusions 
without specific studies. Very recently first quantitative estimations of impacts of climate change on mycotoxin 
occurrence have been made. Two studies each applied models of different disciplines including climate projection, 
crop phenology and fungal/mycotoxin prediction to cereals cultivated in Europe. They were followed by a case 
study on climate change effects on Alternaria moulds and their mycotoxins in tomato. Results showed that DON 
contamination of wheat grown in Europe was, in general, expected to increase. However, variation was large, and in 
some years and some regions a decrease in DON contamination was expected. Regarding aflatoxin contamination 
of maize grown in Europe, an increase was estimated, mainly in the +2 °C scenario. Two main research gaps were 
identified related to the (limited) number of existing quantitative models taking into account climate change and 
their validation in limited areas. Efforts are therefore mandatory to be prepared for future changes and challenges 
on model validation and limited mycotoxin-crop combinations.
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change was estimated to reduce agricultural production in 
semi-arid (food-insecure) regions of the world (Lobell et al., 
2008). Model studies for Europe showed yield variability will 
increase (Bindi and Olesen, 2011; Ewert et al., 2005; Falloon 
and Betts, 2010; Olesen et al., 2007). Furthermore, risk of 
crop failure is expected to increase in Europe (EC, 2009).

In addition to crop production, climate change will also 
affect the prevalence of fungal species that can infect 
the crop, associated plant diseases and mycotoxin 
contamination (Gregory et al., 2009; Madgwick et al., 2011). 
For instance, following a heat wave in northern Italy in 2003, 
maize cultivated in this area was highly contaminated with 
aflatoxins, produced by the fungus Aspergillus flavus. Cows 
that had consumed the contaminated maize produced milk 
that was contaminated with aflatoxin M1 (Giorni et al., 
2007). Insect outbreaks, which are expected to increase in 
frequency and to move northwards due to climate change, 
may cause damage to plants and/or may distribute disease 
vectors (FAO, 2008a,b; Trnka et al., 2007). These outbreaks 
are foreseen to result into decreased yields and increased 
kernel damage, which may result in higher probability of 
fungal infection and mycotoxin presence.

Although literature reviews on the expected impact from 
climate change on mycotoxin contamination of cereals 
and other crops are available (Magan et al., 2011; Marín et 
al., 2013; Marroquín-Cardona et al., 2014; Medina et al., 
2014a,b; Miraglia et al., 2009; Ongoma, 2013; Paterson and 
Lima, 2010, 2011; Paterson et al., 2014; Tirado et al., 2010; 
Wu et al., 2011), a limited number of studies quantitatively 
estimated these impacts. This study reviewed information 
from these quantitative studies, identified gaps in knowledge 
and data, and provided recommendations for future studies.

2. Climate change impacts

Actual climate changes

Climate change include changes in greenhouse gas 
concentrations, temperature increase, precipitation pattern, 
extreme events and radiation. The increase in global surface 
temperature for the end of the 21st century is likely to exceed 
1.5 °C to 4.5 °C, extremely unlikely to be less than 1 °C, 
and very unlikely to be greater than 6 °C (Qin et al., 2013). 
Global warming increases the evaporation of water from 
land and ocean, and allows the atmosphere to hold more 
moisture. This change leads to more extreme precipitation. 
Annual mean precipitation is likely to increase by the end 
of this century in the high latitudes and tropical regions. 
In mid-latitude areas, arid regions will likely become drier 
and wet regions will likely become wetter. Extreme events 
will very likely become more frequent, more intense and 
of longer duration, and occasional cold winter extreme will 
continue to occur (Qin et al., 2013).

Climate scenario development

Scenario analysis is the central in all climate impacts 
research. In such analysis the climate change research 
community uses scenarios to improve understanding on 
how the future may be unfold based on what-if propositions. 
These scenarios include the complex interactions of the 
climate system, ecosystems, and human activities and 
conditions. The outputs of scenario analyses provide 
plausible descriptions of what may happen; they are not 
true predictions.

