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1  Abstract 

Climate change manifests itself in many different ways including rising global temperatures, 

intensification and increased frequencies of extreme events and alterations in precipitation patterns. 

Environmental factors have an impact on plants, pathogens and animals and therefore climate 

change is expected to impact food safety. One of the European Union’s major industries is the dairy 

industry. Climate change is expected to have a potential impact on it by affecting milk safety and 

quality. This document reviews the biological hazards and mycotoxins occurring in the dairy 

industry and state of the art risk assessments related to these hazards. The impact of extant 

processes and conditions on the microbial count and microbial hazards occurring along the dairy 

supply chain are detailed. Seasonal patterns are displayed by mycotoxins and microorganisms, with 

winter and summer favouring, respectively, the occurrence of mycotoxins and biological hazards in 

the dairy supply chain. As environmental factors may cause hazards, it is postulated that climate 

change will have an impact along the dairy supply chain. Based on the literature reviewed, very few 

studies have incorporated climate change as a variable into risk assessments related to the dairy 

industry, and full models assessing the mycotoxin exposure from the farm to the fork are not yet 

available. The need to conduct climate responsive quantitative risk assessments is underscored. The 

step towards such risk assessments is through the incorporation of climate conditions or events as 

variables. In addition, the monitoring of climate conditions is needed in order to verify if the current 

climate conditions reflect the trajectory of climate change and its effects on the dairy supply chain. 

The report also summarises the potential risk mitigation strategies that should be adapted in the 

current food safety management systems given the current and projected effects of climate change.  
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2  Introduction 

  Europe is a major contributor to the Global Dairy Industry. In 2018, it had a net trade of 1 

million tonnes of fresh dairy products, 0.8 million tonnes of cheese exported at 3000 euros/tonne 

and 0.157 million tonnes of butter at 4000 euros exported (EC 2019). The European dairy industry 

produced 167 million tonnes of raw milk in 2018 alone. Pressures such as climate change and 

population growth are expected to create a significant impact on the dairy industry either directly or 

indirectly. Climate change has been associated with increasing temperatures, changes in 

precipitation patterns and increased carbon dioxide levels. The EU dairy industry may be 

significantly impacted by climate change which could potentially result in a poor yield of milk, low 

milk quality, damage to animal health, and an increase in potential illnesses in humans (related to 

consumption of contaminated milk and milk products) and economic losses. Mitigation steps could 

be implemented with the proper food safety management systems currently in place. Therefore, this 

report seeks to explore the following topics 1) To present the possible effects of climate change in 

the dairy supply chain. 2) To identify the current biological and chemical hazards affected by 

climate change in the dairy supply chain. 3) To highlight the role of food safety management in 

assuring food safety. 4) To underline the role of Feed Chain Risk Assessment and Quantitative 

Microbial Risk Assessment. 5) To present the possible mitigation strategies in relation to the effects 

of climate change in the dairy supply chain. 

 

2.1  Dairy Supply Chain 

The dairy industry comprises of multiple products including milk, cheese, yoghurt, ice 

cream and butter. Dairy production is a major activity in Europe. An estimated 168 million tonnes 

of milk was produced in the year 2019, and it is projected that the figures will be around 179 

million tonnes by 2030 (EC 2019). The main producers of milk and milk products are Germany, 

France, Poland, Netherlands, Italy and Spain. The European Union (EU)’s production of cheese in 

the year 2019 was approximately 10.8 million tonnes and is expected to grow to 11.5 million tonnes 

in 2030 (EC 2019). The predicted per capita consumption of cheese is expected to increase to 20.2 

kg. Figure 1 shows the percentage division of milk and milk produced by Europe as of January 

2020. The European Union milk industry recorded 22.6 million dairy cows as of 2019, with a milk 

yield of 7325 kg/cow and since 2005, the fat content of the milk has been fairly consistent at 4%. 

Globally, the European Union is a major supplier for dairy and dairy products and is projected to 

grow its exports by 44% by 2030. However, an exhaustive list of factors may affect the production 

of milk and milk products such as consumer behaviour, consumer income, population growth and 

climate change.  

The dairy supply chain encompasses a farm to fork continuum. It is comprised of sequential 

processes that are performed in various locations. An overview of the dairy supply chain processes 

is presented in Figure 2. These processes are located at the farm level (from the production of feed 

to hold-on of raw milk), at dairy manufacturing facility (deposit of raw milk in bulk tanks, 

processing and its packaging), at distribution points and consumer locations.  
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Figure 1: Distribution of dairy products produced in EU & UK  

                                                                        Adapted from EU (2019) 

 

2.1.1  Farm level: from the production of feed, transport and milking 
facility 

Feeding practices are subject to climatic conditions, feed availability and quality, and farmer 

preferences. When fresh grass is plentiful and it can provide the amount of energy required for 

healthy milk production, farmers allow cattle to graze freely. During droughts or winter when fresh 

grass may be scarce, cattle are fed industrially manufactured compound feed comprised of grains 

and silage. Silage generally makes up 50-80% of cattle feed (Tangni et al. 2013). Ensiling is a 

process to store forage in a manner such that the formation of mould and clostridia is inhibited. 

The milking procedure at the farm level is performed manually in cages or through the use 

of automatic milk equipment at a milking parlor. Among the considerations taken into account in 

choosing the milking procedure is the type and scale of farm. Raw milk is collected and can be used 

on the farm or sold to the industry. For large scale operations the automatic milking machine 

transfers the milk in refrigerated bulk milk tanks or milk cans prior to collection and it is then 

transported to the dairy manufacturing facility. These tanks are kept under sanitary conditions and 

are monitored continuously. Milk collectors may refuse to collect milk if it appears to be 

contaminated or to have exceeded temperatures of 7˚C. After collecting the raw milks from the 

farm, it is transported in bulk in chilled tanker trucks kept at temperatures below 4˚C.  

2.1.2  Raw milk: from reception to the dairy manufacturing facility, 
processing and its packaging prior to distribution 

Transported raw milk from the farm is pumped from the tanker truck to raw milk silos tanks 

(Kable et al. 2016) and can be kept up to 4 days in storage. Raw milk samples are also obtained 

during this period as part of quality management systems in order to perform quality assurance tests 

to determine whether the extant quality specifications are met (Murphy et al. 2016). Among the 

tests performed at this stage are microbial quality tests to see whether the incoming raw milk meets 

the microbial specifications set by the dairy manufacturing facility (ICMSF 2011).  
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Figure 2: Farm to fork process in the dairy supply chain. 

                       Adapted from van Asselt et al. (2017)  

Prior to processing raw milk it is firstly pretreated through filtration and then undergoes 

centrifugation (ICMSF 2005). This step separates the two major milk components, that is cream and 

skimmed milk. Dependent upon the dairy processing line, as in the case of liquid milk, some of 

these separated components are combined. The recombined milk may then be homogenised 

dependent upon the quality of milk required. Most often than not, milk is then subjected to thermal 

processing treatments. However, given that artisanal dairy products preferentially opt for the use of 

raw milk, some of it processed into other products without the application of heat treatment.  
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Fermented dairy products after pasteurisation (or not) undergo several processes that are 

specific for cheeses and lactic acid fermentation for yoghurts. These steps may include; the addition 

of other substances such as rennet for cheese block formation, which is subsequently ripened or, for 

yoghurts the addition of starter cultures. Fruits, juices, pesto, etc. are added to dairy products to 

create variations amongst dairy products. After these main processing steps that aim to convert raw 

milk into a specific dairy product, the products are packaged into secondary and tertiary packages 

ready for distribution points. The final product is then stored under appropriate conditions (to 

prevent damage during transport, inhibit growth of microbes or mould), and transported to retail. 

Commonly, dairy products are stored at chilled conditions (Bishop and Smukowski 2006). 

 

2.1.3  Distribution points and consumer locations 

 

At retail, the dairy products are stored until its sell-by-date period before which a consumer 

may purchase the dairy product. The dairy product is then transported and stored in the consumer’s 

kitchen and may undergo variable consumer practices. Temperature abuse during handling before a 

product reaches a domestic refrigerator may occur. 

External factors may have an impact on the quality of the dairy product delivered. Improper 

storage conditions and unhygienic practices at the consumer level might build upon the extant 

microbial and biological hazards that are introduced during the earlier part of the dairy supply chain 

making the products unsafe to consume. Another growing concern which may have an impact 

throughout the dairy supply chain is climate change.  

 

2.2  Climate Change and Dairy Industry 

According to the Intergovernmental Panel for Climate Change (IPCC)’s special report 

(Hoegh-Guldberg, Jacob, Taylor, Bindi, Brown, Camilloni, Diedhiou, Djalante et al. 2018) released 

in 2018, the global mean surface temperatures (GMST) have risen by 0.87˚C in the years 2006-

2015 compared to the baseline temperatures in 1850-1900. Southern Europe, Central Europe and 

the Mediterranean regions have had the strongest hot temperature extremes as a result of climate 

change. The occurrence of cold temperature extremes is likely to reduce overall but intensify in the 

Northern latitudes of Europe. The northern hemisphere has experienced an increase in precipitation. 

The increase of 2˚C in global mean temperatures is associated with increased winter precipitation in 

central and northern Europe and decreased summer rainfall in central and southern Europe. 

Increases in global mean temperatures in the future could result in increased incidences of drought 

in the Mediterranean region (Southern Europe). Global warming is also expected to bring with it 

increased incidences of floods in the north eastern parts of Europe.   

 

Environmental factors have an impact on plants, pathogens and animals and thus climate 

change is expected to impact food security. Climate variables have been linked to crop phenology 

and physiology, as well as changes in sowing times. Climate change and global warming is 

expected to make some countries in Europe have an increased share of crops such as maize and 

wheat by 2040 (Elsgaard et al. 2012) which are currently limited in some parts of Europe. 

Projections show maize crops extending to as far as Denmark while decreasing in the tropical 

regions. The downside of climate change is an increased risk of contamination within the food chain 

as well as increased discomfort and stress in animals induced by temperature rises (Miraglia et al. 

2009). Crops, both pre-harvest and post-harvest may be inflicted with fungal diseases, and these 

crops could be fed to animals causing illness, affecting reproduction and the quality of animal 

products (Stoev 2015; Knutsen et al. 2017, 2018; Wang et al. 2019). Extreme climatic events have 

also been associated with food hazards (Marvin et al. 2013): for example, droughts and heatwaves 
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are directly related to the outbreak of toxigenic fungi and increase in cases of salmonella (Akil et al. 

2014), floods are associated with increased contamination of agricultural soil and water. 

 

 

 

 

Figure 3: Climate change and Dairy Production 

Figure 3 represents the ecological relationship existing in the biosphere with particular 

emphasis on the dairy supply chain system and external factors. Increases in precipitation and 

temperature are attributed to anthropogenic activities, which in turn increase the incidence of 

hazards along the dairy production chain. Humans may be exposed to these hazards by consuming 

contaminated products which may cause them to fall ill. Climate change is expected to influence the 

food safety aspect of dairy products through its direct impact on the microbial ecology of food and 

occurrence of hazards along the food supply chain. It is also expected to have an indirect influence 

towards farming practices, which may include altering current farm practices, possible mitigation 

responses towards changes in climatic conditions and extreme meteorological events (e.g. rain, 

flooding or droughts). Extreme weather events, such as heat waves and droughts are expected to 

impact the physiological status of the livestock (Miraglia et al. 2009; van der Spiegel et al. 2012) by 

causing heat stress or contaminating the feed. Consequences of contaminated feed are discussed in 

the following section, however, to summarise, contaminated feed has been linked to low milk yield, 

feed refusal, impact on reproductive death and in extreme cases death of the livestock (Bryden 

2012; Alshannaq and Yu 2017; Knutsen et al. 2017; Wang et al. 2019). Farm management practices 

are expected to be affected such as an increase in intensive dairy farming methods with climate 

controlled barns to avoid heat stress and changes in cropping patterns. 

 High temperatures induce heat stress in animals and affect feed availability. Thermal stress 

in animals affects the body temperature, respiration rate, milk yield, feeding and drinking behaviour. 

Heat stress risk for different climate projections, and its impact on dairy production, was modelled 

for two naturally ventilated barns located in different regions in Europe (Hempel et al. 2019). Cattle 

located in Southern Europe are expected to experience higher heat stress events as compared to 

central Europe. A predicted decrease in average European milk yield by 2.8% is expected under a 

worst-case climate change scenario. Another effect of heat stress in cows is the reduction in blood 
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glucose levels which will ultimately lead to an increase heat associated deaths (Nardone et al. 2010; 

Das et al. 2016).  

Associated changes in the physicochemical properties of raw milk obtained from heat 

stressed lactating cows were also shown to be expected (Bouraoui et al. 2002; West 2003; 

Wheelock et al. 2010; Santana et al. 2017). An example of this is the decrease in milk protein 

content, lower αS-casein, κ-casein, β-casein (Bernabucci et al. 2002), fatty acid profile (Liu et al. 