The Intergovernmental Panel on Climate Change (IPCC) 
has thus far provided four assessments of climate change 
and climate change impacts. The Third Assessment Report 
published in 2001 and the Fourth Assessment Report 
have used the so-called SRES scenarios (Special Report 
on Emission Scenarios (IPCC, 2000). These scenarios 
studied the uncertainty of future greenhouse gas and 
other pollutants emissions, assuming a wide range of 
driving forces, such as population growth, socio-economic 
development, etc.

Until now, the scenario analysis in IPCC followed a 
sequential approach. First of all, the SRES scenarios were 
set up and quantified. From this, the radiative forcing was 
calculated and then climate changes were estimated. The 
changes in climate variables were then used as inputs for 
impact models. The advantage of this approach is that 
coherent scenarios and storylines are obtained. However, 
the sequential approach was a slow process that took 
many years between emission and impact scenarios, and 
did not provide adequate opportunities for collaboration 
between physical, biological and social scientists. Therefore, 
the procedure for the Fifth Assessment Report of IPCC 
is following a fast parallel approach. For this approach, 
representative concentration pathways (RCPs) have been 
developed. Four typical pathways were selected. These lead 
to radiative forcing levels of 8.5 W/m2 (business as usual), 
6.0 W/m2 (slowdown in emissions), 4.5 W/m2 (mitigation) 
and 2.6 W/m2 (strong mitigation) by the end of this century 
(Van Vuuren et al., 2011). The ‘strong mitigation’ RCP 
likely keeps climate change within the desired 2 °C target 
of the politically agreed Copenhagen Accords. The main 
advantages of the parallel approach are a reduced time 
period required to go through the full process and improved 
analysis of complex issues through improved collaboration 
between researchers that work on each part of the process 
(Moss et al., 2010).

Comparison of the carbon dioxide concentrations associated 
with the SRES and RCP future scenarios are summarised 
by Irving et al. (2012), Peters et al. (2013) and Knutti and 
Sedláček (2013). Among these future scenarios, SRES A1F1 
(a scenario that describes very rapid economic growth, fast 
global population growth and technological emphasis on 
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fossil fuel) and RCP 8.5 correspond to the highest level of 
CO2 concentrations and the strongest climate response. 
The overall range across the RCP scenarios is larger due 
to the inclusion of a low-emission mitigation scenario 
RCP 2.6. Knutti and Sedláček (2013) summarised that 
RCP projections seem largely consistent with SRES with a 
better process understanding.

Application of climate scenarios

Both the spatial (typically 200×200 km) and temporal 
(monthly or daily) resolution of the direct climate model 
outputs are much coarser than the detailed resolution 
of food safety impact models (Ramirez-Villegas and 
Challinor, 2012). This implies that these data underestimate 
temperature and precipitation extremes of actual field 
situation (Hofstra et al., 2010), and data thus need to be 
downscaled before they can be applied. Some general 
downscaling methods include the weather generator 
(Mearns et al., 1997; Van der Fels-Klerx et al., 2012b, 2013), 
bias correction (Hawkins et al., 2013; Huntingford et al., 
2005; Ines and Hansen, 2006) and delta method (Arnell et 
al., 2003; Liu et al., 2015; Wilby et al., 2004).

3.  Climate change impacts on mycotoxins: 
expectations from theory

Mycotoxins and producing fungi

Mycotoxins are produced by a wide variety of fungal species, 
each having their own characteristics and requirements for 
infection, growth and toxin production. Most important 
species for worldwide mycotoxin contamination of cereals 
and other crops are from the genus Aspergillus, Fusarium 
and Penicillium (Pitt, 2000). All mycotoxins regulated 
worldwide are produced by fungal species belonging to 
these mentioned genera. The attention is focused on 
most important mycotoxins, in terms of their presence 
and toxicity, including aflatoxins, ochratoxins, fumonisins, 
trichothecenes, and zearalenone (ZEA). Some species can 
produce more than one mycotoxin, and one particular 
mycotoxin can be produced by different species. Therefore, 
multimycotoxin contamination is expected in most products 
destined to human and animal consumption.

Aflatoxins are produced mainly by A. flavus and by 
Aspergillus parasiticus, and can be present in a variety 
of feed and food crops. Tropical and subtropical areas, 
between 40N and 40S latitude, are the most vulnerable 
to Aspergillus infection and aflatoxin contamination. 
Drought together with high temperatures increase aflatoxin 
production in field (Payne, 1998). Out of the four different 
aflatoxins (B1, B2, G1, G2), aflatoxin B1 (AFB1) is the most 
predominant and has the highest toxicity. It has been 
classified by International Agency for Research on Cancer 
(IARC) as a known human carcinogen (IARC, 1993). Maize 

and nuts, peanuts and pistachio nuts, and cotton seeds give 
rise to main concern for aflatoxin contamination (Payne, 
1998).

Ochratoxins are a group of related metabolites of which 
ochratoxin A (OTA) is the most common one. It has been 
classified by IARC as a possibly human carcinogen (IARC, 
1993). Aspergillus ochraceus used to be considered the 
main OTA producer, particularly in cereals grown in 
warm climate. To date, other species of Aspergillus section 
Circumdati, Aspergillus steynii and Aspergillus westerdijkiae, 
are stated as the most important fungi for OTA production 
and related control and prevention strategies (Gil-Serna et 
al., 2015). Moreover, OTA can also be produced by several 
other Aspergillus spp., mainly belonging to section Nigri, 
crucial for grape contamination, and Penicillium species, 
e.g. Penicillium verrucosum, important for cereals grown 
in mild climates. The optimal temperature for Aspergillus 
ochraceus to produce ochratoxins is between 25 and 30 °C 
(Paterson and Lima, 2010; Sanchis and Magan, 2004). 
For P. verrucosum, the optimal temperature is 25 °C, but 
comparable contamination was detected at 15 °C (Paterson 
and Lima, 2010; Sanchis and Magan, 2004). Due to the wide 
range of fungi able to produce OTA, this toxin has been 
reported from many different areas of the world, mainly in 
the currently temperate climates, in various food products. 
Typically, it is seen in cereals, coffee, cocoa, wine and beer.

Fumonisins are a group of mycotoxins mainly produced 
by members of Fusarium fujikuroi species complex, 
with Fusarium verticillioides as the prevalent and most 
studied species. Fumonisins are frequently detected in 
maize worldwide. A large number of fumonisins have 
been identified so far, but the B group (including FB1 to 
FB4) is the dominant one in food and feed commodities, 
with FB1 the most toxic, classified by IARC as a possibly 
human carcinogen. Related diseases vary in different 
animals, ranging from neurological to pulmonary and 
esophageal diseases (Desjardins, 2006). Ecological needs 
of F. verticillioides were deeply studied by several authors 
and they agree on maximum fumonisins production around 
30 °C, strongly influenced by water dynamic (Battilani et 
al., 2003, 2011; Marin et al., 1999).

Trichothecenes, mainly produced by various species of 
Fusarium, include deoxynivalenol (DON), nivalenol, 
3-and 15-acetyldeoxynivalenol, T-2 toxin, HT-2 toxin 
and diacetoxyscirpenol (Miller, 2002). These toxins are 
mainly found in cereals in almost all their growing areas 
around the world. DON is the prevalent trichothecene of 
concern in Europe (Miller, 2002). The optimal temperature 
for DON production ranges from 26 to 30 °C (Paterson 
and Lima, 2010). DON in food and feed can influence 
human and animal health with symptoms such as vomiting, 
anorexia, growth reduction, reproductive disorders, 
immunosuppression, etc.
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ZEA is mainly produced by Fusarium graminearum 
and related species (i.e. Fusarium culmorum) in cereals 
(Desjardins, 2006). Therefore, its presence is commonly 
related to DON production (Van der Fels-Klerx et al., 
2012b). The contamination of food and animal feeds with 
ZEA is worldwide observed. Data on presence of ZEA in 
wheat, maize, barley, oat, soya meal, animal feed, beer, 
dried fruits and vegetables, sorghum, beets and rice from 
34 countries are summarised by Zinedine et al. (2007). 
ZEA has oestrogenic and anabolic activity, and can cause 
infertility, abortion or other breeding problems, especially 
in swine (Kuiper-Goodman et al., 1987).