2017), fat to protein ratio and lower casein content of milk (Ozcan et al. 2015; Liu et al. 2017; 

Kekana et al. 2018; Cai yun et al. 2019) were among these alterations. Milk fat content is also 

lowered as a result of heat stress and poor feed quality induced by adverse weather conditions (De 

Rensis and Scaramuzzi 2003; Renna et al. 2010). Lambertz et al. (2014) also found a decrease in 

milk fat and protein content as a consequence of heat stress.  

The implications of these changes in milk quality will also affect the techno-functional and 

biofunctional properties of milk. For the technofunctional properties, it was shown that lower casein 

content in milk affects cheese block formation, negatively impacting the cheese making process 

(Bernabucci et al. 2002). The biofunctional properties of casein and other milk proteins in milk that 

were shown to have antihypertensive and antihyperlipidemic activities will be affected by the 

climate change induced heat stress effects in lactating cows (Tidona et al. 2009; Broyard and 

Gaucheron 2015; Banno et al. 2019; Nagaoka 2019).  

Farms are also expected to be impacted by increases in pests incidences, as pest species 

migrate pole-wards for more favourable climates (Elsgaard et al. 2012; Delcour et al. 2015). The 

efficacy of pesticides, fungicides and fertilisers has been predicted to reduce as a consequence of 

warming temperatures, high volatilization rates and slower uptake (Delcour et al. 2015). Thereby 

requiring a change in application rates. Sowing times of crops are expected to be earlier, as a result 

of warmer winters and change in crop physiology (van Asselt et al. 2012; Peltonen-Sainio et al. 

2018; Madege et al. 2019). These factors are a result of climate change, and affect mycotoxin 

production thereby, climate change has an indirect effect on the dairy supply chain.   

While these are the direct impacts of climate change on the animal itself, climate change 

also impacts the safety of the milk product. Changes in ambient temperatures and relative humidity 

can increase pest incidence and may impact the quality of the feed and the final dairy product by 

contaminating it with hazards. Exposure to these hazards could affect animal health and 

productivity. Consumers of milk could get exposed to contaminants which could carryover in the 

milk products from the infected animal. The next section lists the potential hazards occurring in the 

dairy supply chain. It also summarises the effects of climate change on the hazards. 

 

3  Potential hazards in the Dairy Supply Chain  

 

Maintaining food safety is crucial to the food industry to prevent any harm or even death to 

consumers. It is estimated that there are several million foodborne illnesses every year with many 

deaths resulting. In 2010, the WHO estimated 600 million cases of foodborne illnesses with 420,000 

deaths as a result (WHO, 2015). Contaminants or hazards in food are substances which could 

potentially harm human or animal health. They can be classified as biological, physical or chemical 

hazards. While most hazards can be removed during the processing steps, such as pasteurisation, it 

is necessary to eliminate or reduce contaminants at the source. Risk assessments and HACCP 

practices can also help to maintain safe milk. Biological hazards and mycotoxins occurring along 

the dairy supply chain have been displayed in Figure 4.  
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3.1  Biological hazards in raw milk: an overview 

The microorganisms in raw milk are known to be influenced by the cow udder and health, 

environment, equipment surfaces, climate conditions and the persons handling milk (ICMSF 2005, 

2011). As such it was pointed out by previous research that raw milk microbiology is not only 

unique to where it is sourced from but also it is unique to the animal husbandry conditions it is 

subjected to (Mallet et al. 2012; Montel et al. 2014). Moreover, the contribution of these factors on 

the microbial contamination of raw milk will be a burden of significance across the dairy supply 

chain. These microorganisms may increase and produce metabolites that contribute, not only to the 

increased microbial load, but also the presence of proteolytic, lipolytic enzymes that will ultimately 

alter the quality of raw milk and possibly even the end products to be derived from it. Therefore, the 

impact of conditions during the handling of raw milk and the stringency of control measures that are 

set along the dairy supply chain will be significant in achieving microbial food safety and quality of 

dairy end products. These claims are supported by cases of foodborne disease outbreaks linked with 

the consumption of milk and dairy products that were subjected to abuse conditions along the dairy 

supply chain (Asao et al. 2003; Olivier et al. 2005). 
 

3.1.1   Raw milk microbiology 

The conditions on the farm and the animal husbandry practices influence the 

microorganisms present in milk. The microorganisms present in raw milk can be traced from the 

dairy environment and fecal contamination (Olivier et al. 2005). These include zoonotic pathogens 

such as Mycobacterium avium and Brucella spp., those belonging to Enterobacteriaceae such as 

Escherichia coli, Yersinia spp., and Salmonella spp. from fecal contamination (ICMSF 2005). 

Others include Bacillus spp., Clostridium perfringens, Clostridium butyricum and Clostridium 

tyrobutyricum, Flavobacterium spp., Sphingomonas spp., and Tumebacillus spp. which were found 

in silages, farm soil and cow beddings (ICMSF 2005; Doyle et al. 2017). On the other hand, yeast 

and lactic acid bacteria (i.e. Lactococcus lactis, Lactobacillus parabuchneri and Pediococcus 

pentosaceus) are traced back from grasslands and silage which is important for its techno-functional 

role in fermented products such as cheese and yoghurt (Montel et al. 2014). These microorganisms 

are then inoculated to raw milk to udder surfaces and milking equipment among others. Moreover, 

some of these microorganisms, together with other psychrophiles such as Pseudomonas spp., 

Acinetobacter spp., Serratia spp., Streptococcus spp. are able to produce biofilms in equipment 

surfaces that contribute to their spread in raw milk (Yuan et al. 2019). In order to reduce 

contamination of microorganisms in milk surface cleaning of udders prior to milking, cleaning of 

milking equipment and a separate location of milking parlors at a different area in the farm are 

being done (ICMSF 2005; Pantoja et al. 2011).  

Pathogenic microorganisms in milk such as Staphylococcus aureus, Listeria monoctyogenes, 

Escherichia coli together with Clostridium spp. Streptococcus spp. (S. agalactiae and S. 

dysgalactiae, and S. uberis) are linked with mastitis in cows (ICMSF 2005; Condoleo et al. 2017; 

Grispoldi et al. 2019). Furthermore, mastitis in lactating cows by microbial infection is also 

influenced by milking practices such as automatic milking equipment and heat stress due to climate 

conditions (Hovinen and Pyörälä 2011). In addition, the presence of antibiotic resistant strains of 

these mastitis promoting microorganisms can also be found in milk due to the use of antibiotics in 

cows (Jamali et al. 2013; Gundogan and Avci 2014; Kevenk and Terzi Gulel 2016). These 

microorganisms and their forms are to be found in raw milk due to the practices and conditions 

implemented at the farm level. 
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Figure 4: Mycotoxin and microbial hazard occurrence along the dairy supply chain  

                                                                                                                                      Adapted from ICMSF (2005). 
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Raw milk obtained from cows is immediately cooled to lower the temperature to < 6 °C. 

These conditions are maintained during transportation. Quality controls that are being practiced 

during transit include; the cleaning of surfaces as well as the monitoring of conditions to ensure 

reduced microbial growth and production of metabolites. However, psychrophiles were still been 

found to produce lipolytic and proteolytic enzymes that may alter the properties of raw milk by 

producing spoilage features such as bitterness (Pseudomonas spp.), ropiness (B. subtilis), sweet 

curdling (B. cereus), red discoloration (Serratia spp.) and purple (Chromobacterium spp.) 

discoloration in raw milk and even in processed milk (ICMSF 2005; Burgess et al. 2010). 

Therefore, the impacts of the quality controls will shape the products to be derived from raw milk 

and the effectivity of the subsequent process. 
 

3.1.2   Dairy Processing and post processing microbiology 

The microbiological hazards in raw milk may change during product transport and storage 

prior to reaching the dairy manufacturing facility. These changes may result in higher levels of 

microbes or the production of metabolites (i.e. enzymes, biofilms and toxins) if temperatures abuse 

occurs over a prolonged period. Therefore, food safety managers along the dairy supply chain need 

to implement food safety controls that are validated and verified. The ICMSF (2005) have outlined 

different controls for different dairy products that include, assuring lower microbial contamination 

at the farm level, protection of transportation chain conditions, application of a series of pre-

processing and thermal treatments in order to bring the microorganisms at acceptable levels.  

Thermal processing is still the widely applied processing treatment being used in reducing 

the levels of microorganisms in raw milk. Auxiliary steps to remove physical hazards and some of 

the microorganisms prior to the main processing treatments are usually performed. These include 

filtration of milk and thermization (57-70°C)(ICMSF 2005; Ramírez et al. 2006). These are then 

followed by a separation process that removes cream from skimmed milk. Both of these are 

separately subject to pasteurisation treatments at their subsequent processing lines. For dairy milk 

the thermal processing regimes vary, for Ultra High Temperature processed milks (135-150 °C 

thermal treatment, 3-5 seconds duration at different cycles) and less in the case of pasteurised milks 

(62-65 °C for 30-32 minutes), High Temperature Short Time processed milks (71-78 °C, 15s) 

(ICMSF 2011). For an extended shelf life skimmed milk is heat treated or passed through 

ultrafiltration while the cream is pasteurised. Both of these two are later combined (ICMSF 2005). 

The required log reduction value for pasteurised milk is a 5 log reduction of vegetative bacteria and 

a 9 log reduction of thermophilic spores for commercially sterile milk (ICMSF 2005; Deeth 2017). 

Alternative novel non-thermal processing technologies have been shown to inactivate pathogenic 

microorganisms in milk and were shown to have a potential to be used instead or in conjunction 

with the current processing treatments. These include the use of atmospheric plasma sonication, 

high pressure processing and membrane separation technologies (Brans et al. 2004; Evelyn and 

Silva 2015; Gabriel 2015; Coutinho et al. 2018; Alirezalu et al. 2020).  

However, dairy processing lines are not without their own complexities as these series of 

unit operations may be reservoirs for spoilage and pathogenic microorganisms. Cross contamination 

might occur through the formation of biofilms on the contact surfaces of dairy manufacturing 

equipment (e.g. heat exchangers, bulk milk tanks, evaporators, membrane filters) and the recovery 

mechanisms along the process line (Flint et al. 2020). An example of these are the harbouring of 

Streptococcus thermophilus, Bacillus lichenformis, Geobacillus stearothermophilus, Bacillus 

thermodurans and other thermophiles in heat exchangers (Jindal et al. 2016; Flint et al. 2020). 

 In relation to recovery mechanisms in dairy processing lines there have been a number of 

documented hazards. An example of a recovery mechanism includes insufficiently dried milk which 

can be re-circulated again in bulk milk tanks. Another example is in infant milk formula 
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manufacturing where some of the dried powder can be carried together with drying air which are 

recovered through separation of these powder through cyclones and air filters. The former 

mechanism was linked to the staphylococcal toxin foodborne disease outbreak in Japan. The latter 

mechanism, air filters have been documented to be a reservoir of Cronobacter sakazakii in 

powdered infant milk formula (Soejima et al. 2007; Jacobs et al. 2011). 

The unit operations in which post processing recontamination might occur include filling, 

cooling of pasteurised milk and filling of milks or primary packaging of solid and liquid dairy 

products. Therefore, the microbial hazards that might be present in these unit operations may be re-

introduced from contaminated surfaces and those thermoduric, spore-forming bacteria that have 

survived the processing treatments might be able to germinate in favorable conditions.  Among the 

spores that are known to survive thermal treatment include Bacillus spp. (B. cereus, B lichenformis 

and B.thermodurans), Clostridium spp., G. stearothermophilus, Anoxybacillus flavithermus, 

Paenibacillus spp. (Burgess et al. 2010; Porcellato et al. 2018; Eijlander et al. 2019). Therefore, the 

presence of these microorganisms have been detected in different dairy products (van Asselt et al. 

2017).  

3.1.3   Distribution and consumption of dairy products 

The impact of these surviving microorganisms and post processing contamination can be 

seen during distribution and consumption of dairy products. Pujol et al., (2015) have shown that 

spore forming microorganisms are able to cause spoilage of UHT milks and results to the failure 

and rejection of these products. Similarly, Kakagianni and Koutsoumanis, (2018) have shown that 

spore forming bacteria remains a challenge in other dairy milk products and is directly influenced 

by the distribution conditions, and even the season in which the raw milk is produced (Montebello 

et al. 2018; Porcellato et al. 2018). In relation to these, refrigeration conditions at the domestic level 

further contribute to the shelf life of dairy products (Koutsoumanis et al. 2010; Rodriguez-Martinez 

et al. 2020). Thus, it was pointed out that indeed product properties should be revisited in lieu of the 

distribution and domestic conditions (Membré et al. 2008). 