The geographic distribution of fungi reflects their ecological 
needs, with thermophilic fungi prevalent at lower latitudes 
and psychrophiles at the higher latitudes. A resulting 
gradient of mycotoxin contamination has been repeatedly 
stressed since early studies (Marasas et al., 1979) to recent 
year (Moretti and Logrieco, 2015). Care for details in fungal 
investigation is increasing, moving from identification 
of fungal species to phylogenetic species of clades and 
related mycotoxin chemotypes (Zhang et al., 2007). Risk 
maps, based on modelling and geostatistic approaches, 
were drawn for the presence of mycotoxins in wheat and 
maize (Battilani and Logrieco, 2014) and in grapes and nuts 
(Battilani et al., 2008) trying to depict a worldwide scenario.

Fungal species that can infect crops each have their own 
range of optimal environmental conditions – particularly 
related to temperature, rain and relative humidity – for 
crop infection, colonisation, toxin production and survival. 
Changes in climatic conditions will lead to shift in the fungal 
population and mycotoxin patterns. An interesting example 
can be based on maize, a suitable host crop for several 
mycotoxin producing fungi, including F. graminearum, 
Gibberella fujikuroi species complex (GFsc) and A. flavus. 
Based on the growing area, one of the mentioned fungi 
dominates and detected mycotoxins vary accordingly 
(Scudamore and Patel, 2000). In Europe, Fusarium spp. 
represent the matter of concern, with F. graminearum in 
the north and GFsc in the south. Only recently, since 2003, 
A. flavus has been recognised as an emerging problem in 
Europe (Piva et al., 2006).

In general, climate change is expected to increase mycotoxin 
contamination of crops (Marroquín-Cardona et al., 2014; 
Medina et al., 2014a,b; Miraglia et al., 2009; Paterson and 
Lima, 2010, 2011), but due to the complexity of mycoflora 
associated to each crop and its interaction with the 
environment, it appears rash to keep conclusions without 
specific studies. It is however sure that the pattern of 
mycotoxin distribution worldwide will change with climate 
change effects.

Many efforts have been devoted in developing models to 
predict mycotoxin contamination at harvest in several 

crops, with weather data as main or only input. Research 
focus was on Fusarium head blight in wheat, reviewed 
in Battilani and Logrieco (2014), with further recent 
contributes (Camardo Leggieri et al., 2013; Van der Fels-
Klerx et al., 2010, 2012c). Some attempts regarded also 
Fusaria (Van Asselt et al., 2012) and A. flavus (Battilani et 
al., 2013; Chauhan et al., 2015) in maize, while only few 
studies regard other toxins/crops, e.g. aflatoxins in peanuts 
(Chauhan et al., 2010) and OTA in grapes (Battilani and 
Camardo Leggieri, 2015a).

Impact of climate change

Climate change effects will influence fungal infections of 
crops and mycotoxin production of the earlier mentioned 
species in various ways, with many interacting effects. 
The most relevant climatic factors are believed to be 
temperature, humidity and precipitation (Battilani and 
Leggieri, 2015; Nazari et al., 2014; Shah et al., 2013; Van 
Asselt et al., 2012; Van Der Fels-Klerx et al., 2010). Those 
factors directly affect fungal infection and growth (Nazari 
et al., 2014). An increase of temperature in a certain area 
will thus directly affect the presence and the abundance 
of the species in crops grown in this area. More globally, 
the increase in average temperature in certain latitudes 
ranges will affect the species composition in this area. For 
instance, Aspergillus spp. typically is seen in tropical and 
subtropical regions in which high temperature and drought 
conditions occur. Until a decennia ago, these species were 
not observed in Europe, an area in the temperate zone. 
However, in Europe, increased occurrence of A. flavus and 
consequent aflatoxin contamination of maize has been seen 
since the 2000s (Medina et al., 2014a,b), coinciding with hot 
and dry summers. In 2003 and in 2008, outbreaks have been 
reported in Italy, and in 2013 a serious outbreak of aflatoxin 
contamination of maize occurred in the Balkan regions (De 
Rijk et al., 2015). Also in 2015 several non-compliances with 
legal limits in force in Europe for aflatoxins were reported 
in North Italy. However, summer in 2014 was mild and 
rainy, and relevant DON contamination was reported in 
the same geographic area, in contrast with data reported 
for the period of 2009-2011 (Camardo Leggieri et al., 2015). 
Support from predictive models could be very helpful in 
this context.

Climate change effects also have indirect impacts on 
mycotoxin contamination, e.g. related to increased drought 
stress and insect damage of the plant, and to changes in 
crop phenology, such as timing of flowering and maturing 
of cereals. For instance, maize is a crop whose susceptibility 
to A. flavus and GFsc infection is enhanced by drought 
stress and to insect damage, particularly Ostrinia nubilalis, 
the European corn borer (Mazzoni et al., 2011; Payne, 
1998), all factors strongly dependent on climate. In this 
context, such a predictive modelling approach can include 
both direct and indirect impacts, and therefore provide 
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a systematic support for all stakeholders (Battilani and 
Camardo Leggieri, 2015b).

4.  Climate change impacts on mycotoxins: 
modelling projections

A couple of years ago, first quantitative estimations of 
climate change impacts on food safety have been made, 
applied to mycotoxin contamination of cereal grains. This 
issue was addressed in two different European research 
projects, focusing on different combinations of toxins-grain 
types: one study focused on DON concentrations in wheat 
produced in north west Europe (Van der Fels-Klerx et al., 
2012b,c), whereas the other study focused on aflatoxin 
contamination of maize, wheat and rice grown in the whole 
Europe (Battilani et al., 2011, 2016). Both studies applied 
models of different disciplines including climate projection, 
crop phenology and fungal/mycotoxin prediction. These 
two studies were followed by a case study on Alternaria 
moulds and their mycotoxins in tomato (Van de Perre et 
al., 2015).

EMTOX project

The EMTOX project aimed to estimate the climate change 
impacts on DON contamination of wheat cultivated in 
North West Europe by 2040, using a modelling approach 
(Van der Fels-Klerx et al., 2012b,c). First, two empirical 
models were developed: one for estimating phenology of 
wheat grown in North West Europe (Olesen et al., 2012), 
and one for estimating DON contamination in wheat 
grown in North Western Europe (Van der Fels-Klerx et 
al., 2012a). The wheat phenology model estimates the 
various crop development stages, in particular flowering 
and full maturation, using climate data (Olesen et al., 2012). 
Both models were developed using a series of observed 
historical data. The model to predict DON in wheat used 
climate data as well as wheat phenology data as inputs 
to estimate DON concentrations in wheat grown in NW 
Europe. More specifically, input variables included wheat 
flowering date (ordinal date), length of period between 
flowering and full maturation (in days), wheat resistance 
class against Fusarium spp. (low/mid/high), and several 
climate variables related to relative humidity, temperature, 
and rainfall during critical wheat development stages (Van 
der Fels-Klerx et al., 2012a).

The EMTOX study used climate model projections for 
the future period 2031-2050 relative to the baseline 
period 1975-1994, based on the A1B SRES emission 
scenario. Climate model output from the ENSEMBLES 
project was used; this data can be downloaded from the 
ENSEMBLES database (http://ensemblesrt3.dmi.dk). Data 
included monthly temperature, precipitation, variability in 
temperature and duration of dry and wet series between 
the scenario and control periods of the climate model 

simulation runs (Madsen et al., 2012). Data from two (out of 
the 13) different combinations of global circulation models 
and regional climate models (GCM-RCM) were used, being 
the ones from KNMI (the Netherlands) and by METOHC 
(UK)), covering a reasonable range of patterns of projected 
temperature and rainfall. The LARS weather generator was 
used to produce series of 50 years of synthetic weather data 
(in the period 2031-2050), including daily precipitation, 
maximum and minimum temperature and solar radiation. 
The generated weather data, for each of the baseline, KNMI 
and METOHC scenarios, were used as inputs into the 
wheat phenology model. Next, the weather data and the 
phenology model outputs were both used as inputs for 
the DON prediction model. The climate data covered 50 
simulations per grid, with 851 grids of 50×50 km in total. 
Crop phenology and DON prediction models were run for 
each of spring wheat and winter wheat separately.

Results showed climate change was expected to result into 
a 1-2 weeks earlier of the median date of flowering and 
of full maturation of winter wheat, ranging up to about 
26 days. Contamination of winter wheat with DON was, 
in general, expected to be increased in most of the study 
area with a factor two, incidentally up to a factor of four 
in some grids. For spring wheat, even more severe impacts 
were seen. However, variation between runs and between 
regions was large, and in some grids a decrease in DON 
levels was expected. A similar study for the Netherlands 
also predicted high spatial and annual variability of DON 
contamination in wheat in future climate (Van der Fels-
Klerx et al., 2013).