 

Figure 5: Effect of Climate Change on Dairy Production Chain 

                                                                            Adapted from Feliciano et al., (2020) 
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3.1.4  Microorganisms and climate change 

The relationship of climate and microorganisms in raw milk is presented in Figure 5 

(Feliciano et al. 2020). The microbial load of raw milk and other dairy products is expected to 

increase with the projected rise in global mean temperature which will enable faster growth and 

changes in microbial ecology of raw and processed milk products (van der Spiegel et al. 2012; Li et 

al. 2018). Several researchers have already shown that seasons and climate influence the microbial 

ecology and diversity of raw milk (Hantsis-Zacharov and Halpern 2007; Marchand et al. 2009; 

Mallet et al. 2012; Vithanage et al. 2016; Metzger et al. 2018). The summer season was found to 

have the most diverse microorganisms followed by spring and autumn, with the least microbially 

diverse milks obtained during winter (Li et al. 2018; Metzger et al. 2018). On the other hand, 

Montebello, Spiteri, & Valdramidis, (2018) found that most of the spore forming bacteria in raw 

milk from Maltese cows were present in the same numbers for both winter and summer. During 

spring it was found by Metzger et al., (2018), that the predominant bacteria in milk includes 

Corynebacterium, Aerococcacea, Knoellia, Enhydorbacter, Acinetobacter. While, Hantsis-Zacharov 

& Halpern, (2007) reported that the microbial ecology of raw milk in Israel for spring and winter 

are quite similar with evidence of Gammaproteobacteria (includes Pseudomonas, Acinetobacter), 

Bacillus, Enterococcus, Leuconostoc, Staphylococcus, Lactobacillus, Actinobacteria, 

Flavobacteria. During winter, milk samples collected in Normandy France were reported by Mallet 

et al., (2012) to be composed of gram negative and presumptive lactococci. Porcellato et al., (2018) 

also found Pseudomonas and Lactobacillus in milks from Norway. On the other hand, during the 

same season it was reported by Vithanage et al., (2016) that Pseudomonas, Acinetobacter 

Psychrobacter and Bacillus were higher.  

 

The other effect of climate change is with the increased occurrence of mastitis in lactating 

cows due to heat stress. It was reported that milk obtained from cows with mastitis has an increased 

presence of microbes such as Listeria monocytogenes and Staphylococcus aureus (Akineden et al. 

2001; Metzger et al. 2018). Ultimately, these mastitis causative microorganisms are passed onto raw 

milk including those obtained from cows that are not presenting symptoms of mastitis as in the case 

of subclinical form of mastitis (Tong et al. 2019).  

 

3.2  Mycotoxins 

3.2.1  Overview 

Mycotoxins are a globally recognised threat. Mycotoxins are toxins produced by toxigenic 

fungi. They became recognised after the death of 100,000 turkeys in 1960 near London, England. It 

came to be known as the “Turkey X disease” and the substance found in the feed was subsequently  

named Mycotoxin (Pitt 2013). These hazards can be introduced at the start of the dairy production 

chain when feed is contaminated by a fungus (Coffey and Cummins 2008; Frazzoli et al. 2017). 

There are several factors which impact the growth of the fungus and its production of toxins. These 

factors include physical stresses such as humidity and temperature, chemical stresses such as 

pesticides and fungicides as well as mechanical damage and damage done by insects and pests. 

Biological factors such as plant variety and type of fungi also affect the type of mycotoxin produced 

(Bryden 2012). Mycotoxins are harmful to humans and animals alike at low concentrations. Some 

of them are known carcinogens and may cause death, others are known immunosuppressants and 

affect the reproduction in animals. The most commonly occurring mycotoxins and the food 

commodities they occur in as well as their toxicity and characteristics are given in Table 1. 

Aflatoxins B1, B2, G1 and G2 are the most commonly occurring mycotoxins studied in 

relation to the dairy industry. They are mainly produced by Aspergillus flavus and Aspergillus 

parasiticus. Aflatoxin B1 is a known carcinogen associated with liver cancer and is studied for its 
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carryover into milk by bio-conversion. The International Agency for Research on Cancer 

categorises Aflatoxin B1 as a known carcinogen to human beings (IARC Group 1). Aflatoxins have 

been known to occur in a wide range of foodstuff including cereals, nuts, seeds and spices. 

Aflatoxin is a known carcinogen and has a synergistic effect with hepatitis B antigen. AFB1 is a 

strictly regulated mycotoxin with the EU establishing the maximum limit at 0.005 mg/kg in cattle 

feed and the FDA establishing limits for the same at 0.02 mg/kg. Aflatoxin M1 is a bio transformed 

mycotoxin and a derivative of Aflatoxin B1. The conversion takes place in ruminants which are fed 

feed contaminated with aflatoxin B1. Aflatoxin M1 has a high affinity for casein and therefore it can 

be concentrated in cheese produced from contaminated milk. Exposure to aflatoxin has also been 

correlated to growth impairment and stunting in children in studies in Kenya. Aflatoxins production 

typically takes place in hot, semi-arid conditions. Ochratoxin (OTA) is a mycotoxin more 

commonly found in wine and coffee, however, its occurrence in infant formula and cattle feed has 

been recorded (Ul Hassan et al. 2018; Elaridi et al. 2019; Viegas et al. 2020). Ochratoxin is 

produced by Aspergillus ochraceus, Aspergillus carbonarius, Penicillium verrucosum. OTA is a 

suspected carcinogen and has been suspected to cause kidney failure in the Balkan region. OTA is 

mostly studied in relation to wine and coffee (Passamani et al. 2017; Oliveira et al. 2019a), and 

currently there are climate change models concerning this subject. Fumonisins commonly occur in 

cereal crops and are produced by Fusarium fungi. They are classified as potential carcinogens by 

IARC (Group 2B) and are associated with liver and kidney damage. The most commonly occurring 

fumonisins are FB1 and FB2. Occurrence of fumonisins is affected by climate change. They are 

hydrophilic in nature and may not be found in large concentrations of milk. Zearalenone (ZEA) are 

produced by Fusarium fungi and are known to affect the reproductive systems in animals. ZEA can 

be partially eliminated at high temperatures and is most commonly found in cereals along with 

DON and other modified forms of ZEA such as α-zearalenone and β-zearalenone. Deoxynivalenol 

(DON) is produced by Fusarium fungal strains growing on cereal crops such as maize, wheat, 

barley, oats etc. It is known as vomitoxin and can cause vomiting and feed refusal in animals. This 

mycotoxin co-occurs with ZEA (Korn et al. 2011; Pleadin et al. 2017) and affects the reproductive 

system of animals and human beings.  

 

Exposure to mycotoxins is possible indirectly via products of animal origin. Milk and dairy 

products are widely consumed among all age groups and therefore exposure to mycotoxins could 

occur through this route. Milk may be contaminated with mycotoxins due to contaminated feed. 

Exposure to mycotoxins in feed to cows leads to decreased yield in milk and decreased feed 

consumption. McKay et al. (2018) studied the effects of feeding dairy cows feed containing high 

Fusarium mycotoxin and low Fusarium mycotoxin matter. Feed contaminated with high amounts of 

Fusarium mycotoxins (Fumonisins, DON and Zearalenone) were fed for a period of 28 days which 

led to a decrease in feed intake by the cows as a consequence of which milk production was 0.74 

kg/cow/day less. Fumonisins, due to their hydrophilic nature, are not typically present in great 

amounts in milk, therefore, humans are not exposed to this particular mycotoxin via milk. However, 

it has considerable effects on livestock and can result in poor animal health, resulting in significant 

economic losses. Mycotoxin contaminated feed can cause long term effects on the physiology of 

livestock. Another study carried out on Japanese black cattle examined the effects of high levels of 

Zearalenone and Sterigmatocystin contaminated feed. Sterigmatocystin is another mycotoxin 

produced by Fusarium spp and Aspergillus spp. The contaminated feed caused alterations in the 

systemic metabolic processes which were not rectified after two weeks of the experiment.  
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Table 1: Mycotoxin Toxicity and Food Occurrence 

Mycotoxin Fungi Toxicity Symptoms Characteristics Commodity 

Aflatoxin B1, B2, 

G1,G2 

Aspergillus flavus, 

Aspergillus parasiticus 

IARC Group 1 classification: 

Carcinogenic (AFB1), acute 

hepatatoxic, immunosuppression 

Vomiting, abdominal pain, coma, 

cancer, death 

Heat stability, 

Synergistic with Hep B (AFB1) 

Maize, nuts, rice, wheat 

Aflatoxin M1 Metabolite of AFB1 IARC Group 2B Classification Affinity to casein, hydroxylated 

form of Aflatoxin B1 

Milk 

Ochratoxin A Aspergillus ochraceus, 

Aspergillus carbonarius, 

Penicillum verrucosum 

IARC Group 2B Possibly 

carcinogenic, nephrotoxic, 

hepatoxic, immunotoxic, 

teratogenic 

Affects productivity in animals, body 

weight gain 

Heat stability, fat soluble Cereals, coffee, wine, Infant 

Formula 

Fumonisins Fusarium verticillioides, 

Fusarium proliferatum 

IARC Group 2B Possibly 

Carcinogenic, hepatoxic 

Kidney and liver damage Dissolved by organic solvents, 

hydrophilic 

Maize 

Zearalenone Fusarium graminearum, 

Fusarium culmorum 

Group 3 carcinogen, Estrogenic 

activity 

Infertility in pigs, mice, rats, cattle, 

reduced milk production,  

Partially eliminated at high 

temperatures 

Maize, wheat 

Deoxynivalenol Fusarium graminearum, 

Fusarium culmorum, 

Fusarium sporotrichioides, 

Fusarium roseum, Fusarium 

tricinctum, Fusarium 

acuminatum 

IARC Group 3 carcinogen 

classification, Gastrointestinal 

haemorrhaging, 

immunodepressants 

Slow growth and low milk production 

in cattle, known as vomitoxin for 

humans, abdominal pain, headache, 

dizziness, and fever 

 Maize, wheat 

Source: Adapted from Bryden (2009) and J. Pitt (2013) and Chhaya and Cummins (2020) 
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3.2.2  Impact of climate change on mycotoxin contamination  

Mycotoxin production is dependent on environmental factors such as temperature, relative 

humidity, rainfall, and water activity. These factors along with the plant variety and composition 

influence the colonization of the toxigenic fungi on the crop. Fungal growth and toxin synthesis also 

have a complex relationship with carbon dioxide emissions. Climatic conditions in Europe are 

increasingly becoming favourable to the host aflatoxin producing fungi. Though uncommon, recent 

changes in weather conditions characterised by a hot and dry climate have caused aflatoxin 

outbreaks in southern Europe. With the prevalence of climate change, geographic expansion of 

aflatoxin is expected. The geographic occurrence of mycotoxins is given in Table 2: 

 

  

Figure 6: Factors influencing mycotoxin contamination 

                                                             Adapted from Bryden (2009) 
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Table 2: Geographic distribution of mycotoxins* 

Mycotoxin Climate Type  Geographic occurrence 

Aflatoxin Temperate, tropical, and sub-tropical  Southern Asia, Africa 

Ochratoxin (OTA) Cool- temperate to tropical regions North and South America, North 

and Western Europe, Africa, South 

Asia 

Trichothenes (DON, NIV, T-2, HT-2, DAS) Northern temperate regions Europe, America, Asia 

Zearalenone (ZEA) Northern temperate regions Europe, America, Asia 

FB1, FB2, FB3 Hot- temperate regions Europe, Africa 

*Adapted from (Smith et al. 2016) 

 

In-vitro Studies 

 

Lab studies on the effects of climate change have shown that factors including: temperature, 

water activity and carbon dioxide levels play an important role in the synthesis of mycotoxins. The 

substrate on which the tests are carried out vary in each case, and an on-field replication is required 

to understand the interactions with these factors and the fungi. Apart from this, factors such as 

interaction between microbiota, and competing fungi also need to be studied for accurate 

replication. In-vitro data can, however, be used in making estimations for mycotoxin occurrence and 

forms the basis of prediction models. Medina et al. (2015) examined the three-way effect of carbon 

dioxide, water activity and temperature on growth of A. flavus and aflatoxin B1 production on a 

conducive medium. While individually only water activity had a significant effect on the growth of 

A. flavus, for the synthesis of aflatoxin B1, carbon dioxide and water activity had an effect for 

different temperatures. Temperatures of 34˚C were found to be favourable for the production of 

aflatoxin and temperatures greater than 34˚C reduced the production and carbon dioxide levels 

played an important role in regulating the biosynthetic pathway. Camardo Leggieri et al. (2019) 

studied the effect of temperature on the growth and interaction of A. flavus and F. verticilliodes. The 

study was done for the temperature range of 10-40˚C. The authors also examined the production of 

aflatoxin and fumonisin. Due to the difference in optimum growth temperatures of both the fungi, 

the fungi displayed a reduction in growth in the other fungus’ optimum temperature, and aspergillus 

flavus had a stronger impact. The co-occurrence of these fungi and varying temperature affected the 

production of AFB1 and FBs. Ochratoxin production on grape juice and coffee with interacting 

climactic factors has been observed. Ochratoxin occurs commonly in grape juice and coffee 

infected with moulds and if found in green coffee beans can remain in roasted coffee in 

concentrations greater than allowed limits. Oliveira et al. (2019b) investigated the effect of water 

activity and temperature to find the optimum growth for ochratoxin producing aspergillus strains: A. 

carbonarious and A. ochraceus. Temperature range 25 to 32˚C and water activity range 0.935 to 

0.965 was optimum for A. carbonarious whereas temperature range: 21 to 30 and 0.94 to 0.99 was 

optimum for the growth of A ochraceus. The study then utilised existing predictive models to 

predict OTA production. These in vitro studies illustrate that in general interacting effects of 

temperature change, carbon dioxide and water activity, which are often credited to climate change, 

can have a profound impact on mycotoxin production. In-vitro studies are necessary to better 

understand the complex interactions of crop-pathogen and environment interaction.  

 

Seasonality 

Mycotoxins occurrence is seasonal (Asi et al. 2012; Bryden 2012; Guo et al. 2016; Kanwal et al. 

2018). Poor storage practices and climatic conditions impact the contamination of feed in storage. 

Studies have established the need to follow good agricultural practices while handling crops 

destined for animal feed (Coffey and Cummins 2008; Neme and Mohammed 2017; Mutegi et al. 

2018) . Climatic factors such as temperature and humidity affect the growth of toxigenic fungi and 

the production of toxins (Bryden 2012; van der Fels-Klerx et al. 2012; Sad and Sad 2014; 
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Hietaniemi et al. 2016; Vita et al. 2016; Zhang et al. 2018). It has also been postulated that feeding 

practices affect the level of contamination in milk. If there is a lack of fresh feed available, the cattle 

is fed stored feed. Storage conditions are often not maintained properly and can lead to 

contamination of the feed by toxigenic fungi. 

A study conducted in the Punjab area of Pakistan examined the seasonal patterns of aflatoxin 

M1 occurrence in milk (Asi et al. 2012). Milk from buffalo, cow, goat, sheep, and camel were 

studied and it was found that aflatoxin M1 levels detected were significantly higher in the winter 

compared to the summer. The study also found that buffalo and cow milk had higher levels of 

contamination than the other species. The authors postulated that while cattle are fed stored feed, 

the other animals are still allowed to feed on wild pastures. Another study conducted in China (Guo 

et al. 2016) examined the occurrence of aflatoxin M1 for four seasons, i.e. summer, winter, spring 

and autumn and found the highest incidence of aflatoxin M1 was in winter followed by autumn, 

summer and then spring, with winter being significantly higher than the other seasons. A study 

conducted in Iran (Bahrami et al. 2016) found the contamination of aflatoxins 

(AFB1,AFB2,AFG1,AFG2) in winter to be significantly higher. However, another study conducted in 

Iran could not find any statistically significant differences for the seasonal occurrence of AFM1 in 

milk (Tajkarimi et al. 2007), indicating that storage conditions are important in maintaining the 

quality of the feed. 

A study in South Italy evaluating the occurrence of AFM1 in buffalo and cow’s milk for 2 

years (2015-2016) found the occurrence of AFM1 to be higher in cooler seasons, particularly fall, 

than in warmer seasons (De Roma et al. 2017). Cattle in this region were also fed fresh grass and 

forage during the warmer season, and stored feed during winters. However, only one milk sample 

exceeded the European maximum limit, which could be an indicative of stricter measures or the 

socio-economic status of the country. Recently, Leggieri et al. (2020) studied the seasonal 

variability of mycotoxins produced on maize in a region in North Italy and showed significant 

impact of rainfall on accumulation of mycotoxins during the growing season of the crop, AFB1 

preferring drier conditions and Fusarium species preferring wetter conditions. Another study 

conducted in Macedonia concluded similar seasonal patterns with occurrence of AFM1 in raw milk 

during winter being significantly higher than summer occurrence (Dimitrieska-Stojković et al. 

2016).  Seasonality in exposure to OTA was studied in human serum samples in Turkey (Erkekoǧlu 

et al. 2010). The study found higher levels of OTA in the samples in summer as compared to winter. 

Daily intake levels were back calculated and a significant difference was found in the summer 

intake levels versus the winter intake levels, where 0.182 ng/kg b.w./day and 0.408 ng/kg b.w./day 

were winter and summer mean intake values respectively.  

 Mycotoxin occurrence is also affected by moisture. Precipitation patterns affecting aflatoxin 

contamination in maize kernels post-harvest were studied in Kenya (Obonyo and Salano 2018). 

Aflatoxin contamination levels measured after a short rainy season were high compared to 

contamination levels after a long rainy season. van der Fels-Klerx et al. (2012) examined the 

relationship between climatic factors and incidences of mycotoxin on cereals growing in North 

Western Europe. The data analyses carried out was based on monitoring data collected from 1999-

2009 in that region. The occurrence of DON in maize, wheat, oats, and barley had a high positive 

correlation with temperature, while the effects of rainfall varied. Zearalenone occurrence in maize 

had positive correlations with humidity and a negative correlation with its occurrence in oats and 

rainfall.  

 

Predictive Models 

Predictive model studies incorporate climate change scenarios on a local scale and factors 

related to the plant and the pathogen. The climate change scenarios must be downscaled to the local 

temperature and precipitation patterns for better predictions. Predicting mycotoxin contamination 
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can help mitigate risks. The information obtained from these models can be used to decide harvest 

cycles, sowing times, crop rotation and soil cultivation to better manage mycotoxins.  

 Battilani et al. (2013) predicted under different climate change scenarios as per the IPCC, 

that the growth of aflatoxins would move northwards as far as the south of UK because conditions 

would be suitable to produce harmful mycotoxins. The model known as AFLA-Maize predicted the 

daily growth of A. flavus and aflatoxin contamination on maize. This model was based on in-vitro 

data as opposed to field data. The data obtained from an Italian outbreak was used to calibrate the 

study and found 73% of the predictions were correct. Battilani, Toscano, Fels-Klerx  H.J, et al. 

(2016) used this model to predict the pathogen growth under two climate change scenarios for 

Europe. The two scenarios were +2 C and +5 C climate change scenarios. They simulated 100 years 

of daily weather data including, minimum and maximum temperature, rainfall, and solar radiation 

for different parts of Europe and used this data in the AFLA-maize model. The output were 

aflatoxin hazard indices for the different parts of Europe included in the simulation. Similarly, they 

developed another model to simulate climate change scenarios for the case of aflatoxin 

contamination of wheat in Europe. The model predicted that aflatoxin spread is likely to extend to 

60˚N latitude from its current geographic limit at 45˚N. The regions predicted to be of highest 

concern are Eastern Europe, Balkans, and Mediterranean regions. However, there was no change in 

the effect of climate change on wheat based on this model.  

 

Figure 7: Representation of the 45˚N to 60˚N spread of Aflatoxin.  

                                   Adapted from Battilani et al (2013) and Medina et al. (2017) 

Another study by Van der Fels-Klerx et al. (2019) modelled the effect of climate change on 

aflatoxin M1 as a result of carry-over from AFB1 in maize. Different climate change models 

affecting maize contamination and carry-over models for the conversion of AFB1 to AFM1 were 

used. It was found that AFM1 contamination in milk is expected to increase because of climate 

change (best to worst case scenario) or is expected to be similar. The application of this climate 
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change: farm to fork model can be useful in carrying out risk assessments.  

Another predictive model was used by Madgwick et al. (2011) to predict the anthesis date of 

wheat and the incidence of Fusarium ear blight in a climate change scenario. The output from the 

model suggested that as climate change affects the UK, the flowering dates of wheat are expected to 

be earlier, and the effects across UK will vary, while the incidence of Fusarium ear blight is also 

expected to increase to a certain extent. Similarly, Hjelkrem et al. (2017) predicted the growth cycle 

of oats based on weather data and correlated weather with DON content. This study also developed 

models to predict the risk of DON as a result of weather conditions using daily weather data 

available from Norway. The weather conditions associated with DON contamination in the different 

stages varied with more dry and warm conditions being associated with DON contamination during 

the early stages and wet conditions during flowering. The prediction accuracy of the two models 

developed for DON contamination was greater than 70%. This model was developed for Norway 

weather conditions and could predict the risk of DON contamination if it were to be extrapolated for 

climate change scenarios.  

Xu et al. (2013) developed a logistic model to associate accumulation of DON to climatic 

conditions and occurrence of Fusarium head blight in Europe. Weather and disease incidence data 

for the years 2001-2004 was collected from 4 European countries including Hungary, Ireland, Italy 

and UK. Crop phenology was also studied for this period including anthesis (flowering) period. 

Several logistic models were developed. DON incidence was the highest in Ireland, followed by 

UK, then Italy and Hungary.  It was found that occurrence of DON increased by 125 times when 

more than one FHB species was present, and several weather variables had a significant impact on 

the models. For example, during the anthesis period a variable derived from average relative 

humidity and average temperature occurred most frequently. Another study quantified the 

relationship between FHB, environmental factors and occurrence of Fusarium mycotoxins based on 

data collected from Hungary, Ireland and UK (Kriss et al. 2012). DON and relative humidity were 

significantly correlated in this study as well, while other mycotoxins displayed varying relations 

with moisture related variables. This study was also based on the same data, however it used semi-

partial correlations to quantify the associations.  

Crop, disease, and climate change models are reliable in predicting disease occurrence to a 

large extent. These models can be made better by supplementing them with data from in-vitro and 

on the field studies for which continuous monitoring and research is required. The combined effects 

of factors other than carbon dioxide, water activity/relative humidity and temperature need to be 

considered as well to more accurately predict and minimise error.  

 

4  Food Safety Management Overview 

Food safety management has been proposed as the key step in ensuring food safety along the 

food supply chain at the operational level (Gorris 2005). The hierarchy of food safety management 

and control is commonly presented as a pyramid with stacking blocks of food safety programs to be 

implemented in a food manufacturing facility (as seen in Figure 8). Food safety control activities 

include the performance of risk analysis and risk assessment to be performed at the government 

regulatory level. Thus, the people and the institutions involved with food safety include not only the 

managers at the manufacturing facility level but also government regulatory agencies. As such, a 

sort of dichotomy between the actions to be performed can be seen. Food safety managers at the 

food manufacturing level are involved with establishing and implementing food safety programs 

while government regulatory agencies are involved with food safety control through the 

establishment of food safety goals that are in line with a national public health policy. Although 

coming from different directions in the food safety pyramid the dynamism and compatibility of 

their works and outputs are needed in order to deliver food safety. As such, the development by 
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government regulators and use by food manufacturers of food safety metrics are recommended 

(Gorris 2005).  

 

 

 

The food safety metrics developed by FAO and WHO (2006), include Food Safety 

Objectives (FSO), Performance Objectives (PO) and Process Criterion (PC). The FSO is an 

objective based metric to be applied at the last part of the food supply chain prior to consumption. It 

is derived from an Appropriate Level of Protection determined by the government regulatory 

bodies. This value should not be exceeded and is achieved through the establishment of controls at 

the earlier stages of the food supply chain. The advantage of using this food safety metric is the 

capability to set an equivalence point in food control and the flexibility for food safety risk 

managers at the factory level to comply with this point given the uniqueness of their current 

processing setup (Gorris et al. 2006). In addition, the latter two metrics are to be used for this 

reason in order to meet the limit set prior to consumption. The other food safety metrics that are to 

be implemented in conjunction with these are the Process Criterion (PrC) and Product Criterion 

(PdC) which are stipulated in a HACCP plan and as such associated with the critical control points. 

Implementation of these allows to fine tune the control of food safety of final end products. 

The transparency and flexibility of using these food safety metrics in a food manufacturing 

facility cannot be undermined. It enables food safety managers and relevant parties to design a 

process line that can be adapted to their extant food processing lines and unit operations while being 

able to comply with the health policy of a country. Therefore, the use of these goals necessitate the 

existence of established and working food safety programs (ICMSF 2011). It must be highlighted 

that prerequisite programs and food safety programs must first be working and subject to reviews 

and regular audit prior to adoption of these metrics.  

 

Figure 8: Food Safety Management Systems and climate change mitigation strategies 

Adapted from Feliciano et al., (2020) and Membré, (2014) 
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4.1  Prerequisite Programs  

Prerequisite programs are the fundamental programs that deal with proper design of 

facilities, cleaning procedure and schedules, and manufacturing procedures that are required to be 

met and established by food manufacturers prior to full scale operations. In detail, there are six 

types of prerequisite programs to be established namely, premises, receiving and storage, equipment 

performance, personnel training, sanitation and health and safety recalls (Membré 2014). These 

prerequisite programs are also known to belong as part of Good Manufacturing Practices (GMP), 

Good Hygiene Practices (GHP), Good Agricultural Practices (GAP), Good Veterinary Practices 

(GVP) and Sanitary Standard Operating Procedures (SSOP) which are a set of guidelines to be 

implemented. In addition, these prerequisite programs may include specifications for accredited 

suppliers (Kotsanopoulos and Arvanitoyannis 2017).  