MODMAP-AFLA project

In the MODMAP-AFLA project, a modelling approach 
was used to predict future aflatoxin contamination of 
maize cultivated in Europe (Battilani et al., 2011, 2016). 
Three different IPCC climate change scenarios were 
used, including the present, +2 °C (A2) and +5 °C (B2) 
scenarios. Meteorological data, covering temperature, 
relative humidity and rainfall, were obtained from the LARS 
weather generator. This weather output was generated 
for 100 runs, from the period 2000-2100, on a 50×50 km 
grid in Europe. These data were used as inputs for crop 
phenology estimation, and for the aflatoxin prediction 
model AFLA-maize. AFLA-maize is a mechanistic model 
for prediction of Aspergillus spp. infection and aflatoxin 
accumulation on a daily basis (Battilani et al., 2013). The 
outputs of this model, represented as an aflatoxin risk index 
(AFI), were linked to aflatoxin contamination, as observed 
in field studies.

A European database with mean daily temperature during 
maize emergence, flowering and harvesting was used 
to estimate, using the weather data, the shifts in maize 
flowering and harvesting in the three different climate 
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scenarios. Results showed a reduction in the length of the 
cultivation season, and earlier flowering and harvest dates. 
This would lead to an enlargement of the area in Europe 
suitable for maize cultivation towards the Northern area. 
Weather data and estimated shifts in maize phenology were 
then fed into the AFLA-maize model, showing an expected 
increase of aflatoxin contamination of maize, mainly in 
the +2 °C scenario. In this scenario, a particular increase 
in expected AFB1 contamination was seen in the southern 
European countries, like centre and south of Spain, centre 
and south of Italy and the Balkans. In the +5 °C scenario, 
the area in Europe for which maize contamination was 
predicted was much higher than in the +2 °C. However, 
estimated AFB1 contaminations were lower than in the 
+2 °C.

Alternaria in tomato, a case study

This study quantified the effect of increasing temperature 
on the mold growth and mycotoxin production on tomato 
using the new climate scenario analysis. The quantification 
has been done for the current, near (2031-2050) and far 
future (2081-2100). Four RCP scenarios (RCP2.6, RCP4.5, 
RCP6.0 and RCP8.5) were used in two tomato producing 
regions (Badajoz, Spain and Krobia, Poland). Daily 
minimum and maximum temperature data were gathered 
from the closest and most representative weather stations 
for the years 1981-2000. The coarse gridded data from the 
general circulation model HadGEM2-ES were selected 
and downscaled using the ‘Delta method’ with quantile-
quantile correction (Liu et al., 2015). In this way, coarse 
gridded data were downscaled to point (weather station) 
data. These daily data were further temporally downscaled 
to hourly data using a hyperbolic tangent function through 
minimum and maximum temperature (Schaub Jr., 1991). 
Then the temperature data were applied on the growth 
model of the Alternaria mold (Van de Perre et al., 2015).

The results showed that the impacts are region specific. For 
Spain, the temperatures in RCP 6.0 and 8.5 were projected 
too high (18.2-38.2 °C) for Alternaria spp. to grow, thus 
the diameter of the mould was calculated lower in the far 
future compared with the current time frame. For Poland, 
the projected temperatures become closer to the optimal 
temperature (14.2-28.4 °C) for Alternaria spp. to grow. 
According to this study, the situation in Poland in the far 
future (2081-2100) is projected similar as the situation in 
Spain in the present time frame (1981-2000).

Evaluating the three climate change studies

Modelling the impact of climate change on the presence 
of mycotoxins has just started to get attention in the past 
years. To our knowledge, only these three case studies have 
focused on this topic so far, and demonstrated the methods 
of modelling mycotoxins using scenario analysis. The results 

of scenario analysis must always be interpreted carefully 
as plausible futures; they should not be considered precise 
predictions of the future. The processes to prepare and 
downscale climate data are based on what happened in the 
past. Because of this approach, they fail to correctly predict 
very extreme events. Then, due to the modelling approach, 
uncertainties are introduced, which consequently influence 
the results of impact assessment, such as mycotoxin 
prediction modelling.