The relevance of prerequisite programs cannot be undermined as their implementation at the 

farm level influence the food safety of produce. In fact, in the study by Nada et al. (2012) it was 

shown that implementation of prerequisite programs are more appropriately to be applied at the 

earlier parts of the food supply chain. Prior to the establishment of HACCP and food safety 

management systems, auditors usually look for the records and evidence that these programs are in 

place and subsequently reviewed during the food safety audit. The relevance of these systems can 

be seen with their relevance in providing guidelines and procedures necessary with the delivery of 

food safety in large scale food manufacturing operations and in food establishments (Doménech et 

al. 2011).  
 

4.2  Hazard Analysis and Critical Control Points (HACCP)  

HACCP was originally a food safety program developed by NASA and Pillsbury for 

missions in outer space. This food safety program was initially based on three principles where 1) 

hazards which may be encountered in the production of foods are identified, 2) identification of 

critical control points along the processing chain where the hazard is to be controlled, and 3) 

implementation of controls at these points (Ropkins and Beck 2000). Currently, the HACCP 

procedure is composed of seven steps with the addition of three steps namely, define corrective 

action, establish record keeping procedures and establishment of verification procedures (Ropkins 

and Beck 2000; Sperber 2005). The implementation of HACCP has shifted from a product based 

approach to a process based approach initiated by food safety legislations and therefore allowing the 

wide-scale application of this method in the food industry (Manning et al. 2019). In addition to this, 

HACCP procedures allow audits to be performed whether the systems and its monitoring indeed 

works (Kotsanopoulos and Arvanitoyannis 2017). However, the use of HACCPs are not without 

hurdles, the reported difficulties encountered include in its implementation of the HACCP plans at 

critical control points, insufficiency in control activities, behavior of the food handler and lack of 

HACCP knowledge on the part of food processors (Azanza and Zamora-Luna 2005; Cusato et al. 

2013; Manning et al. 2019).  

According to Ropkins and Beck (2000), during the hazard analysis step of HACCP 

quantitative and qualitative risk analysis is to be performed. This is in line with the calls of 

Buchanan and Whiting, (1998), where the possibility of incorporating ways on how to quantifying 

the effects of each processing stages in hazards. Thus, the use of quantitative risk analysis methods 

in the dairy manufacturing industry with established HACCP and food safety programs are starting 

to gain momentum. 
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4.3  Risk analysis 

The development of risk analysis in the field of food safety can be traced with different 

events such as the recognition of the hazards related to food, foodborne illnesses during the 90s, 

independent development of predictive microbiology, widespread use of HACCP, establishment of 

World Trade Organization and promotion of free trade led to the signing of SPS agreement. As 

such, in the mid-90s through the request of Codex Alimentarius Commission, the Food and 

Agricultural Organization and World Health Organization established a working committee that 

defined the risk analysis procedures. Risk analysis and its components are defined by the Codex 

Alimentarius as the process composed of three steps, risk assessment, risk communication and risk 

management (FAO and WHO 2013).  

Risk communication refers to the interactive exchange of information and opinions 

throughout the risk analysis process between risk managers, risk assessors, industry, consumer and 

academia. Their interaction revolves around the risk, its factors, communication of risk assessment 

findings, methods performed during the risk assessment and the basis of risk management 

decisions. Risk management is the process of making a decision on the appropriate prevention and 

control options to be taken, formulation of policy in consideration of the risk assessment results and 

other actions related to the protection of the health of consumer and fair trade. Risk assessment 

refers to a scientifically based four step process: (i) hazard identification, (ii) hazard 

characterization, (iii) exposure assessment, and (iv) risk characterization. The interaction of these 

three separate risk analysis activities in the food supply chain was shown by Membré and Guillou 

(2016). Adaptation of this in the dairy supply chain was presented in Figure 9. Therefore, through 

the performance of risk analysis and its activities, risk managers at the government level are able to 

formulate policies, mitigation strategies and perform risk management decisions that is science and 

evidenced based, maintaining transparency of its conception and implementation. In a clear and 

accessible to the parties involved and the general public. The output of these risk analysis 

procedures in a food safety pyramid are the food safety metrics and microbiological criteria to be 

complied at the food manufacturing levels (Gorris 2005). 
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Figure 9: Risk Assessment Process for Dairy Supply Chain  

                                                      Adapted from Membré and Guillou (2016) 
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Risk assessments have commonly been used by government authorities to develop 

regulatory standards, to aid risk management decisions in assessing and taking actions on specific 

public health issues. In food safety management, these activities involve the review of food safety 

regulations and establishment of food safety metrics. Given the previously mentioned activities 

involved with risk assessments, QMRA and FCRA are sensu stricto an exposure assessment 

(Membré 2016). Risk assessments are generally classified into quantitative, qualitative and semi-

quantitative type (Dearfield et al. 2014).  

The quantitative type of risk assessments include quantitative microbial risk assessment, 

quantitative chemical risk assessment, Bayesian risk assessment methods and feed chain risk 

assessment (Coffey and Cummins 2008; Coffey et al. 2009). The qualitative forms risk assessment 

includes risk profiling. Semi quantitative risk assessments include risk ranking. Although the strict 

classification of these examples of risk assessments may not be limited to these such as in the case 

of risk ranking where it can take the form of either quantitative or semi-quantitative types (Van der 

Fels-Klerx et al. 2018). Efforts to quantify risk ranking assessments through use of quantitative 

tools have been proposed by the European Food Safety Authority (EFSA 2015). Therefore risk 

assessments that are applied in the food supply chain vary according to the goals to be achieved, 

questions to be answered and the availability of data to be used in the assessment (Dearfield et al. 

2014).  

 

5  Quantifying risks in the Dairy Supply Chain  

5.1  Quantitative Microbial Risk Assessment  

5.1.1  Steps in QMRA  

There are four steps in developing a QMRA as previously shown by Membré and Boué, 

(2018). An adaptation of these steps is presented in Figure 10. These steps were initially developed 

as an adaptation to be implemented at an industry level. The objective is to compare the efficiency 

of the process steps in mitigating risks by predicting the effects of operational settings on the output 

of the model. 

.  

Figure 10 Steps in a QMRA  

     Adapted from Membré and Boué, (2018) 
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Step 1: Identify the goals and scope of the quantitative risk assessment 

 

The goal of this step is to state the goal clearly. The risk managers and assessors must first 

agree upon the problem or questions to be explicitly answered by the risk assessment. This allows 

for both parties to clarify the relevant hazard which is to be considered and also for the model to be 

used in addressing the hazard. In addition, this will also allow them to explore different inputs in the 

model at a later stage. Recognizing the hazard to be considered, a systematised method was 

developed by Van Gerwen et al., (1997). This method allows risk managers to objectively select the 

relevant microorganism to be monitored in the supply chain. An advantage of this method is the 

selection of the relevant microorganism among a series of microorganisms initially present at the 

start of the supply chain. Risk managers and assessors at the manufacturing facilities have the 

ability to choose not only between a pathogenic and spoilage microorganism but also, the current 

microorganisms of concern or those that may be a potential concern in the future. For example, the 

most resistant one can be selected from a series of microorganisms that are usually found in the 

food. The justification for selection may be because it can survive multiple processes and may also 

be able to resuscitate again if the conditions of the food product in the later stages of the process are 

suitable. Justification for selection may also be in relation forecasting changes with conditions in 

the supply chain with which the product is to be distributed or marketed. Insights like these might 

be relevant in the future given that the forecasted effects of climate change will also affect different 

food supply chains in different countries. Relative to the goals to be identified are the target 

consumer of the product. As was previously established, vulnerability groups (e.g. elderly, young, 

immunocompromised) exist and as such must be considered given their susceptibility to the hazard 

and their respective consumer patterns which may include serving size. 

The scope where the QMRA will start and end must also be considered. This is dependent 

upon the food manufacturers, their data and their domain. The scope of extant risk assessments on 

dairy products usually range from farm to the distribution of products. However, dependent upon 

the data available some were also able to include the consumer domain and as such were given a 

stand-alone module in the QMRA model (Koutsoumanis et al. 2010; Rodriguez-Martinez et al. 

2020). 

 

Step 2: Define terms to be used in the model 

 

This step aims to clarify and agree upon the input and output units in the model. This is true 

for data to be input in the model that may have been retrieved from different sources and periods. 

An example of this in risk assessment is a toxin producing bacteria, which, depending on the 

available data, can be expressed as a bacterial concentration or a concentration of the toxin. 

(Heidinger, Winter and Cullor, 2009; Weldeabezgi et al., 2019). In addition, other cases in which the 

units in small scale manufacturing environment currently in the process of adapting to the ones used 

in government regulations. Therefore, this stage will allow the conversion of data available into 

units if needed.  

Furthermore, it was pointed out that iterations during stochastic process need to be clearly 

defined before performing these mathematical operations. Iterations can be defined in the context of 

the data it was taken from and the appropriate representation given to it. Therefore, clarifying the 

terms to be used in the model must therefore be useful in understanding the results later on. 

 

Step 3: Model building: Model structure, incorporation of mathematical equations and inputs  

 

Build the QMRA model structure 

 

The next step is to determine the process line or steps along the supply chain. This line will 

therefore be the main structure of the model with the subsequent sections or “modules” to be 
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defined with respective models. These sections can be appropriately termed as “modules” where it 

represents a specific unit operation or equipment in the processing line or stage in the dairy supply 

chain wherein the state of the food has an impact on the concentration of microbial hazard. A way in 

which a process line or dairy supply chain can be structured for risk assessment is through the use 

of the modular process risk model structure (MRPM) developed by Nauta, (2001). The use of this 

structure allows risk managers to simplify the process line and categorise each process into six 

steps; growth of microorganism in food matrix, microbial inactivation, partitioning during filling or 

other unit operation, recontamination and growth/resuscitation of microorganism until final storage. 

This simplification is true especially in the dairy industry where recovery mechanisms of milk 

retentions is commonly performed in industrial process lines such in the case of powdered milk 

(Soejima et al. 2007). 

 

Incorporating the mathematical equations to be used in the model 

 

Following the establishment of the QMRA model structure is the incorporation of 

mathematical equations and inputs in the subsequent modules of the QMRA model. These 

mathematical equations can be classified into four types namely, probability functions, mass and 

heat transfer models, predictive microbiology growth or inactivation models (primary and 

secondary) and dose response models. In addition to these, new equations were recently used in risk 

assessment models such as consumption patterns, climate variables, toxin production of 

microorganisms, recontamination equations for air and biofilm (Heidinger et al. 2009a; Castro-

Ibáñez et al. 2015; Pujol et al. 2015a; Campagnollo et al. 2018). 

 

In this part of the QMRA model, predictive microbiology comes into the fore. The 

mathematical models and tools that were developed separately in the said field give the risk 

assessors the capacity to predict the growth of microorganism through time, with the influence of 

intrinsic food properties and extrinsic processing variables. The predictive microbiology equations 

that can be used in the QMRA model are the ones commonly used for microbial growth and 

inactivation models (Van Gerwen and Zwietering 1998; Geeraerd et al. 2000). Furthermore, the use 

of secondary models whether it is growth or inactivation models allow the risk assessors to 

customise the growth predictions with the extant product criteria. For risk assessments dealing with 

toxin producing microorganisms, the use of toxin production models were have been previously 

shown (Asao et al. 2003; Soejima et al. 2007).  

 

Data inputs and probability distributions 

 

The data to be inputted in a QMRA model can come in the form of settings or variables. 

Settings are management options chosen as a way to control risk. Examples of settings are process 

criteria (PrC) and product criteria (PdC). As such, these types of inputs can be drawn from extant 

HACCP plans currently implemented where these two are stipulated. Variables are those 

uncontrollable inputs that cannot be associated with management. These kinds of inputs are defined 

as a deterministic value or range of values described by a probability distribution. For the former it 

is inputted in the QMRA model as a single value while for the latter it is inputted as statistics (e.g. 

mean and standard deviation) and a specific probability distribution (e.g. normal) describing the 

dataset with which the statistics are taken from.  Through the latter input the variability is taken into 

account by the QMRA model. During this part of the QMRA it is important to separate variability 

and uncertainty. The former is defined by Haas et al. (2014) as real and identifiable differences 

between individuals within a population, and it does not disappear with additional data.  