Modelling mycotoxins needs to be done for each 
pathosystem (plant x fungus system) separately, and 
various approaches can be followed. Two different 
modelling approaches were used in the reported papers, 
empiric (EMTOX) and mechanistic (MODMAP-AFLA, 
Alternaria in tomato). Pros and cons can be highlighted in 
both modelling approaches, as discussed before (Camardo 
Leggieri et al., 2013; Van der Fels-Klerx and Booij, 2010). 
Empirical modelling is also defined as descriptive because 
mathematical functions are used to describe what was 
observed in field. Empirical models for mycotoxins can 
give a prediction for one point during cultivation, normally 
at harvest. They generally work well in limited geographic 
areas, while they need recalibration in conditions other than 
those from the data used for model calibration (e.g. wider 
geographical areas, other varieties). All cropping system 
parameters can be included in the model, in addition to 
weather data, if available for the field data used for model 
development. Mechanistic modelling is also defined as 
explanatory; it is based on system analysis, and considers 
the interaction between fungi and host crops. Each 
step of the fungal infection cycle is computed based on 
driving variables, with temperature, humidity and rain as 
mandatory input. These models thus can give daily output 
on fungal infection. Quantitative data are requested for 
each variable included in the model; this data often needs 
detailed experiments. It is, therefore, difficult to to include 
cropping system data. Mechanistic models generally work 
well with changing conditions, but also need to be validated 
for these changing conditions, since the environment 
influences the host-fungus system.

Two research gaps were identified in this review. First, the 
available predictive models for mycotoxins are validated in 
only one/few countries due to (limited) data availability and 
accessibility. This makes the possibility to use the empiric 
models for other European areas poorly robust. Input data 
from other regions are needed to extend predictions – 
using current models or developing new models – to a 
wider areas. For extension of predictions of climate change 
impacts on mycotoxin occurrence based on empiric models 
to larger areas, the geographically oriented decision support 
system, proposed by Van der Fels-Klerx and Booij (2010), 
can be used as a starting point. This system can be adapted 
for modelling climate change impact on mycotoxin in a 
regional or continental level (Figure 1). With local climate 
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data, predictive model from each country can compute 
the future crop phenology and the future mycotoxin level/
distribution due to climate change. Combining these models 
together will enable a broader overview of the region/
continent and keep the local accuracy at the same time. Such 
efforts are mandatory to be prepared for future changes 
and challenges related to mycotoxins. The second research 
gap identified in this review is that current climate change 
impact studies for mycotoxins focus on only some selected 
mycotoxin-crop combinations. The reason is the limited 
availability of predictive models for other combinations of 
mycotoxins-crops.

5. Conclusions and recommendations

Climate change will have an impact on food security, by 
its direct effects on yield and its indirect effects on food 
safety, as was recognised by FAO (2008). However, to date, 
research addressing possible climate change effects on food 
security has mainly focused on yields, rather than on the 
safety of the available food commodities. There is a need 
for quantitative estimations of projected climate change 
impacts on food safety, particularly mycotoxins in cereals 
and other crops. To date, only a very limited number of such 
quantitative studies have been done. To our knowledge, 
only three quantitative modelling approaches for impacts 
of climate change effects on mycotoxins were published, as 
we reviewed in this paper, all focused on Europe.

This review identified two research gaps. First, the available 
predictive models for mycotoxins are validated in only 
one/few countries due to (limited) data availability and 
accessibility. Second, current climate change impact 

studies for mycotoxins focus on some selected mycotoxin-
crop combinations only. Predictive models for other 
combinations of mycotoxins-crops are needed to be able to 
better assist mycotoxin management during crop cultivation 
in Europe, and to mitigate the expected climate change 
impacts on mycotoxins.

Overall, the approach taken into the three recent studies 
showed to be promising. Such a quantitative and integrative 
approach for estimating impacts of climate change on food 
safety could also be taken for other food safety hazards and 
production systems, such to obtain a more comprehensive 
view on the consequences of climate change for food safety.
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