Variabilities in a QMRA can be grouped into: pathogen (e.g. strain variations in pathogenicity, 

variation in resistance to a treatment), food product (e.g. pH, Aw) or consumer associated (e.g. 

susceptibility to disease, consumption pattern, behavior) (Membré and Guillou 2016). Uncertainty 

refers to a lack of data to characterise the input and the model.  
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Incorporation of these two in the model is through the use of two dimension Monte Carlo 

analysis (Pouillot and Delignette-Muller 2010; Cummins 2016). Methodologies using these two 

have been previously shown, depending on the availability of data (Membré and Boué 2017). The 

first case is if there is a lot of data and limited knowledge about the mechanism. In that situation, 

the approach is to fit data into probability distribution or perform bootstrap. The second case, if 

there is limited data and a lot of information about mechanism, then the course of action is to select 

the appropriate probability distribution. The third case, where there is both limited data and 

knowledge on mechanism the use of a simple distribution is the course of action. The fourth case 

where there is no data available, the course of action is to do expert elicitation. 

Fitting the data into a probability distribution, according to Jarvis (2008), allows us to 

describe into mathematical terms the spatial dispersion of the population, to estimate the variance of 

the population and, to compare the temporal and spatial changes in density. Another example for the 

first case is to use bootstrapping. Recently researchers have tried to do meta-analysis in published 

data such as thermal inactivation of microorganisms. This in recognition of the issue where 

differences in values of inactivation kinetic parameters exist for different products. As such the 

approach of conducting a meta-analysis of this data prior to incorporation in a QMRA model has 

been previously proposed (den Besten and Zwietering 2012; Guillou and Membré 2019). 

 

Step 4: Interpretation of model output 

 

The first output of a QMRA is a concentration of microorganisms and its probability 

distribution. This fact highlights that the QMRA steps previously mentioned covers the exposure 

assessment part of the risk assessment. The microbial outputs produced are further processed 

separately under a consumer or distribution module in a QMRA. These modules are part of the risk 

characterization part of the QMRA (Carrasco et al. 2010). These modules are usually done in order 

to determine the prevalence of the microbial contamination level in a batch for packaged products. 

The other module used is in association with identifying the probability of illness in a population (or 

a specific member of that population) due to the consumption of food product. In these modules the 

respective outputs are not given as a single value but also in tandem with their probability of 

occurrence (Membré and Boué 2017).  

The results from the QMRA model are not easily interpreted especially by those belonging 

to another discipline not directly involved with food microbiology but involved in policymaking 

and as such need to make decisions based on a QMRA. Therefore, the use of visualizations of the 

model outputs and risk characterization have been suggested. These include ‘what if’ scenarios and 

2D plots of iso-risk curves (Membré and Boué 2017). 

 

5.1.2  Insights from QMRA of dairy products 

QMRA has been used in determining the safety and the risks posed by microbial hazards 

present in dairy products on consumers. This is presented in Table 3. The microbial hazards 

commonly studied were pathogenic microorganisms such as E.coli, L. monocytogenes, M. avis and 

bacteria that cause foodborne intoxication by their microbial toxins such as B. cereus and S. aureus. 

The former group of microorganisms were based on their acceptable levels and the relative 

susceptibility of different consumers at these levels prior to consumption. While for toxin producing 

pathogens, aside from their acceptable levels, the determination of the toxin concentrations at the 

time of consumption are also performed (Heidinger et al. 2009b; Barker and Goméz-Tomé 2013). 

This principle of quantifying the toxin produced lies with their mechanism in foodborne 

intoxication. Additionally, QMRA was also shown to quantify the effects food processes to the 

spoilage of microorganisms. Pujol et al., (2015) have shown that for food spoilage, the use of 

sterility failure rates can be used as the link between product acceptability and line performance. 
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Also, it can be an alternative measure or endpoint wherein the product is not fit for human 

consumption when it comes to microbial food spoilage. 

QMRA in dairy products was mostly performed for milk and cheese which were either 

pasteurised or unpasteurised. Raw milk is currently seeing a boom in popularity of because of the 

consumer demand for fresh and clean labelled dairy products (Claeys et al. 2013). However, as 

shown by researchers maintaining the microbial food safety of raw milk is difficult and subject to 

the initial microbial load introduced at the farm level and its fluctuations given the subsequent 

conditions during storage of raw milk at marketing and consumer phase. In the study by Latorre et 

al., (2011) they found that inspection of raw milk prior to selling together with the maintenance of 

cold chain from raw milk collection, selling phase and consumer are crucial points for preventing 

the growth of L. monocytogenes at unacceptable levels. These findings are also similar for other risk 

assessments on raw milk (Grace et al. 2008; Giacometti et al. 2012). On the other hand in the study 

conducted by Perrin et al., (2015) they have explored scenarios on how to reduce microbial 

contamination of raw milk and in soft cheese through the use of QMRA, and quantification of these 

impacts on intervention strategies. Insights like these reinforce the established principles of food 

safety and allow the quantification of its impact towards the growth of pathogenic microorganisms. 

For pasteurised milks, the findings are similar where the implementation of pasteurisation and 

control points along the dairy supply chain remain key to reducing microbial contamination in 

packaged milks (Clough et al. 2009; Serraino et al. 2014).  

Another dairy product with several risk assessments performed were cheeses which were 

made by either raw or pasteurised milk. The use of raw milk in cheeses is still being done especially 

in traditional and artisanal cheeses. The raw milk microflora are known to confer distinct 

organoleptic properties such as flavour profile (Montel et al. 2014). However, occurrences of 

foodborne disease outbreaks and food recalls were linked with raw cheeses, giving the need to 

establish controls along the supply chain (van Asselt et al. 2017). For cheeses made with 

unpasteurised milks, the impact of raw milk microbial quality on food safety quality is increased 

throughout the manufacturing stages of cheese. Similar to raw milks, the food safety of cheeses 

must be maintained throughout the supply chain as the impacts will be additive causing an increase 

in foodborne illness due to lack of controls that will decrease the microbial growth (Tenenhaus-

Aziza et al. 2014; Perrin et al. 2015).  

 

5.1.3  Incorporating climate variables in a QMRA  

The dairy supply chain is vulnerable to the effects of climate change at each step. This is 

evident from conditions induced by the influence of climate on raw milk when transporting, 

processing and until final distribution to consumers. However, incorporation the of climate change 

effects as a variable and quantification of its effects on the microbial hazards in dairy products 

through use of a QMRA is yet to be realised. Nevertheless, this incorporation is currently being 

explored in the fresh produce sector (Strawn et al. 2013; Pang et al. 2017, 2018; Miranda and 

Schaffner 2018). These climate variables may include changes in average temperature, relative 

humidity, average precipitation and sunlight among others which are also associated with different 

seasons (Castro-Ibáñez et al. 2015; Pang et al. 2017). Approaches on how these climate change 

effects can be incorporated in a QMRA model as inputs were seen in these previous researches. Two 

methods on how can this be done were shown by these researches, direct incorporation of climate 

data with probability distribution (Danyluk and Schaffner 2011; Allende et al. 2017) and dimension 

reduction of extant environmental variables (Pang et al. 2017, 2018). 

 

 



33 

 

Table 3 Overview of quantitative risk assessments in dairy products* 

Paper Country Microbial hazard Product Scope Modules or parts of the QMRA model 

Milk 

Giacometti et al., (2012) Italy E. coli O157:H7 

C. jejuni 

Raw milk Farm to consumption Prevalence in herds 

Time and Temperature history 

Consumption  
Latorre et al., (2011) USA L. monocytogenes Raw milk Farm to consumption Buk milk tank contamination, time temperature distribution, consumption  

Clough et al., (2009) UK E.coli O157 Pasteurised milk Farm to packaged milk On farm, transport raw milk, raw milk holding time, processing, prevalence 

in package 
Serraino et al.,(2014) Italy M.avium subsp. 

paratubercolosis 

Pasteurised milk Farm to packaged milk Pathogen in raw milk, transport of raw milk, silo concentration, 

pasteurisation, prevalence in package 

Pujol et al., (2015) France G. stearothermophilus 
C. botulinum 

B. cereus 

UHT milk Raw milk to packaged milk Raw material mixing and storage, packaging  sterilization, UHT treatment, 
process line sanitization  

UHT treated product storage, sterilized packaging storage, aseptic filling, 

short holding of filled product   
sealing and storage  

Heidinger et al., (2009) USA S. aureus toxin Raw milk Raw milk to consumption S. aureus  growth (Variable & Static growth), long term consumer storage, 

Staphylococcal toxin production 
(Barker and Goméz-Tomé 

2013) 

UK S. aureus toxin Pasteurised milk Raw milk to packaged milk 

 

 

S. aureus in pooled milk, population & toxin production, pasteurisation of 

raw milk, cooling and farm storage, packaged milk 

Cheese 

Perrin et al.,(2015) France E. coli O157:H7 Soft cheese made from raw milk Farm to consumption Farm, cheese production, consumption 

Bemrah et al., (1998) France L. monocytogenes Soft cheese made from raw milk Raw milk to consumption Milk production, cheese processing, consumption 

Lindqvist et al., (2002) Sweden S. aureus Unripened cheese from raw milk Cheese to consumer Producer, consumer 

Tenenhaus-Aziza et al., (2014) France L. monocytogenes Soft cheese made from pasteurised milk Pasteurised milk to 
distribution of cheese 

Contamination at cheese making, (smearing, ripening, recontamination 
during ripening) growth in environment, hygienic operations, sampling  

Campagnollo et al., (2018) Italy L. monocytogenes  Semi-hard cheese from raw milk and soft 
cheese from pasteurised milk 

Raw milk to consumption Contamination at cheese making, ripening, retailing shelf-life, consumption 

Tiwari et al., (2015) Ireland L. monocytogenes Cheese from raw milk and pasteurised 

milk 

Farm to consumption Contamination at farm level, cheese making & recontamination, ripening, 

storage, consumption 

Condoleo et al., (2017) Italy L. monocytogenes Soft cheese from raw sheep milk Farm to consumption Farm, cheese processing, consumption 

Sanaa et al., (2004) France L. monocytogenes Soft cheese from raw milk Raw milk to consumption Initial level and concentration in raw milk, Concentration in cheese, time 

temperature of cheese, Consumption 

*Adapted from Feliciano et al., (2020)  
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5.2  Mycotoxin Risk Assessment 

Strict regulations are imposed on the levels of many mycotoxins, while some just have 

guidance values (as given in Table 4). Each country sets the limits or guidance according to risk 

analysis carried out. These decisions are based on, but not entirely dependent on, scientific evidence 

given by risk assessments. Where a probability of an adverse health effect because of a hazard 

exists, the process of risk analysis is carried out to decide if any actions for the same need to be 

taken.  

 

Table 4: Maximum residue levels in raw milk and cattle feed 

5.2.1  Occurrence 

Mycotoxins occur across the world in many different food products and feedstuff. The 

presence of mycotoxins in the feed and foodstuff is continuously monitored to support risk 

assessments. The prevalence of mycotoxins depends on many factors and as a consequence levels 

vary annually. Milk and milk products are mainly monitored for aflatoxin M1. Most of the studies 

conducted look at milk and cattle feed samples for aflatoxins. Cattle feed samples may be 

contaminated with mycotoxins and are typically analysed for multiple mycotoxins (dos Anjos et al. 

2016; Yan et al. 2018). The bioconversion of aflatoxin B1 to aflatoxin M1 can be up to 6%. A study 

in Nairobi, Kenya found a total of 83/84 samples of milk contaminated with AFM1, with 64% 

samples exceeding the EU regulatory limits of 0.05 ug/kg (Kuboka et al. 2019). A survey of the 

farms sampled found that the farmers were not aware of the carry-over of aflatoxin into the milk. 

No concrete source for the contamination was traced as sampling of the feed was not done, 

therefore the reason of contamination remained ambiguous. A study carried out in Kosovo in 2009-

2010 investigated 895 milk samples from different parts of the country. An overall incidence rate of 

2.8% was observed over the two years in excess of the limit of detection, however none of the 

samples contained concentrations in excess of the EU limit (Rama et al. 2016). Rise in the 

occurrence of aflatoxin is expected due to climate change. An Irish study (Mcelhinney et al. 2016) 

investigated the occurrence of multiple mycotoxins in baled and pit silages on farms for two years. 

None of the major regulated mycotoxins were present in these samples. The mycotoxins present 

were in relatively low concentrations. While ZEA was found in low concentrations in very few 

samples. This could be since Irish weather is not conducive to foster aflatoxin production. In 

Galicia, Spain (Dagnac et al. 2016) maize silage from 19 dairy farms was analysed for the presence 

Country Mycotoxin Raw Milk (μg/kg) and 

dairy products 

Cattle Feed (mg/kg) 

EU  AFB1  0.005 

 AFM1 0.05  

 OTA  0.25 

 DON  8-12 

 Zearalenone  0.5 

 FB1+FB2  60 

 T2& HT-2  Not present 

    

USA (FDA) Aflatoxin  0.02 

 AFM1 0.5  

 DON  5 

 FB1+FB2+FB3  30 

    

Australia (FSANZ) AFM1 0.05  

    

Iran AFM1 0.05  

    

India AFM1 0.5  
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of multiple mycotoxins. 148 samples were collected from which 62% mycotoxins were found to be 

contaminated. In Italy (Armorini et al. 2016), milk was tested for the presence of Aflatoxin M1, 

while 11/22 organic milk samples and 24 out of 36 conventional milk samples were found to be 

contaminated with AFM1following an aflatoxin outbreak, none of the samples exceeded the EU 

maximum limits. The occurrence data obtained from studies can be used to quantify exposure. 

Table 5 shows a few studies investigating the occurrence of some mycotoxins in milk, milk 

products and cattle feed.  

 

5.2.2  Exposure Assessment 

Exposure assessments carried out assesses the consumption of the hazard via food. Exposure 

is calculated using the consumption and occurrence data available. Coffey and Cummins (2008) 

carried out an exposure assessment from feed to fork. A feed chain risk assessment is undertaken 

when all the processes involved from the production of the feed to the consumption of the food 

product are considered. Coffey et al. (2009) carried out a stochastic feed chain risk assessment 

related to bovine feed for Ireland. Stochastic calculations utilise probabilistic values to obtain the 

range of population likely to be exposed to the hazard. The study calculated mean mycotoxin 

occurrence levels by simulating data found in the scientific literature. The calculated levels were 

below the guideline levels established by the European Union. The exposure assessment was carried 

out using total exposure for male and female was calculated by summing up exposure levels in each 

dairy product as follows: 

 𝑇𝑜𝑡𝑎𝑙 𝐸𝑥𝑝𝑜𝑠𝑢𝑟𝑒 =  ∑(𝐶𝑀𝑥/1000)  ×  𝑃/𝑀                                   (1) 

 

Where CMx is the concentration of mycotoxin in milk (μg/kg), P is the milk product 

consumption value and M is the body mass of the individual. The exposure assessment carried out 

found all the exposure levels to be below the limit placed by European Union and the simulated 

values from these were well below tolerable daily intake values and therefore were not considered a 

threat in Ireland. Maize is not grown in Ireland and is imported for feed and the possibility of 

contamination via imported feed mixed with domestic feed exists. Weather conditions are not 

optimum for production of aflatoxin B1. However, with climate change, much of the imported 

maize is likely to be contaminated as more and more maize growing countries are predicted to be 

afflicted with aflatoxins (Battilani, Toscano, Van Der Fels-Klerx, et al. 2016). 

 

Deterministic calculations rely on fixed values as opposed to probabilistic. This gives a 

single value, whereas probabilistic calculations give a range of values, considering all possible 

combinations. Bahrami et al. (2016) carried out a deterministic calculation for the exposure to 

AFM1 from milk and other traditional Iranian dairy products. The values obtained were calculated 

using estimated daily intake which utilised mean concentration of AFM1 [toxin] and mean milk 

consumption and body weight [bw] data of the individual. 

 

𝐸𝐷𝐼 =
[𝑡𝑜𝑥𝑖𝑛]×[𝑚𝑖𝑙𝑘 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛]

[𝑏𝑤]
     (2) 

 

Where : 

EDI = Estimated daily Intake 
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Table 5: Mycotoxin occurrence globally in dairy products and dairy feed* 

Country Mycoto

xin 
Test

1
 Product Limit

2
 Min

3
 Mean

4
 Max

5
 LOD

6
 LOQ6 Sample 

number 

Detection 

range 

Above 

limits 

Papers 

Mexico AFM1 ELISA Domestic Milk 0.5 0.1 0.72 1.27 5 ng/kg  84 <80 33 (Quevedo-

Garza et al. 
2018) 

Imported Milk 0.1  0.6      

Kosovo AFM1 ELISA Raw milk 50 ng/l (EU) 5.2 5.19 26.6   656, 170  19,4 (Rama et 
al. 2016) 

UHT  7.2 5.1 9.9   39, 30  1,1 

Kenya AFM1 ELISA Milk 50 ng/kg (EU) 15.4 ng/kg 290.3±663.4 

ng/kg 

4563 

ng/kg 

5 ng/kg  96 96 64 (Kuboka et 

al. 2019) 

Italy AFM1 HPLC-FD Organic 0.05 ug/kg 0.009 0.017 0.026 0.008 
ng/mL 

0.025 
ng/mL 

22 11 0 (Armorini 
et al. 2016) 

Conventional 0.009 0.016 0.026   36 24 0 

Lebanon AFM1 ELISA Baby formulae 25 ng/kg ND 20.1±1.3 

NG/KG 

48.1 5 ng/L  84 74 13 (Elaridi et 

al. 2019) 
OTA 0.5 ug/ng ND 0.37±0.1 

ug/kg 

0.96 ug/kg  84 80 14 

Serbia AFM1 ELISA Heat treated cow's 
milk 

0.25 ug/kg, 0.05 ug/kg <0.005 ug/kg 0.035±0.029 
ug/kg 

0.28 
ug/kg 

0.005 ug/kg 1233 1117 14, 214 (Milićević 
et al. 2017) 

infant formula <0.005 ug/kg 0.011±0.0025 

ug/kg 

0.017 ug/kg  349 23 1,1 

milk powder <0.005 ug/kg 0.018±0.01 0.0035 ug/kg  94 25 0,0 

dairy drink <0.005 ug/kg 0.034±0.04 

ug/kg 

0.147 ug/kg  58 13 0,3 

Serbia AFM1  Silage 20 ug/kg 3.5 13.4 ug/kg 44 

ug/kg 

 5 ug/kg 48 36 7 (Glamočić 

et al. 2019) 

OTA   250 ug/kg 2.6 10.4 ug/kg 34.3 ug/kg 2 ug/kg 48 41 0 

Zea   4000 ug/kg 40.5 138 ug/kg 538 
ug/kg 

 25 ug/kg 48 48 0 

Pakistan AFM1 ELISA Raw milk 0.50 ug/L (USA) 0.64±0.053 0.1 ug/L 0.25 

ug/L 

960  672 (Akbar et 

al. 2019) 
Belgium  NIV LC-

MS/MS 

Maize No established limit 748.7 6776.3   257 255 0 (Vandicke 

et al. 2019) 
 DON   2000 ug/kg 396.4 5322.4   257 223 6 

                                                 

 
1
ELISA Enzyme linked immunoabsorbent assay, HPLC-FD High performance liquid chromatography fluorescence detection, LC-MS/MS Liquid chromatography mass spectroscopy are the tests used to detect mycotoxins 

2
 Maximum permissible limits of mycotoxin in commodity with units given and regulatory body in brackets if given or country of origin is the country establishing limits 

3
 Minimum reported value according to paper 

4
 Mean reported value with range or standard deviation 

5
 Maximum reported value 

6
 LOD and LOQ  if given limits of detection and quantification of the test 
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Country Mycoto

xin 
Test

1
 Product Limit

2
 Min

3
 Mean

4
 Max

5
 LOD

6
 LOQ6 Sample 

number 

Detection 

range 

Above 

limits 

Papers 

 ZEN   500 ug/kg  159.7 2791.6   257 128 20 

 FUM   20000 ug/kg 131.8 6293.5   257 73 0 

 T2   250 ug/kg  2.1 121.6   257 8 0 

Malaysi
a 

AFM1 HPLC-FD Cow's milk 0.5 ug/kg (Malaysia 
Regulations) 

0.020 ug/kg 0.142 
ug/kg 

0.013 
ug/L 

0.039 
ug/L 

102 4 0 (Shuib et 
al. 2017) 

Iran AFM1 ELISA Commercial 

pasteurised milk 

50 ng/L 11.7 ng/l 65.8 ng/L 106.6 

ng/l 

5 ng/L  76  46 (Mohamma

di et al. 
2016) 

Iran AFM1 ELISA Cow's milk 50 ng/L (Iran MPL) <LOD 61±8 ng/L 240 5 ng/L  60 59 24 (Hajmoham

madi et al. 

2020) 

Iran AFM1 ELISA, 

HPLC 

Raw milk 50 ng/L 6.1 ng/L 59.3±6.2 ng/L 188.2   64 54 23 (Bahrami et 

al. 2016) 
Yoghurt 50 ng/L 6.3 ng/kg 15.1±1.7 

ng/kg 
21.3 ng/kg  42 10 0 

Doogh 50 ng/L 7 9.0±0.9ng/kg 12.1   44 6 0 

Kashk 250 ng/kg 51.7 62.1±2.2 

ng/kg 

80   40 14 0 

Tarkhineh NA 8.2 11.0±1.2 

ng/kg 

16.6   20 7 NA 

India AFM1 ELISA Raw milk 500 ng/l (FSSAI MPL) 9 960±610 4185 5 ng/l  116 60 47 (Patyal et 
al. 2020) 

Pasteurised milk 6 850±590 2330 40 ng/l 100 ng/l 80 41 28 

UHT milk  9 810±490 2585   34 47 35 

          

South 

Korea 

DON HPLC Cattle Feedstuff 2 mg/kg ( EU: complementary and complete 

feedstuffs for calves) 

646.3, s.d 452.58ug/kg 1-10 

ug/kg 

3-35 

ug/kg 

174 170 0 (Park et al. 

2018) 
Ireland Zea UHPLCM

S/MS 

Baled Silage Year 1, Pit Silage Year 1, Baled Silage Year 1, Pit Silage Year 2   20 300 0,0,1,2   (McElhinne

y et al. 

2016) 
England 

  

  
  

  

  

DON UPLC-MS Maize Silage 0 603 7111 10   29 26   (Cogan et 

al. 2017) 
ZEA       0 209 3901 10         

FB1       0 10.4 107 1         

FB2       0 2.5 24 1         

T2       0 - 0 1         

HT2       0 - 0 1         

Croatia AFM1 ELISA Raw cow's milk 50 ng/kg 0.93 ng/kg 85.4 

ng/kg 

22.2 

ng/kg 

34.2 ng/kg  12 (Bilandžić 

et al. 2017) 

*Adapted from Chhaya and Cummins (2020)
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 Udovicki et al. (2019) carried out an exposure assessment which used the consumption data 

of 500 students and calculated the Estimated Daily intake (EDI) from the data and occurrence 

values of AFM1 in milk and yoghurt. 500 students from Serbia and Greece were interviewed to 

obtain consumption data and occurrence values were taken from published literature. The study 

carried out stochastic calculations and obtained estimated daily intake values of AFM1 for students 

in Serbia (1.238-2.674 ng/kg bw/ day) and 0.350- 0.499 ng/kg bw/day for Greece. Serraino et al. 

(2019) calculated the exposure to aflatoxin M1 based on a consumption survey carried out by 

summarizing the calculations for age group and getting the mean and 95
th

 percentile values for the 

groups. The total number of consumers was 3322 and 31702 milk samples were used for calculating 

the occurrence values. Estimated daily intake was calculated using AFM1 occurrence values. The 

results varied for large portion consumers between 0.35 to 1.16 ng/kg bw/day for toddlers, 0.04 to 

0.13 ng/kg bw/day for adults and 0.49 to 1.62 ng/kg bw/day for infants. The EDI’s obtained were 

then used to characterise risk using Hazard Index and Risk of Hepatocellular cancer. 

 

An alternative in assessing the exposure to mycotoxins is to carry out biomonitoring studies. 

Biomonitoring studies analyse biomarkers which indicate the exposure to mycotoxins. Urinary 

biomarkers were used to quantify the exposure to ZEN and its modified forms in German 

population (Ali and Degen 2018). The ZEN values observed in the study varied between 0.04 to 

0.28 ng/mL. However, exposure to mycotoxins other than food sources can occur. It is possible for 

work-place exposure to occur and therefore carrying out an exposure assessment via a dietary intake 

parallelly might help to understand the exposure difference. A study in Malaysia carried out an 

exposure to aflatoxin M1 through urine biomarker and dietary intake (Sulaiman et al. 2018) to make 

an association between both methods of study. The study found weak associations between urinary 

AFM1 concentrations and consumption of eggs and dairy products. No association between cereal 

products (rice) was found. Stronger associations were found between urinary biomarker and the 

socio-demographic factors. Another study carried out in Portugal (Viegas et al. 2018), studied the 

exposure to mycotoxins from the work-place. A group of workers from a fresh dough Portuguese 

company, who had maximum contact with the dough were part of the study group. The control 

group had a lower exposure to DON levels, which was found in dust samples in the workplace 

suggesting the likelihood of exposure through means other than food.  

 

5.2.3  Risk Characterization 

Risk characterisation is done to estimate the probability of occurrence and severity of 

adverse health impacts on a given population. Udovicki et al. (2019) utilised 3 risk characterisation 

methods for aflatoxin M1 in yoghurt and milk. EDI values obtained from the study were used to 

calculate the risk of hepatocellular carcinoma incidence per year due to aflatoxin, the hazard index 

and margin of exposure.  

 

HCC Risk 

Hepatocellular cancer (HCC) risk has been previously used by studies where the risk of 

aflatoxin related cancer was present (Liu and Wu 2010; Serraino et al. 2019). The risk of 

hepatocellular cancer is increased if an individual has a hepatitis B antigen and therefore the 

carcinogenic potency of aflatoxin varies (JECFA). They found the potency of liver cancer from 

exposure to aflatoxin to be 0.01 cancers/year/100000 people/ 1ng of aflatoxin/bw in people without 

hep B antigen, and 0.3 for those with hep b antigen. Using potency estimates, the probability of 

cancer (P) is calculated following which the risk of HCC is obtained. 

 

𝐻𝐶𝐶 𝑅𝑖𝑠𝑘 = 𝐸𝐷𝐼 × 𝑃(𝑐𝑎𝑛𝑐𝑒𝑟)                             (3) 
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Liu and Wu (2010) quantified the annual HCC cases due to aflatoxin related to each region using 

this method. Africa was at the highest risk according to the study followed by south east asia. While 

Europe had the lowest risk. Climate conditions and monitoring and control of contaminants in the 

areas studied vary significantly. Serraino et al. (2019)’s study investigated the exposure to AFM1 in 

Italy for different age groups consuming milk. The incidence of HCC cases for infants was higher: 

0.0038 to 0.0078, followed by toddlers: 0.0032 to 0.0067, and adults 0.0004 to 0.0008 per 100,000 

people. Infants had a relatively higher intake of milk as compared to the other two age groups 

concluding that the risk of HCC was low. However, this study only considered the risk due to milk 

and did not consider other food commodities. Udovicki et al. (2019) found the risk of HCC in 

Serbian students was relatively higher than Greek students: 0.0036-0.0047 to 0.0007-0.0009 HCC 

cases/year/100000 people. The author’s assumed that Greece, being a part of EU, would not have 

significant increases in AFM1 concentrations reported in literature, whereas the prevalence for 

AFM1 in Serbia was taken as 85.7% with a mean value of 0.09 μg/kg and a range of 0.003 to 0.319 

 

Margin of Exposure 

Margin of exposure (MoE) is calculated by dividing the estimated daily intake by the 

benchmark dose. A benchmark dose is the dose at which there is a low but measurable response. 

MOE values greater than 10000 indicate that the risk is of low concern to the population. For the 

study, Udovicki et al. (2019) used the dose response of 50 ug/kg. Mean MoE values calculated for 

Serbia (213.2-460.4) were lower as compared to Greece (1142.3-1628.6). However, both values 

indicated exposure to AFM1 was concerning.  

 

Hazard Index 

Hazard index is calculated by dividing the EDI by (TD50/5000). Here TD50 is the daily dose 

rate at which 50% of test animals get tumour who did not have any tumours at zero dose rate. 5000 

is the uncertainty factor which is equal to the risk level of 1:100000. A HI higher than 1 means there 

is a risk of to the population. Udovicki et al. (2019)’s research showed, most of the HI values were 

greater than 1, indicating there was a risk to the population. In Italy, Serraino et al. (2019) found 

that the ge group above 3 were not at risk as the HI values were <1, while those below 3, i.e. 

toddlers and infants were at risk since the HI values were >1. 

 

5.2.4  Risk Assessment and Climate Change 

A study carried out in the Philippines (Salvacion et al. 2015), assessed the risk of aflatoxins and 

fumonisins under a climate change scenario using fuzzy logic methodology. It found that the risk of 

aflatoxin for Philippines was going to reduce in a climate change scenario. For the baseline 

scenario, aflatoxin contamination was categorised as high risk during the first and second cropping 

season. However, under a climate change scenario for the Philippines, the risk of aflatoxin was 

categorised as medium for both the cropping seasons. Fumonisins were not affected by the cropping 

season or climatic conditions, according to this study.  

Feed to fork models incorporating climate change models have not been fully explored in the 

dairy industry. However recently, a feed to food model was developed by Van der Fels-Klerx et al. 

(2019). Although, a risk assessment was not carried out and instead this model was used to assess 

the effects of climate change on Aflatoxin M1 contamination in raw cow’s milk as a result of carry-

over from AFB1 in maize. A similar approach could be used to carry out a full feed to fork risk 

assessment, with feed contamination rates, carry over models and climate change-crop 

contamination models for other mycotoxins as well.  
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6  Mitigation strategies along the dairy supply chain 

6.1  Feed Processing 

The risk assessment carried out by (Coffey et al. 2009) found that exposure to mycotoxins 

was highly sensitive to concentrations in the feed and therefore levels needed to be eliminated, 

reduced or avoided in the feed itself. Contamination of the feed with mycotoxins is due to the 

interaction between environment factors such as water activity, temperature and carbon dioxide, the 

fungus and the crop, and therefore climate change is expected to impact mycotoxin production. 

Prevention of fungal contamination in the crop is the first step to mitigating the overall mycotoxin 

contamination. The best way to go about this is to employ Good Agricultural Practices and to carry 

out agricultural activities supported by crop-disease models calibrated to future weather conditions. 

Appropriate steps can then be taken to minimise the risk such as changing the time of sowing, 

which crop to grow, fungicide and insecticide application time and rate, soil tilling, irrigation 

practices to reduce drought and to breed genetically modified plants which are resistant to fungal 

attack. Feed processes which have an effect on the level of mycotoxins in the feed include 

mechanical sorting and milling. The process of mechanical sorting can help in initially removing 

any visibly infected crop. However, despite not being visible, there is a possibility of the crop being 

infected. Milling processes do not eliminate mycotoxins but distribute them into different fractions. 

Burger et al. (2013) investigated the effects of milling on the distribution of Fumonisins, DON and 

ZEA in an experiment. It was found that the mycotoxins were more concentrated in the fraction 

meant for animal feed. The product from that fraction is known as the hominy feed. The hominy 

feed fraction consists of the parts of the crop contaminated with mycotoxins. However, the 

commercial milling fractions examined had inconsistent distributions. This could be due to different 

milling conditions and processes compared to the experimental set up. Aprodu and Banu (2015) 

studied the co-occurrence of fumonisins and T-2 in maize fractions for commercial milling 

conditions. The hominy feed had the highest concentration of fumonisins and T-2.  

 

6.2  Dairy Farming stage 

The dairy farming stage considered encompasses agricultural farming practices, milking 

practices, raw milk pooling and hold-on in pooling tanks prior to transportation to dairy processors 

(Barker and Goméz-Tomé 2013). The effects of climate change previously mentioned are changes 

with the microbial ecology, load of raw milk and decline in raw milk supply or feed for cows. Thus, 

the mitigation strategy for the former is introduction of hygienic procedures or pretreatment steps 

and more stringent veterinary health maintenance. For the latter, sourcing of raw feed and raw milk 

materials during a decline in raw milk supply might be an option. Incorporating both of these 

strategies, will be dealt with at the first level of food safety management through the revision of the 

current prerequisite programs GAP, GHP and even Good Veterinary Practice (Figure 8). 

For the first possible effect of climate change, a concrete example of the proposed mitigation 

strategy is by implementing or revisiting the procedures for cleaning the udder of cow, milking 

equipment and surfaces prior to milking (Bava et al. 2009; Zucali et al. 2011). If already being 

done, the use of alternative cleaning technologies such as use of probiotics or other disinfectants 

might be considered (Garvey et al. 2017; Yu et al. 2017). Establishment of these new cleaning 

procedures aims to contribute in meeting the microbiological specifications of a dairy manufacturer 

and cushioning the possible effects of climate change. Incorporating these changes will necessitate 

the updating of current GAP and GHP implemented at the farm level. New source of raw materials 

might be needed for both cow feed and raw milk sources due to difficulty in obtaining these during 

occurrences of extreme weather events such as drought or floods (van der Spiegel et al. 2012). 

However, this option might come at a cost given the possible changes with the microbial properties 

of raw material (Mallet et al. 2012).  
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6.3  Transportation of Raw milk 

Milk transportation includes transportation along the entire chain up until the raw bulk milk 

enters the processing line and until the component separation prior to thermal processing. An option 

recommended in this part of the dairy supply chain is the establishment assurance systems, 

proactive monitoring systems of the transport conditions (Jacxsens et al. 2010; Marvin et al. 2013). 

Establishment and inclusion of these monitoring systems in prerequisite programs must be validated 

and verified from time to time to allow food manufacturers gather real-time data that may be used 

not only in present monitoring but the future progression of climate change effects.  
 

6.4   Dairy Processing and post processing 

The dairy processing stage for the different dairy products shows the different unit operations 

until its packaging prior to distribution. These respective unit operations are usually operated in the 

same facility. As such the possible mitigation strategies might be through changes with the current 

food safety programs and prerequisite programs in lieu of the projected effects of climate change 

(Figure 8). Mitigation strategies proposed are the establishment of stringent processing regimes and 

introduction of pre-treatment processes.  

The option to implement stringent processing regimes may come as an increase in the 

required log reduction value, after expert reviews, because these values are already very stringent 

(for pasteurised milk 5 log reduction of vegetative bacteria; 9 log reduction of thermophilic spores 

for commercially sterile milk) (Roberts et al. 2005; Deeth 2017). Another option is to introduce 

non-thermal processing technologies as a hybrid with thermal treatments in order to decrease 

microbial burden incurred by climate change effects. Notwithstanding the fact that the initial 

inactivation resistance of the microorganisms to these technologies, is suggested to be taken into 

consideration in its inactivation kinetics (Gabriel 2015; Feliciano et al. 2019).  

The post-processing part is a significant source of recontamination in milk and other dairy 

products mentioned (Kure et al. 2004; D’amico 2014; Pujol et al. 2015b). Currently, food safety 

programs and routine environmental testing is used to monitor the possible sources of post 

processing contamination. Revisiting the currently implemented systems might be needed 

depending on the projected vulnerability of the facility to the effects of climate change and extreme 

weather events. As such, it was recommended that effective implementation of food safety 

programs is needed into order to avoid inoculation of moulds producing mycotoxin during cheese 

ripening stage Dagnas & Membré, (2013).  The inclusion of the post processing stage in a QMRA 

model were also shown to be helpful in identifying the contribution of the recontamination at this 

stage in the microbial food safety of different dairy products (Tenenhaus-Aziza et al. 2014; Pujol et 

al. 2015a).  

 

6.5  Distribution and consumption of dairy products 

The last part of the dairy supply chain is the distribution of products from the food 

manufacturing environment. As such, with the projected climate change effects the optimum 

conditions during the distribution until retailing might be harder to maintain. Climate conditions and 

temperature during the distribution, retailing and consumption of the shelf-life of dairy products 

were recently shown to impact the microbial food safety of evaporated milk and pasteurised milk 

(Schaffner et al. 2003; Kakagianni and Koutsoumanis 2018). This is true for the presented dairy 

products where most of the current storage conditions require a low temperature during storage. The 
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mitigation strategy proposed during this part is the use of predictive microbiology models and its 

incorporation in QMRA model.  

The development or use of predictive microbiology models allows the estimation of the 

growth rate of spoilage microorganism in dairy products as influenced by the intrinsic food 

properties and extrinsic properties such as temperature. This will allow risk managers to estimate 

the final concentration of microorganism in a particular food product until consumption. As such 

this will allow manufacturers to estimate the shelf-life of dairy products (Tiwari et al. 2015; 

Kakagianni and Koutsoumanis 2018). Several ways on how climate variables during distribution 

can be incorporated in a QMRA model were previously mentioned.  

Several studies have also pointed out the importance of consumer practices and refrigerators in 

impacting the shelf life of dairy products and used this data in estimating the shelf life of dairy 

products (Roccato et al. 2017; Rodriguez-Martinez et al. 2020). It is suggested that incorporation of 

this data in a separate module dedicated to consumer handling in a QMRA model would improve 

risk estimates, and better estimate the shelf-life of dairy products during hot weather or extreme 

weather events. Implications of these might necessitate changes with product formulation, changes 

along the manufacture of foods or changes in shelf-life of the product.  

 

7  Conclusion 

Projected climate change effects are expected to increase the potential risk of contamination 

from microbiological and chemical hazards in the dairy industry. Monitoring these effects with the 

incorporation of climate change models is necessary to formulate mitigation plans. Feed chain risk 

assessments combining mycotoxin producing models with climate data can help plan and regulate 

exposure to mycotoxins along the chain. Environmental factors affecting the production of 

mycotoxins are expected to change in Europe, favouring the production of mycotoxins. Currently, 

very few mycotoxins are regulated and studied in relation to the dairy supply chain. To date, a 

complete feed to fork risk assessment model incorporating climate change factors has not been 

created, therefore creating one may be beneficial in the long run to estimate the likely climate 

change influences on safety and quality of dairy products. Similarly, microbiological hazards in the 

dairy supply chain are expected to increase as a result of climate change. The use of QMRAs in 

conjunction with climate change models will help risk managers and producers take necessary 

measures to maintain the safety and quality of dairy products. 
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